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Importance of higher orders in opacity in quark-gluon plasma tomography
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We consider the problem of including a finite number of scattering centers in dynamical energy loss and
classical DGLV formalism. Previously, either one or an infinite number of scattering centers were considered in
energy loss models, while efforts to relax such approximations require a more conclusive and complete treatment.
In reality, however, the number of scattering centers is generally estimated to be 4-5 at the BNL Relativistic
Heavy Ion Collider (RHIC) and the CERN Large Hadron Collider (LHC), making the above approximations (a
priori) inadequate and this theoretical problem significant for QGP tomography. We derived explicit analytical
expressions for dynamical energy loss and DGLV up to the fourth order in opacity, resulting in complex,
highly oscillatory, mathematical expressions. These expressions were then implemented into an appropriately
generalized DREENA framework to calculate the effects of higher orders in opacity on a wide range of high-p
light and heavy flavor predictions. Results of extensive numerical analysis and interpretations of nonintuitive
results are presented. We find that, for both RHIC and the LHC, higher-order effects on high-p, observables
are small, and the approximation of a single scattering center is adequate for dynamical energy loss and DGLV

formalisms.

DOLI: 10.1103/PhysRevC.108.044905

I. INTRODUCTION

Quark-gluon plasma (QGP) [1-4] is a new form of mat-
ter consisting of quarks, antiquarks, and gluons that are no
longer confined. It has been created in landmark experiments
at the BNL Relativistic Heavy Ion Collider (RHIC) and the
CERN Large Hadron Collider (LHC) (so-called little bangs),
where heavy ions collide at ultrarelativistic energies [2,3].
Hard probes are one of the main tools for understanding and
characterizing the QGP properties [2], where hard processes
dominate interactions of these probes with QGP constituents.
These interactions are dominantly described by energy loss,
where radiative is one of the most important mechanisms at
high transverse momentum p . The radiative energy loss can
be analytically computed through pQCD approaches, typi-
cally under the assumption of the optically thick or optically
thin medium [e.g., BDMPS-Z [5,6], ASW [7], (D)GLV [8,9],
HT and HT-M [10,11], AMY [12], dynamical energy loss
[13,14] and different applications and extensions of these
methods] and tested against the experimental data.

Optically thick medium corresponds to the approxima-
tion of a jet experiencing infinite scatterings with medium
constituents. While such an approximation would be ade-
quate for QGP created in the early universe (big bang), little
bangs are characterized by short, finite-size droplets of QCD
matter. Another widely used approximation is an optically
thin medium, assuming one scattering center. However, the
medium created in little bangs is typically several femtome-
ters in size (with mean free path A =~ 1 fm), so considering
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several scattering centers in energy loss calculations is needed.
Thus, it is evident that both approaches represent two extreme
limits to the realistic situations considered in RHIC and LHC
experiments, and relaxing these approximations to the case
of a finite number of scattering centers is necessary. Thus,
relaxing such an approximation is a highly nontrivial problem,
addressed in Ref. [8], with recently renewed interest [15-21].
Some of these approaches are analytically quite advanced,
e.g., providing full expressions for a gluon radiation spectrum
(or splitting functions) with relaxed soft-gluon approximation
in DGLV formalism [19,20] or derivation of gluon emission
spectrum with full resummation of multiple scatterings within
the BDMPS-Z framework [15,17,18]. However, in our view,
this issue requires a more conclusive and complete treat-
ment. Namely, the importance of including higher orders in
opacity effects on experimental observables is still not ad-
dressed. In relaxing this approximation, it is not only needed
to estimate these effects on, e.g., the energy loss and gluon
radiation spectrum, but also to implement these corrections
in the numerical frameworks needed to generate predictions
for high-p, observables measured at RHIC and the LHC
experiments. Furthermore, most of these studies were done
in massless quarks and gluons limit and/or use the approxi-
mation of an uncorrelated medium (i.e., where the spacings
between collisions are considered to be mutually indepen-
dent, see Ref. [21] for more details). Since we, a priori, do
not know the magnitude of the effects of the inclusion of
multiple scattering centers, nor how the mentioned approxi-
mations can influence this magnitude, we find it questionable
to discuss higher-order corrections while ignoring the effects
which might potentially overshadow or alter the final effects.
For example, due to a finite-temperature medium, light quarks
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and gluons gain mass in QGP, which can significantly numer-
ically modify the importance of these effects on experimental
observables.

In this study, we start from our dynamical energy loss
formalism [13,14], computed under the approximation of an
optically thin QCD medium, i.e., one scattering center. We use
general expressions from Ref. [21] to relax this approximation
to the case of finite number of scattering centers, where ex-
plicit analytical expressions up to the fourth order in opacity
(scattering centers) are presented. These expressions are im-
plemented in our (appropriately modified) DREENA-C [22]
framework (which assumes a constant-temperature medium),
enabling us to more straightforwardly estimate the effects of
higher orders in opacity on high-p, Rs4 and v, observables.
Based on these results, we also provide estimates for the fully
evolving medium, while a rigorous study in this direction is
left for future work.

While the initial expressions taken from Ref. [21] were,
strictly speaking, derived in the approximation of static scat-
tering centers, we apply them here in the context of a dynamic
QCD medium. Namely, by careful calculation, we have shown
in Ref. [14] that—at least in the first order in opacity—the
generalization from the static to dynamic medium eventually
amounts to a mere appropriate replacement of the mean free
path and effective potential in the final expressions. Following
general arguments given in Ref. [8] and the expectations ex-
pressed in Ref. [21], we assume that the same prescription for
progressing from static to dynamic medium remains valid in
higher orders of opacity.

The outline of the paper is as follows: Sections II
and III present the outline of theoretical and numerical
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where |v;(q;)|? is defined as the normalized distribution of
momentum transfers from the ith scattering center (i.e., “ef-
fective potential”), A(i) is the mean free path of the emitted
gluon, Cy is the color Casimir of the jet. Note that, for
consistency with our previous work, we denote transverse
two-dimensional (2D) vectors as bold p.

The running coupling is defined as in Ref. [26]:
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where Q,% = (k> + M?x* + méz,)/x, appearing in Eq. (1) above
is the off-shellness of the jet before gluon radiation [26].

®(m..ny 1s the inverse of the formation time or the (longitu-
dinal) momentum,
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frameworks used in this study, with more detailed analytical
results presented in the Appendixes. In the Results section,
we numerically analyze the effects of higher orders in opacity
on the gluon radiation spectrum and high-p; Rs4 and v,
predictions. Intuitive explanations behind obtained results will
be presented. This section will also analyze a special case
of static QCD medium (extension of (D)GLV [8,9] to the
finite number of scattering centers). The main results will be
summarized in the last section.

II. THEORETICAL FRAMEWORK

In this study, we use our dynamical radiative energy loss
[13,14] formalism, which has the following features: (i) QCD
medium of finite size L and temperature 7', which consists of
dynamical (i.e., moving) partons, in a distinction to models
with widely used static approximation and/or vacuum-like
propagators [5,7,8,10]. (ii) Calculations based on generalized
hard-thermal-loop approach [23,24], with naturally regulated
infrared divergences [13,14,25]. (iii) Generalization towards
running coupling [26] and finite magnetic mass [27].

However, as noted in the Introduction, this radiative energy
loss is developed up to the first order in opacity. Thus, to
improve the applicability of this formalism for QGP tomogra-
phy, it is necessary to relax this approximation. To generalize
the dynamical energy loss to finite number in scattering cen-
ters, we start from a closed-form expression—Eq. (46) from
Ref. [21] and Eq. (20) from Ref. [9]—derived for static
QCD medium [i.e., (D)GLV case [8,9]] but applicable for a
generalized form of effective potential and mean free path
A[21]:
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where n is the final scatter, while m varies from the first up
to the final scatter. x> = M2x> + mg, where x is the longitu-
dinal momentum fraction of the quark jet carried away by the
emitted gluon, M is the mass of the quark, m, = g/ /2 is the
effective mass for gluons with hard momenta [25], and ug is
the Debye mass (i.e., electric screening).

“Cascade” terms represent the shifting of the momentum of
the radiated gluon due to momentum kicks from the medium:
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A special case of C without any momentum shifts is de-
fined as the “hard” term:

Cii.ip) = 4
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In Refs. [13,14,27], we showed that, despite much more
involved analytical calculations, at first order in opacity the
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radiative energy loss in a dynamical medium has the same
form as in the static medium, except for two straightforward
substitutions in mean free path and effective potential:

Astat g )"dym (6)
where
12021 +ns/4
)‘stal = 2 1 dyn>
b4 +ny/6

while the “dynamical mean free path” is given by )Lgyln =
3a,(Q*)T [13,14], with Q> = ET [26]. Running coupling
aS(Q%) corresponds to the interaction between the jet and the

virtual (exchanged) gluon, while E is the jet’s energy.
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where () is magnetic screening. Thus, we assume that Eq. (1)
can also be used in our case, with the above modification of
effective potential and mean free path. In Appendixes A and
B, we use this general expression to derive an explicit expres-
sion for the gluon radiation spectrum for first, second, third,
and fourth order in opacity (dNél)/dx, dNé@/dx, de)/dx,
dN{® /dx, respectively).

III. NUMERICAL FRAMEWORK

To generate the results presented in this work, we used our
(appropriately generalized, see below) DREENA-C frame-
work. For completeness, we here give a brief outline of
this framework, while a detailed description is presented in
Ref. [22]. The quenched spectra of light and heavy quarks are
calculated according to the generic pQCD convolution given
by

Ejd’c  Ed’o(Q)
dp} dp;

® P(E; —> Efr) ® D(Q — Hp). (8)

Here, the indices i and f stand for “initial” and “final,”
respectively, while Q denotes initial high-energy parton (light
quarks, heavy quarks, or gluons). E;d*0(Q)/dp? is the initial
momentum spectrum for the given parton, which is calculated
according to Ref. [28], P(E; — E;) represents the energy
loss probability for the given particle which was calculated
within the dynamical energy loss formalism [13,14], which
includes multigluon [29] and path-length fluctuations [22,30].
D(Q — Hp) represents the fragmentation function of light
and heavy partons into hadrons, where for light hadrons, D
and B mesons, we use the DSS [31], BCFY [32], KLP [33]
fragmentation functions, respectively. The geometry is aver-
aged over by using path-length distributions, i.e., probability
distributions of the path lengths of hard partons in Pb + Pb
collisions, in the same way as in the original DREENA-C
framework [22]. They are used as weight functions when
integrating over the path-length in our numerical procedure.

We use the following parameters in the numerical pro-
cedure: Agcp = 0.2 GeV and ny = 3. The temperature-
dependent Debye chromoelectric mass pug(7) has been
extracted from Ref. [34]. For the mass of light quarks, we

take the thermal mass M ~ ug/ \/6, and for the gluon mass,
we use m, = (g /«/5 [25]. The mass of the charm (bottom)
quark is M = 1.2 GeV (M = 4.75 GeV). The magnetic and
electric mass ratio is 0.4 < uy /e < 0.6 [35,36]. All the
results presented in this paper are generated for the Pb + Pb
collision system at /syy = 5.02 TeV.

As DREENA-C [22] does not include suppression from
multiple scattering centers in the medium, we now upgrade
this framework to include the second and third order in opacity
contributions. We integrate the expressions obtained from (1)
analytically for z; (see Appendixes A and B), and then nu-
merically for momenta k and q; using the quasi-Monte Carlo
method to obtain dN,/dx up to third order in opacity. Also, to
test the importance of multiple scattering centers on radiative
energy loss, we exclude the collisional [37] contributions from
the DREENA-C framework and only generate predictions
for radiative energy loss. Appendixes A and B also include
expressions for the fourth order in opacity. We implemented
fourth order into DREENA-C, but as the resulting integrals
are highly oscillatory, we could not reach convergence for this
order using our available computational resources. Notably,
this numerical complexity is significantly higher, estimated
to be &2 orders of magnitude larger than for the third order
(e.g., for the first order, we needed ~25 CPU h; for the second
order ~2500 CPU h; for the third order ~70 000 CPU h). Nev-
ertheless, at specific points where we reached a convergence,
we found the fourth-order contribution negligible, as expected
from the results presented in the next section.

IV. RESULTS

In Fig. 1, the effect of higher orders in opacity on dN,/dx
as a function of x is shown for typical medium length L =
5 fm. In each plot, we use double axes for clarity: the lower
axis corresponds to magnetic to electric mass ratio wy /g =
0.6 (and the curves with the peak on the left side), while the
upper axis corresponds to uy /g = 0.4 (and the curves with
the peak on the right side). Note that, in each case, maximum
is reached for low values of x. We see that the importance
of higher orders of opacity decreases with the increase of
jet energy and mass. They also decrease with decreasing the
size of the medium, as shown in Appendix C [equivalent
figures for L =3 fm (Fig. 6, left) and L =1 fm (Fig. 6,
right)]. For bottom quarks, higher-order effects are negligible
independently of the jet momentum. In contrast, these effects
are moderate for charm and light quarks and can influence the
jet observables, as discussed below. Note that, due to color
triviality, the results for light quarks show the (scaled) result
for gluons, too. This holds up to the fact that, due to the
indistinguishability of the radiated gluon from the gluon in
the jet, the limits for subsequent integration of dN,/dx with
respect to x is performed from Xjower = 0 10 Xypper = 1/2 (as
opposed to xypper = 1 for light quarks).

In Fig. 2, we show the effect of higher orders in opacity on
radiative R44 observable. Our computations have shown that
the effect on v, is similar to the one on R44 (see Fig. 8 in Ap-
pendix D). Thus, to avoid redundancy, we further concentrate
only on Ryy.

044905-3



STOJKU, ILIC, SALOM, AND DJORDIJEVIC

PHYSICAL REVIEW C 108, 044905 (2023)

0.8 0.6 0.4 0.2 0.0

1 08 06 04 0.2 0.01

12n T
10- light Al L charm AL bottom f
r L=5m /i ¢ 70t i

8- p = 20GeV

0.8 0.6 0.4 0.2 0.01

L = 5fm

30¢ b = 100GeV
5 501
=) 20;:
pd H
°
10}

4,
J__/
L
————— l

Eo)
£ /
ol NS o N

0.4
X

06 08 1.00 02 04 06 08 1.00 02 04 06 08 1.0

X X

FIG. 1. Gluon radiation spectrum dN,/dx as a function of x, for the typical medium length of L = 5 fm and various jet momenta. Different
columns correspond to light, charm, and bottom quarks. Solid black curves show the first order in opacity results, red dashed curves show the
results up to the second order, while cyan dot-dashed curves up to the third order in opacity. Curves with the peaks on the left (right) side of
each of the plots correspond to the fiy /g =0.6 (s /e = 0.4) case, and the numerical values should be read off on the lower (upper) x axis.

We first observe that the effect on R4, is smaller for more
peripheral collisions. This is expected because the medium is
shorter on average, so including multiple scattering centers
becomes less important.

Furthermore, we find that higher orders in opacity are
negligible for B mesons, while these effects increase with
decreasing mass, as expected from Fig. 1. The reason behind
this is the decrease in the gluon formation time with increasing
jet mass. When the gluon formation time is short, the energy
loss approaches the incoherent limit, where it was previously
shown that the effects of higher orders in opacity are negli-
gible [9]. Thus, our results are consistent with the previous
findings. On the other hand, for large gluon formation time
(massless quark and gluon limit), the higher orders in opacity
effects become significant, also in general agreement with the
previous findings [15]. In finite-temperature QGP (considered
in this study), light quarks and gluons gain mass due to Debye
screening, reducing the effects of higher orders in opacity on
the energy loss, consistent with Fig. 2.

Unexpectedly, we also observe that, for different magnetic
mass limiting cases, these effects on Ry4 are opposite in sign:
for wy/me = 0.6, the inclusion of higher orders in opac-
ity reduces energy loss (and, consequently, suppression). In

contrast, for /g = 0.4, the effect is both opposite in sign
and larger in magnitude. What is the reason behind these

unexpected results?

To answer this question, we go back to the effective po-
tential [27] v(q) in dynamical QCD medium, which can be
written in the following form:

v(q) = v(q) — vr(q), €))

where vy (q) is longitudinal (electric), and vy (q) is transverse
(magnetic), contribution to the effective potential. The general
expressions for the transverse and longitudinal contributions
to the effective potentials are

1 1 1
(q) =— - ,
v.(q) - <(q2 n Mf,;) (@ + M%)) )

1 1 1
vr(q) = ;<(q2+“iz) - (qz"‘/‘zzw))’

where g, py, and pp = pg/ /3 are electric, magnetic, and
plasmon masses, respectively. As seen from Eq. (9), this po-
tential has two contributions: electric and magnetic, where the
electric contribution is always positive due to p,; < pg. On
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FIG. 2. Radiative R4, results obtained within DREENA-C—the effects of different orders in opacity. The results are generated for the
Pb + Pb collision system at /syy = 5.02 TeV, and all the other figures in the manuscript show the results for the same collision system and
energy. Different columns correspond to charged hadrons, D and B mesons, while different rows show different centrality classes. Solid black
curves show the first order in opacity results, red dashed curves show the results up to the second order, while cyan dot-dashed curves up to
the third order in opacity. The upper (lower) boundary of each band corresponds to the pty /g = 0.6 (up /e = 0.4) case.

the other hand, the magnetic contribution depends nontrivially
on the value of magnetic mass. That is, for py > w,;, we see
that the magnetic contribution decreases the energy loss, while
for wy < pp it increases the energy loss and consequently
suppression, as shown in Fig. 2, which may intuitively explain
the observed energy-loss behavior.

Furthermore, the Debye mass g is well defined from
lattice QCD, where the perturbative calculations are also con-
sistent [34]. Thus, the electric potential is well defined in
dynamical energy loss, and we can separately test the effect
of higher orders in opacity on this contribution [by replacing
v(q) by v.(q) in the DREENA framework]. We surprisingly
find it to be negligible, as shown in Fig. 3. Thus, higher orders
in opacity essentially do not influence the electric contribution
in a dynamical QCD medium, which is an interesting and
intuitively unexpected result. That is, the higher orders mainly
influence the magnetic contribution to energy loss (keeping
the electric contribution unaffected), where the sign of the
effect depends on the magnetic mass value. For example,
as ppy/me = 0.4 is notably smaller than p,/ug = 1/«/5,
the higher orders in opacity are significant for this limit and
increase the suppression, in agreement with Fig. 2. On the

other hand, u /e = 0.6 is close to (but slightly larger than)
M p1/ ILE, so higher orders in opacity are small for this magnetic
mass limit and reduce the suppression, also in agreement with
Fig. 2. Additionally, note that the most recent 2 + 1 flavor
lattice QCD results with physical quark masses further con-
strain the magnetic screening to 0.58 < uy /g < 0.64 [38].
Thus, for this range of magnetic screening, we conclude that
the effects of higher orders in opacity are small in a dynamical
QCD medium and can be safely neglected.

Furthermore, Fig. 3 raises another important question: as
is well known, only electric contribution exist in the static
QCD medium approximation [23,24] (although it has a dif-
ferent functional form compared to the electric contribution
in dynamical QCD medium). That is, the magnetic contri-
bution is inherently connected with the dynamic nature of
the QCD medium. As most existing energy loss calculations
assume (simplified) static QCD medium approximation, does
this mean that higher orders in opacity can be neglected under
such approximation?

We first note that this does not necessarily have to be the
case, because the effective potential for electric contribution is
significantly different in static compared with the dynamical
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FIG. 3. R44 results, obtained within DREENA-C when only electric contribution v, (q) to radiative energy loss is considered. Different
columns correspond to charged hadrons, D and B mesons, while different rows show different centrality classes. Solid black curves show the
first order in opacity results, red dashed curves show the results up to the second order, while cyan dot-dashed curves up to the third order in

opacity.

medium. However, to address this question, we repeat the
same analyses as above, this time assuming the static medium
effective potential [left-hand side of Eq. (7)] and mean free
path Ay, . Figure 4 shows the effects of higher orders in opac-
ity in static medium approximation. While larger than those
in Fig. 3, we see that these effects are still small (i.e., less
than 6%). Thus, for optically thin medium models with static
approximation, we show that including multiple scattering
centers has a small effect on the numerical results, i.e., these
effects can also be neglected.

Finally, we ask how the inclusion of evolving medium
would modify these results. Including higher-order effects in
evolving medium is very demanding and out of the scope of
this paper. However, it can be partially addressed by studying
how higher-order effects depend on the temperature, which
changes in the evolving medium. To address this, in Fig. 5,
we focus on D meson Raa, iy /g = 0.6 (per agreement with
Ref. [38]) and study the effects of higher orders in opac-
ity for three different temperatures 7 = 200, 400, 600 MeV
(which broadly covers the range of temperatures accessible at
RHIC and the LHC). We find that the higher-order effects are
largely independent of these values. Thus, we do not expect
that including medium evolution will significantly influence

the results presented in this study, i.e., expect the effect of
multiple scattering centers to remain small.

V. SUMMARY

In this paper, we generalized our dynamical energy loss and
DGLYV formalisms towards finite orders in opacity. For bottom
quarks, we find that higher orders in opacity are insignificant
due to short gluon formation time, i.e. the incoherent limit. For
charm and light quarks, including second order in opacity is
sufficient, i.e., the third order numerical results almost overlap
with the second. Surprisingly, we also find that for limits
of magnetic screening, py /g = 0.4 and pwy /g = 0.6, the
effects on the R4 are opposite in sign. That is, for py /g =
0.6 (up/pe = 0.4), higher orders in opacity decrease (in-
crease) the energy loss and subsequently suppression. The
intuitive reason behind such behavior is the magnetic contri-
bution to the dynamical energy loss. That is, while electric
contribution remains almost insensitive to increases in the
order of opacity, magnetic screening larger (smaller) than the
plasmon mass value decreases (increases) the energy loss and
suppression, in agreement with theoretical expectations. We
also show that in the static QCD medium approximation, in
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FIG. 4. Radiative R4, results obtained within DREENA-C under the static medium approximation. Different columns correspond to
charged hadrons, D and B mesons, while different rows show different centrality classes. Solid black curves show the first order in opacity
results, red dashed curves show the results up to the second order, while cyan dot-dashed curves up to the third order in opacity.

which (per definition) only electric contribution remains, the
effects of higher orders in opacity on high-p, observables
are small and can be safely neglected. Thus, for static QCD
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FIG. 5. D meson radiative R4 results obtained within DREENA-
C for different temperatures. The left panel corresponds to 0%—5%
centrality, while the right panel corresponds to 40%—50% centrality.
The values of temperature are T = 200 MeV (the uppermost curves),
400 MeV (the middle curves), and 600 MeV (the lowest curves).
The solid black curves show the first order in opacity results, while
cyan dot-dashed curves show the results up to the third order in
opacity. The chromomagnetic and chromoelectric mass ratio is fixed
at uy /g = 0.6.

medium, the first order in opacity is an adequate approxima-
tion for finite-size QCD medium created at RHIC and the
LHC. For dynamical energy loss, both the sign and the size
of the effects depend on the magnetic screening, as outlined
above. However, for most of the current estimates of magnetic
screening [38], these effects remain less than 5%, so they can
also be safely neglected.

The analyses presented here are obtained for a constant-
temperature medium (and adequately generalized DREENA-
C framework). However, we also tested how the effects of
including multiple scatterers depend upon temperature and
found this influence to be also small (affecting the radiative
Raa for less than 5%). Thus, we expect that including higher
orders in opacity in the evolving medium will not change
the qualitative results obtained here, but this remains to be
rigorously tested in the future.
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APPENDIX A: ANALYTICAL EXPRESSIONS FOR dN,/dx: GENERAL FORM

The gluon radiation spectrum up to the fourth order in opacity contains the following terms, which are here given in detail:
dN, dN{V AN dN{ dN{ dN{ dNP dN{ dN{®
(%)= () (), - (o) + (), - (), - (G )+ () .+ (52),
AN\ (ANO\ NS\ NS\ (AN dNON AN
- - + - + + — . (A1)
dx /, dx ), dx /, dx )5 dx ) dx /4 dx )¢

Numerical integrations with respect to the momentum k are performed over 0 < |k| < 2Ex(1 — x), and the ones with respect
to momenta q; are performed over 0 < |q;| < ~/4ET [39]. The integrations with respect to angles ¢; are performed over
0 < ¢; < 2m. Under the constant-7 approximation considered in this manuscript, the expressions presented below can be
analytically integrated over z;, significantly simplifying subsequent numerical calculations (see Appendix B).

In the expressions below, the following equations hold for i, j € {1, 2, 3, 4}:

k- q; = [Kk||q;| cos ¢;, (A2)
q; - q; = |q;llq;] cos(g; — ¢;). (A3)

The first order in opacity term is given by

dN“) d’k d2q1 HE = Wiy
o (0)
an (af + 1) (af + 13)

xa - (@ — K1+ (g - K&k —q1)? ., (x> + & —q)?
2 1 122 EPRVET) 1n -
O+ k) + (k—q1)7] 4xE

After integration with respect to z1, this expression reduces to the expression used to obtain dN,/dx in the original DREENA-
C framework [22].
The second order in opacity contains two terms, which are given by

(dN(Z)) / / dzleZ/ d2k // qul d2q2 Q ) M% —,U,%,I M% _M%/I
! ke (@ 02 (@ + 1) (@B + 1) (@ + 1)

x2a - (@1 + @2 — K]+ (2 - K&k — q2)? + (k- q1)[q2 - (@2 — 2K)] + k*(q2 - q1)
2 +K)[ >+ k—q)?l[x>+ (k—q — q2)?]

« sin )(2+(k—q1—qz)2Z “in ><2+(k—q1—qz)2Z +x2+(k—qz)2z
4xE ! 4xE ! 2xE 2)

(%5), =4 [ s [ 2% [ iy 1t
Magn (45 + /’LE)(qg + u3)

Cle - (@ -+ (@ Rk —q) . (C+ k=) . [+ k- qz>2( 4z ) (A6)
X2+ K)[x2 + (k — q)*]? AxE 2 2xE 2 “)|

The third order in opacity contains four terms, which are given by

AN 4Cy d’k d*qy d*q; d
() -5l / s | S I S
1

KE — KE — My K — By
Aiyn (af + ME)(ql +udy) (@G + 1) (@ + 1)) (6 + 13) (@63 + 1)
X3 - (@ + @2 + g3 — k)] + (g3 - K)(k — q3)* + [k - (q1 + q2)][q3 - (g3 — 2K)] + K?[q3 - (q; + q2)]
P +K)HIx2+ k—q3)?1[x> + (k —qi — q2 — q3)*]
« sin <x2 +k—q—q— q3)2Z1)

(A4)

(A5)

X aY(Qk)

4xE
2 2 2 2 2 2
X+ K—q—q—q3) x“+&K—q —q3) x-+(&k—q3)
A7
x sm( 4xE at 2xE 2+ 2xE s ) (A7)
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dN(g)
().~

dN®
(G L

dN®
(). ==

d’k d*q d?
/ / / dZ]dZ2dZ3/ // R €
o Qk) 1E — Wiy 1E — iy
Min (@ + mE) (a7 + 13) (a5 + 1) (05 + 137)
x2qs - (q1 +q3 — K+ (g3 - K)(k — q3)* + (k- q1)[q3 - (g3 — 2K)] + k*(q3 - q1)
OGP +HER)x?+ k—q3)?1[x%+ (k —q; — q3)?]
2 2 2 2 2 2
o x t+EkK—q —q3) o x t+tkK—q —q3) x-+ &k —q3)
4 4 , A8
X sin ( E z) ) sin 0 2+ < (z2 + z3) (AB)
d2k d2 d2 1 2 4,2 2 _ 4,2
/ / / dZ]dedZ3/ /f e q3 2) 23 2 MEz ,U;M 2 2 MEZ P;M 2
dyn (qz + ME)(qz + “M) (‘13 + “E)(‘h + “M)

X2@ - (@2 + 93 — k)] + (g3 - K)(k — q3)* + (k- @2)[q3 - (g3 — 2K)] + k*(q3 - q2)
C+HE)x?+ Kk —q3)*1(x2+ (kK — q2 — q3)%)

(X &—q—q3) . X2+(k—CI2—Q3)2(Zl
x sin 71 | sin =
4xE 2xE 2

d’k [ d? >
/ / / dZ]dZ2dZ3/ / q3 Qk MzM 3
Mign (q3 + ME)(% + 1)

><)(2[<13~(<13—k)]+(q3~k)(k—q3)2. x?+ &k —q3)? sin| X k- (a
O+ KD+ (k — q3)° P HE wE \2

(A9)

x>+ (k- q3)° }
5. )

+Z2> + %E

+22 +Z3>]

(A10)

The fourth order in opacity is given by eight terms, which are given by

d N(4)
(%), =>

(5),= 5

4’k d*q) dqy d>qs d°
/f//%%%m/ JIf s

HE — Wiy HE — Wiy HE — Wiy KE — i
}‘ﬁyn (af + uz)(af + u3p) (@3 + ug) (@3 + u3y) (4 + uz) (45 + may) (@ + mg) (45 + 13y)
X 2[qs - (q1+92+q3+qs — K)]+H(qs - K)(K—qu)*+[K - (q1+92+43)1[q4 - (q4—2K)]+K>[qs - (q1+q2 + q3)]
D2 +R)[x2+ k—q)?[ x>+ k—qi — q2 — q3 — q4)?]

x>+ k—q3 —q4)2Z
2xE 3

X s (Qk)

X2+ K—q—q3 —qs)’
z1 + NE 22+

(X K- — @ — g3 —q)?
X Sin
4xE

(Al1)

x*+ (k — qq)? ) <X + k- (11—(12—(13—(14)2 )
t e u sin ,

d’k d%a; d*a» d?
//// ledZ2d23dZ4/ /// q1 4792 a"q4

IE = My IE = Miy IE = Miy
(af + 1z)(df + u3p) (3 + uz) (43 + uyy) (4 + uz) (4 + u3y)
x2qs - (@1 + 2+ qs — k)] + (qs - K)(k — qa)* + [k - (q1 + q2)1[qs - (g4 — 2k)] + k?[qs - (q1 + q2)]
G+ + (k= q)?x> + (k—q1 — q2 — q4)*]
+X2+(k—Q2— X2+ (kK —qu)?
2xE 2xE

X o (O
@5

. <x2+(k—q1 —q—q) q4)?
X sin 2 2+

E (z3 +Z4))
Zl)’

(A12)

(X EK—q—q—q)’
X sin
4xE
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dN(4) 4C L pL pL pL d2k dZ d2 d2
< & ) = —R/ / / f lededZ3dZ4/ — /// R CL
dx )5 7wx Jo J; J, Js b1 T T 7w

HE — My BE — By BE — By
ign (@F + 13 ) (af + 13,) (a3 + 12 ) (a3 + dy) (@G + 1d) (G + 3y

X ozs(Qk)

o X 2[qe - (q1 + 93 + g4 —K)] + (qa - K)(k — qa)* + [k - (q1 + q3)][qs - (q4 — 2Kk)] + K*[qq - (q; + q3)]
GEHKDHX2 + k= qa)?1[x> + Kk —qi — q3 — q4)°]

2 2 2 2 2
X+ K—q1 —q3 —qq) x“+K—q3 —qq) x*+(k—qs)
X sin ( E 1+ +E (2 +z3)+ oF 24
2 2
. x+Ek—q—q3—qs)
, Al3
X S11’1< 4xE 21 ( )
dN{® 4Ck d’k ([ d*q d2q4
< > = / / / ] dZ]dedZ3dZ4/ //
dx /J,
(Qk) HE — Wiy HE — Wiy
iy (@3 + 13 ) (@} + 1dy) (@ + 1) (aF + 13)
X 2[qs - (q1 + s — K]+ (gs - K)(k — q4)* + (K- q1)[qs - (qs — 2K)] + k*(qs - q1)
2+ E)x2+ K—qu)?llx>+ &k —q; —q4)?]
2 2 2 2 2 2
. +&k—q —qs) . + &k —q; —q4) +(k —qq4)
X sin <X 4x1‘511 L zl) sin (X 4x1(511 L 721 + X %E % (+z3+ 14)), (Al14)
dAN® 4AC d’k d*q, d*q; d?
< § ) — =k / / f / dzldzzd13dz4/ //f b
dx /s
s ay(02) - e — Wiy WE — Wi WE — Wi

Mo (@3 + 12) (B + 12) (@ + 12) (G + udy) (€ + 12)(@G + udy)

X Qs (@2 + @3+ qs — KT+ (qa - K)K — qu)* + [k - (q2 + q3)][q4 - (g2 — 2K)] + K*[qs - (q2 + q3)]
OPHER)x?+ k—q)?1[x*>+ k—q2 — q3 — q4)?]

< sin X2+(k—Q2—(l3—Q4)2<Z_1+Z)+ Crk—a—g) L xf+k—q)
2xE 2 T 2xE ’ 2xE 4
2 2
X+ KR—q—qz — qa)
: Al5
< sin 2 2 (AL5)
AN®N\  4c I’k ([ d*qpd’
< g ) =k / / / / ledzde3dZ4/ / TR
dx )
H’E MM MM

s(Q
e k)kgyn (93 + ni) (a3 + 1) (a3 —H“LE)(q“ + i)

X 2[qs - (@2 + s — K]+ (gs - K)(k — q4)* + (K- q2)[qs - (qs — 2K)] + k*(qs - q2)
2 +E)x2+ kK —qa)?llx?+ Kk —q2 — q4)]
y Sin<X2+(k—QZ—Q4)2Z>Sin X+ (k—qx —qu)’ (Z—l+z)+ X*+ (k—q4)’
4xE : 2xE 2 % 2xE

(z3 + Z4):|, (Al6)
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dN(4) d2k d2 d2
(di ) = ///f lededZ3dZ4/ // 4<%
7

IE = iy — Ui
ngn (a3 + uz) (@5 + uy) (a3 + ME)(q4 + Uy
X 2[qs - (g3 + g4 — K] + (g4 - K)(K — qu)* + (K - q3)[qs - (qs — 2K)] + K*(q4 - q3)
P +HK)x2+ (k= qa)?1[x> + (k — q3 — qu)?]

X aS(Qk)

x-+ &K= (13—(14)2 [ x*+ (k—q3 — q4)? 21 x?+ (k — qq)?
X Sln< ™ sin E 2 + 220+ 2z3 +2x—EZ4 , (A17)
dN® 4C d*k [ d?
( 8 > = R/ / / / dzldzzd23dz4/ £
dx /g
s« ay(02) - g — iy %[ - (qs — K)] + (qa - K)(k — qu)?
T xﬁyn (@ +m2) (@ +u) PRI+ (k— qu)’P
. + (k — qu)? . + (k 2
X sin (%m) sin [%(2 +2+2z +Z4>i| (A18)

APPENDIX B: ANALYTICAL EXPRESSIONS FOR dN, /dx WITHIN DREENA-C

Within the DREENA-C framework, under the assumption of constant medium temperature, we can explicitly perform analytical
integrations for z;, where (i = 1, 2, 3, 4). w(n...n) coefficients are defined in the Theoretical Framework section. The expression
for the first order in opacity then became

(de) / K / “ar, (02) [ T G TR Tt ) B A CTRE I (0 (1 - sin<me>>
¢ Adyn (@ +2)(@+ul) P+ + & —q)P Logy )’
BD
The expressions for higher orders in opacity became
<dN§2)) _2Ck / d’k // d2q1 d*q Q) HE = My HE = My
= %
dx J, Magn (af + 13) (aF + 143) (a5 + 17) (65 + 13)
X2 - Q1+ @2 — K]+ (q2 - Kk — q2)* + (k- q)[q2 - (q2 — 2k)] + K*(q2 - q1)
X2+ KHIx2+ k= q)?1[x* + (k- q; — q2)?]
1 — L
RS (w(z) cos[(we) + @(i2))] + Lsin (L) — (w@2) — ®az))cos (Low) (12) ) (B2)
wo) \ () + oa2))waz) wR)@(12) w@)(we) + wa2))
<d1v;2>> _2G / d’k / qu2 ) 1 nE — way
dx /), dyn (a3 + 1) (a5 + 13y)
x2q2 - (q2 — k)] + (q2 - K)(k — q2)* sin (Lw(z))[Lw(z) — sin (me)] (B3)

O +HK)[x?+ (k—q2)?)? “)(2)

<dN§3)) _2G / d’k /// d*q dz(lz d*qs () - HE — My Mg = My Mg = My
dx /, ’ kgyn (af + ng) (@i + 1) (@3 + ni) (@3 + 1) (@3 + 1) (@5 + i)

X (@ + @+ 93 — K]+ (g3 - k)K= q3)* + [k (q1 + q)1lq3 - (45 — 2K)] + K*[q3 - (q1 + q2)]
P+ E)x>+ &k —q3)?1[x*+ (k—q1 — q2 — q3)]

{ WE)@(123) + 2003)0(123) — O3, — OGO 3)
X

@(123) sin (La)(3))

sin[L(w3) + we3))] —
W3y (@) + 03 @123) w(3>w(223)(w(23) + w(123))

sin[L(w3) + 03y + o23))] ~ Leos[L(wg) + @3))]
w123)(@e3) + w123))(WE) + e3) + ©123)) we3)(@3) + ©@23))

(B4)
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(dN;’)) _ 4’k // 42 1d2q3 Q ) /Mz; _M12\4 M% —/,lew
/s 33 (@ 1) (@ 1 1) (@ T 1) (@ + 1)

x2qs - (q1 +q3 — K]+ (q3 - K)(k — q3)* + (k- q1)[qs - (q3 — 2K)] + k*(q3 - q1)
X2+ KD x>+ k—q3)?1[x>+ (k —q; — q3)?]

« (3% — a)(3)) sin (2L(1)(3)) _ 20)(13) sin (La)(3)) sin [2L(a)(3) + M)] L cos (2La)(3))
W3 @a13) iy (@a) o) (0@ + 2 )oasn (@) + w(n)) o ’
(B5)
<dN§3)> _2Ck / d’k // d*qy d2q3 (0 ) Mg = My Hi —
- k
dx /s iy (@3 + 13) (a3 + 13y) (G + 17 ) (a3 + 13))
o x2Qs - (@2 +q3 — k)] + (g3 - K)(k — q3)* + (k- q2)[qs - (q3 — 2K)] + k*(q3 - qo)
X2 +E)[x2+ k—q3)?1(x*> + (k — q2 — q3)?)
. o, . sin[L(w3)+w23))]
sin [ZL(ﬂ + w@23))] _sin(Lwg) N —omtam - — Leos|L(wg) + 0e3)] B6)
4dyy) (B2 + w3) 200500 w3 (wE) + ©e3))
<ng(”) _ G / d’k dzqs (@) M e @ W]+ @k )
dx ), ¢ Agyn @+ )@ +nd) PO+ k= )PP
1 in (L in (2L in (3L
b (_ sm( a)(3)) T s ( 60(3)) i Sll‘l( 60(3)) — L cos (2La) X )) ’ (B7)
3 3)
%) wE3) 203, RICTE)
(dzv;‘“) B 2CR d’k //// d’q; d*q, d’qs d2q4
dx ),
(Qk) HE — My HE — My HE — My HE — Uy
M (af + 13) (0} + 1d,) (@G + 1d) (@3 + 1dy) (G + 13 ) (a3 + idy) (@3 + 1) (G + 1))
X 2[4 - (q1+42+q3 + @4 —K)]+(gs - K)(K—qu)*+IK - (q1+92+93)1[q4 - (q4—2K)]+K*[q4 - (q1+q2 +q3)]
P +HK)x2+ k= qa)?[x> + (k—qi — g2 — q3 — q4)*]
B Lsin[L(wy) + 0@4) + 034))]
w234y (W34) + ©234))(W@) + ©34) + ©234))

cos[L(wwu) + ®@ay + 0@3a) + ©1234))]
w(1234)(W(234) + ©(1234))(O34) + W234) + ©(1234)) (V@) + O34y + W234) + O(1234))

Fyy

w(2234>(60(34) + w34))* (0@) + ©E4) + ©234)) > O(1234)

cos[L(wwa) + w4y + w3a)]

w(1234) COS[L(w) + w34y)] w(1234) €0 (Lwy)

W4 (@) + 0300k (@34 + ©1234) @GOG + ©034)? (WG4 + O34 + ©1234))

W(1234)
ww (W) + o) (@@ + ©as) + ©034)* (W) + ©Es) + ©34) + ©1234))

(B8)
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where Fy1 = (034) + 0234)[(©@) + 034)(@031) — ©(1234) + O34y — 30034)0(1238)] — O ©234)@(1234),

(dN;‘”) B fdzk /‘/ d’q dz(h d2(I4
dx /,

uE — pud, nE — 13 UE — 13
Mg (o + 1) (af + 13) (@G + 1d) (a3 + 1dy) (aF + 13) (4G + 13))

(Qk)

x2qs - (@1 + 2+ qs — k)] + (q4 - kK)(k — qu)* + [k - (q1 + q2)1[qs - (q4 — 2k)] + k?[qs - (q1 + q2)]
P+HE)x>+ Kk —qu)?1[x>+ &k —qi — g2 — q4)?]

8 2[(,()(24) (20)(24) + 3weswa) + a)(224)) — (20)(24) + 6w w4y + 3a)(224))a)(124)] coS[LQ2w4) + w4)]
Wy (@) + ©24)* Qo) + ©4)) @124)

2 cos[L2w4) + w24y + @(124))] W(124) €0S (2Lw(4))
w(124)(W24) + W(124)) (W @) + ©24) + ©(124)) Ly + W4y + ©O124)) w(24)w(224)(w(24) + w(124))

2L sin [L(Za)(4) + w4 )] B 20)(124) cos (La)(4))
(@) + ©en)2ou) + ©0s)  Of (@@ + ©ou) (@@ + O + ©as)

w(124)
Wiy Qo) + ©04)? Qo) + 001y + ©(124))

(de)) - /d2k /// d*qy d2q3 d2q4
dx ), 2mx

1 M = Iy Mg = Iy i = Ity
Mg (a7 + 1) (af + 145) (05 + ) (a5 + ) (@G + 1) (a3 + 1)

(B9)

X “S(Qk)

x2[qs - (@1 + 93+ q4 — K]+ (qs - K)K — qu)* + [k - (q1 + q3)][qs - (g4 — 2K)] + K*[qa - (q1 + q3)]
O+ + k—qa)?l[x*+ (k—q; — g3 — q4)?]

_ 2L sin[L(ww) + 2034)] 4 cos[L(ww) + 2034y + @134))]
w(234)(w(4) + 2w34)) w134)(W34) + 0(134)) (2w 34y + ©134)) (W) + 2034y + ©134))

[260(24)(60(4) + 2w(34y) — Bwuy + 8wza))w(134)] cOs[L(wa) + 2w34))] w(134) €0s (Lwg))
(34)(0)(4) + 2034y 0134) 60(4)60?34)(260(34) + w(134))

(B10)

4w(134) cos[L(wu) + wEay)] 1
3 + 2
(@) + was) \ W5y (a4 +0a34)  O@ (@) + 2064)" (0@ + 2064 + ©134))

(ng)) - & dzk//dzld‘h Q) Mg = My Mg = My
dx J4 3mx i (@ +13) (@ + 1)) (@ + 13) (@ + 1)

x2qs - (@1 +qs — k)] + (qs - K)(k — qa)* + (K- q1)[qa - (qs — 2K)] + k>(qs - q1)
2+ EK)[x? + (k—qa)?1[x> + (k — q1 — q4)?]

11
X =1 — ) Ccos (3La)(4))
Wy oas (@) + 0aa) Cww) + ©as)) Gww) + oas)) 6w,

1 6(0(34) cos[L(Bw) + wi4))] < 1
W(14)

— Lsin (3La)(4)) —

(B11)

3(1)(14) Ccos (La)(4)) 360(14) COS (2La)(4)) W(14)
4oy + 200004 (0@ +oanew 90y, + 3eqnew
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NP\ CGp [ d’k /// d’q, d*qs d*qq
dx )5 nx bi4 T T 7w

xay(02)— 1 HE — iy HE — iy Mg — My
T M (@ 2) (G k) (@ + 1) (6 + 1dy) (@2 + 1) (0 + 13y)

x2qs - (@2 +q3 +qs — k)] + (q4 - kK)(K — qu)* + [k - (2 + q3)1[qs - (g4 — 2k)] + k?[qs - (q2 + q3)]
O HKR)[x2+ k—q)?1[x*>+ Kk —q2 — q3 — q4)?]

X

| ( 202 cos[L(wu) + ®34))]

w(2234) oy (©@) + 0cs) (@) + 0as) + ©34)* (0@ + ©cs) +20034)  ©as (@) + ©cs))

3 )
_ 2w(34 cOs (L)) _ 2Lwesg sin[L(wy) 4 ©@4) + ©(234))]
W@ O34 (034 + 0034 (0Es) + 20034)  (034) + ©3a) (@@ + ©3s) + ©034))

_ cos[L(w@) + waa)y + 2w0234))] 2003 (0@ + 2064) + 2003)) cos[L(ww) + 0y + 60(234))])
(WG4) + 20 230)) (@) + ©O@4) + 200234)) (@34) + 0@30) (0@ + ©Ga) + ©03a) ’

(B12)

<dN§4>) _ fd2k // d2q2d %, (0 ) W — 2, b= 2,
& e Vi @+ 13) (@ + 1a3) (@ + 12) (@ + 143

x2qs - (@2 + qa — K)] + (qs - K)(k — 1) + (K- q2)[qa - (qs — 2K)] + k*(qs - q2)
2+ R+ k—qa)?1[x> + (k — q2 — qu)?]

(3”% +wm)) cos [2L(wu+-52)]
@(24) (w(4)+w(% Yo +oes)

X
{80)(4) (o) + 2202 (0w + 0ps) (0u) + 252) (@) + ©04)004)

Lsin[LQ2wu) + wa4))] +

(cos QLow)  ww cos [2L(ww+wes)] )
2o 4("P ooy )@ toos)

)
W(4)W(24) (4)( + wos)) (@@ + ©oa)* |

(ng(4)> _ fdzk // d2q3d %, (02— Hi — iy Hi — i
dx )7 2mx ‘ Aﬁyn (3 + 1) (95 + i) (@ + 1) (a3 + 1)

X244 - (@3 + @ — K]+ (qs - K)(k — q4)* + (k- q3)[q4 - (4 — 2Kk)] + k*(qs - q3)
X2+EK)x?+ Kk —q)?x>+ k—q3 — qu)?]

0)(24) COS (La)(4))

(B13)

8 1 ( 260(334) _ (% + 260(34)) COS[L(CU(4) + 20)(34))]
+ w(34))

Wy (2 ow(wu) + 0ca) (0@ + 206 (@@ + 30as)) (0@ + 2034y 034y

o) [CORECTE ) o@)+3w34)

— Lsin [L(a)(4) + 20)(34))] —

(% + w4 ) (cos (Low)  6cos [Liww+oas)] 2 cos [ L(wuy+3wis) | ) }
s (B14)
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APPENDIX C: dN;/dx RESULTSFORL =3ANDL =1
In this section, we show dN,/dx as a function of x for medium lengths L = 3 fm [Fig. (6)] and L = 1fm [Fig. (7)].
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FIG. 6. Gluon radiation spectrum dN,/dx as a function of x, for the medium length of L = 3 fm and various jet momenta. The panel on
the left (right) side shows the result for py /g = 0.4 (0.6). The figure caption is the same as for Fig. 1.
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FIG. 7. Gluon radiation spectrum dN,/dx as a function of x, for the medium length of L = 1fm and various jet momenta. The panel on
the left (right) side shows the result for /g = 0.4 (0.6). The figure caption is the same as for Fig. 1.
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FIG. 8. v, results obtained within DREENA-C — the effects of different orders in opacity. Different columns correspond to charged hadrons,
D, and B mesons, while different rows show different centrality classes. Only radiative energy loss is taken into account. Solid black curves
show the first order in opacity results, red dashed curves show the results up to the second order, while cyan dot-dashed curves up to the third
order in opacity. The lower (upper) boundary of each band corresponds to the iy /g = 0.6 (uy /e = 0.4) case.

APPENDIX D: v, RESULTS UP TO THIRD ORDER IN OPACITY

We here show the results for v, up to the third order in opacity (Fig. 8). Note that here the lower (upper) boundary of each
band corresponds to the /g = 0.6 (uar /e = 0.4) case (opposite with respect to R44 results). We observe the same behavior

as for Raa.
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We show that high-p; Raa and v, are sensitive to the early expansion dynamics, and that the high-p,
observables prefer delayed onset of energy loss and transverse expansion. To calculate high-p; Raa and vy,
we employ our newly developed DREENA-A framework, which combines state-of-the-art dynamical energy
loss model with (3+1)-dimensional hydrodynamical simulations. The model applies to both light and heavy
flavor, and we predict a larger sensitivity of heavy flavor observables to the onset of transverse expansion. This
presents the first time when bulk QGP behavior has been constrained by high-p, observables and related theory,

i.e., by so-called QGP tomography.

DOLI: 10.1103/PhysRevC.105.L.021901

Quark-gluon plasma (QGP) [1,2] is an extreme form of
matter that consists of interacting quarks, antiquarks, and
gluons. This state of matter is formed in ultrarelativistic
heavy-ion collisions at the Relativistic Heavy-Ion Collider
(RHIC) and the Large Hadron Collider (LHC). When analyz-
ing the heavy-ion collision data, the particles formed in these
collisions are traditionally separated into high-p, (rare hard
probes) and low-p, particles (bulk, consisting of 99.9% of
particles formed in these collisions).

The QGP properties are traditionally explored by low-p
observables [3-6], while rare high-p, probes are, almost
exclusively, used to understand the interactions of high-p;
partons with the surrounding QGP medium. High-p, physics
had a decisive role in the QGP discovery [7], but it has
been rarely used to understand bulk QGP properties. On the
other hand, some important bulk QGP properties are diffi-
cult to constrain by low-p, observables and corresponding
theory/simulations [8—11]. We are therefore advocating QGP
tomography, where bulk QGP parameters are jointly con-
strained by low- and high-p, physics.

During the last few years, our understanding of the very
early evolution of QGP has evolved a lot. In particular
the discovery of the attractor solutions of the evolution of
nonequilibrated systems [12—14], and models based on effec-
tive kinetic theory [15,16] have been significant milestones.
However, the exact dynamics of early evolution and hydro-
dynamization of the medium, i.e., the approach to the state
where the system can be described using fluid dynamics, are
not settled yet. Furthermore, to our knowledge, there are no
reliable methods to calculate jet energy loss in a medium
out of equilibrium. Instead of microscopic calculation of the
early-time dynamics, we take a complementary approach in
this Letter. We calculate the high-p; Raa and v, in a few
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straightforward scenarios, and show how the comparison to
high-p, data constrains the early evolution.

In the attractor solutions, the final evolution is fluid dy-
namical even if the initial state is quite far from equilibrium.
This allows us to entertain the notion that even if the early
state is not in local equilibrium, we could use fluid dynam-
ics to describe its evolution from very early times [17], say
from 79 = 0.2 fm, where 7( is the initial time of fluid dy-
namical evolution. Correspondingly, we may argue that the
temperature entering fluid dynamical evolution controls also
jet energy loss, and we may start the jet energy loss at the
same time, 7, = 0.2 fm. On the other hand, we had studied the
preequilibrium energy loss in various scenarios [18], and seen
that even if the data could not properly distinguish these sce-
narios, Bjorken-type temperature evolution at very early times
tended to push Raa too low. This may suggest that applying
the equilibrium jet-medium interactions to the preequilibrium
stage (even if close enough to fluid dynamical) overestimates
the energy loss. Due to this, we here, for simplicity, assume
an opposite limit, where we start the energy loss later than the
fluid dynamical evolution: 7, = 1.0 fm and 7p = 0.2 fm.!

Frequently used toy model to study the effects of early
nonequilibrium evolution is the free-streaming approach
[19,20], where (fictional) particles are allowed to stream freely
until the initial time of fluid dynamical evolution ty. As our
third scenario, we allow free streaming until 7p = 1.0 fm.
Consistently with the assumed absence of interactions in the
bulk medium, we assume no jet-medium interactions during
the out-of-equilibrium stage, so that 7p = 7, = 1.0 fm. For
comparison’s sake, we also explore the old-fashioned scenario
where nothing happens before the fluid dynamical initial time
70 = 1, = 1.0 fm, i.e., we start the fluid-dynamical evolution
at T = 1.0 fm with zero transverse flow velocity.

!'Similar scenario was suggested and studied in Ref. [66].
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When calculating how the high-p; observables depend
on our different scenarios we have to ensure that the QGP
medium evolution is compatible with the observed distribu-
tions of low-p, particles. We describe the medium evolution
using the (34-1)-dimensional viscous hydrodynamical model
[21]. For simplicity, we choose a constant shear viscosity to
entropy density ratio n/s = 0.12 for the cases without pre-
hydro transverse flow, and /s = 0.16 for the free-streaming
initialization. In all the cases the initial energy density profile
in transverse plane is given by the binary collision density ngc
from the optical Glauber model:

e(to, x,y,b) = Ce(fo)(nBC + Cln]zgc + Czn%c)~ (1)

The parameters C,, ci, and c, are tuned separately for each
scenario, to approximately describe the observed charged
particle multiplicities and v,{4} in Pb+Pb collisions at
/Snnv = 5.02 TeV. For the longitudinal profile, we keep the
parametrization used for ,/syy = 2.76 Pb+Pb collisions [21].
The equation of state is s95p-PCE-v1 [22]. We use freeze-
out temperatures Tehem = 150 MeV and Ty, = 100 MeV for
cases without pre-hydro flow, but with free streaming we use
Tehem = 175 MeV [23] to mimic bulk viscosity around T,
required to fit the pr distributions, and Tg.. = 140 MeV.

In the free-streaming initialization massless particles
stream freely from = 0.2 fm to 79 = 1.0 fm, where the
energy-momentum tensor based on the distributions of these
particles is evaluated. The energy momentum tensor is
decomposed to densities, flow velocity, and dissipative cur-
rents, which are used as the initial state of the subsequent
fluid-dynamical evolution. The switch from massless nonin-
teracting particles to strongly interacting constituents of QGP
causes large positive bulk pressure at 7p. In our calculations
bulk viscosity coefficient is always zero, and the initial bulk
pressure will approach zero according to Israel-Stewart equa-
tions.

The transverse momentum distributions of charged par-
ticles are shown in Fig. 1, and p, -differential elliptic flow
parameter v,{4}(p,) in the low momentum part (p, < 2
GeV) of the bottom panels of Fig. 2. As seen, the overall
agreement with the data is acceptable.

To be able to use the high-p, sector to study the bulk
behavior we need a framework that incorporates both state-
of-the-art energy loss and bulk medium simulations. With this
goal, we recently developed a fully optimized modular frame-
work DREENA-A [25], which can incorporate any, arbitrary,
temperature profile within the dynamical energy loss for-
malism (outlined below). Consequently, “DREENA” stands
for Dynamical Radiative and Elastic ENergy loss Approach,
while “A” stands for Adaptive. The framework does not have
fitting parameters within the energy loss model, allowing to
fully exploit different temperature profiles (as the only input in
the DREENA-A framework), systematically compare the data
and predictions obtained by the same formalism and parame-
ter set, and consequently constrain the bulk QGP properties
from jointly studying low- and high-p, theory and data.

The initial quark spectrum is computed at next-to-leading
order [26] for light and heavy partons. To generate charged
hadrons, we use DSS [27] fragmentation functions. For D and
B mesons, we use BCFY [28] and KLP [29] fragmentation

10° 4 7o = 0.2 fm
70 = 1.0 fm
= 1014 — FS;70=101fm
5 A ALICE
<)
O 10
=
k<
S 102 0-5)% x10
5102 (0-5)% x
=
& (10-20)% x5
310! 4
= 10 (20-30)% x2
ks
100 (30-40)%
(40-50)% x0.5
0.0 0.5 1.0 1.5 2.0 2.5 3.0

pr [GeV]

FIG. 1. Transverse momentum spectrum of charged particles in
five centrality classes in Pb4-Pb collisions at ,/syy = 5.02 TeV,
with two initial times 7y = 0.2 and tp = 1.0 fm, and free streaming
initialization (FS). ALICE data from Ref. [24].

functions, respectively. In the presence of QCD medium, the
vacuum fragmentation functions should be modified along
with parton energy loss as described by the multiscale models
[30,31]. However, for high-p; > 10 GeV, which is the mo-
mentum region covered in our study,> such modification is
small, justifying the use of vacuum fragmentation [30].

The dynamical energy loss formalism [32,33] has sev-
eral unique features: (i) QCD medium of finite size and
temperature consisting of dynamical (i.e., moving) partons;
this in distinction to medium models with widely used
static approximation and/or vacuumlike propagators [34-37].
(i1) Calculations based on generalized hard-thermal-loop ap-
proach [38], with naturally regulated infrared divergences
[32,33,39]. (iii) Calculations of both radiative [32] and colli-
sional [33] energy loss in the same theoretical framework. (iv)
Generalization towards running coupling [40], finite magnetic
mass [41]. We also recently advanced the formalism towards
relaxing the widely used soft-gluon approximation [42]. All
of these features are necessary for accurate predictions [43],
but utilizing evolving temperature profiles is highly nontrivial
within this complex energy loss framework.

We use the same parameter set to generate high-p, pre-
dictions as in our earlier studies within DREENA-C [44] and
DREENA-B [45] frameworks. In particular, we use Aqcp =
0.2 GeV and effective light quark flavors ny = 3. For light
quark mass, we assume to be dominated by the thermal mass
M = pg /6, and for the gluon mass, we take m, = we /N2
[39]. The temperature-dependent Debye mass g is obtained
by applying procedure from Ref. [46], which leads to results
compatible with the lattice QCD [47]. The charm (bottom)
mass is M = 1.2 GeV (M = 4.75 GeV). Magnetic to electric
mass ratio is 0.4 < uy /g < 0.6 [48-51], but for simplicity

2As the assumptions in the dynamical energy loss break down
below 10 GeV, we consider our predictions to be reliable in the region
p1 > 10 GeV.

L021901-2



EARLY EVOLUTION CONSTRAINED BY ...

PHYSICAL REVIEW C 105, L021901 (2022)

1.0r 10-20% - 20-30% © 30-40% - 40-50%
0.8- A F B
::(0.6*
\y To=1,=0.2fm
0.4 WCMS 1=0.20m: 7g=1.0f
70=0.2fm; 14,=1.0fm
0.2 AQ'II_'EAES - —_FS; 1p=14=1.0fm
( — To=T,=1.0f
041 | | | | | = | | | | | = | | | | | = | \TO tq\ rr: |
0 20 40 60 80 100 O 20 40 60 80 100 0 20 40 60 80 100 O 20 40 60 80 10
-
-
0.2 = aln = " .
- T e . ¥
A £ 3 -
"; : - i LY
-
07 | | | | ‘\ |\ C | | | | \77[7‘\ C | | | | | | C | | | | | Il
1 2 5 20 50100 1 2 5 20 50100 1 2 5 20 50100 1 2 5 20 50100
p.(GeV) p.(GeV) p.(GeV) p.(GeV)

FIG. 2. Charged hadron DREENA-A Ry, (top panels) and v, (bottom panels) predictions, generated for different 7o, 7,, and initialization
(see the legend, FS stands for free streaming), are compared with ALICE [24,52], CMS [53,54], and ATLAS [55,56] data. Four columns, from
left to right, correspond to 10-20 %, 20-30 %, 30-40 %, and 40-50 % centralities at ,/syy = 5.02 TeV Pb+Pb collisions at the LHC. At low
p1 (pL < 2 GeV) v, is 4-cumulant v, {4}, whereas at high p, (p; > 5 GeV) we evaluate v, as v, = (1/2) (RK‘A — R°A“/§)/(R§§‘A + R

up /e = 0.5, leading to the uncertainty of up to 10% for
both R44 and v, results.

The resulting DREENA-A predictions for charged hadron
Raa and vy in four different centrality classes, and four scenar-
ios of early evolution, are shown in Fig. 2, and compared with
experimental data. As one can expect, the later the energy loss
begins, the higher the Rax, and evaluating the energy loss as
in thermalized medium already at 7, = 0.2 fm is slightly dis-
favored. Furthermore, early free-streaming evolution leads to
larger Raa than fluid-dynamical evolution. On the other hand,
the behavior of v, is different. First, if the early expansion
is fluid dynamical, we see that delaying the onset of energy
loss hardly changes v, at all. Second, early free-streaming
evolution does not lead to better reproduction of the data, but,
in peripheral collisions, the fit is even worse. The only case
when our v, predictions approach the data, is when both the
jet energy loss and the transverse expansion are delayed to
T=1fm.

As shown in Fig. 3, heavy quarks are even more sensitive to
the early evolution. For bottom probes, the data are largely not
available, making these true predictions. For charm probes,
the available experimental data are much more sparse (and
with larger error bars) than the charged hadron data. However,
where available, comparison of our predictions with the data
suggests the same preference towards delayed energy loss
and transverse expansion as charged hadrons. These results
are important, as consistency between light and heavy flavor
is crucial (though highly nontrivial, as, e.g., implied by the
well-known heavy flavor puzzle [62]) for studying the QGP
properties.

To investigate the origin of the sensitivity of Raa and
vy to the early evolution, we evaluate the temperature along

the paths of jets traveling in-plane (¢ = 0) and out-of-plane
(¢ = m/2) directions, and average over all sampled jet paths.
In Fig. 4 we show the time evolution of the average of temper-
atures in in- and out-of-plane directions, and their difference

1.0r 10-30% | [

30-50%

Tp=14=0.2fm
1o=0.2fm; 15=1.0fm
— FS; 10=14=1.0fm

— To=14=1.0fm

. ST T
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FIG. 3. Predicted D (full curves) and B meson (dashed curves)
Rsa (top panels) and v, (bottom panels) in Pb+Pb collisions at
J/Svy = 5.02 TeV. The predictions for D mesons are compared with
ALICE [57,58] (red triangles) and CMS [59] (blue squares) D meson
data, while predictions for B mesons are compared with CMS [60]
(green circles) nonprompt J/W data.
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FIG. 4. Average temperature along the jet path traversing the
system (top panel) and the difference of average temperatures in
out-of-plane and in-plane directions (bottom panel) for 7y = 0.2 and
1.0 fm and free-streaming initialization at 10-20 % and 30-40 %
centrality classes. The average is over all sampled jet paths, and the
path ends at T & 160 MeV [61].

in 10-20 % and 30-40 % central collisions for 79 = 0.2 and
1.0 fm, and the free-streaming initialization. The behavior
of Raa is now easy to understand in terms of average tem-
perature: Larger 7,, i.e., delay in the onset of energy loss,
cuts away the large temperature part of the profile decreasing
the average temperature, and thus increasing the Ry [44,45].
Similarly, for late start of transverse expansion, i.e., 7o = 1.0
fm, the temperature is first slightly larger and later lower
than for 7o = 0.2 fm, and thus the Raa in 79 = 7, = 1.0 fm
and 7o = 0.2 with 7, = 1.0 cases is almost identical. On the
other hand, due to the rapid expansion of the edges of the
system, free-streaming initialization leads to lower average
temperature than any other scenario, and thus to the largest
Raa.

High-p, v,, on the other hand, is proportional to the
difference in temperature along in-plane and out-of-plane
directions, and to lesser extent to the average temperature.
Delaying the onset of transverse expansion to 1p = 1.0 fm
leads to larger difference than either early fluid-dynamical or
free-streaming expansion, and thus v, is largest in that case.
As well, delaying the onset of energy loss by increasing T,
hardly changes v,, since at early times the temperature seen
by jets in in- and out-of-plane directions is almost identical,
and no v, is built up at that time. Early free streaming and
early fluid-dynamical expansion lead to similar differences in
temperatures. The slightly larger difference in the 10-20 %
centrality class is counteracted by slightly lower temperature,
and thus final v, is practically identical in both cases. In the
more peripheral 30—40 % class the differences in temperature
are almost identical, but the lower average temperature leads
to lower v, for free streaming.

The delay in transverse expansion affects the average tem-
perature along the jet in two ways. First, smaller ry means
larger initial gradients, faster buildup of flow, and faster dilu-
tion of the initial spatial anisotropy. Similarly, free-streaming
leads to even faster buildup of flow and dilution of spatial
anisotropies than early fluid-dynamical expansion. Second,
since the initial jet production is azimuthally symmetric, and
jets travel along eikonal trajectories, at early times both in-
and out-of-plane jets probe the temperature of the medium
almost the same way. Only with course of time will the
spatial distribution of in- and out-of-plane jets differ, and the
average temperature along their paths begins to reflect the
anisotropies of the fluid temperature. This qualitative under-
standing indicates that the obtained conclusions are largely
model independent.

The idea of using high-p, theory and data to explore
QGP is not new, see, e.g., Refs. [63—73]. While some of
these approaches can achieve a reasonable agreement with the
data (see, e.g., [73-75]), this agreement relies on adjusting
fitting parameter(s) in the energy loss model, which prevents
them from constraining the bulk medium properties. These
models thus largely concentrate on investigating the nature
of parton interactions (e.g., a new phenomenon of magnetic
monopoles is systematically introduced in Ref. [73]) rather
than exploring which dynamical evolution better explains the
data. In contrast, the goal of our approach is to constrain the
bulk QGP behavior. The major advantage of our framework is
that it does not use fitting parameters in the energy loss model,
enabling us to explore the effects of different bulk medium
evolutions. We can even use R44 to make conclusions about
the bulk properties of the system, where our R44 results imply
that the energy loss during the very early evolution is weaker
than energy loss in a fully thermal system.

Furthermore, our study shows that not only is early energy
loss suppressed [64,66], but the early buildup of transverse
expansion must be delayed as well. It is not sufficient to delay
cooling as suggested in Ref. [64], but the initial anisotropy
must be diluted at much slower rate than given by either free
streaming or by fluid dynamics. We do not expect current
more sophisticated approaches to preequilibrium dynamics,
such as KéMPg@ST based on effective kinetic theory [15,16],
to resolve this issue. As seen in Ref. [76], except in most
peripheral collisions, both KgMP@STing and free streaming
lead to very similar final distributions. Thus we may expect
that at the time of switching to fluid dynamics, they both have
lead to very similar flow and temperature profiles (and thus
anisotropies).

Alternatively, the initial spatial anisotropies could be much
larger than considered here. It is known that both IP-Glasma
and EKRT approaches lead to larger eccentricities than
Glauber, but we have tested that they both lead to too low
high-p, v, if the fluid dynamical evolution begins as usually
assumed in calculations utilizing IP-Glasma or EKRT ini-
tializations. Event-by-event fluctuations may enhance spatial
anisotropies as well, and by generating shorter scale struc-
tures, they may enhance the sensitivity of high-p; v, to
spatial anisotropies. However, for these additional structures
to enhance the high-p, v,, they should be correlated with the
event plane, which is not necessarily the case. While we have
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postponed a study of event-by-event fluctuations to a further
work, our preliminary results do not indicate substantial influ-
ence on high-p, predictions.

In summary, we presented (to our knowledge) the first ex-
ample of using high-p theory and data to provide constraints
to bulk QGP evolution. Specifically, we inferred that exper-
imental data suggest that at early times both the energy loss
and transverse expansion of the system should be significantly
weaker than in conventional models. We emphasize that the
assumption that no energy loss nor transverse expansion takes
place before tp = 1.0 fm is unrealistic. We are not advocating
such a scenario, but note that the only way available to us to
test our hypothesis that the early energy loss and expansion
should be suppressed was to take the limit of no energy
loss nor transverse expansion at all. Doing this significantly
improves the agreement with the data, thus supporting our
hypothesis. While our finding of delayed onset of energy loss

and transverse expansion has yet to be physically understood,
there have been several anomalies in the history of heavy-ion
physics, and our result is one more of them.

Furthermore, heavy flavor observables show large sensi-
tivity to the details of early evolution, so our conclusion
will be further tested by the upcoming high luminosity
measurements. Our results demonstrate inherent interconnec-
tions between low- and high-p, physics, strongly supporting
the utility of our QGP tomography approach, where bulk
QGP properties are jointly constrained by low- and high-p
data.
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1. Introduction

Quark-gluon plasma is a new form of matter created in ultra-
relativistic heavy ion collisions. The main goal of relativistic heavy
ion physics [1-4] is to explore the properties of this new form
of matter [5,6], which will in turn lead to a fundamental under-
standing of QCD matter at its basic level. In the QGP tomography
approach that we advocate, the energy loss of rare high energy
partons traversing the medium is used to map its properties.

We previously argued [7] that, at large enough values of trans-
verse momentum (high-p ), the ratio of the elliptic flow v, and
1 — Raa, where R4 is the nuclear suppression factor, saturates,
and reflects the initial geometry of the system. However, this ar-
gument was based on analytic considerations and a simple 1-
dimensional expansion [8,9], where the geometry does not depend
on time. To see how the evolving shape of the collision system af-
fects the high-p observables, and subsequently the v, /(1 — Raa)
ratio, we here study the behaviour of this ratio in a system that
expands both in longitudinal and transverse directions.

Furthermore, there is experimental evidence for such satura-
tion. As shown in Fig. 1, at high values of transverse momentum
vy and 1 — Rpa are directly proportional, which is equivalent to
a pJ-independent ratio of vy and 1 — Rga. We study whether
state-of-the-art fluid-dynamical calculations tuned to reproduce
the low-p data, can reproduce such proportionality, and whether
we can relate this proportionality to a physical property of the sys-
tem, namely to the anisotropy of its shape.

* Corresponding author.
E-mail address: magda@ipb.ac.rs (M. Djordjevic).
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As is the standard approach in the study of ultrarelativistic
heavy-ion collisions, we assume the collision system to behave as
a locally thermalised dissipative fluid. The transverse expansion of
such a system largely depends on the initial gradients of the sys-
tem, i.e., the initial state, and also on the equation of state (EoS)
and dissipative properties of the fluid. Thus, to provide more gen-
eral conclusions about the asymptotic behaviour of v, /(1—Raa), it
is necessary to explore not only one, but several, different scenar-
ios of fluid-dynamical evolution. On the other hand, it is known
that at low-p; the elliptic flow parameter v, is proportional to
the initial anisotropy of the system e, but the proportional-
ity constant depends on the parameters of the calculation, say,
the freeze-out temperature. To avoid similar ambiguity we prefer
not to randomly vary the parameters of the initialisation model,
but constrain the calculation to reproduce the low-p; data, and
explore the universality of our results by using several different
initialisation models, collision energies and systems. In particular,
to initialise Pb+Pb collisions at /sy = 5.02 TeV collision energy,
we employ optical Glauber, TRENTo, IP-Glasma and EKRT initiali-
sations, whereas we explore the sensitivity to collision energy and
colliding nuclei by using optical Glauber initialisation for Pb+Pb
collisions at /SNy = 2.76 TeV and Xe+Xe collisions at /SNy = 5.44
TeV.

We will see that the temperature evolution in different evolu-
tion scenarios is different enough to lead to observable differences
in high-p; vy and 1 — Raa, and the ratio of these observables
is directly related to a suitably defined measure of the system
anisotropy. The differences in high-p; v, and 1 — R44 mean that
constraining the calculation to reproduce the low-p  data does not
guarantee the reproduction of the high-p, data. Simultaneous re-
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Fig. 1. v vs 1 — Ry for p; >10 GeV data from 5.02 TeV Pb+Pb ALICE [10,11] (red
triangles), CMS [14,15] (blue squares) and ATLAS [18,19] (green circles) experiments.
The data is shown for the 40-50% centrality bin, while similar relation is obtained
for other centralities. Each collaboration’s datapoints correspond to different values
of p,, with both v, and 1 — Ras decreasing with increasing p .

production of both is not an aim of this study, but left for future
work.

2. Methods
2.1. Medium evolution

Our starting point and reference we used for all collision ener-
gies and systems is a simple optical Glauber model based initiali-
sation. In Pb+Pb collisions at full LHC energy (,/snny = 5.02 TeV) we
used initial times 7o = 0.2, 0.4, 0.6, 0.8, and 1.0 fm, whereas the
lower energy (,/sny = 2.76 TeV) Pb+Pb and Xe+Xe (. /snn = 5.44
TeV) calculations were carried out for 79 = 0.2, 0.6, and 1.0 fm.
The initialisation and code used to solve viscous fluid-dynamical
equations in 3+1 dimensions are described in detail in Ref. [22],
and parameters to describe Pb+Pb collisions at /sy = 5.02 TeV
in Ref. [23]. In particular, we use a constant shear viscosity to en-
tropy density ratio /s = 0.12 (Pb+Pb) or /s =0.10 (Xe+Xe), and
the EoS parametrisation s95p-PCE-v1 [25].

Different initial state models lead to slightly different shapes of
the initial state. To find if our findings are a feature of the Glauber
model, or have broader significance, we did the Pb+Pb calculations
at the full LHC energy using several different initial state mod-
els. The first option in this extended set, Glauber + Free streaming,
is to use the Glauber model to provide the initial distribution of
(marker) particles, allow the particles to stream freely from 7 = 0.2
to 1.0 fm, evaluate the energy-momentum tensor of these parti-
cles, and use it as the initial state of the fluid. We evolve the fluid
using the same code as in the case of pure Glauber initialisation.
The EoS is s95p-PCE175, i.e., a parametrisation with Tchem = 175
MeV [26], and temperature-independent 7/s = 0.16. For further
details, see Ref. [23].

As more sophisticated initialisations, we employ EKRT, IP-
Glasma and TRENTo. The EKRT model [27-29] is based on the
NLO perturbative QCD computation of the transverse energy and a
gluon saturation conjecture. We employ the same setup as used in
Ref. [30] (see also [26]), compute an ensemble of event-by-event
fluctuating initial density distributions, average them, and use this
average as the initial state of the fluid dynamical evolution. We
again use the code of Molnar et al., [22], but restricted to boost-
invariant expansion. The shear viscosity over entropy density ratio
is temperature dependent with favoured parameter values from
the Bayesian analysis of Ref. [30]. Initial time is t9 = 0.2 fm, and
the EoS is the s83s1g parametrisation from Ref. [30].

IP-Glasma model [31,32] is based on Color Glass Conden-
sate [33-36]. It calculates the initial state as a collision of two
colour glass condensates and evolves the generated fluctuating
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gluon fields by solving classical Yang-Mills equations. The cal-
culated event-by-event fluctuating initial states [37] were fur-
ther evolved [38] using the MUSIC code [39-41] constrained to
boost-invariant expansion. We subsequently averaged the evalu-
ated temperature profiles to obtain one average profile per cen-
trality class. In these calculations, the switch from Yang-Mills to
fluid-dynamical evolution took place at Tgyitch = 0.4 fm, shear vis-
cosity over entropy density ratio was constant n/s = 0.12, and
the temperature-dependent bulk viscosity coefficient over entropy
density ratio had its maximum value ¢/s = 0.13. The equation of
state was based on the HotQCD lattice results [42] as presented in
Ref. [43].

TRENTo [44] is a phenomenological model capable of inter-
polating between wounded nucleon and binary collision scaling,
and with a proper parameter value, of mimicking the EKRT and
IP-Glasma initial states. As with the EKRT initialisation, we cre-
ate an ensemble of event-by-event fluctuating initial states, sort
them into centrality classes, average, and evolve these average ini-
tial states. Unlike in other cases, we employ the version of the
VISH2+1 code [45] described in Refs. [46,47]. We run the code us-
ing the favoured values of the Bayesian analysis of Ref. [47]; in
particular, allow free streaming until T = 1.16 fm, the minimum
value of the temperature-dependent 7/s is 0.081, and the maxi-
mum value of the bulk viscosity coefficient ¢ /s is 0.052. The EoS
is the same HotQCD lattice results [42] based parametrisation as
used in Refs. [46,47].

It is worth noticing that the initial nuclear configuration in
all these cases is similar Woods-Saxon parametrisation of nuclear
matter density, which is either assumed to be continuous (optical
Glauber), or Monte-Carlo sampled to create ensembles of nucleons
(EKRT, IP-Glasma, TRENTo). The differences in the fluid-dynamical
initial state depend on the initial particle production, and sub-
sequent evolution before fluid-dynamical stage (none, Yang-Mills,
free streaming).

All these calculations were tuned to reproduce, in minimum,
the centrality dependence of charged particle multiplicity, p, dis-
tributions and v,(p.) in Pb+Pb collisions at both collision ener-
gies, and the centrality dependence of charged particle multiplicity
and v;,{4} in Xe+Xe collisions.

2.2. Energy loss: DREENA-A

To calculate high-p; Raa and vy, we used our DREENA-A
framework [48], where ‘DREENA’ is a shorthand for “Dynamical
Radiative ENergy Loss Approach”. ‘A’ stands for Adaptive, mean-
ing that arbitrary temperature profile can be included as input
in the framework. The underlying dynamical energy loss formal-
ism [49,50], which is implemented in DREENA-A, has several im-
portant properties necessary for reliable high-p, predictions [51]:
i) Contrary to widely used static approximation [52-55], the QGP
is modelled as a finite size and temperature medium, consisting
of dynamical (i.e., moving) partons. ii) Generalised Hard-Thermal-
Loop approach [56] is used, through which infrared divergences are
naturally regulated [49,50,57]. iii) The same theoretical framework
is applied to both radiative [49] and collisional [50] energy loss cal-
culations. iv) Calculations are generalised to include running cou-
pling [58], and non-perturbative effects related to chromo-electric
and chromo-magnetic screening [59,60]. The framework does not
have free parameters in the energy loss, i.e., all the parameters are
fixed to standard literature values. Consequently, it can fully utilise
different temperature profiles as the only input in DREENA-A. Raz
and v, predictions, generated under the same formalism and pa-
rameter set (and calculated in a conventional way, see e.g. [48]),
can thus be systematically compared to experimental data to map
out the bulk properties of QGP.
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Fig. 2. Light red (light blue) shaded areas represent the temperatures along the paths of high-p, partons when traversing the medium in the in-plane (out-of-plane) direction.
For every scenario, we show 1250 in-plane and out-of-plane trajectories. The temperature profiles are from fluid-dynamical calculations of /syy = 5.02 TeV Pb+Pb collisions
in the 30-40% centrality class, utilising the Glauber model (with 7o = 1.0 fm), Glauber + free streaming (FS), IP-Glasma, and EKRT initialisations. Dark red (dark blue) curves
represent the average temperature experienced by the particles in the in-plane (out-of-plane) directions.

While the model has several unique features in describing
parton-medium interactions, it could still be improved by includ-
ing, e.g., flow velocity of the bulk medium and transverse gradients
of temperature and density (see e.g., [61-64]). However, such im-
provements are in their infancy in any framework, and implement-
ing them into dynamical energy loss model while keeping all ex-
isting ingredients is challenging. Nevertheless, such improvements
might somewhat influence the quantitative results presented in
this manuscript, and quantifying such effects is an important fu-
ture goal.

2.3. Experimental data

We compared our predictions with data from the Pb+Pb colli-
sions at /SNy = 2.76 and 5.02 TeV analysed by the LHC experi-
ments ALICE [10-13], CMS [14-17], and ATLAS [18-21]. We used
vy measurement obtained with the scalar product method. Since
we are interested in the high p, region, we considered data with
p1 > 10 GeV. The p, bins are chosen as in the v, measure-
ments, and the Rax distributions are interpolated to the chosen
binning. Since CMS experiment used coarser granularity in cen-
trality for R44 measurements, i.e. 10-30% and 30-50%, we assigned
the values obtained from 10-30% (30-50%) to both 10-20% and 20-
30% (30-40% and 40-50%). Finally, combined uncertainties on the
vy/(1 — Raa) are calculated assuming that v, and Raa are corre-
lated.

3. Results and discussion

To gain an intuitive insight into how different initialisations
influence high-p; predictions, we show in Fig. 2 temperatures
encountered by partons in /SNy = 5.02 TeV Pb+Pb collisions as
a function of traversed distance using four different temperature
profiles. These plots are produced by generating initial high-p
partons’ positions according to binary collision densities. Then
these partons traverse the medium in the in-plane (red) or out-
of-plane (blue) directions, and the temperature they experience is
plotted as a function of their path until they leave QGP. The larger
the temperature that partons experience while traversing the QGP,
the larger the suppression in high-p; observables. Similarly, a
larger difference between in-plane or out-of-plane temperatures is
related to a larger high-p v».

From Fig. 2, we observe that partons travelling in the in-plane
and out-of-plane directions experience different temperatures in
different scenarios, and this leads to the different behaviour of
high-p, particles. For example, based on the maximum temper-
ature encountered, we expect the largest suppression (i.e., the
smallest R44) for ‘EKRT’, while ‘Glauber + FS’ are expected to lead

to the largest Ra4. On the other hand, from the difference in in-
plane and out-of-plane temperatures, we expect the largest v, for
‘Glauber, 79 =1 fm’, followed by ‘IP-Glasma’, while v, for ‘EKRT’
should be notably smaller. The ordering of Rq4 and vy is thus
different for different evolution scenarios, and therefore it is a pri-
ori unclear what the ordering of v,/(1 — Raa) might be. In this
section, we aim to address the following questions: i) Is the satu-
ration in vy /(1 — Raa) at high-p still observed for these different
profiles, as expected from our previous analytical arguments and
simple 1D Bjorken expansion [7]? ii) If yes, does this saturation
carry information about the anisotropy of the system, and iii) What
kind of anisotropy measure corresponds to the high-p, data?

To start addressing these questions, we show in Fig. 3 how
v2/(1 — Raa) depends on p, in Pb+Pb collisions at /sy = 2.76
and 5.02 TeV using different temperature profiles.! As seen, the
ratio is almost independent of p, above p; ~ 30 GeV, although
IP-Glasma shows some p; dependence even above this limit. We
also confirmed that the saturation is obtained for other hydrody-
namic calculations outlined in Subsection 2.1 (not shown). Thus,
the phenomenon of v;/(1 — Ra4) saturation is indeed robust, i.e.,
holds for a variety of different transversely expanding systems.

We also observe that some profiles lead to better agreement
with the data compared to the others. The general trend is that
the later the transverse expansion begins (fluid dynamical or oth-
erwise), the better the fit to data. We have discussed some impli-
cations of this finding in Ref. [23], but in this paper we concentrate
on exploring how the differences in the medium evolution are
reflected through high-p, data, and leave further comparison be-
tween predictions and the data to later studies.

To find out whether the saturation values of v,/(1 — Raa) are
correlated with the system geometry, we evaluate the average path
length of partons, (L), and its anisotropy

ﬁ _ (Lour) — (Lin) (1)
(L) (Lout) + (Lin)’

where (L;;) and (L) refer to the average path-length of high-p
particles in the in-plane and out-of-plane directions. For every
temperature profile, (L;j;) and (L,y) are calculated using the Monte
Carlo method to generate an initial hard parton position in the XY
plane according to the binary collision densities. The parton then
traverses the medium in the ¢ =0 (or ¢ = 7 /2) direction, until
the temperature at parton’s current position drops below critical
temperature T.. We use T.=160 MeV, which is within the uncer-
tainty of the lattice QCD critical temperature of 154 +9 MeV [24].

1 To avoid cluttering the figure, at /SNy = 5.02 TeV we concentrate on the same
four profiles as shown in Fig. 2.
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Fig. 3. Calculated and experimentally observed v;/(1 — Raa) ratio as a function of transverse momentum p_ in /Sy = 5.02 (upper) and 2.76 (lower) TeV Pb+Pb collisions.
The calculations within DREENA-A framework were carried out using four different temperature profiles (Glauber with 7o = 1.0 fm, Glauber + free streaming (FS), IP-Glasma,
and EKRT) at /sny = 5.02 TeV, and three at /Syy = 2.76 TeV (Glauber with initial times 7o = 0.2, 0.6 and 1.0 fm). The data are by ALICE [10-13] (red triangles), CMS [14-17]
(blue squares) and ATLAS [18-21] (green circles) collaborations. Each panel corresponds to a different centrality (10-20%, 20-30%, 30-40%, 40-50%). The bands correspond to
the uncertainty in the magnetic to electric mass ratio. The upper (lower) boundary of each band corresponds to py /g =0.4 (0.6).
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Fig. 4. Charged hadron v,/(1—Raa) as a function of path-length anisotropies AL/L,
for different collision systems and energies (Pb+Pb at /sy = 2.76 and 5.02 TeV and
Xe+Xe at /SN = 5.44 TeV), various centrality classes and temperature profiles. For
every profile, the point with the lowest AL/L corresponds to the 10-20% centrality
class, the next one corresponds to 20-30%, and so on, up to 40-50% (except IP-
Glasma, where the highest centrality is 30-40%). The value of transverse momentum
is fixed at p; =100 GeV.

We then obtain (L;j;) and (L,y) by averaging the in-plane and out-
of-plane path lengths over many different partons.

In Fig. 4 we have plotted the values of vy/(1 — Raa) evalu-
ated at 100 GeV for different initialisations, collision energies and
systems vs. the corresponding path-length anisotropies AL/(L). Ex-
cept for IP-Glasma, each case is presented with four points corre-
sponding to the centrality classes 10-20%, 20-30%, 30-40%, 40-50%.

We have omitted the 40-50% class of IP-Glasma since the average
profile for this centrality class was not smooth enough to produce
reliable v, and R4 results.

Fig. 4 shows a surprisingly simple relation between v,/(1 —
Raa) and AL/(L), independently on the collision system and en-
ergy, where the dependence is linear with a slope of almost 1. The
saturation value is therefore dominated by the geometry of the
system, although at small values of AL/(L) there is a deviation
from the linear proportionality. It is worth noticing that here the
values of AL/(L) are much smaller than in our earlier 1D study [7].
Also, even if the values of AL/(L) are very different for different
initialisations, the initial anisotropies, €3 », are not so different. The
general trend is that the earlier the transverse expansion begins
(fluid dynamical or otherwise), the smaller the AL/(L) in the same
centrality class. The time it takes the parton to reach the edge of
the system is almost independent of 7p, but small 7o means that
by the time the parton reaches the edge, the system has evolved
longer, and the initial anisotropy has been diluted more. Thus, the
earlier the expansion begins, the lower the AL, and AL/(L) depicts
the mentioned sensitivity to the time when expansion begins.

AL/(L) depends on the shape of the system, and how the shape
evolves, but it is difficult to see how the evolution affects it. To
change the point of view from individual jets and their paths to the
shape of the bulk medium and its evolution, we devised a mea-
sure similar to the conventional measure of the spatial anisotropy,
€m.n: We evaluate the average of temperature cubed encountered
by partons propagating with angle ¢ with respect to the reaction
plane:

[dxdy T3(x+ T cos¢, y + Tsing, T)no(x, y)
[ dxdyno(x, y)

where ng(x, y) is the density of the jets produced in the primary

collisions, i.e., the density of the binary collisions. This distribu-

tion is not azimuthally symmetric, and we may evaluate its second
Fourier coefficient:

jT(r.¢)= . (2)
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Fig. 5. The figure on the left shows the values of v,/(1 — Raa) of charged hadrons as a function of the average jet-perceived anisotropy (jT>) for different collision systems
and energies (Pb+Pb at /Syy =2.76 and 5.02 TeV and Xe+Xe at /SNy = 5.44 TeV), various centrality classes and temperature profiles. For every profile, the point with the
lowest (jT,) corresponds to the 10-20% centrality class, the next one corresponds to 20-30%, and so on, up to 40-50% (except IP-Glasma, where the highest centrality is
30-40%). The value of transverse momentum is fixed at p; = 100 GeV. The figure on the right shows v,/(1 — Raa) and (jT») ratio for every point from the figure on the

left as a function of the centrality class.

_ [dxdyno(x, y) [dpcos2¢ T>(x+ T cos¢, y + Tsing, T)

iT2(t) =
IT2(D) Jdxdyno(x,y) f[d¢ T3(x+ T cos¢, y + Tsing, T)
3)
Moreover, a simple time-average of jT»,
Tcut .
) JreedT jTa(T)
(jT2) = F———, 4)
Teut — To

where 7yt is defined as the time when the centre of the fireball
has cooled down to critical temperature T¢, is directly proportional
to the ratio v5/(1 — Raa) as shown in Fig. 5 (without an off-shift
observed for low values of v,/(1 — Raa) in Fig. 4).

We call this measure the average jet-perceived anisotropy of the
system. We evaluate the ratio of v2/(1 —Raa) and (jT,) in the p
range where the v,/(1 — Raa) ratio has saturated for all models
(p1 > 80 GeV), and average over all the cases shown in Fig. 5 to
obtain

v2/(1 —Raa)
(jT2)

As shown in the right panel of Fig. 5, deviations from this be-
haviour are modest and random. This indicates that (jT,) de-
scribes the leading term in the process creating high-p;, v,/(1 —
Raa), and therefore this ratio carries direct information of the sys-
tem geometry, and its anisotropy. Since unity is within one stan-
dard deviation from the average, for practical purposes we can use
an approximation vz /(1 — Raa) = (jT2).

The above analysis was performed on h*. However, if v,/(1 —
Raa) indeed reflects the anisotropy (jT,), then the Eq. (5) should
be independent of flavor. Due to large mass, Ra4 and v, of heavy
flavor particles depend on p, differently from charged hadrons’
Raa and v;. To test whether the v, /(1 — Rax) ratio of heavy flavor
particles also saturates at high p,, and whether Eq. (5) is valid
for them, we performed the same analysis on Ra4 and vy of D
and B mesons. We obtained that v, /(1 — Ra4) indeed saturates at
p1 > 20 GeV for B mesons and at p; > 80 GeV for D mesons, and
that, after saturation, the Eq. (5) is robust for all types of flavor
(results not shown). This further supports that va/(1 — Raa) at
high-p directly carries information on the medium property, as
revealed through this extensive analysis.

=1.08 4+ 0.09. (5)
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Fig. 6. Constraints to jet-perceived anisotropy ({jT2), shown on y-axis) evaluated
from high-p; > 20 GeV Raa and v, experimental data using (jT2) = v2/(1 — Raa)
(see Eq. (5)), for four different centrality regions (shown on x-axis): 10-20%, 20-30%,
30-40%, 40-50%. 5.02 TeV Pb+Pb ALICE [10,11] (red triangles), CMS [14,15] (blue
squares) and ATLAS [18,19] (green circles) data are used. For each centrality, the
experimental constraints are compared with the average jet-perceived anisotropy
(jT,) for various evolution scenarios, indicated on the legend.

Finally, we evaluated the favoured (jT,) range from the ex-
perimentally measured Raa(py) and vy(p,) for h* at different
centralities. The (jT,) values are obtained by fitting v(p1)/(1 —
Raa(p1)) data shown in Fig. 3 with a constant function for p; >
20 GeV using MINUIT [65] package within ROOT [66] code, taking
uncertainties into account. The fitted ratio was then converted to
(jT2) by assuming their equality. As shown in Fig. 6, all three ex-
periments lead to similar values of (jT»), though the uncertainty
is still large.

We also note that (jT;) is a bulk-medium property, which
can be directly evaluated from bulk-medium simulations through
Egs. (2)-(4), independently of high-p, data. Thus, experimen-
tal data can be used to restrict the value of this quantity. In
Fig. 6, we see that none of the evolution scenarios tested in this
manuscript is in good agreement with the data (despite the above
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mentioned large uncertainty), i.e., lead to smaller jet-perceived
anisotropy than experimentally favoured. We thus show that jet-
perceived anisotropy provides an important constraint on bulk-
medium simulations, and that future bulk-medium calculations
should be tuned to reproduce the experimentally constrained (jT;)
as well. Moreover, in the high-luminosity 3" run at the LHC, the
error bars for Raa(p1) and vy(p.) are expected to be signifi-
cantly reduced, which will subsequently lead to a notably better
experimental constraint of (jT,), also enabling better constraint
on bulk-medium simulations.

4. Summary

In this study, we used our recently developed DREENA-A frame-
work to explore how the temperature evolution of the QGP droplet
influences high-p; v2/(1 — Raa) predictions. The framework does
not use any free parameter within the energy loss model and con-
sequently allows to fully explore these profiles as the only input
in the model. We showed that saturation in v,/(1 — Raa), clearly
seen in the experimental data, is robustly obtained for the compre-
hensive set of fluid-dynamical calculations covered in this study,
as well as different types of flavor, collision energies and collision
systems, supporting the generality of our findings. Also, by fold-
ing spatial coordinates and temperature, we further revealed that
this saturation value corresponds to a property of the system we
defined as average jet-perceived anisotropy (jT,). We also showed
how to relate (jT,) to experimental data, providing a new impor-
tant constraint on bulk-medium simulations. None of the evolution
scenarios that we tested here was in good agreement with experi-
mentally inferred (jT,) values, which argues that it is important to
accordingly tune the bulk-medium simulations, particularly with
the high-luminosity 3" run at the LHC. Our approach demon-
strates the utility of the QGP tomography, i.e., the potential for
extracting the bulk QGP properties jointly from low and high-p
data.
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The suppression of high-p, particles is one of the main signatures of parton energy loss during its passing
through the quark-gluon plasma medium, and is reasonably reproduced by different theoretical models. However,
a decisive test of the reliability of a certain energy-loss mechanism, apart from its path length, is its temperature
dependence. Despite its importance and comprehensive dedicated studies, this issue is still awaiting more
stringent constraints. To this end, we here propose a novel observable to extract the temperature-dependence
exponent of a high-p, particle’s energy loss, based on Ry4. More importantly, by combining analytical argu-
ments, full-fledged numerical calculations, and comparison with experimental data, we argue that this observable
is highly suited for testing the long-standing AE/E o L>T?3 paradigm. The anticipated significant reduction of
experimental errors will allow direct extraction of temperature dependence, by considering different centrality
pairs in A + A collisions (irrespective of the nucleus size) in the high-p, region. Overall, our results imply that
this observable, which reflects the underlying energy-loss mechanism, is very important to distinguish between

different theoretical models.

DOI: 10.1103/PhysRevC.103.024908

I. INTRODUCTION

The main goal of the ultrarelativistic heavy-ion program
[1-4] at the Relativistic Heavy Ion Collider (RHIC) and the
Large Hadron Collider (LHC) is inferring the features of the
created novel form of matter—quark-gluon plasma (QGP)
[5,6]—which provides an insight into the nature of the hottest
and densest known medium. Energy loss of rare high-p,
partons traversing the medium is considered to be one of the
crucial probes [7] of the medium properties, which also had a
decisive role in QGP discovery [8]. Comparison of predictions
stemming from different energy-loss models with experimen-
tal data tests our understanding of the mechanisms underlying
the jet-medium interactions, thereby illuminating the QGP
properties. Within this, an important goal involves a search
for adequate observables for distinguishing the energy-loss
mechanisms.

Connected to this, it is known that the temperature (7)
dependence of the energy-loss predictions may be related
to the underlying energy-loss mechanisms; e.g., pQCD ra-
diative energy loss (Baier-Dokshitzer-Mueller-Peigne-Schiff
(BDMPS) and Armesto-Salgado-Wiedemann (ASW) [9-11],
Gyulassy-Levai-Vitev (GLV) [12], light-cone path integral
(LCPY) [13] and Arnold-Moore-Yaffe (AMY) [14], higher-
twist (HT) [15], and some of their extensions [16-20]) is
typically considered to have cubic T dependence (73, stem-
ming from entropy, or energy density dependence), while
collisional energy loss [7,21-23] is generally considered to be
proportional to T2. Additionally, anti-de Sitter/conformal field
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theory (AdS/CFT)-motivated jet-energy-loss models [24,25]
display even quartic (T*) dependence on temperature. The
different functional dependences on T found in these mod-
els are the results of the considered energy-loss mechanism
(elastic or inelastic), different treatment of the QCD medium
(finite or infinite size), and inclusion or omission of finite
temperature effects (i.e., application of temperature-modified
or vacuumlike propagators). Therefore, assessing the accurate
temperature dependence is important for disentangling rele-
vant effects for adequate description of leading parton energy
loss, and consequently for understanding the QGP properties.

For a comprehensive study on temperature (and path-
length) dependence of different energy-loss models we refer
the reader to Ref. [18]. However, even this systematic study
could not single out local T dependence, as the attempt to
simultaneously describe high-p, Rs4 and v, data within these
models requires some more rigorous physical justifications.
Moreover, the current error bars at the RHIC and the LHC are
still too large to resolve between different energy-loss models.
Having this in mind, we here propose a novel observable to
extract the scaling of a high-p, particle’s energy loss on the
local temperature. Note that, for extracting the exact value
of the temperature-dependence exponent, this new observable
relies on the previously extracted value of the path-length
dependence coefficient [26]. We expect that this observable
will allow direct extraction of 7' dependence from the data in
the upcoming high-luminosity third run at the LHC, where the
error bars are expected to notably decrease.

We also propose high-p; h* as the most suitable probe
for this paper, as the experimental data for 7+ Ry, are more
abundant and with smaller error bars, compared to heavier
hadrons for all centrality classes, where this is also expected

©2021 American Physical Society
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to hold in the future. Therefore, in this paper, we concentrate
on h* in 5.02-TeV Pb + Pb collisions at the LHC, with the
goal to elucidate this new observable, and test its robustness
to medium evolution and colliding system size. By combin-
ing full-fledged numerical predictions and scaling arguments
within our dynamical radiative and elastic energy-loss ap-
proach (DREENA) [27,28] framework, this new observable
yields the value of the temperature-dependence exponent,
which is in accordance with our previous estimate [29]. More
importantly, we utilize this observable to question the long-
standing AE/E o L*T3 paradigm, used in a wide range of
theoretical models [9-12,15-20].

II. THEORETICAL FRAMEWORK

In this paper, we use our state-of-the-art dynamical
energy-loss formalism [30-32], which includes several unique
features in modeling jet-medium interactions: (1) calculations
within the finite temperature field theory and generalized
hard-thermal-loop approach [33] (contrary to many models

J

dNwa  C(G)Cr 1 [ d*qdk

p2(T) — 3 (T)

which apply vacuumlike propagators [9,10,12,15]), so that
infrared divergences are naturally regulated in a highly non-
trivial manner; (2) finite size of created QGP; (3) the QCD
medium consisting of dynamical (moving) as opposed to
static scattering centers, which allows the longitudinal mo-
mentum exchange with the medium constituents; (4) both
radiative [30,31] and collisional [32] contributions calculated
within the same theoretical framework; (5) the inclusion of
a finite parton’s mass [34], making the formalism applicable
to both light and heavy flavor; and (6) the generalization
to a finite magnetic mass [35], running coupling [36], and
beyond soft-gluon approximation [37]. Note, however, that in
Ref. [37] we obtained that the effect of relaxing the soft-gluon
approximation on (fractional radiative energy loss and) Ry, is
negligible, and thus can be omitted without losing the relia-
bility of the obtained results. Therefore, to avoid unnecessary
involvement of already complex expressions we here apply
their soft-gluon equivalents.

The analytical expression for the single gluon radiation
spectrum reads [27,30,35,36]

dxdt — T X

w7 @+ QR+ 13,(T)]

2
Tas(ET)%(%)

[ ((k+q)2+x(T) )]
x | 1 —cos T

xE+

where k and q denote transverse momenta of radiated and ex-
changed gluons, respectively; C,(G) = 3 and Cg = 4/3 (Cp =
3) for the quark (gluon) jet; while ug(T) and upy(T) are
electric (Debye) and magnetic screening masses, respectively.
The temperature-dependent Debye mass [27,38] is obtained
by self-consistently solving Eq. (5) from Ref. [27]. «; is the
(temperature-dependent) running coupling [27,36,39], E is

J

dE o 2Cg o N N
T = SR B () [ KL TR
Kl/(14v) v[g| [l max

X / dlq| wdw +/

0 —vldl IKI/(14v)
, Ik + ) — |G/
x [|AL(g, T)|
2

where neq(|l_§|, T)= e".(v]\LI + e\m]/vrfﬂ is the equilibrium mo-

mentum distribution [22] including gluons, quarks, and
antiquarks. & is the four-momentum of the incoming medium
parton, v is the velocity of the initial jet, and ¢ = (w, q) is the
four-momentum of the exchanged gluon. |{|ya.x is provided in
Ref. [32], while A7(q, T) and Ap(q, T) are effective trans-
verse and longitudinal gluon propagators given by Egs. (3)
and (4) from Ref. [27].

Despite the very complicated temperature dependence of
Egs. (1) and (2), in Ref. [29] it was obtained that our dy-
namical energy-loss formalism [36] (which accommodates

2(k+q) [
(k+q)? + x(T)

+1A7(q, T)I

k k
4 } (1)

k+q?+x(T) K+ x(T)

(

the initial parton energy, while x (T') = M?x* + mg(T), where
x is the longitudinal momentum fraction of the initial parton
carried away by the emitted gluon. M is the mass of the
propagating parton, while the gluon mass is considered to be
equal to its asymptotical mass m, = ug/ V2 [40].

The analytical expression for collisional energy loss per
unit length is given by the following expression [27,32]:

ldl—2/k|

v|g|
dlq| wdw

@

(G — DK + ) + 1§21, 5,
L i 0GP - o |,

(

some unique jet-medium effects mentioned above) has an
exceptional feature of near linear 7 dependence. That is,
while T3 dependence for radiative energy loss is widely used
[9-12,14-20], from Eq. (1) it is evident that this simplified
relation is reproduced with approximations using vacuum
gluon propagators (leading to the absence of m,(T") from the x
expression) and neglecting running coupling. It is straightfor-
ward to show that in that case leading 7 dependence is % 66
/L%T o« T3 (ug o T). However, Eq. (1) clearly demonstrates
that a more realistic T dependence is far from cubic, where
in Ref. [29] it was shown that asymptotic 7 dependence
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of our full radiative energy loss is between linear and
quadratic.

Additionally, commonly overlooked (due to being smaller
compared to radiative at high p, ) collisional energy loss must
not be neglected in suppression predictions [41]. Moreover,
widely used dominant 72 dependence of collisional energy
loss [7,21-23] can also be shown to be a consequence of
(i) using tree-level diagrams, and consequently introducing
artificial cutoffs to nonphysically regulate ultraviolet (and in-
frared) divergencies (e.g., in Ref. [7]) in the hard momentum
transfer sector [22]; or (ii) considering only soft momentum
exchange [21]. That is, it is straightforward to show that
Eq. (2) recovers leading T2 dependence from Ref. [21] if
(1) only the soft gluon sector is considered, with the upper
limit of integration artificially set to |q|max; (2) only forward
emission is accounted for (w > 0); and (3) running coupling
is neglected. Accordingly, in Ref. [29] it was demonstrated
that complex T dependence of our collisional energy loss
(Eq. (2)) reduces not to commonly considered quadratic, but
rather to nearly linear dependence for asymptotically large
p.. Therefore, a state-of-the-art energy-loss model leads to a
much slower growth of the energy loss with temperature com-
pared to the common paradigm, where the widely assumed
faster growth can be reproduced only through quite drastic
simplifying assumptions.

Since the goal of this paper is the extraction of the
temperature-dependence exponent of the energy loss, this
paper will furthermore provide an opportunity to test our
dynamical energy-loss formalism on a more basic level.

III. NUMERICAL FRAMEWORK

In this paper, the predictions are generated within our fully
optimized DREENA [27,28] numerical framework, com-
prising (i) initial parton momentum distribution [42]; (ii)
energy-loss probability based on our dynamical energy-loss
formalism [30-32] (discussed in the previous section), which
includes multigluon [43] and path-length fluctuations [44],
where the path-length fluctuations are calculated according
to the procedure provided in Ref. [45] (see also Ref. [28]);
and (iii) fragmentation functions [46]. In this paper, we will
primarily use two implementations of this framework: (i)
DREENA-C, where C corresponds to constant temperature
medium; and (ii)) DREENA-B, where B corresponds to one-
dimensional (1D) Bjorken QGP evolution [7].

In the first part of our paper, using the DREENA-C frame-
work, the average temperature is obtained according to the
procedure described in Refs. [28,47], which we briefly out-
line here. For each centrality region in 5.02-TeV Pb + Pb

collisions, the average temperature is estimated through 73 ~
dNg

% [12,48], where A is the overlap area. dd% is gluon ra-

pidity density, and is shown to be directly proportional to
charged particle multiplicity ‘Zv—nd’, which is measured for all
relevant centralities in 5.02-TeV Pb + Pb collisions at the

dNg L
LHC [49]. Thus, the required expression reads 7 = c(ﬁ 3,
where constant ¢ can be fixed by effective temperature for
0-20% 2.76-TeV Pb+Pb collisions at LHC [50], leading to,
e.g., the average medium temperature of 348 MeV [47,50] in
most central 5.02-TeV Pb + Pb collisions at the LHC.

In the second part of this paper, where we use the
DREENA-B framework to test the sensitivity of the obtained
results, the initial temperature (7p) for each centrality is esti-

mated in accordance with Ref. [27]. That is, for each centrality
dNg, L

class, T is determined in accordance with Ty ~ (%)3 [51].
As a starting point, Tp = 500 MeV in most central 5.02-TeV
Pb + Pb collisions at the LHC is estimated from the average
medium temperature of 348 MeV [47,50] in these collisions
(see above), and a QCD transition temperature of 7. ~ 155
MeV [52]. By knowing Tj in the most central 5.02-TeV Pb +
Pb collision, based on the expression above, it is straightfor-
ward to obtain 7ys for different centralities. In both studies, the
average path lengths (L) for different centrality classes have
been calculated by integrating the path-length distributions
[28] which were obtained by following the procedure outlined
in Ref. [45], with an additional hard-sphere restriction r < Ry
in the Woods-Saxon nuclear density distribution to regulate
the path lengths in the peripheral collisions.

In generating numerical predictions, all the parameters cor-
respond to standard literature values, i.e., we use no fitting
parameters. We consider a QGP with ny =3 and Aqcp =
0.2 GeV. For the light quarks we assume that their mass is
dominated by the thermal mass M ~ iz /+/6. The magnetic
to electric mass ratio is assumed to be 0.4 < uy/ug < 0.6
[53,54].

IV. RESULTS AND DISCUSSION

In this section, we first address the choice of the suitable
observable for extracting energy-loss temperature depen-
dence. For this purpose, an observable which is sensitive only
to the details of jet-medium interactions (to facilitate extrac-
tion of T dependence), rather than the subtleties of medium
evolution (to avoid unnecessary complications and ensure ro-
bustness), would be optimal. Rs4 has such features, since it
was previously reported that it is very sensitive to energy-loss
effects [41] and the average medium properties, while being
practically insensitive to the details of medium evolution (as
opposed to vy) [26-28,55,56]. Therefore, it is plausible that
the appropriate observable should be closely related to Ry4.

Our theoretical and numerical approaches described above
(where the dynamical energy loss explicitly depends on T')
are implemented in a fully optimized DREENA framework
[27,28], which makes it suitable for this paper. To more easily
interpret the obtained results, we start from a constant T
medium, i.e., DREENA-C [28]. In this framework, the local
temperature becomes the average (constant) temperature—
this makes the extraction of the temperature dependence
straightforward, which is the main advantage of that frame-
work. To confirm that, through such procedure, we indeed
extracted the local temperature dependence, we will use
DREENA-B [27] as a crosscheck, as this more complex model
incorporates medium evolution through 1D Bjorken longitu-
dinal expansion [7]. We here exploit that DREENA-C and
DREENA-B are analytically tractable, allowing us to derive
the appropriate scaling behavior. Finally, as a check of sensi-
tivity of our proposed observable to the details of the medium
evolution we employ our DREENA-A framework (“A” stands
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for “adaptive”), which employs state-of-the-art full three- plus
one-dimensional (34 1D) hydrodynamical evolution.

With the intention of extracting simple functional depen-
dence on T (of the otherwise analytically and numerically
quite complex dependence of the fractional energy loss; see
Egs. (1) and (2)), we first provide the scaling arguments within
the DREENA-C [28] framework. These scaling (analytical)
arguments will then be followed by a full-fledged numerical
analysis. Namely, in Refs. [26-28,43] it was shown that, at
very large values of transverse momentum p; and/or in pe-
ripheral collisions, the following estimates can be made:

AE/E ~ nT°L?,

3)
Raa ~ 1 — ETOLY,

where 1 denotes a proportionality factor, depending on initial
parton transverse momentum and its flavor, while & = (n —
2)n/2, where n is the steepness of a power-law fit to the initial
transverse momentum distribution, i.e., do/d pzl xp". T
and L denote the average temperature (of the QCD medium)
along the jet path and the average path length traversed by
the energetic parton. The scaling factors for temperature and
path-length energy-loss dependence are denoted as a and b,
respectively.

We next formulate the quantity RY,, with the goal to isolate
the temperature dependence:

1 — Raa
RT = —, 4

which presents the (1 — Ry4) ratio for a pair of two different
centrality classes. The centrality class that corresponds to Rﬁﬁg
(i.e., the quantity in the denominator) is denoted as the referent
centrality, and is always lower (corresponding to a more cen-
tral collision) than centrality in the numerator. We term this
new quantity, given by Eq. (4), as a temperature-dependent
suppression ratio (R%,), which we will further elucidate be-
low.

Namely, by using Eq. (3), it is straightforward to isolate
average T and average path-length dependence of R ,:

o _ L= Ru  ETL T\( L\
AA = ref ayb > o)
1-— RAA %-T L Tret Lyet

ref ~ref
which in logarithmic form reads

1 — Ruu T L
In (RY =1n< )%aln<—>+bln(—). 6
(Ras) 1 — R Tret Lres ©

However, the remaining dependence of the newly defined
quantity on the path length is undesired for the purpose of this
paper. So, in order to make use of the previous equation, we
first test how the two terms on the right-hand side of Eq. (6)
are related. To this end, in Fig. 1 we plot In(L/L.) against
In(T /T,¢) for several combinations of centralities, as denoted
in the caption of Fig. 1.

Conveniently, Fig. 1 shows a linear dependence
In(L/Lyes) = kIn(T /T.er), with k ~ 1.86. This leads to a
simple relation:

In (RY,) ~ (a+ kb)In (%) )

ref

-0.2+

-0.4

In (L / Lrer)

-0.6

-0.8

04  -03  -02 01 0
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FIG. 1. In(L/Lyt) vs In(T /Tir) in 5.02-TeV Pb+-Pb collisions at
the LHC for various centrality pairs. The referent centralities (for
quantities in denominators) acquire one of the values 5-10, 10-20,
20-30, 30-40, or 40-50%, while the centralities in the numerator are
always higher (the highest one being 50-60%). The solid red line
corresponds to the linear fit to the calculated points.

so that with f = a + kb

R~ () ®)

where this simple form facilitates extraction of a.

In Eq. (8), R, depends solely on T and effectively the
temperature-dependence exponent a (as k and b [26] are
known), which justifies the use of the “temperature-sensitive”
term with this new quantity. Therefore, here we propose R ,,
given by Eq. (4), as a new observable, which is highly suitable
for the purpose of this paper. Note, however, that this coupled
dependence of R%, on a and b exponents has its advantage,
since it allows using this new observable to shed light on
the underlying energy-loss mechanisms, by differentiating
between various energy-loss models on both their 7 and L
dependences.

The proposed extraction method is the following: We use
our full-fledged DREENA-C numerical procedure to gener-
ate predictions for Rsq4 and thereby for the left-hand side
of Eq. (8). Calculation of average T is already outlined in
the previous section and described in detail above. We will
generate the predictions with a full-fledged procedure, where
we expect asymptotic scaling behavior (given by Eq. (8)) to be
valid at high p;, =~ 100 GeV. Having in mind that values of k
and b parameters have been extracted earlier, the temperature-
dependence exponent a in the very high-p; limit can then be
estimated from the slope (f) of a ln(RgA) vs In(T /T,ef) linear
fit, done for a variety of centrality pairs.

However, before embarking on this task, we first verify
whether our predictions of RY, for different centrality classes,
based on the full-fledged DREENA-C framework, are con-
sistent with the available experimental data. In Fig. 2 we
compare our R, vs p, predictions for charged hadrons with
corresponding 5.02-TeV Pb 4 Pb LHC data from A Large Ion
Collider Experiment (ALICE) [57], Compact Muon Solenoid
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FIG. 2. Charged hadron R, for different pairs of centrality classes as a function of p . The predictions generated within our full-fledged
suppression numerical procedure DREENA-C [28] (black curves with corresponding gray bands) are compared with ALICE [57] (red
triangles), CMS [58] (blue squares), and ATLAS [59] (green circles) data. The lower (upper) boundary of each band corresponds to
um /e = 0.6 (uy /e = 0.4). Centrality pairs are indicated in the upper-left corner of each plot.

(CMS) [58], and A Toroidal LHC ApparatuS (ATLAS) [59],
for different centrality pairs as indicated in the upper-left
corner of each plot. Despite the large error bars, for all cen-
trality pairs we observe consistency between our DREENA-C
predictions and experimental data, in the p, region where our
formalism is applicable (p; 2 10 GeV). Moreover, we also
notice the flattening of each curve with increasing p; (=100
GeV), confirming that the expecting saturating (limiting) be-
havior is reached.

Furthermore, based on the analytical relation provided by
Eq. (7), we expect linear functional dependence between
InRY, and In(T/Ts), which we test in Fig. 3. Note that
all quantities throughout the paper are determined at p; =
100 GeV, and by calculating RY, for various centrality pairs

(see figure captions) within the full-fledged DREENA pro-
cedure. Remarkably, from Fig. 3, we observe that ln(R/{A)
and In(T /T.f) are indeed linearly related, which confirms the
validity of our scaling arguments at high p, and the proposed
procedure.

Linear fit to calculated points in Fig. 3 leads to the propor-
tionality factor f = a + kb = 3.79 = 4. This small value of f
would lead to k smaller than 1 if (commonly assumed) a = 3
and b = 2 are used. Such k value seems, however, implausi-
ble, as it would require (7' /T;et) to change more slowly with
centrality compared to (L/Lyr).

More importantly, the temperature exponent can now be
extracted (b &~ 1.4 as estimated in Ref. [26]), leading to a =
1.2. This indicates that temperature dependence of energetic
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FIG. 3. In(RY,) vs In(T / Tt) relation. In(R%,) and In(7'/ Tret) are
calculated from the full-fledged DREENA-C framework [28], for A+
at p; = 100 GeV in 5.02-TeV Pb+Pb collisions at the LHC for
different centrality pairs. The referent centrality values are 10-20,
20-30, 30-40, and 40-50%, while their counterpart values are al-
ways higher, with the highest being equal to 50-60%. The red solid
line corresponds to the linear fit to the values. Remaining parameters
are the same as in Fig. 2.

particle energy loss (at very high p,) is close to linear (see
Eq. (3)), that is, certainly not quadratic or cubic, as commonly
considered. This is in accordance with previously reported
dependence of fractional dynamical energy loss on T some-
where between linear and quadratic [29], and as opposed to
commonly used pQCD estimate a = 3 for radiative [9-12,14—
20] (or even a = 2 for collisional [7,21-23]) energy loss.

The extraction of T dependence, together with previously
estimated path-length dependence [26], within the DREENA
framework, allows utilizing this new observable R}, in dis-
criminating between energy-loss models, with the aim of
better understanding QGP properties. To this end, in Fig. 4,
we (i) test sensitivity of RIZA on different medium evolutions
(constant temperature, 1D Bjorken [60], and full 3+1D hy-
drodynamics [61]) and (ii) compare the asymptote derived
from this study ((T/Tiet)"(L/Leet)'*), with the commonly
used estimate of (T /Tyer)> (L/Liet).

Several conclusions can be drawn from Fig. 4.

(i) With respect to different models of QGP expansion, we
see that, as expected, obtained RXA results are similar, i.e., not
very sensitive to the details of the medium evolution. As in
DREENA-C (and DREENA-B; see the next subsection) the
temperature dependence can be analytically tracked (which
is, however, not possible in more complex DREENA-A), this
result additionally confirms that the DREENA-C framework
is suitable for the extraction of energy-loss temperature de-
pendence.

(ii) Ideally, the T dependence exponent could be directly
extracted from experimental data, by fitting a straight line
to the very high-p, part (%100 GeV) of R], for practically
any centrality pair (upon L the dependence exponent is de-
termined following Ref. [26]). However, the fact that data
from different experiments (ALICE, CMS, and ATLAS) are
not ideally consistent, and that the error bars are quite sizable,

currently prevents such direct extraction. The error bars in the
upcoming high-luminosity third run at the LHC are, however,
expected to significantly decrease, which would enable the
direct extraction of the exponent a from the data.

(iii) Finally, Fig. 4 also indicates that widely considered
energy-loss dependence T3L?> may be inconsistent with the
experimental data. Future increase in measurements precision
could provide confidence in this observation and resolve the
exact form of these dependencies from the data, through our
proposed observable. This discriminative power of the RY,
quantity highlights its importance in understanding the under-
lying energy-loss mechanisms in QGP.

A. Effects of medium evolution

While in Fig. 4 we showed that RT, results are robust with
respect to the medium evolution, the analytical procedure for
extracting temperature dependence is different in DREENA-C
and DREENA-B frameworks. A comparison of scaling fac-
tors extracted from these two procedures can be used to test
reliability of the proposed procedure. In this subsection, we
consequently utilize the DREENA-B framework [27], where
medium evolution is introduced through Bjorken 1D hydrody-
namical expansion [60], i.e., there is the following functional
dependence of T on path length:

1/3
ren(®)”
where Ty and 79 = 0.6 fm [62,63] denote initial temperature
and thermalization time of the QGP.

Proceeding in a similar manner as in constant medium
case, RT, (given by Eq. (4)) in the evolving medium (for cou-
pled local T and /, where / stands for traversed path length)
reads

L b—1 a/3 L P!
To_ Jo TU1"7Ndl _ Wy wmdl
AA T (L _ - 3 Lt (lep)?!
Jo Ty (e les Tgte” J3 Ul

() () a
N Tb,ref Lref '

where we used Eq. (9). Again, we assess whether there is
a simple relation between logarithms of the (now initial)
temperature ratio and average path-length ratio for different
centrality pairs. Similarly to the constant T case, from Fig. 5
we infer linear dependence between these two quantities,
where the slope coefficient now acquires the value « ~ 1.3.
Thus, we may write

L Yb K IE) L 1/k
— = > =(=) . ap
Lref TO,ref TO,ref Lref

which ensures that the RY, quantity has a very simple form,
depending only on average path length and exponents a, b,

and k:
L\ <t0—3
R, = <_) . (12)
Ad Lref

If we substitute the value of a ~ 1.2 obtained in the con-
stant 7 medium case, previously estimated b ~ 1.4 [26], and
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FIG. 4. The discriminative power of the R}, quantity in resolving the energy-loss mechanism. Four panels in Fig. 2 are extended to include
comparison of our asymptotic scaling behavior (T /Tier)' (L /Leer)'* (gray dashed horizontal line) with common assumption (7' /Tyer)* (L/ Leer)?
(gray dot-dashed horizontal line). The figure also shows comparison of RI,s obtained by three different numerical frameworks: constant
temperature DREENA-C (black curve), 1D Bjorken expansion DREENA-B [27] (cyan curve), and full 3+1D hydrodynamics evolution [61]
DREENA-A (magenta curve). The remaining labeling is the same as in Fig. 2.
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FIG. 5. In(L/Lye) vs In(Ty /Ty rer) for various pairs of centralities
in evolving medium. The assumed centrality pairs are the same as in
Fig. 1. The red solid line corresponds to the linear fit to the values.

here inferred « ~ 1.3, we arrive at the following estimate:

, L 1.93 , L
Ri,=(—) =h®RH=193n(—). 13
Lref L

ref

This equation is quite suitable for testing the robustness of
the procedure for extracting the exponent a to inclusion of
the evolving medium. Namely, value 1.93 in Eq. (13) stems
from coefficient a, which is extracted from the constant T
medium case. On the other hand, if we plot In(R], ), generated
by full-fledged DREENA-B calculations (i.e., in the evolving
medium) which are fundamentally different from DREENA-
C, against In(L/L.) for a variety of centrality pairs, again
we observe a linear dependence (see Fig. 6). Furthermore, a
linear fit to the values surprisingly yields the exact same slope
coefficient value of 1.93 (see also Table I).

Consequently, the procedure of extracting the temperature-
dependence exponent, introduced first in the case of the
constant 7 medium, is applicable to the expanding medium as
well. Moreover, the fact that the same coefficient a is obtained
through two different procedures leads us to conclude that
(i) for the purpose of this paper the DREENA-C framework
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FIG. 6. Testing the validity of our procedure for temperature-
dependence extraction in the case of the expanding QCD medium.
In(RT,) vs In(L/Ler) for h* at p; = 100 GeV for different pairs
of centrality classes is plotted. Suppression predictions are obtained
from full-fledged DREENA-B [27] calculations. Referent centrality
values are 5-10, 10-20, 20-30, 30-40, 40-50, and 50-60%, while
their counterpart values are always higher, with the highest being
60—70%. The red solid line corresponds to the linear fit to the values.

(assuming a constant temperature medium) is sufficient and
(ii) the same energy-loss scaling holds in an evolving medium
(i.e., for local temperature) as well. The displayed consistency
of the results provides confidence in the general applicability
of our procedure (suggesting robustness to the applied model
of the bulk medium) and supports the reliability of the value
of extracted T dependence exponent a ~ 1.2.

It is worth noting that the definition of R, relies on the fact
that we assume that R44 = 1 if no energy loss is encountered.
Related to this, we do not study the effect of (nuclear) parton
distribution function differences on R4y, as it is generally
studied under initial-state effects. However, it is known that
initial-state effects have a sizable impact only on the low- and
moderate-p; sector (lower than 6 GeV) [64-70]. Since our
numerical predictions are generated above 8—10 GeV and the
temperature dependence is extracted at very high-p, values
(pL ~ 100 GeV), these effects will be negligible in this p
region, and should not influence the results obtained in our

paper.

B. Effects of colliding system size

We below extend our analysis to smaller colliding systems
in order to assess generality of the conclusions presented

TABLE L. Inferred temperature-dependence exponent across dif-
ferent frameworks.

Framework Temperature dependence exponent
DREENA-C ax12

DREENA-B Consistent with a ~ 1.2
DREENA-A Not analytically tractable

above. Smaller colliding systems, such as Xe + Xe, Kr +
Kr, Ar + Ar, and O + O, are important to gradually re-
solve the issue of QGP formation in small systems (such as
pA), and (except Xe + Xe, which is already in a run) are
expected to be a part of the future heavy-ion program at the
LHC [71].

As already discussed in Ref. [26], for this analysis within
the DREENA-C framework [28] (which we employ here
for simplicity, since the robustness of the procedure to the
evolving medium was demonstrated above) note that R44 de-
pends on (i) initial high-p, parton distribution, (ii) medium
average T, and (iii) path-length distribution. For different
colliding systems (probably at slightly different ,/syy = 5.44
TeV compared to the Pb + Pb system) we employ the same
high-p, distributions, since in Ref. [29] it was shown that
for almost twofold increase of the collision energy (from 2.76
to 5.02 TeV) the change in corresponding initial distributions
results in a negligible change (approximately 5%) in suppres-
sion.

Regarding the average temperature, one should note that
T is directly proportional to the charged particle multiplicity,
while inversely proportional to the size of the overlap area
and average medium size [26,28,47,48],i.e., T (%)W.
The transition to smaller colliding systems, for a certain
fixed centrality class, leads to the following scaling: A} «
A*3, L oc AY3 [72,73], and dNn/dn o N x A [74,75],
where A denotes atomic mass. This leads to T ~ (A%A?)]/ 3~

const, that is, we expect that average temperature does not
change, when transitioning from large Pb + Pb to smaller
systems, for a fixed centrality class. Lastly, path-length dis-
tributions for smaller systems and each centrality class are
obtained in the same manner as for Pb+Pb [28], and are
the same as in Pb + Pb collisions up to a rescaling factor
of A3,

By denoting all quantities related to smaller systems with a
tilde, with Pb + Pb quantities denoted as before, it is straight-
forward to show that the temperature sensitive suppression
ratio for smaller systems satisfies

U 7.

~ N TaLb (K/A)b/S
W= R Taln

T TaLl (AJA)S

ref ~ref refre
=g = R a4
AA

where we used T = T and L/L = (A/A)'/3.

To validate equality of R%,s for different system sizes,
predicted by analytical scaling behavior (Eq. (14)), in Fig. 7
we compare our full-fledged RY, predictions for h* in the
Pb 4+ Pb system with those for smaller colliding systems.
We observe that, practically irrespective of system size, R],
exhibits the same asymptotical behavior at high p,. This
not only validates our scaling arguments, but also demon-
strates the robustness of the new observable R}, to system
size. Consequently, since for fixed centrality range 7' should
remain the same for all these colliding systems, we ob-
tained that temperature-dependence exponent a should be the
same independently of the considered colliding system (see
Fig. 3). Therefore, the proposed procedure for extracting the
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FIG. 7. Dependence of R, on a system size as a function of
p. . Predictions for h* generated within the full-fledged DREENA-C
[28] suppression numerical procedure are compared for different
colliding systems: Pb+Pb, Xe + Xe, Kr + Kr, Ar + Ar, and O
+ O (for lines specification see legend). For clarity, the results are
shown only for three centrality pairs, as specified in the plot, although
checked for all available centrality classes. The magnetic to electric
mass ratio is fixed to py /g = 0.4.

temperature dependence of the energy loss is also robust to
the collision system size. As a small exception, the O + O
system exhibits a slight departure from the remaining systems
at high p,, which might be a consequence of the fact that this
system is significantly smaller than other systems considered
here.

V. CONCLUSIONS AND OUTLOOK

One of the main signatures of the high-p | particle’s energy
loss, apart from its path length, is its temperature dependence.
Although extensive studies on both issues were performed,
not until recently was the path-length dependence resolution
suggested [26]. Here we proposed a new simple observable for
extracting temperature dependence of the energy loss, based
on one of the most common jet quenching observables—the
high-p, suppression. By combining full-fledged numerical
calculations with asymptotic scaling behavior, we surprisingly
obtained that temperature dependence is nearly linear, i.e., far
from quadratic or cubic, as commonly assumed. Further, we
verified its robustness and reliability on colliding system size
and evolving QGP medium. Moreover, we demonstrated that
the same observable, due to its joint dependence on T and L
exponents, can be utilized to discriminate between different
energy-loss models on both their temperature and path-length
dependence bases. Comparison with the experimental data
also indicated a need for revising the long-standing AE /E «
L*T3 paradigm.

As an outlook, the expected substantial decrease of error
bars in the upcoming third run measurements at the LHC will
allow direct extraction of the temperature-dependence expo-
nent from high-p, data of this observable. This will provide a
resolving power to temperature/path-length [26] dependence
of the energy loss and test our understanding of the underlying
QGP physics.
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We show, through analytic arguments, numerical calculations, and comparison with experimental data, that the
ratio of the high-p, observables v,/(1 — Raa) reaches a well-defined saturation value at high p, , and that this
ratio depends only on the spatial anisotropy of the quark gluon plasma (QGP) formed in ultrarelativistic heavy-
ion collisions. With expected future reduction of experimental errors, the anisotropy extracted from experimental
data will further constrain the calculations of initial particle production in heavy-ion collisions and thus test our

understanding of QGP physics.
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Introduction. The major goal of relativistic heavy-ion
physics [1-4] is understanding the properties of the new form
of matter called quark gluon plasma (QGP) [5,6], which, in
turn, allows the understanding of properties of QCD matter at
its most basic level. Energy loss of rare high-momentum par-
tons traversing this matter is known to be an excellent probe
of its properties. Different observables such as the nuclear
modification factor Rya and the elliptic flow parameter v, of
high-p, particles, probe the medium in different manners, but
they all depend not only on the properties of the medium, but
also on the density, size, and shape of the QGP droplet created
in a heavy-ion collision. Thus drawing firm conclusions of
the material properties of QGP is very time consuming and
requires simultaneous description of several observables. It
would therefore be very useful if there were an observable, or
combination of observables, which would be sensitive to only
one or just a few of all the parameters describing the system.

For high-p particles, spatial asymmetry leads to different
paths, and consequently to different energy losses. Conse-
quently, v, (angular differential suppression) carries informa-
tion on both the spatial anisotropy and material properties
that affect energy loss along a given path. On the other hand,
Raa (angular average suppression) carries information only
on material properties affecting the energy loss [7—10], so one
might expect to extract information on the system anisotropy
by taking a ratio of expressions which depend on v, and
Raa. Of course, it is far from trivial whether such intuitive
expectations hold, and what combination of v, and Rya one
should take to extract the spatial anisotropy. To address this,
we here use both analytical and numerical analysis to show
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that the ratio of v, and 1 — Raa at high p; depends only on
the spatial anisotropy of the system. This approach provides
a complementary method for evaluating the anisotropy of the
QGP fireball, and advances the applicability of high-p, data
to a new level as, up to now, these data were mainly used to
study the jet-medium interactions, rather than inferring bulk
QGP parameters.

Anisotropy and high-p, observables. In [10,11], we
showed that at very large values of transverse momentum
p., the fractional energy loss AE/E (which is very complex,
both analytically and numerically, due to inclusion of multiple
effects, see Numerical results for more details) shows asymp-
totic scaling behavior

AEJE ~ x(p )(T)*(L)", (1)

where (L) is the average path length traversed by the jet, (T')
is the average temperature along the path of the jet, x is a
proportionality factor (which depends on initial jet p, ), and a
and b are proportionality factors which determine the temper-
ature and path-length dependence of the energy loss. Based on
Refs. [12-15], we might expect values likea = 3andb = 1 or
2, but a fit to a full-fledged calculation yields values a ~ 1.2
and b & 1.4 [11,16]. Thus the temperature dependence of the
energy loss is close to linear, while the length dependence is
between linear and quadratic. To evaluate the path length we
follow Ref. [17]:

Jo o dAx p(x + Acos(p), y + Asin(e))
Jodh p(x + Acos(p), y + Asin(@))

which gives the path length of a jet produced at point (x, y)
heading to direction ¢, and where p(x, y) is the initial density
distribution of the QGP droplet. To evaluate the average path
length we take average over all directions and production
points.

If AE/E is small (i.e., for high p, and in peripheral
collisions), we obtain [7,10,11]

Lx,y, ¢) = @)

Ran ~ 1 — E(T)YYL), A3)

Published by the American Physical Society
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where § = (n —2)x /2, and n is the steepness of a power-
law fit to the transverse momentum distribution, dN/dp,
1/p.". Thus 1 — Rap is proportional to the average size and
temperature of the medium. To evaluate the anisotropy we
define the average path lengths in the in-plane and out-of-
plane directions,

Ag)2
1n = d L
) / roy2 ¢ (L(9)),

7/2+A$/2

(Lout ) =

L , 4
M) ne de¢ (L(¢)) “

where A¢ = m /6 [18] is the acceptance angle with respect to
the event plane (in-plane) or orthogonal to it (out-of-plane),
and (L(¢)) the average path length in the ¢ direction. Note
that the obtained calculations are robust with respect to the
precise value of the small angle =A¢/2, but we still keep a
small cone (£ /12) for RK‘A and R} calculations, to have
the same numerical setup as in our Ref. [10]. Now we can
write (L) = ((Lout) + (Lin))/2 and AL = ((Lou) — (Lin))/2.
Similarly, the average temperature along the path length can
be split to average temperatures along paths in in- and out-of-
plane directions, (Ti,) = (T') + AT and (Toy) = (T) — AT.
When applied to an approximate way to calculate v, of high-
p. particles [19], we obtain'

o~ LRRA = RRR 8 (Tow)"{Low)” — & (Tin)*{Lin)”
2 Ry TR 4

~ p(LAL _aAT

~ E(T)"(L) <2<L> 2<T>>, ©)

where we have assumed that & (T)?(L)” <« 1, and that AL/ (L)
and AT /(T) are small as well.
By combining Egs. (3) and (5), we obtain

vy b AL a AT
e~ G 5%) ©
— Raa (Ly 2(T)

This ratio carries information on the anisotropy of the system,
but through both spatial (AL/{L)) and temperature (AT /{T'))
variables. From Eq. (6), we see the usefulness of the (approx-
imate) analytical derivations, since the term (1 — Raa) in the
denominator could hardly have been deduced intuitively or
pinpointed by numerical trial and error. Figure 1 shows a lin-
ear dependence AL/(L) ~ cAT /(T), where ¢ ~ 4.3, with the
temperature evolution given by one-dimensional (1D) Bjorken
expansion, as sufficient to describe the early evolution of the
system. Equation (6) can thus be simplified to
v 1(]9 ) (Lout) — (Lin)
1- RAA 2 (Lout> (Lm>
(Lout> - <Lin)
(Lout> + <Lin)

~ 0.57¢,

where ¢ = and E(b — 6—l) ~0.57, ()

c

'Note that the first approximate equality in Eq. (5) can be shown to
be exact if the higher harmonics vy, ve, etc., are zero, and the opening
angle where R, and RY are evaluated is zero [cf. definitions of
(Low) and (Ly,), Eq. (4)].

0.3

0.2
2
i
<

0.1

®
04 ! } !
0 0.02 0.04 0.06
AT /(T)
FIG. 1. AT/(T) vs AL/{L) in Pb+Pb collisions at /syy =

5.02 TeV collision energy at various centralities [7,10]. The more
peripheral the collision, the larger the values. The red solid line
depicts linear fit to the values.

when a ~ 1.2 and b~ 1.4. Consequently, the asymptotic
behavior of observables Rya and v, is such that at high p,,
their ratio is dictated solely by the geometry of the fireball.
Therefore, the anisotropy parameter ¢ can be extracted from
the high-p, experimental data.

Regarding the parametrization used to derive Eq. (7) (con-
stants a, b, and c¢), we note that a and b are well established
within our dynamical energy-loss formalism and follow from
Raa predictions that are extensively tested on experimental
data [11,16] and do not depend on the details of the medium
evolution. Regarding ¢, it may (to some extent) depend on
the type of implemented medium evolution, but this will not
affect the obtained scaling, only (to some extent) the overall
prefactor in Eq. (7).

Numerical results. To assess the applicability of the analyt-
ically derived scaling in Eq. (7), we calculate vy/(1 — Raa)
using our full-fledged numerical procedure for calculating the
fractional energy loss. This procedure is based on our state-of-
the-art dynamical energy-loss formalism [20,21], which has
several unique features in the description of high-p, parton
medium interactions: (i) The formalism takes into account
a finite-size, finite-temperature QCD medium consisting of
dynamical (that is, moving) partons, contrary to the widely
used static scattering approximation and/or medium models
with vacuum-like propagators (e.g., [12—15]). (ii) The calcu-
lations are based on the finite-temperature generalized hard-
thermal-loop approach [22], in which the infrared divergences
are naturally regulated [20,21,23]. (iii) Both radiative [20]
and collisional [21] energy losses are calculated under the
same theoretical framework, applicable to both light and
heavy flavor. (iv) The formalism is generalized to the case
of finite magnetic [24] mass and running coupling [25] and
towards removing the widely used soft-gluon approximation
[26]. The formalism was further embedded into our recently
developed DREENA-B framework [10], which integrates ini-
tial momentum distribution of leading partons [27], energy
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loss with path-length [17] and multigluon [28] fluctuations
and fragmentation functions [29], in order to generate the
final medium modified distribution of high-p, hadrons. The
framework was recently used to obtain joint Raa and v,
predictions for 5.02 TeV Pb+Pb collisions at the LHC [10],
showing a good agreement with the experimental data.

‘We have previously shown [30] that all the model ingredi-
ents noted above have an effect on the high-p, data, and thus
should be included to accurately explain it. In that respect,
our model is different from many other approaches, which
use a sophisticated medium evolution, but an (over)simplified
energy-loss model. Our previous work, however, shows that
for explaining the high-p, data, an accurate description of
high-p, parton-medium interactions is at least as important
as an advanced medium evolution model. For example, the
dynamical energy-loss formalism, embedded in 1D Bjorken
expansion, explains well the v, puzzle [10], i.e., the inability
of other models to jointly explain Rasn and v, measure-
ments. To what extent the dynamical energy-loss predic-
tions will change when embedded in full three-dimensional
evolution is at the time of this writing still unknown, but
our previous results nevertheless make it plausible that cal-
culations employing simple one-dimensional expansion can
provide valuable insight into the behavior of jets in the
medium.

Our results for the longitudinally expanding system (1D
Bjorken) and the corresponding data are shown in Fig. 2. The
gray band shows our full DREENA-B result (see above) with
the band resulting from the uncertainty in the magnetic to
electric mass ratio py /g [31,32]. The red line corresponds
to the 0.57¢ limit from Eq. (7), where ¢ is the anisotropy of
the path lengths used in the DREENA-B calculations [7,10].
Importantly, for each centrality, the asymptotic regime—
where the v;/(1 — Raa) ratio does not depend on p, but is
determined by the geometry of the system—is already reached
from p, ~ 20-30 GeV; the asymptote corresponds to the
analytically derived Eq. (7), within +5% accuracy. It is also
worth noticing that our prediction of asymptotic behavior was
based on approximations which are not necessarily valid in
these calculations, but the asymptotic regime is nevertheless
reached, telling us that those assumptions were sufficient to
capture the dominant features. If, as we suspect, the high-
p. parton-medium interactions are more important than the
medium evolution model in explaining the high-p, data, this
behavior reflects this importance and the analytical derivations
based on a static medium may capture the dominant features
seen in Fig. 2.

Furthermore, to check if the experimental data support
the derived scaling relation, we compare our results to the
ALICE [33,34], CMS [35,36], and ATLAS [37,38] data for
+/svv = 5.02 TeV Pb+Pb collisions. The experimental data,
for all three experiments, show the same tendency, i.e., the in-
dependence on the p, and a consistency with our predictions,
though the error bars are still large. Therefore, from Fig. 2, we
see that at each centrality both the numerically predicted and
experimentally observed v,/(1 — Raa) approach the same
high-p, limit. This robust, straight line, asymptotic value
carries information about the system’s anisotropy, which is,
in principle, simple to infer from the experimental data.

0317 10-20%

Vo [ (1-Raa)

| | |

0317 20-30%

Vo [ (1-Raa)

| | |

dl

30-40%

Vo [ (1-Raa)

| | |

40-50%

1 L L \ !
0 20 40 60 80

p.(GeV)

FIG. 2. Theoretical predictions for v, /(1 — Raa) ratio of charged
hadrons as a function of transverse momentum p, compared with
5.02 TeV Pb+Pb ALICE [33,34] (red triangles), CMS [35,36] (blue
squares), and ATLAS [37,38] (green circles) data. Panels correspond
to 10-20%, 20-30%, 30—40%, and 40-50% centrality bins. The gray
band corresponds to the uncertainty in the magnetic to electric mass
ratio /e . The upper (lower) boundary of the band corresponds to
wm /e = 0.4 (0.6) [31,32]. In each panel, the red line corresponds
to the limit 0.57¢ from Eq. (7).
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Ideally, the experimental data (here from ALICE, CMS,
and ATLAS) would overlap with each other, and would more-
over have small error bars. In such a case, the data could
be used to directly extract the anisotropy parameter ¢ by
fitting a straight line to the high-p, part of the v, /(1 — Raa)
ratio. While such direct anisotropy extraction would be highly
desirable, the available experimental data are unfortunately
still not near the precision level needed to implement this.
However, we expect this to change in the upcoming high-
luminosity third run at the LHC, where the error bars are
expected to be significantly reduced, so that this procedure
can be directly applied to experimental data.

It is worth remembering that the anisotropy parameter ¢,
which can be extracted from the high-p, data, is not the
commonly used anisotropy parameter ¢,

o 0 —x?) _ [dxdy(y? —x*)p(x.y)
2T 0P+ [dxdy (P +x2)p(x,y)

where p(x,y) is the initial density distribution of the QGP
droplet. We may also expect, that once the transverse ex-
pansion is included in the description of the evolution, the
path-length anisotropy ¢ reflects the time-averaged anisotropy
of the system, and therefore is not directly related to the
initial-state anisotropy €. Nevertheless, it is instructive to
check how the path-length anisotropy in our simple model
relates to conventional €, values in the literature. For this
purpose we construct a variable

(Lout>2 - (Lin)2 — 25
(Loul>2 + (Lin>2 1+ §2.

We have checked that for different density distributions €, and
€;;, agree within ~10% accuracy.

We have extracted the parameters ¢ from the DREENA-B
results shown in Fig. 2; the corresponding €;; results are
shown as a function of centrality in Fig. 3 and compared to
€; evaluated using various initial-state models in the literature
[39-42]. Note that conventional (EKRT [40], IP-Glasma [41])
€; values trivially agree with our initial €, (not shown in the
figure), i.e., the initial €, characterize the anisotropy of the
path lengths used as an input to DREENA-B, which we had
chosen to agree with the conventional models.? It is, however,
much less trivial that through this procedure, in which we
calculate the ratio of v, and 1 — Raa through full DREENA
framework, our extracted e; almost exactly recovers our
initial €,. Note that €, is indirectly introduced in Rya and
vy calculations through path-length distributions, while our
calculations are performed using full-fledged numerical pro-
cedure, not just Eq. (1). Consequently, such direct extraction
of €;7, and its agreement with our initial (and consequently
also conventional) €, is highly nontrivial and gives us a
good deal of confidence that v,/(1 — Raa) is related to the
anisotropy of the system only, and not its material properties.

®

€))

€1 =

Binary collision scaling calculated using optical Glauber model
with additional cutoff in the tails of Woods-Saxon potentials, to be
exact.

0.6+
Py
6 0 4_,
g0
1S
>
7
©
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< 021 — & MC-Glauber
3 & EKRT
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........ & MC-KLN
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FIG. 3. Comparison of €;, (red band) obtained from our method,
with €, calculated using Monte Carlo (MC)-Glauber [39] (gray
band), EKRT [40] (purple band), IP-Glasma [41] (green dot-dashed
curve), and MC-KLN [42] (blue dotted curve) approaches. MC-
Glauber and EKRT results correspond to 5.02 TeV, while IP-Glasma
and MC-KLN correspond to 2.76 TeV Pb+Pb collisions at the LHC.

Summary. High-p theory and data are traditionally used to
explore interactions of traversing high-p, probes with QGP,
while bulk properties of QGP are obtained through low-p
data and the corresponding models. On the other hand, it
is clear that high-p, probes are also powerful tomography
tools since they are sensitive to global QGP properties. We
here demonstrated this in the case of spatial anisotropy of the
QCD matter formed in ultrarelativistic heavy-ion collisions.
We used our dynamical energy-loss formalism to show that a
(modified) ratio of two main high-p, observables, Raa and v;,
approaches an asymptotic limit at experimentally accessible
transverse momenta, and that this asymptotic value depends
only on the shape of the system, not on its material properties.
However, how exactly this asymptotic value reflects the shape
and anisotropy of the system requires further study employing
full three-dimensional expansion, which is our current work
in progress. The experimental accuracy does not yet allow the
extraction of the anisotropy from the data using our scheme,
but once the accuracy improves in the upcoming LHC runs,
we expect that the anisotropy of the QGP formed in heavy-ion
collisions can be inferred directly from the data. Such an
experimentally obtained anisotropy parameter would provide
an important constraint to models describing the early stages
of heavy-ion collision and QGP evolution, and demonstrate
synergy of high-p, theory and data with more common
approaches for inferring QGP properties.
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Understanding Infection Progression under Strong Control
Measures through Universal COVID-19 Growth Signatures

Magdalena Djordjevic,* Marko Djordjevic,*

Widespread growth signatures in COVID-19 confirmed case counts are
reported, with sharp transitions between three distinct dynamical regimes
(exponential, superlinear, and sublinear). Through analytical and numerical
analysis, a novel framework is developed that exploits information in these
signatures. An approach well known to physics is applied, where one looks
for common dynamical features, independently from differences in other
factors. These features and associated scaling laws are used as a powerful
tool to pinpoint regions where analytical derivations are effective, get an
insight into qualitative changes of the disease progression, and infer the
key infection parameters. The developed framework for joint analytical and
numerical analysis of empirically observed COVID-19 growth patterns can
lead to a fundamental understanding of infection progression under strong
control measures, applicable to outbursts of both COVID-19 and other

infectious diseases.

COVID-19 pandemic introduced unprecedented worldwide
social distancing measures.!!l.: While interventions such as
quarantine or vaccination have been extensively studied in
quantitative epidemiology, effects of social distancing are
not well understood,”™ and when addressed, they have been
studied only numerically. Unique opportunity to understand
these effects has been provided by COVID-19 tracing through
confirmed case counts, active cases and fatalities, in a variety
of countries with different demographic and environmental
conditions.>®) We here show that focusing on analytical and
numerical derivations in distinct epidemics growth regimes, is
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a novel and effective approach in revealing
infection progression mechanisms that
may be a valuable alternative to detailed
numerical simulations.

We start by introducing our COVID-19
dynamics model. @ We then extract
COVID-19 count data”! and select those
countries that systematically trace not
only confirmed cases and fatalities,
but also active cases (Andorra, Austria,
Czechia, Croatia, Cuba, Germany, Israel,
New Zealand, Switzerland and Turkey),
which allows tight constraint of numer-
ical analysis. We observe three charac-
teristic growth regimes in confirmed
case counts, show that our model is well
constrained by these regimes for a wide
range of countries, and provide an intui-
tive explanation behind the emergence
of such regimes. Our analytical results
for the characteristic (inflection and maximum) points of
the infective curve will allow to i) explain the nearly constant
value of the scaling exponent in the superlinear regime of
confirmed counts; ii) understand the relation between the
duration of this regime and strength of social distancing; iii)
pinpoint changes in the reproduction number from outburst
to extinguishing the infection, and iv) constrain the main
parameter quantifying the effect of social distancing by ana-
lyzing scaling of the infection growth with time in the sub-
linear regime. The obtained constraints provide a basis for
successful analysis of countries that did not continuously
track the active cases (here demonstrated for France, Italy,
Spain, United Kingdom, and Serbia). We will finally present
the key infection parameters inferred through combined ana-
lytical and numerical analysis.

We develop a mechanistic model (nonlinear and nonhomoge-
neous), which takes into account gradual introduction of social
distancing (as relevant for most countries’ response), in addi-
tion to other important infection progression mechanisms. We
start from standard compartments for epidemiological models,
that is, susceptible (S), exposed (E), infective (I), and recov-
ered (R).2* To account for social distancing and observable
quantities, we introduce additional compartments: protected
(P)—where individuals effectively move from susceptible
category due to social distancing; total number of diagnosed
(confirmed and consequently quarantined) cases (D), active cases
(A), and fatalities (F). D, A, and F correspond to directly observ-
able (measured) quantities, but are indirect observables of I, as
only part of infective individuals gets diagnosed, due to a large
number of mild/asymptomatic cases.[®!

© 2021 The Authors. Global Challenges published by Wiley-VCH GmbH
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Figure 1. Comparison of the model (dashed blue curves) with the data in the case of Germany (grey circles) for A) confirmed case counts, B) active
cases, C) fatalities. D) Exponential, superlinear, and sublinear fit to confirmed case data, is shown. Arrows “weak” and “strong” indicate, respectively,
the regions with a small and large magnitude of social distancing. The full grey curve denotes susceptibles (S(t)), where the dashed grey curve shows
an approximation to S(t). The dashed green curve denotes the number of infectious cases (I(t)), where the dashed blue curve is I'(), whose maxima
indicate I(t) inflection points. The confirmed case counts in the three regimes are shown on E) log-linear, F) log-log and G) linear—log scale.

We implement the model deterministically, as COVID-19
count numbers are very high wherever reasonable testing
capacities are employed. This makes model analytically trac-
table, and allows robust parameter inference through com-
bination of analytically derived expressions and tightly con-
strained numerical analysis, as we show below. Our analysis
is applied separately to each country, as the effect of social
distancing, initial numbers of infected and exposed cases,
diagnosis/detection efficiency and transmission rates may
be different. However, within a given country, we do not take
into account different heterogeneities—demographic, spatial,
population activity, or seasonality effects.>>1% Alternatively,
global dynamical properties of the outbreak can be analyzed
in a probabilistic framework employing partial differential
equations in an age-structured model.""'? These can readily
be included in our model, but would lead to model structure
which is not analytically tractable, so these extensions are left
for future work.

Given this, the model equations are:

dS/dt=—BIS/N—dP/dt; dP/dt=c/(1+ (ks /t)")S (1)
dE/dt=BIS/N —oE; dI/dt = E—yl—£dl; dR/dt =71 2)
dD/dt = e6I; dA/dt = €61 —hA—mA; dF /dt =mA 3)

where N is the total population number; f-the transmis-
sion rate; o-inverse of the latency period; y-inverse of the
infectious period; d-inverse of the detection/diagnosis
period; e-detection efficiency; h—the recovery rate; m-the
mortality rate. Social distancing is included through Equation
(1) (second equation), which represents the rate at which the
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population moves (on average) from susceptible to protected

category. The term ﬁ
ence (similar to Fermi-Dirac function, in quantitative biology
known as the Hill function™)). Time t, determines the half-
saturation, so that well before t, the social distancing is negli-
gible, while well after t, the rate of transition to the protected
category approaches «. Parameter n (the Hill constant) deter-
mines how rapidly the social distancing is introduced, that is,
large n leads to rapid transition from OFF to ON state, and
vice versa.3] Equation (3) considers that only a fraction of the
infected is diagnosed, so that €8I takes into account the diag-
nosis and the subsequent quarantine process.

To make the problem analytically tractable, we approxi-
mate the Hill function in the first relation of Equation (1) by
unit step function, so that after ¢, the second term in Equa-
tion (1) becomes —aS and dominates over the first term, that
is, S(t)=e™*. We checked that this approximation agrees
well with full-fledged numerical simulations (Figure 1D and
Supporting Information). In all comparisons with analyt-
ical results, numerical analysis is done with the full model,
allowing an independent check of both analytical deriva-
tions and employed approximations. Under this assumption,
Equations (1) and (2) reduce to:

corresponds to a sigmoidal depend-

d*1()
dt?

+(y+ed+o )%:G{B[e(to —t)+eG(t—to)] - (y+e8) (1)
(4

We next introduce two time regions: I) t<t, and II) t>t,
and solve Equations (4) separately within these regions, where
corresponding solutions are denoted as I;(t) and Iy(t). As in
the above expressions y+¢&d always appear together, we further
denote y+&d —y.
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For I(t), we take I(t=0)=I, and restrict to dominant
(positive) Jacobian eigenvalue, leading to the exponential
regime:

1 2
Sl=(rro (-0 ) +4fo i
L(t)=1Le? ()

By shifting t—t, —t, I;i(t) is determined by

d’In(t)
d#?

*r+o) dﬁ]t(t) =0(Be ™ =Yu(t) (6)

Equation (6) is highly nontrivial, due to variable coefficient

-2i\/o

o
shown that Equation (6) reduces to transformed form of Bessel
differential equation:[*

ot
(0Be™). By substituting variable t —x= e % itcan be

& d
xzd—}+(1—2al)x%+(ﬁfyfx”l +oi ~V?7)y=0 ?)

whose general solution for noninteger v is given by:

p(x)=x" [le (v, Bix™)+C, ] (-v, Bix™ )] (8)

where J(v,x) represents Bessel function of the first kind, and
C,,C, are arbitrary constants. In our case ¢, = o, n=p=1,
while = ¥—9 is indeed noninteger. If we return to ¢ variable,
taking into account the following relation between standard
and modified (I(v,x)) Bessel functions of the first kind:>1l
I(v,x)=1"J(v,ix), the general solution of Equation (6) reads:

In(t) =(ﬁa—(j e )E {Cl(—l)zl(?’;ff ’2\/50’:1% ]\‘(H y—aa )
+c2<_1)21[_ r-0 2o }r(l_ y-o )}
o o o

To determine C,, C,, we use the following boundary condi-
tions: I;(0)=1Ii(t,) and I;;(0)=1I;(t,), where the first derivative
in region II has the following expression:

©)

1,(0) = (lj‘—f)g {cl(—l)ay r (1+%)
y-o 2/Bo y—o 2JBo
[”[7’ T)*Jﬁ_‘” (”T’TH (10

+cz(—1)7r(1—ﬂ)
o

s Gy |

In obtaining the expression above, the following identities
were frequently used:(1>1¢]
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dI(v,x)
dx

—I(v=1,0)= Y1 (v, x); I(v=1,x)=I(v+1,2) = 2L (1)
X X

After derivations, where the following relation['!

2sin(7mv)
X

I[(v+1,x)[(=v,x)=I(v,x)[(~v-1,x) = (12)

together with sin((vt1l)mr)=—sin(vr) and the identity
relating modified Bessel function of the first and second kind
7 I(=v,%)=1(v,x)

2 sinvm
surprisingly simple result:

K(y—o')%/e‘”ﬁ()‘]

K(v,x)= are used,™® we finally obtain a

_ro,

Li(t) = Li(t)e *

04 o

(13)

K[H,Z‘/B_GJ
o o

where K(v,x) is the modified Bessel function of the
second kind.

At maximum and inflection points, I;=0 and I;=0,
respectively. After extensive simplification of the results, this
leads to (y = Ry et ™, where Ryg.. =f/y is the basic reproduc-
tion number in the absence of social distancing:(®17))

R R 0

oo -

Equations (14) and (15) have to be solved numerically, but,
as y and o are constants, we, interestingly, obtain that solu-
tions will depend only on ¢« . Since, for the analysis of super-
linear and sublinear regimes, only the left inflection point and
the maximum are important, we will further omit the second
solution of Equation (15) (Equation (14) has one solution), and
denote y; = fi(@)= fi(®), Ym = fum() (these two solutions are
presented as upper and lower curves on Figure 2C, respec-
tively), so that the effective reproduction numbers at inflection
and maximum points (R.; and R ) are:

Re,i = RO,freeeimx = ﬁ(a)r

16
Re,m = RO,ﬁ'eeeimm =fm(a)- ( )

From this follows the length of superlinear regime (between
inflection and maximum points):

At=t, —t = lln[M] (17)
a | fal®)

We further Taylor expand I,(t) around the inflection point:

© 2021 The Authors. Global Challenges published by Wiley-VCH GmbH
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Figure 2. The dependence on the effective social distancing strength (&t ) of A) At, the duration of the superlinear regime, B) VU, the scaling exponent
of the superlinear regime, C) R, effective reproduction number at the left inflection point (R.;) and the maximum (R.,) of I(t). At=1/cr indicates
that the time, in which the change from R.; to R.n is exhibited, is approximately inversely proportional to . “exp — sub” indicates the region of «
where we predict a direct transition from exponential to sublinear growth. D) Comparison of & constrained from analytical derivations (the grey bands)
and numerical analysis, with countries indicated on the horizontal axis by their abbreviations. Results obtained by independent numerical analysis are

presented by red dots with corresponding errorbars.

o {150 )

Lu(t)= Ii(te)e 2

K(H,Z\/ﬁ?] (18)
o o
[ —W_Lo_(l—fi(a))(t—tiﬁ(?((t—ti)z):|

In the superlinear regime D(t)=(t—t,)", where v is the
scaling exponent and t; marks the beginning of this regime. By
Taylor expanding D(t) around t;, using Equations (18) and (3):

4L filo)
=14y g U@~ 1in [fm ] (19

which is always larger than 1, as expected for the superlinear
regime. As t; is localized toward the beginning of the regime,
we estimate £, —t, ~ AL where k= 3,4.

Finally, to provuice analytical constrain on «, we Taylor
expand I;(¢) around the maximum:

o {22 m]

IH(t)=II(t0) 2
K[ —9, J (20)
o
(17 (- Futee-

As fu(@)<0, we see that the quadratic term in Equation (20)
is always negative, that is, D(t) curve enters sublinear
regime around maximum of the infection. By fitting D(t)
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to c+d(t—tw)— f(t—tm)’ in this regime, and by using
Equation (20) together with Equation (3), we obtain:

) @y

which allows to directly constrain o.

We first numerically analyze outburst dynamics in the coun-
tries that continuously updated’® three observable categories
(D, A, and F). For a large majority of countries active cases were
either not tracked or were not continuously updated, so the
analysis is done for ten countries listed in the outline above.

In the exponential regime, the analytical closed-form solu-
tion is given by Equation (5). From this, and the initial slope
of In(D) curve (once the number of counts are out of the
stochastic regime), f can be directly determined, while the
corresponding eigenvector sets the ratio of I, to E,. The inter-
cept of the initial exponential growth of D at t=0 sets the
product of I, and €. h and m can also be readily con-
strained, as from Equation (3), they depend only on integrals of
the corresponding counts; here note that d(D—A—F)/dt = hA
Also, V192 ¢ =1/3 day? and y = 1/4 day!, characterize fun-
damental infectious process, which we assume not to change
between different countries.

Only parameters related with the intervention meas-
ures (a,ty,n,e6) are left to be inferred numerically, leading
to tightly constrained numerical results. For this, we indi-
vidually performed joint fit to all three observable quantities
(A,D,F) for each country. The errors are estimated through
Monte-Carlol?¥?? simulations, assuming that count numbers
follow Poisson distribution.

Representative numerical results are shown in Figure 1 for
Germany, while other countries are shown in the Supporting

© 2021 The Authors. Global Challenges published by Wiley-VCH GmbH
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Information. In Figure 1A-C (and Supporting Information) we
see a good agreement of our numerical analysis with all three
classes of the case counts. In Figure 1D, we see sharp transi-
tions between the three growth patterns indicated in the figure:
i) exponential growth, observed as a straight line in log-linear
plot in Figure 1E; ii) superlinear growth, a straight line in log—
log plot in Figure 1F; iii) sublinear growth, a straight line in
linear—log plot in Figure 1G.

Transition between the growth patterns can be qualitatively
understood from Equation (3), and I(t) curve in Figure 1D.
The exponential growth has to break after the inflection point
of I(t), that is, once the maximum of its first derivative (I(f)
in Figure 1D) is reached. In the superlinear regime, confirmed
counts case (D(t)) curve is convex (D”(t)>0), so this regime
breaks once I’(t) (dashed blue curve) becomes negative. Equiv-
alently, D(t) curve becomes concave (enters sublinear regime)
once the maximum of the I(t) is reached. Note that the growth
of D(t) can reemerge if the social distancing measures are alle-
viated. Our model can account for this by allowing transition
from protected back to susceptible category, which is out of
the scope of this study, but may improve the agreement with
the data at later times (see Figure 1A—C). In addition to this
numerical/intuitive understanding, we also showed that we
analytically reproduce the emergence of these growth regimes
(Equations (6), (14), (15)). Can we also analytically derive the
parameters that characterize these regimes?

The exponential regime is straightforward to explain, as
described above. The superlinear regime is in between the
left inflection point and the maximum of I(t), so that infec-
tive numbers grow, but with a decreasing rate. While the
derivations are straightforward in the exponential regime,
they are highly non-trivial during the subsequent subexpo-
nential (superlinear and sublinear) growth. As the superlinear
regime spans the region between the left inflection point
(t,I”(t) = 0) and the maximum (t,,I'(t,) = 0), its duration
is At =t,—t given by Equation (17), with =1/o depend-
ence, so that weak measures lead to protracted superlinear
growth (see Figure 2A). This tendency is also confirmed by
independent numerical analysis in Figure 2A, where for each
individual country we numerically infer o and extract the
length of the superlinear regime. Therefore, the duration of
the superlinear regime indicates the effectiveness of introduced
social distancing.

The scaling exponent v of the superlinear regime is given
by Equation (19), and shown in Figure 2B, where we predict
that all countries are roughly in the same range of 1.2<v<1.5
(surprisingly, weakly dependent on ¢« ), despite significant dif-
ferences in the applied measures, demographic and environ-
mental factors. This result is (independently from our model)
confirmed from case count numbers (the slope in Figure 1F,
and equivalently for other countries, see Figure 2B).

How the effective reproduction number R, changes during
this regime, that is, between the left inflection point and the
maximum of I(t)? R. quantifies the average number of sec-
ondary cases per infectious case, so that R, >1 signifies disease
outburst, while for R. <1 the disease starts to be eliminated
from the population.V!l The Equation (16) provides expressions
for R.; (at the inflection point) and Re. (at the maximum).
Interestingly, from Figure 2C, we observe that R.; and R.,
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do not depend on Ry 4. and are, respectively, significantly larger
and smaller than 1, which shows that transition from infec-
tion outburst to extinguishing happens during the superlinear
growth. Consequently, the steepness of R. change over the
superlinear regime significantly increases (larger change over
smaller time interval, see Figure 2C) with the measure strength.

Finally, in the sublinear regime, in a wide vicinity of I(t)
maximum (which marks the beginning of the sublinear
growth) leading non-linear term of D(t) is cubic (= t’, with neg-
ative prefactor). This is consistent with the expansion of I(t)
around t,,, which has leading negative quadratic (t*) depend-
ence (see Equations (3) and (20)). The ratio between the prefac-
tors in D(t) expansion is given by Equation (21), from which we
see that o can be directly constrained, as shown in Figure 2D.
For the ten countries with consistent tracking of D, A, and F,
we independently numerically determined o and compared
it with analytical results coming from Equation (21), obtaining
an excellent agreement between our derivations and numerical
results. The obtained o values should be understood as an
effective epidemic containment measure—that is, estimating
the true result of the introduced measures, which can be used
to evaluate the practical effectiveness of the official policies.

To demonstrate how constraining ¢« can aid numerical anal-
ysis in the cases when A is not continuously tracked, we next
analyze five additional countries listed in the outline above,
so that altogether our study covers majority of COVID-19 hot-
spots, which (at the time of this analysis) are close to satura-
tion in confirmed counts. Furthermore, in the specific cases of
UK and Italy, where we analytically obtained both very low and
very constrained o (0.01< o <0.04), we chose five times larger
parameter span in ¢ in the numerical analysis, to confirm
that these low values are indeed preferred by the exhaustive
numerical search. For example, the finally obtained o for Italy
(0.033£0.005) and UK (0.025£0.005), together with previously
obtained agreements shown in Figure 2A-C, strongly confirm
that the observed growth patterns provide invaluable informa-
tion for successful analysis of the infection progression data.

To further illustrate this, the synergy of analytical deriva-
tions and numerical analysis presented above enables us to,
directly from the publicly available data, infer key infection
parameters necessary to assess epidemics risks (provided in
Table S1, Supporting Information). We estimate these param-
eters by the same model/analysis, for a number of diverse
countries, allowing their direct comparison. In Figure 3, we
show together case fatality rate (CFR), infected fatality rate
(IFR) and infection attack rate (AR).['?4 CFR is the number
of fatalities per confirmed cases. CFR can, in principle, be
inferred directly from the data, but since different coun-
tries are in different phases of infection, we project forward
the number of confirmed cases until a saturation is reached
for each country, from which we calculate CFR. IFR (crucial
parameter for assessing the risks for infection progression
under different scenarios) is the number of fatalities per total
number of infected cases, which is a genuine model esti-
mate, due to the unknown total number of infected cases.
AR (necessary for understanding the virus recurrence risk)
is also determined from our model and provides an estimate
of the fraction of the total population that got infected and
possibly resistant.
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Figure 3. CFR, IFR, and AR, inferred for countries whose abbreviations are indicated on the horizontal axis, are denoted, respectively, by blue, grey, and
green dots, with errorbars indicated by corresponding bands. The dashed red horizontal line stands for IFR consistent with a mean value (indicated in

the legend). Values for PRC are from ref. [23].

From Figure 3, we see that CFR takes very different values
for different countries, from below 2% (New Zealand) to above
20% (France). On the other hand, IFR is consistent with a con-
stant value (the dashed red line in the figure) of =0.3-0.4%.
In distinction to IFR, AR also takes diverse values for different
countries, ranging from =1% to as high as =15% (though
with large errorbars). Although diverse, these AR values are
well bellow the classical herd immunity threshold of 60-70%

To summarize, we here developed a novel quantitative frame-
work through which we showed that: i) The emergence of three
distinct growth regimes in COVID-19 case counts can be repro-
duced both analytically and numerically. ii) Typically, a brief
superlinear regime is characterized by a sharp transition from
outburst to extinguishing the infection, where effective reproduc-
tion number changes from much larger to much smaller than
one; more effective measures lead to shorter superlinear growth,
and to a steeper change of the effective reproduction number. iii)
Scaling exponent of the superlinear regime is surprisingly uni-
form for countries with diverse environmental and demographic
factors and epidemics containment policies; this highly non-trivial
empirical result is well reproduced by our model. iv) Scaling pref-
actors in the sublinear regime contain crucial information for
analytically constraining infection progression parameters, so
that they can be straightforwardly extracted through numerical
analysis. Interestingly, we found that the number of COVID-19
fatalities per total number of infected is highly uniform across
diverse analyzed countries, in distinction to other (highly variable)
infection parameters, and about twice higher than commonly
quoted for influenza (0.3-0.4% compared to 0.1-0.2%), which
may be valuable for direct assessment of the epidemics risks.

While state-of-the-art approach in epidemiological modeling
uses computationally highly demanding numerical simu-
lations, the results above demonstrate a shift of paradigm
toward simpler, but analytically tractable models, that can both
explain common dynamical features of the system and be used
for straightforward and highly constrained parameter infer-
ence. This shift is based on a novel framework that relates uni-
versal growth patterns with characteristic points of the infec-
tive curve, followed by analytical derivations in the vicinity
of these points, in an approach akin to those in a number of

Global Challenges 2021, 5, 2000101 2000101 (6 of 7)

physics problems. The framework presented here can be, in
principle, further extended toward, for example, including sto-
chastic effects or different heterogeneities such as age-struc-
ture. However, these are non-trivial tasks, and it remains to
be seen to what extent the analytical results can be obtained
in those more complex models. Overall, as our approach does
not depend on any COVID-19 specifics, the developed frame-
work can also be readily applied to potential outbursts of
future infections.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements

This work was supported by the Ministry of Education, Science and
Technological Development of the Republic of Serbia.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data used in this study are openly available in Worldometer at
https://www.worldometers.info/coronavirus/, reference number [7].
Parameters inferred through the analysis are available in the
supplementary material of this article.

Keywords

dynamical growth patterns, infections disease modeling, physics and
society, scaling of epidemics growth

Received: October 8, 2020
Revised: January 16, 2021
Published online: March 1, 2021

© 2021 The Authors. Global Challenges published by Wiley-VCH GmbH

85U8017 SUOLULLIOD BATeR10 3|cedl|dde ayp Aq peuseno aJe ssjpie YO ‘8sn JO s3I0y AriqiT8uljuO A8|IA UO (SUO N IPUCD-pUR-SLLIBY/LID" A8 1M AsRIq 1 Ul UO//:SANY) SUORIPUOD pUe SWid | 8L 88S *[7202/70/T0] uo Ariqiauliuo A8|iMm ‘(uleAnde) aqnopesy Aq TOT000Z0Z 24o6/200T 0T/10p/L0o" A8 1M Ake.q1jpuluo//:Sdny Wo.y papeojumod ‘G ‘TZ0Z ‘97999502



ADVANCED

SCIENCE NEWS

Global
Challenges

www.advancedsciencenews.com

U
(2]

[3

[4

[5

[6

[7

8]
4]

(1]
M
(12]
[13]
(4]

[15]

Global Challenges 2021, 5, 2000101

WHO report. https://www.who.int/emergencies/diseases/
novel-coronavirus-2019/situation.

O. Diekmann, H. Heesterbeek, T. Britton, Mathematical Tools for
Understanding Infectious Disease Dynamics, Princeton University
Press, Princeton, NJ 2012.

M. Martcheva, An Introduction to Mathematical Epidemiology,
Springer, Berlin 2015.

M. J. Keeling, P. Rohani, Modeling Infectious Diseases in Humans and
Animals, Princeton University Press, Princeton, NJ 2011.

H. Tian, Y. Liu, Y. Li, C. H. Wu, B. Chen, U. G. Kraemer, B. Li,
J. Cai, B. Xu, Q. Yang, B. Wang, P. Yang, Y. Cui, Y. Song, P. Zheng,
Q. Wang, O. N. Bjornstad, R. Yang, B. T. Grenfell, O. G. Pybus,
C. Dye, Science 2020, 368, 638.

G. Chowell, L. Sattenspiel, S. Bansal, C. Viboud, Physics of Life
Reviews 2016, 18, 66.

Worldometer 2020. COVID-19 Coronavirus Pandemic. https://www.
worldometers.info/coronavirus/ (accessed: June 2020).

M. Day, BM|: British Medical Journal 2020, 368, m1165.

G. N. Wong, Z. |. Weiner, A. V. Tkachenko, A. Elbanna, S. Masloy,
N. Goldenfeld, arXiv:200602036, 2020.

J. R. Dormand, P. ]. Prince, J. Comput. Appl. Math. 1980, 6, 19.

J. M. Vilar, L. Saiz. medRxiv 2020.11.26.20239434, 2020.

N. C. Grassly, C. Fraser, Nat. Rev. Microbiol. 2008, 6, 477.

R. Phillips, J. Kondev, J. Theriot, H. Garcia, Physical Biology of the
Cell, Garland Science, New York, NY 2012.

F. Bowman, Introduction to Bessel Functions, Dover Publications,
New York, NY 1958.

D. Zwillinger, Standard Mathematical Tables and Formulae, CRC
Press, Boca Raton, FL 1995.

2000101 (7 of 7)

1€]
7]
(18]
[19]

(20]

(21]
(22]
(23]
[24]

(25]
(26]

www.global-challenges.com

M. Abramowitz, T. A. Stegun, Handbook of Mathematical Functions
(Ed: M. Abramowitz), Dover Publications, New York, NY 1972.

Y. M. Bar-On, A. I. Flamholz, R. Phillips, R. Milo, eLife 2020, 9,
e57309.

E. Dong, H. Du, L. Gardner, Lancet Infect. Dis. 2020, 20,
533.

R. Li, S. Pei, B. Chen, Y. Song, T. Zhang, W. Yang, . Shaman, Science
2020, 368, 489.

X. He, E. H. Y. Lau, P. Wu, X. Deng, |. Wang, X. Hao, Y. C. Lau,
J. Y. Wong, Y. Guan, X. Tan, X. Mo, Y. Chen, B. Liao, W. Chen, F. Hu,
Q. Zhang, M. Zhong, Y. Wu, L. Zhao, F. Zhang, B. J. Cowling, F. Li,
G. M. Leung, Nat. Med. 2020, 26, 672.

W. H. Press, B. P. Flannery, S. A. Teukolsky, W. T. Vetterling, Numer-
ical Recipes: The Art of Scientific Computing, Cambridge University
Press, Cambridge 1986.

R. W. Cunningham, Comput. Phys. 1993, 7, 570.

M. Djordjevic, M. Djordjevic, I. Salom, A. Rodic, D. Zigic,
O. Milicevic, B. llic, arXiv:2005.09630, 2020.

S. Eubank, I. Eckstrand, B. Lewis, S. Venkatramanan, M. Marathe,
C. L. Barrett, Bull. Math. Biol. 2020, 82, 1.

T. Britton, F. Ball, P. Trapman, arXiv:2005.03085, 2020.

F. P. Havers, C. Reed, T. Lim, ). M. Montgomery, J. D. Klena,
A. J. Hall A. M. Fry, D. L. Cannon, C.F. Chiang,
A. Gibbons, I. Krapiunaya, M. Morales-Betoulle, K. Roguski,
M. Ata Ur Rasheed, B. Freeman, S. Lester, L. Mills, D. S. Carroll,
S. M. Owen, ). A. Johnson, V. Semenova, C. Blackmore,
D. Blog, S. J. Chai, A. Dunn, J. Hand, S. Jain, S. Lindquist,
R. Lynfield, S. Pritchard, et al., JAMA Intern. Med. 2020, 180,
1576.

© 2021 The Authors. Global Challenges published by Wiley-VCH GmbH

85U8017 SUOLULLIOD BATeR10 3|cedl|dde ayp Aq peuseno aJe ssjpie YO ‘8sn JO s3I0y AriqiT8uljuO A8|IA UO (SUO N IPUCD-pUR-SLLIBY/LID" A8 1M AsRIq 1 Ul UO//:SANY) SUORIPUOD pUe SWid | 8L 88S *[7202/70/T0] uo Ariqiauliuo A8|iMm ‘(uleAnde) aqnopesy Aq TOT000Z0Z 24o6/200T 0T/10p/L0o" A8 1M Ake.q1jpuluo//:Sdny Wo.y papeojumod ‘G ‘TZ0Z ‘97999502


https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation
https://www.worldometers.info/coronavirus/
https://www.worldometers.info/coronavirus/

®

Check for
updates

Available online at www.sciencedirect.com

ScienceDirect nucLear (Y

PHYSICS

ELSEVIER Nuclear Physics A 1005 (2021) 121900
www.elsevier.com/locate/nuclphysa

XXVIIIth International Conference on Ultrarelativistic Nucleus-Nucleus Collisions
(Quark Matter 2019)

From high p, theory and data to inferring anisotropy of
Quark-Gluon Plasma

Magdalena Djordjevic?, Stefan Stojku“, Dusan Zigic“, Bojana Ilic?, Jussi
Auvinen?, Igor Salom“, Marko Djordjevic’ and Pasi Huovinen®

¢ Institute of Physics Belgrade, University of Belgrade, Serbia

b Faculty of Biology, University of Belgrade, Serbia

Abstract

High p, theory and data are commonly used to study high p, parton interactions with QGP, while low p, data and
corresponding models are employed to infer QGP bulk properties. On the other hand, with a proper description of
high p, parton-medium interactions, high p, probes become also powerful tomography tools, since they are sensitive
to global QGP features, such as different temperature profiles or initial conditions. This tomographic role of high p,
probes can be utilized to assess the spatial anisotropy of the QCD matter. With our dynamical energy loss formalism,
we show that a (modified) ratio of R44 and v, presents a reliable and robust observable for straightforward extraction of
initial state anisotropy. We analytically estimated the proportionality between the v,/(1 —R44) and anisotropy coefficient
&1, and found surprisingly good agreement with full-fledged numerical calculations. Within the current error bars, the
extraction of the anisotropy from the existing data using this approach is still inaccessible. However, with the expected
accuracy improvement in the upcoming LHC runs, the anisotropy of the QGP formed in heavy ion collisions can be
straightforwardly derived from the data. Such a data-based anisotropy parameter would present an important test to
models describing the initial stages of heavy-ion collision and formation of QGP, and demonstrate the usefulness of
high p, theory and data in obtaining QGP properties.

Keywords: Quark-gluon plasma, High p, probes, Initial anisotropy

1. Introduction

Understanding the properties of the new form of matter named Quark-Gluon Plasma (QGP) is the major
goal of relativistic heavy ion physics [1, 2]. However, to explore the properties of QGP, one needs good
probes. With regards to that, it is commonly assumed that high p, theory and data are good probes for
exploring the high p, parton interactions with QGP, while low p, theory and data are considered as good
probes for bulk QGP properties. Contrary to this common assumption, the goal of this contribution is to
demonstrate that high p, particles can also be useful independent probes of bulk QGP properties.

To put it simply, the main idea is that when high p, particles transverse QGP, they lose energy, where
this energy loss is sensitive to bulk QGP properties, such as its temperature profiles or initial conditions.

https://doi.org/10.1016/j.nuclphysa.2020.121900
0375-9474/© 2020 Elsevier B.V. All rights reserved.
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Consequently, with a realistic and sophisticated high p, parton energy loss model, high p, probes can
indeed become powerful tomographic tools. So, in this contribution, we will present how we can use these
probes to infer some of the bulk QGP properties, i.e., for precision QGP tomography. Note that only the
main results are presented here; for a more detailed version, see [3], and references therein.

2. DREENA framework

To achieve the goal of utilizing high p, theory and data for inferring the bulk QGP properties, as pre-
viously implied, a reliable high p, parton energy loss model is necessary. With this goal in mind, we de-
veloped a dynamical energy loss formalism [4, 5], which takes into account some more realistic and unique
features, such as: i) The calculations are performed within finite temperature field theory and generalized
Hard-Thermal-Loop [6] approach, in which the infrared divergences are naturally regulated, excluding the
need for artificial cutoffs. ii) The formalism assumes QCD medium of finite size and finite temperature,
consisting of dynamical partons (i.e., energy exchange with medium constituents is included), in distinction
to commonly considered static scatterers approximation and/or models with vacuum-like propagators. iii)
Both radiative [4] and collisional [5] energy losses are calculated within the same theoretical framework,
and are equally applicable to light and heavy flavors. iv) The formalism is generalized to include a finite
chromomagnetic mass [7], running coupling, and to relax the widely used soft-gluon approximation [8].
Finally, the formalism is integrated in a numerical framework DREENA (Dynamical Radiative and Elastic
ENergy loss Approach) [9, 10], to provide predictions for high p, observables.

Within this framework, we generated a wide set of high p, predictions using 1D Bjorken expansion [11]
(i.e., DREENA-B framework [10]). Thus we obtained a good joint agreement with a wide range of high p
Ru4 and v, data, by applying the same numerical procedure, the same parameter set, and no fitting param-
eters in model testing. That is, there is no v, puzzle [12] within our model, which then strongly suggests
that the model provides a realistic description of high p, parton-medium interactions. Moreover, our pre-
liminary findings suggest that, within our formalism, moving from 1D Bjorken to full 3D hydrodynamical
expansion does not significantly affect the agreement of our predictions with high p, Rs4 and v, data [13].
Consequently, in order to adequately address the high p, measurements, a proper description of high p,
parton interactions with the medium appears to be much more important than an advanced medium evo-
lution description. Furthermore, we have also analyzed the sensitivity of high p, R4 and v to different
initial stages, giving an additional insigth in the usefulness of both high p, observables in the precision QGP
tomography [14].

3. Inferring QGP anisotropy through high p, theory and data

As one example of QGP tomography, in this contribution, we will address how to infer the QGP
anisotropy from high p, R4 and v, data. The initial state anisotropy is one of the main properties of
QGP and a major limiting factor for precision QGP tomography. However, despite its essential impor-
tance, it is still not possible to directly infer the initial anisotropy from experimental measurements. Several
theoretical studies [15, 16, 17, 18] have provided different methods for calculating the initial anisotropy,
leading to notably different predictions, with a notable effect in the resulting predictions for both low and
high p, data. Therefore, approaches for inferring anisotropy from the data are necessary. Optimally, these
approaches should be complementary to existing predictions, i.e., based on a method that is fundamentally
different from models of early stages of QCD matter.

To this end, we here propose a novel approach to extract the initial state anisotropy. Our method is based
on inference from high p, data, by using already available R44 and v, measurements, which will moreover
be measured with much higher precision in the future. Such an approach is substantially different from the
existing approaches, as it is based on the inference from experimental data (rather than on calculations of
early stages of QCD matter) exploiting the information from interactions of rare high p, partons with the
QCD medium. This also presents an improvement/optimization in utilizing high p, data as, to date, these
data were mostly constrained on studying the parton-medium interactions, rather than assessing bulk QGP
parameters, such as spatial asymmetry.
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In the literature, the initial state anisotropy is quantified in terms of eccentricity parameter €,

- fdxdy(y2 - x*) p(x,y)
TP+ [dxdy (02 + 22 p(x,y)’

¢y

€

where p(x, y) denotes the initial density distribution of the formed QGP. Regarding high p, observables, we
note that v; is sensitive to both the anisotropy of the system and its size, while R4 is sensitive only to the
size of the system. Therefore, it is plausible that the adequate observable for extracting eccentricity from
high p, data depends on both v, and R44, and the question is how.

To address this question, we will use the dynamical energy loss formalism, and DREENA-B framework
outlined above. For high p,, the fractional energy loss scales as [3] AE/E ~ X(T)“(L)b , where (T') stands
for the average temperature along the path of high p, parton, (L) is the average path-length traversed by the
parton, y is a proportionality factor that depends on the initial parton transverse momentum, and a and b are
exponents which govern the temperature and path-length dependence of the energy loss. Within our model,
a ~ 1.2 and b ~ 1.4, which is contrary to simpler models, and consistent with a wide range of experimental
data [19, 20]. From this simple scaling argument, we can straightforwardly obtain the following expressions
for Rsa and v, (for more details we refer the reader to [3]):

o arpab _IRY, -RY ‘ h(gg_gA_T)
Raa = 1 =EQ0(TYXL), VZNZR—Z’A+RZ”ZN§W)<T> (L) 2 2 (2)

where we see that §(,\()(T)“(L)b corresponds to 1 — R44. Therefore, if we divide v, by (1 — R44), we see that
this ratio is given by the following simple expression:

12 (bAL aAT)

TRa D M ®

Note that, while this ratio exposes the dependence on the asymmetry of the system (through spatial (AL/(L}))
and temperature (AT /(T)) parts), the dependence only on spatial anisotropy is still not isolated. However,
by plotting together spatial and temperature anisotropy, we obtain a linear dependence [3], with a propor-
tionality factor given by ¢ ~ 4.3. Therefore, v,/(1 — R44) reduces to the following expression:

LEB ( - ‘;’)M ~057c, where ¢= \Low =) g %(b— %l) ~057. (4

<L()ut> + <Lin> <Luut> + <Lin>

Consequently, the asymptotic scaling behavior of observables v, and Ra4, at high p,, reveals that their
(moderated) ratio is determined only by the geometry of the initial QGP droplet. Therefore, the anisotropy
parameter ¢ could, in principle, be directly obtained from the high p, experimental data.

1—Ran 2

spatial a

20 0 r ) 80 0 20 a . 30 0 20 4 ) .
p.(GeV) p.(GeV) p.(GeV) p.(GeV) centrality class

Fig. 1. A) Comparison of theoretical predictions for charged hadron v2/(1 — Raa) as a function of p, with 5.02 TeV Pb + Pb
CMS [21, 22] (blue squares), ALICE [23, 24] (red triangles) and ATLAS [25, 26] (green circles) data. Each panel corresponds to
different centrality range, as indicated in the upper right corners, while red lines denote the limit 0.57¢ from Eq. (4). B) Comparison
of &, (red band) extracted from our full-fledged calculations, with e, obtained from MC-Glauber [15] (gray full curve), EKRT [16]
(cyan dashed curve), IP-Glasma [17] (green dot-dashed curve) and MC-KLN [18] (blue dotted curve) models. MC-Glauber and EKRT
curves correspond to 5.02 TeV, whereas IP-Glasma and MC-KLN curves correspond to 2.76 TeV Pb + Pb collisions at the LHC.

To test the adequacy of the analytical estimate given by Egs. (2)-(4), Fig. 1A is displayed, which
comprises our v,/(1 — Ry4) predictions (gray bands), stemming from our full-fledged recently developed
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DREENA-B framework (outlined in the previous section), the ALICE, CMS and ATLAS data, and analyt-
ically derived asymptote 0.57¢ (red lines). Importantly, for each centrality range and for p, = 20 GeV,
v2/(1 — Raa) is independent on p, , and approaches the asymptote, i.e., is determined by the geometry of
the system - depicted by the solid red line, up to 5% accuracy. Moreover, the experimental data for all three
experiments also display the independence on the p, and agree with our predictions, although the error bars
are rather large. Therefore, we conclude that our scaling estimates are valid and that v,/(1 — R44) indeed
carries the information about the anisotropy of the fireball, which can be simply (from the straight line fit to
data at high p, limit) and robustly (in the same way for each centrality) inferred from the experimental data.

However, note that the anisotropy parameter ¢ is not the widely-considered anisotropy parameter e,

. ey . . . . 2_ 2
(given by Eq. (1)). To facilitate comparison with €, values in the literature, we define €, = % =

1?;2’ and in Fig. 1B compare it with the results from different initial-state models [15, 16, 17, 18]. First, we
should note that as a starting point, our initial €, through which we generate our path-length distributions,
agrees with EKRT and IP-Glasma. However, what is highly non-trivial is that, as an outcome of this proce-
dure, in which v,/(1 — R4,) is calculated (based on the full-fledged DREENA-B framework), we obtain €,
which practically coincides with our initial €, and also with some of the conventional initial-state models.
As an overall conclusion, the straightforward extraction of e, and its agreement with values of the prevail-
ing initial-state models’ eccentricity (and our initial €) is highly non-trivial and supports v,/(1 — Ra4) as a
reliable and robust observable for anisotropy. Additionally, the width of our €, band is smaller than the dif-
ference in the €, values obtained by using different models (e.g., MC-Glauber vs. MC-KLN). Therefore, our
approach provides genuine resolving power to distinguish between different initial-state models, although
it may not be possible to separate the finer details of more sophisticated models. This resolving power,
moreover, comes from an entirely different perspective, i.e., from high p, theory and data, supporting the
usefulness of utilizing high p, theory and data for inferring the bulk QGP properties.
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We show that high-p; Raa and vs are way more sensitive to the initial
time of fluid-dynamical expansion 7y than the distributions of low-p | par-
ticles, and that the high-p, observables prefer relatively late 79 ~ 1 fm/c.
To calculate high-p; Rs4 and ve, we employ our DREENA-A framework,
which combines state-of-the-art dynamical energy loss model with 3+1-
dimensional hydrodynamical simulations. Elliptic flow parameter v, is also
more sensitive to 7y than R4 4. This presents an example of applying QGP
tomography to constrain a bulk QGP parameter with high-p, observables
and related theory.

DOI:10.5506 / APhysPolBSupp.16.1-A156

1. Introduction

Quark—gluon plasma (QGP) is a new form of matter that consists of
interacting quarks, antiquarks, and gluons. It is formed in ultrarelativis-
tic heavy-ion collisions at the Relativistic Heavy-Ion Collider (RHIC) and
the Large Hadron Collider (LHC). In these experiments, the bulk proper-
ties of QGP are usually explored by low-p, observables. Rare high-energy
probes are, on the other hand, almost exclusively used to understand the
interactions of high-p, partons with the surrounding QGP medium. We
are advocating high-p| QGP tomography, where bulk QGP parameters are

* Presented at the 29*" International Conference on Ultrarelativistic Nucleus—Nucleus
Collisions: Quark Matter 2022, Krakow, Poland, 4-10 April, 2022.

(1-A156.1)
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jointly constrained by low- and high-p, physics. For instance, we have pre-
viously demonstrated how the anisotropy of the QGP formed in heavy-ion
collisions is reflected in the high-p, observables [1].

In these proceedings, we analyse how high-p; R44 and vy depend on the
initial time 79, i.e. the time of onset of fluid-dynamical expansion, comple-
menting the more detailed study provided in Ref. [2]. The dynamics before
thermalisation, and 7y, and, therefore, the associated energy loss phenom-
ena, are not established yet. To avoid speculation and to provide a baseline
calculation for further studies, we assume free streaming of high-p; parti-
cles before 79 and neglect the pre-equilibrium evolution of the medium (we
explore the effects of pre-equilibrium evolution elsewhere [2]). After 79, the
QCD medium is described as a relativistic viscous fluid and high-p, probes
start to lose energy through interactions with this medium. Consequently,
the initial time 7( is an important parameter, which affects both the evolu-
tion of the system and interactions of the high-p, particles with the medium.

We describe the medium evolution by the 3+1-dimensional viscous hy-
drodynamical model from Ref. [3] and we use the optical Glauber model for
the initial state (see |2] for more details). The model parameters are tuned
so that the transverse momentum distributions of charged particles for six
different 7y values in the range from 0.2 fm/c to 1.2 fm/c agree with exper-
imental data (see Fig. 1 in [2]), which is also true for p -differential elliptic
flow parameter ve(p,) (shown in the low-momentum part (p; < 2 GeV) of
the lower panels of Fig. 1).

107 10-20% 20-30% 30-40% 40-50%

D D D Dy
Fig.1. Charged hadron DREENA-A R4 (upper panels) and vy (lower panels)
predictions, generated for six different 7y (indicated on the legend), are compared
with ALICE [4, 5], ATLAS [6, 7], and CMS [8, 9] data. Four columns, from
left to right, correspond to 10-20%, 20-30%, 30-40%, and 40-50% centralities at
V/snNN = 5.02 Pb+Pb collisions at the LHC.



Initial Time 19 Constrained by High-p, Data 1-A156.3

To evaluate the high-p; parton energy loss, we use our recently devel-
oped DREENA-A framework, the details of which are outlined in [10]. The
resulting predictions for charged hadron R44 in four different centrality
classes, and for 7y in the range of 0.2-1.2 fm, are shown in the upper panel
of Fig. 1, and compared with experimental data. In the lower panel of Fig. 1,
we show a similar comparison of predicted high-p, wvo to data. In distinc-
tion to the low-p, distributions, we see that high-p, predictions can be
resolved against experimental data, and that the later onset of fluid dynam-
ics is clearly preferred by both R44 and vy. This resolution is particularly
clear for vy predictions, which approach the high-p; tail of the data, as g
is increased. It also increases for higher centralities, as analysed below.

What is the reason behind such sensitivity? One proposal [11| was that
jet quenching may start later than the fluid dynamical evolution. We test
this scenario by introducing a separate quenching start time 7, > 79. In
Fig. 2 (A) we show the high-p; Ra4 and ve in 20-30% centrality for 79 =
0.2 fm, and 7, values in the range of 0.2-1.2 fm. The sensitivity to 7, is
similar in other centralities, for larger 7y and for heavy flavour. R4 shows
similar sensitivity to 7, as to 7p; compare Figs. 2(A) and 1. The vy is
surprisingly insensitive to 7,, and way below the data, not supporting this
scenario.
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Fig.2. (A) DREENA-A predictions for charged hadron R4 (left) and vy (right)
in 20-30% centrality class of \/syn = 5.02 TeV Pb+Pb collisions at the LHC,
generated for 79 = 0.2 fm and six different 7,. The predictions are compared with
ALICE [4, 5], ATLAS [6, 7], and CMS [8, 9] data. (B) The average temperature
along the jet path traversing the system in out-of-plane and in-plane directions.
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We next investigate if the origin of the sensitivity is due to the difference
in the temperature profiles. For this, we evaluate the average temperature
along the paths of jets travelling in-plane and out-of-plane directions. In
Fig. 2 (B), we show the resulting temperature evolution in 10-20% and 30—
40% centrality for 79 = 0.2 and 1.2 fm. As 7y is increased, the differences
between in-plane and out-of-plane temperature profiles also increase. Since
v9 is proportional to the difference in suppression along in-plane and out-of-
plane directions, a larger difference along these directions leads to larger wvo,
and causes the observed dependency on 7. As well, for fixed 7, increasing
74 hardly changes vy since at early times, the average temperature in- and
out-of-plane directions is almost identical, and no vy is built up at that time
in any case. Furthermore, the more peripheral the collision, the larger the
difference in average temperatures, which leads to higher sensitivity of wvg
to 79 as seen in the lower panels of Fig. 1. Consequently, the temperature
profile differences are a major contributor to such sensitivity.

We here presented how high-p; theory and data can be used to constrain
a parameter weakly sensitive to bulk QGP evolution. We used high-p; R4
and vy to infer that experimental data prefer late onset of fluid dynamical
behaviour. vy shows a higher sensitivity to 7y than R44, and we showed
that vy is affected by 79 due to differences in the in- and out-of-plane tem-
perature profiles. This demonstrates inherent interconnections between low-
and high-p| physics, supporting our proposed QGP tomography approach.

This work is supported by the European Research Council, grant ERC-
2016-COG: 725741, and by the Ministry of Science and Technological De-
velopment of the Republic of Serbia.
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Abstract

Quark-gluon plasma (QGP) is a new form of matter created in the Little Bangs: collisions
of heavy ions at ultrarelativistic energies at the Large Hadron Collider (LHC) and Relativistic
Heavy Ton Collider (RHIC). It consists of deconfined quarks, antiquarks, and gluons. According
to modern cosmology, quark-gluon plasma is believed to have existed shortly after the Big Bang.
Thus, the study of quark-gluon plasma is of fundamental importance, giving us insight into this
new form of matter governed by strong interaction while advancing our understanding of the
early universe.

After the collision of two nuclei, most of the created particles (~ 99.9%), which constitute
quark-gluon plasma, have low energy and form the thermalized medium. A small number
(~ 0.1%) of particles are highly energetic — they are created early in the evolution of the
medium, and traverse it while interacting with it through the strong force. In that way, these
particles carry information on the properties of the medium. This fact is the central idea of
the research presented in this thesis. The results will demonstrate how the theory, numerical
calculations, and data related to the high-p, particles can be used with low-p, physics to
extract essential properties of this new form of matter.

The results are organized into three main sections: the first one is related to the early stages
of quark-gluon plasma formation, the second is related to the anisotropy of the quark-gluon
plasma created in heavy-ion collisions, and finally, the third one will deal with the extension of
the dynamical energy loss formalism to the case of multiple scattering centers.

The collective motion of low-p, particles, which form the medium created in heavy-ion col-
lisions, is commonly described by applying relativistic hydrodynamics. However, the dynamics
before the initial hydrodynamical evolution of quark-gluon plasma have yet to be established.
We aim to use high-p, theory and data to explore the early stages of QGP formation be-
fore the onset of hydrodynamics. As a first step, we aim to determine the initial time of
hydrodynamical transverse expansion (7p), an important parameter that has been only weakly
constrained through low-p, physics. To this avail, we first focus on a simplified model with
no pre-equilibrium transverse evolution and use high-p; numerical simulations and comparison
with experimental data to constrain the value of this parameter. Since the model with no pre-
equilibrium evolution is considered too simplified, we extend it to include more sophisticated
pre-equilibrium evolution scenarios in the next step. Both approaches consistently show that
the experimental data prefers the late onset of transverse expansion and energy loss in the
medium.

Anisotropy of the quark-gluon plasma created in heavy-ion collisions (which can be thought
of as the measure of the deviation of a droplet of quark-gluon plasma from the spherical shape)

X



Abstract

is one of the fundamental properties of this medium. However, it is still impossible to infer this
parameter’s values directly from the experimental measurements despite its essential impor-
tance. Our research will demonstrate how this can be achieved using high-p, data. Namely, we
first focus on a simplified model, where the medium expands only in the longitudinal direction.
We then move on to the realistic hydrodynamical description of the model, with both longi-
tudinal and transversal expansion, and explore whether its anisotropy can be related to the
high-p, observables R44 and vs. According to our analysis, the anisotropy of the medium can
be directly related to a modified ratio of these high-p, observables, vs/(1 — Ra4). Moreover,
we propose a new observable — jet-perceived anisotropy, which is proportional to this ratio but
can also be calculated directly from the hydrodynamical medium evolution. We argue that
future hydrodynamical calculations should be tuned to reproduce the values of jet-perceived
anisotropy obtained from the experimental data.

Finally, we will consider the problem of high-p, particles experiencing multiple scatterings
(opacity expansion) within the medium. Namely, most of the existing radiative energy loss
formalisms incorporate either the optically thin or the optically thick approximation. In the
optically thin approximation, a jet encounters a single scattering center before radiating gluons.
This approximation is used in the dynamical energy loss formalism, which describes the energy
loss of high-p, partons in the medium. On the other hand, in the optically thick approximation,
jets encounter infinite scattering centers before radiating gluons. Since the size of the medium
created in Little Bangs is several fm, and the mean free path is A &~ 1fm, it is clear that neither
of these approximations is realistic. We thus derive the expressions for radiative energy loss
within the dynamical energy loss formalism up to the 4" order in opacity and implement them
into our appropriately generalized numerical framework to generate the predictions for light and
heavy probes. Our findings suggest that higher-order effects are negligible for RHIC and LHC
and that the optically thin approximation is adequate for the dynamical energy loss formalism.

Keywords: quark-gluon plasma, high-p, data, early stages, anisotropy, opacity
Research field: Physics

Research subfield: High-energy and nuclear physics

UDC number: 539.12 (043.3)



CayKkeTak

KBapk-riiyoncka 1ia3zmMa je HOBO Cralbe Marepuje Koje HacTaje y eKCIepUMEeHTUMa KOju
YK/bY4Yjy CcyjJape TeIIKAX joHa yOp3aHux JI0 yJATpapeJaTuBUCTHIKUX Op3una y Bemuxkowm cyia-
pady xanpona (LHC) u y Peraruucruuakom cymsapady remkux jona (RHIC). Ona ce cacroju
of1 cJI000THUX KBapKOBa, aHTHKBAPKOBA M TUIyoHa. Ha OCHOBY MoOJIlepHE KOCMOJOTHje, KBapK-
IVIYOHCKA TIJIa3Ma je TocTojasia yop3o HaKoH Benkor nmpacka, Te je mpoydaBaibe KBapK-IUIyOHCKe
naasMe of pyHJaMeHTaTHe BaXKHOCTH. TuMe cTU4eMo yBUI Y HOBO CTahe MaTepuje duje 0Co-
obune ojpehyje jaka naTEepakmnuja, yHanpehyjyhu pasymeBame paHor yHUBEp3yMa.

Haxkon cynapa siBa jesrpa, pelimna vacraiux gectuna (~ 99.9%) koje unHe KBAPK-TJIYOHCKY
IJIa3My UMa HUCKY eHeprujy u hopMupa repMatu3osad meaujym. Masu 6poj (~ 0.1%) gectuna
nMa BUCOKY €HEePIujy - OHe HACTajJy PAHO Y €BOJYIHjHA CUCTEMA, PoJIa3e KPo3 MeJNjyM HHTepa-
ryjyhu ca mUM OCPEJICTBOM jaKke WHTEpaKIuje, U Ha Ta] HAYUH HOCE HH(OPMAIU]y O HeroBUM
ocobmrama. OBO je IyIaBHA HWJeja HCTPayKUBama Koje he OMTU M3JI0KEHO y OBOj JAUCEPTAINjH.
Pesynaratu he mokazaTw Kako TeopHja, HYMePHYKH MPOPAYYHU W TOJANN KOJU CYy y Be3W ca
BUCOKOEHEPIUjCKUM YeCTUTIaMa MOTY OUTH KOPHIINeHn 3ajeTHO ca PU3NKOM HUCKOEHEePTHjCKHUX
YeCcTUIa KaKo 61 ce ojipe/iniie BaxKHe 0COOMHE KBAPK-IVIYOHCKE ILJIa3Me.

Pesynratu cy moge/beHn y TPU OJleJbKa: IPBHU je Be3aH 3a MOYETHE CTaJujyMe eBOJIYVIHje
KBapK-IVIYOHCKe TIJIa3Me, JIPYTH 33 aHW30TPOIN]Y KBapK-IVIyOHCKE IlJIa3Me HacTaje y cyJapuMa
TeIIKUX joHa, JIOK ce Tpehu 0aBu HPOIIUPEHEeM JUHAMUYKO (pOpMa/in3Ma I'ybuTKa eHepruje Ha
cJydaj BHIIECTPYKHAX TEHTApa pacejamba y MeIujyMy.

YobruuajeHo je n1a ce KOJEKTHBHO KpeTame HUCKOEHEPTHjCKUX YeCTHIA Koje YIHe MeIujyM
HACTA0 Y CYJapUMa TEITKUX jOHa OMUCYje MTPUMEHOM peJaTHBUCTUUKE Xuaponunamuke. Mebhy-
TUM, JAUHaMWUKa IIpe IIOYeTHOI' BpeMeHa XHJAPOJMHAMHNYIKE eBOﬂy]_[I/Ije KBapK-IJIYOHCKE IlJIa3Me
jorn yBek Huje oapehena. Hamr b je na ynmorpedbmumo Teopujy u MojaTKe Be3aHe 3a BUCOKOEe-
HEPIUjcKe JeCTUIe KaKO OMCMO UCTPaKmiIn paHe (da3e eBOIYIHje KBAaPK-TTIyOHCKe ILIa3Me, Mpe
HOYeTKa IIUPeha MeJIUjyMa V TPpaHCBep3aJHoj paBHHU, Koje je J0OPO OMMCAHO pPeJIaTHBUCTHY-
KOM XUJIpOAuHAMUKOM. zKeamMo ma ofpeauMo MOYeTHO BpeMe XUJIPOJAMHAMUYKE TPAHCBEp-
3ajiHe eKclan3mje (7o), Koje je BasKaH Imapamerap, a J0 €aJja HeJOBOJbHO IPENU3Ho oJpeluBan
kopuiithemeM (PU3NKe HUCKOCHEPIUjCKUX decTura. Kako OHCMO 0OBO OCTBapW/Id, IPBO pa3Ma-
TPaMo jeJHOCTaBaH Mojie1 €3 eBOJIyIIje Me/IHjyMa Yy TpaHCBep3aJ/IH0j paBHH IIpe OCTBAPUBAIbA
pPaBHOTeXKe, M KOPUCTUMO HYMepHUUIKe CHUMYJalldje BUCOKOEHEPTHJCKUX YecTula u mopeheme ca
eKCIMIePUMEHTATHIM MOIAIIMa KaKo OMCMO OJIpeIUIN BPeJIHOCT OBOT mapamerpa. Vmajyhm y
BH/Ly /& Ce He cMaTpa Jia je Mojie 1 6e3 eBoJIyIje MeIjyMa [pe OCTBaApUBakha PaBHOTEXKE peaJin-
CTUYAH, Y HAPETHOM KOPaKy, MPOIIUPYjeMO ra YK/bY 9UBabEeM eBOJIyIje Meanjyma mnpe 7o. Oba
OBa MPUCTYTIA JIOCJEIHO MTOKA3Yy]y Jia Ce TOKJIANamhe ca eCKIIePUMEHTAJTHUM TI0/IalluMa, 1001ja y
caydajy KacHHUjer ModYeTKa TpaHCBep3asiHe eKCIaH3uje U I'yOMTKA €Hepruje BUCOKOCHEPIUjCKHX
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Abstract

YeCTHUIA Y MEeJHjyMy.

Anusorponuja KBapK-IVIyOHCKE ILIa3Me HACTAJEe Y Cy/JapuMa TelKHX joHa — Mepa OJICTY-
narma HACTAJIOr MegujyMa oj cepHOr OO0JUKA — je/IHa je OJ] IerOBHX (PYHIAMEHTAJIHHX OCO-
ouna. MehyTuMm, yInpKoc BaKHOCTH OBe OICepBadJe, joIll yBeK HHje Moryhe ompequTh meHe
BPEJHOCTH JIUPEKTHO U3 EKCIEPUMEHTAJHUX Iojaraka. Halne ucrpakupambe MOKa3yje Kako
Ce OBO MOZKe M3BECTH KOpHIMNemeM BHCOKOEHEDPTUjCKUX MOoJaTaka. Hamme, TpBO pazmMaTpamo
[0je THOCTaBJ/beH MOJEJI, IJle Cce MeJINjyM IMUPH YV JOHTUTYAMHATIHOM mpasily. Hakon Tora, mpe-
JIA3UMO Ha PEAHCTUYaH, XUAPOJIUHAMAIKI OMUC MeINjyMa, KOJU ce TIIUPH U Y TPAHCBEP3AJTHO]
PaBHU, W UCIUTYjeMO Ja JIU IeroBa IIPOCTOPHA aHU30TPOMUja MOXKe OUTH TOBe3aHa Ca BUCO-
KOEHEpPrujcKuM orcepadbiama Raa 1 vo. Ha ocHOBY Hallle anajimse, aHU30TPOIKMja MEIAJyMa
ce MOXKe JIMPEKTHO MOBE3aTH €A MOAMMUKOBAHUM OJHOCOM OBHUX BUCOKOEHEPTHjCKUX OICEPBa-
6o, va/(1 — Raa). Ha ocHOBY OBOTa, IpeiiakeMo HOBY orncepBabiy — jet-perceived anisotropy
(,reMmeparypa Kojy BHje eToBu"), Koja je MpOHOPIHOHATHA OBOM MOANDUKOBAHOM OJHOCY,
aau Koja ce MOXKe W JUPEeKTHO W3PpadyHaTH W3 XUJAPOJWHAMHUYIKE €BOJIVIIMje Meaujyma. 1Bp-
auMo Jia Oyayhu xujpojguHaMuydku mpopadyHu Tpeba jia Oy/y Ho/enienn Ja PEnpoiyKyjy mbeHe
BPEIHOCTH J100MjeHe U3 eKCIePUMEHTATHAX O1aTaKa.

Konauno, pasmarpamMo mpobJjeM BHIIECTPYKUX IMEHTapa pacejala BUCOKOEHEPIUjCKUX ve-
crunia y mejujymy. Haume, Behuna nocrojehux gpopmasinzama koju onucyjy ryourke enepruje
BHCOKOCHEPI'HjCKUX YECTUIA YK/bYdyje pacejame Ha jeJJHOM WIn Ha OeCKOHAaYHOM OpOjy neHTapa
pacejama. Ha ocHOBY mipBe 01 OBHX alpOKCHMAaIldja, €T HAWIa3W Ha jeJlaH IeHTap pacejama
npe Hero IITO W3Pavu IVIYOHe — OHA je KOpHUIINeHa y JHHAMAYKOM (hopMaInu3My IyOUTKa eHep-
I'vje BHCOKOEHEPTHJCKUX YeCTHIa. ¥ JIPYroj alpOKCUMAIWjU, [IeTOBH Hamja3ze Ha OeCKOHAYaH
Opoj meHTapa pacejama mpe Hero mTo u3pade riayone. C 003UpoM HaA TO JIa je BeJIUUWHA, MeTH-
jyMa Koju Hacraje y cyJapuMa TellKHX jOHa BeJUYnHe HEKOJIMKO (peMToMeTapa, a Jia je Cpelmbu
ca0001aH My T mapToHa y Meaujymy A =~ 1fm, jacHo je 1a HujegHA O OBHX alpOKCHMAIM]ja HUje
peanuctudHa. 3Benm cMmo m3pase 3a pajnjaTuBHE I'yOUTKe eHepruje y OKBUPY JTHHAMUYKOT
dopmanusma rybuTKa eHepruje JIo YeTBPTOr pejia v pa3Bojy 1o Opojy IeHTapa pacejamba, H
UMILIEMEHTHPATN UX V aJeKBATHO VOIIITEeH HyMepuuKn hopMaan3aM Kako OUCMO MPOU3BeTn
npejiBuhama 3a Jiake U Tellke decTure. Pesyararu cyrepuiry jia cy edekTn yK/byduBarmbha KO-
HAYHOT Opoja IeHTapa pacejarma MaJi U Ja je KOpUIheme jeIHOT TIeHTPa pacejama IPUKJIaIHa
AIpOKCUMAIja 32 IHHAMIYIKA popMaan3aM I'yOuTKa eHepruje.

Kibyune pedn: KBapK-IJIyOHCKA I1J1a3Ma, BUCOKOEHEPIUjCKH I0JIallU, PAHU CTAJIMjyMU, AaHU30-
TPOTHja, BUTECTPYKHN MEHTPH pacejarma
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Yka HayuHa obisiacT: PusrMKa BUCOKUX €HEpPruja U HyKJeapHa (pH3MKa
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Chapter 1

Introduction

After all, there are other thrills in other domains:
the thrill of pure science is just as pleasurable as
the pleasure of pure art. The main thing is to ex-
perience that tingle in any department of thought
or emotion. We are liable to miss the best of life if
we do not know how to tingle, if we do not learn to
hoist ourselves just a little higher than we generally
are in order to sample the rarest and ripest fruit of
art which human thought has to offer.

Lectures on Literature
Vladimir Nabokov

This doctoral dissertation is devoted to the study of quark-gluon plasma. According to
modern cosmology, quark-gluon plasma was present shortly after the Big Bang, and today, it
is created in so-called Little Bangs — collisions of heavy ions at ultrarelativistic energies. The
properties of this new form of matter are governed by the laws of quantum chromodynamics, the
theory which describes the strong interaction between quarks and gluons. In order to introduce
the reader to the phenomena discussed in the following Chapters, we here give an overview of
quantum chromodynamics, quark-gluon plasma, and how it can be theoretically modeled, as
well as of the heavy-ion experiments where it is created.

The results presented in this dissertation are based on the following publications [1, 2, 3, 4, 5]

1. Stefan Stojku, Jussi Auvinen, Marko Djordjevic, Magdalena Djordjevic, Pasi Huovinen,
Initial Time 19 Constrained by High-p, Data, Acta Phys. Pol. B Proc. Suppl. 16,
1-A156 (2023)

2. Stefan Stojku, Jussi Auvinen, Marko Djordjevic, Pasi Huovinen, and Magdalena Djord-
jevic, Farly evolution constrained by high-p. quark-gluon plasma tomography, Physical
Review C 105, 1L.021901 (2022)

3. Magdalena Djordjevic, Stefan Stojku, Marko Djordjevic, and Pasi Huovinen, Shape of
the quark gluon plasma droplet reflected in the high- p, data, Physical Review C 100,
031901(R) (2019)
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4. Stefan Stojku, Jussi Auvinen, Lidija Zivkovic, Pasi Huovinen, Magdalena Djordjevic,
Jet-perceived anisotropy revealed through high-p, data, Physics Letters B 835, 137501
(2022)

5. Stefan Stojku, Bojana Ilic, Igor Salom, Magdalena Djordjevic, Importance of higher orders
in opacity in QGP tomography, Physical Review C 108, 044905 (2023)

1.1 Quantum chromodynamics - the theory of the strong
interaction

In the high-energy heavy-ion collisions, a deconfined phase of matter is created, which consists
of interacting quarks, antiquarks, and gluons: quark-gluon plasma |6, 7, 8, 9]. This section
will give a brief overview of quantum chromodynamics (QCD): the theory that describes the
strong interaction that acts between quarks, mediated by gluons [10], and is central to all our
descriptions of quark-gluon plasma. QCD is a non-abelian gauge theory with the symmetry
group SU(3). [10]. The index "c¢" comes from color. There are three charges in the theory
(red, green, and blue), analogous to the three colors seen by the human eye. When compared
to quantum electrodynamics (QED), the main complication in QCD arises since the gluons
carry the color charges themselves and can therefore interact with each other. The theory has
a rich phase diagram, and its non-abelian structure encodes important phenomena observed:
confinement and asymptotic freedom, which we will discuss in more detail below.

1.1.1 The Eightfold Way

The middle of the twentieth century brought numerous advances in accelerator and detector
technology, which enabled the discovery of many elementary particles [11, 12|. The list of
strongly decaying mesons and baryons grew longer during these years — see Figure 1.1 for a
brief timeline of particle discoveries. A theoretical framework was needed to make it possible
to understand or at least classify the newly discovered particles.

In the late 1940s, there were ideas to organize the elementary particles inspired by the
isospin formalism. A proposal made independently by Gell-Mann [13] (then at Caltech) and
Ne’eman turned out to be successful: it was called The Fightfold Way, which takes its name
from the Noble Eightfold Path of Buddhism. This classification scheme is based on the SU(3)
symmetry group, and particles are classified into multiplets characterized by parity and spin
numbers. Several experimental discoveries supported this new theory. First was the discovery
of the n resonance in 1961, which fit perfectly into the octet of pions and kaons. The second
was the discovery of 2~ baryon in the Brookhaven Laboratory [14].

In 1964, Gell-Mann [13| and Zweig [15] independently proposed an interpretation of the
Eightfold way, according to which hadrons were composed of smaller particles, which Gell-
Mann named quarks, a word which appears in James Joyce’s Finnegans Wake: "Three quarks
for Muster Mark!" This proposal suggested that all hadrons are composite particles, made up of
two or three quarks - this reduced hundreds of known hadronic particles to three fundamental
constituents: these were called up, down, and strange quarks [12]. Quarks belong to the 3-
dimensional representation of the SU(3); (flavor) group. Mesons are qq states (therefore, they
are baryons of spin 0 or 1) which belong to the 8-dimensional or singlet representations of
SU(3). Baryons are qqq bound states (and therefore fermions with spin 1/2 or 3/2), and they
belong to 10-dimensional, 8-dimensional, and singlet representations of the SU(3) group.

2
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Figure 1.1: Timeline of particle discoveries during the twentieth century. Figure adapted
from [11].

The flavor symmetry group was expanded with the discovery of new quark flavors. After
the discovery of the ¢ (charm) quark by Richter and Ting, the symmetry group was expanded
to SU(4), and after the discovery of ¢ and b quarks, the flavor symmetry group was expanded
to SU(6). Therefore, quarks come in six flavors, and we group them into three generations:

(5)-()-G) &

In addition to this, another degree of freedom was proposed: color [16, 17]. The following
example shows why this new degree of freedom is required. Namely, the A™" baryon consists
of three up quarks: wwu and has a spin of 3/2. Its spin wave function is symmetric in the
s, = +3/2 state. In the ground state, its orbital wave function is also symmetric. Therefore,
its total wave function is symmetric, violating the Pauli principle. This issue can be solved
by adding another degree of freedom (color) and requiring that the baryon wave function be
antisymmetric with respect to this new quantum number. This new symmetry group is called
SU(3)., and the quark wavefunction is a color triplet [10]:

Yr(2)
P(z) = | vulz) | - (1.2)
Yy(2)

Mesons always have the color-symmetric wave function:

1

U, mesons = — (RR + GG + BB). 1.3
, ﬁ( ) (1.3)
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On the other hand, baryons have the color-antisymmetric wave function:
1

Vesaryons = = (RGB = RBG + GBR — GREB + BRG — BGR) (1.4)

electron

electron

electron @
-~ '

neutrino

Figure 1.2: Deep inelastic scattering experiment. Figure adapted from DESY.

In the early days, quarks were deemed only a mathematical formality, and even Gell-Mann
believed that they were only a mathematical convenience and not real objects that we could
observe in experiments: "It is fun to speculate about the way quarks would behave if they
were physical particles of finite mass (instead of purely mathematical entities as they would be
in the limit of infinite mass). [...] A search for stable quarks of charge -1/3 or +2/3 and/or
stable di-quarks of charge -2/3 or +1/3 or +4/3 at the highest energy accelerators would help
to reassure us of the non-existence of real quarks." [13]

However, the experiments conducted in 1968 at Stanford Linear Accelerator Center (SLAC)
— deep inelastic scattering |18, 19| — were the first that demonstrated that quarks indeed are real
objects in nature, and not a mere mathematical convenience, see Figure 1.2. These experiments
are analogous to Rutherford’s experiment, which studied scattering patterns of alpha particles
on atoms. Here, the inelastic scattering of electrons on liquid hydrogen (and later deuterium)
targets was studied, and the results were strikingly similar to those obtained in Rutherford’s
experiment: most of the incident particles pass right through. At the same time, a small
fraction of them experience large deflection. This result indicates that the proton’s charge is
not uniformly spread over its volume but instead concentrated in lumps, in the same way as
Rutherford’s experiment demonstrated that the atom’s positive charge is concentrated in the
nucleus. However, in the case of the proton, the scattering pattern indicated the existence of
three lumps of charge [20] — compelling evidence supporting the existence of quarks.
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1.1.2 Fundamental properties of QCD

The QCD Lagrangian. To describe the two fundamental properties of QCD relevant to
understanding quark-gluon plasma, we will start with the QCD Lagrangian. It has the standard
form of a Yang-Mills Lagrangian for a non-abelian gauge theory [21]:

- T 1 a va
LzE:wﬁwHL—n%W%—Z@JW. (1.5)
k=1

The index a is summed over the generators of the symmetry group G of the theory, which is
SU(3) in the case of QCD. The fermion multiplets ¢; belong to the fundamental representation
of SU(3). «* are the Dirac gamma matrices, and the n, quark flavors are summed over. The
constants my, represent the quark masses.

The covariant derivative is given by:

)\a
Dyt = (D — igs A )0 (16)

The second part of the Lagrangian is the kinetic term, where the field strength tensor is
given by:
FS, = 0,A% — 0,A% + g, [ AL A (1.7)

The coupling constant is given by g, = v/4ma,, with the value of oy discussed below. The
A are Gell-Mann matrices (a = 1...8 for SU(3)), and f¢ are the structure constants of the
su(3). algebra. The potentials A** belong to the adjoint representation of SU(3) and represent
the gluons, the carriers of the strong interaction. From the form of the QCD Lagrangian (by
substituting Eq. 1.7 in Eq. 1.5), we see that the interaction part of the Lagrangian gives rise to
gluon self-interactions, i.e., 3- and 4-gluon vertices (Fig. 1.3). This feature was not present in
quantum electrodynamics, where the mediators of the force (photons) do not carry charge.

Y 9 bﬁqu g %(]

g g g g
Figure 1.3: Interaction vertices in quantum chromodynamics. The first diagram shows the
quark-gluon interaction, while the two diagrams on the right show the 3- and 4- gluon vertices.

Asymptotic Freedom. An important milestone in developing QCD theory was the dis-
covery of asymptotic freedom. Namely, when we look at the renormalization-group running
coupling for, e.g., massless A\¢? theory or quantum electrodynamics, we see that the effective
coupling is larger at high energy, equivalent to a short distance. Physically, we interpret this
by the fact that a charge is screened by the production of virtual pairs in the vacuum, and as
we approach the charge, we leave behind the screening cloud around it [22].

Until 1973, only the cases of theories with the positive [ function were known. However,
in 1973, Politzer 23], Gross [24], and Wilczek showed that non-abelian gauge theories allow
for a negative 8 function, meaning that charge decreases at short distances in these theories.

3
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For this discovery, Politzer, Gross, and Wilczek were jointly awarded the 2004 Nobel Prize in
Physics [25].

Namely, the lowest-order renormalization-group [ function for a non-abelian gauge theory
is [22]:

q:

b= 4872

(11N, — 2Ny). (1.8)

Here, N, refers to the number of colors, and Ny refers to the number of quark flavors. This
expression is negative for Ny < 5.5N,, which is fulfilled for SU(3) with six quark flavors, and
thus, the running coupling g, decreases with the increasing energy scale. Figure 1.4 summarizes
the experimental confirmations of asymptotic freedom.

The leading-order behavior of the coupling in QCD is given by |23, 24, 26, 27|:

as(Q?) o) (1.9)

1+ SN, — 2N In(%)

Here, % is the momentum transfer. The Equation 1.9 relates a4(Q?) with a,(p?) at a
different scale — the parameter p is called the renormalization point or the subtraction point.
This equation explicitly shows the asymptotic freedom: the coupling approaches zero as Q? —

co. This fact signifies that perturbative QCD should work well at high Q? (small distances)
but break down at small Q? (large distances), where the coupling increases.

It is common to introduce the QCD scale parameter, Agcp, in the following way:

127 1
Ayop = 12 — : 1.10
oo = (=1 vy ) 10
We can thus rewrite the expression for the running coupling:

127
(11N, — 2Ny) In(52—)

QCD

a,(Q*) = (1.11)

This is the commonly used parametrization of a(Q?) and Agcp parameter is equal to the
energy scale where o (Q?) diverges, i.e. o (Q%) — oo when Q* — A% p [28].

Confinement. While there is a wealth of experimental evidence for the existence of quarks,
they have never been observed as free particles, despite many experimental attempts [29]. This
fact is explained by the color confinement, a hypothesis that particles are always confined
to color singlet states and that particles with non-zero color charge cannot propagate as free
particles. While there is still no analytical proof of color confinement within any non-abelian
gauge theory [30], it has been corroborated by the nonperturbative methods of lattice QCD [31,
32].

The likely origin of this phenomenon can also be understood qualitatively. Quarks interact
by exchanging virtual gluons, which are themselves color-charged. When quarks are close to
each other, the strong force between them is relatively weak. However, as they are pulled
apart, the strong force becomes stronger, and the energy within the force field connecting them
increases. At a certain point, the energy between the quarks becomes sufficient to create new
quark-antiquark pairs from the vacuum. This phenomenon results in the creation of a flux tube
between the quarks, often referred to as a QCD string or a color flux tube. We can think of
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Figure 1.4: A summary of the measurements of the dependence of the running coupling o, (Q)
on the energy scale (). The coupling is large at small @) (large distances) and goes to zero at
large @ (small distances). Figure adapted from [28].

this flux tube as a stretchy rubber band that exerts a pulling force, attempting to bring the
quarks back together. This force counteracts the separation force that’s acting on the quarks.
See Figure 1.5 for an illustration.

Consequently, quarks are permanently confined within color-neutral composite particles like
mesons or baryons. When we attempt to isolate a single quark from a larger particle (hadron),
the energy required to stretch the flux tube increases significantly. At a certain threshold, this
energy becomes high enough to trigger the creation of new quark-antiquark pairs, effectively
preventing the isolation of individual quarks. We can also see that from the form of the
Equation 1.11 - it is divergent in the limit of small momentum transfers (large distances), i.e.,
it becomes energetically more favorable to create a new quark-antiquark pair than to isolate a
quark from a hadron.

Figure 1.5: Left-hand side illustrates gluon-gluon interactions among gluons exchanged by two
quarks. The right-hand side shows how the field lines between charges behave in the case of
QED (b) and QCD (c). Figure adapted from [29].

The spectra of quarkonium states (a bound state of a heavy quark and its own antiquark [33])
can be modeled within non-relativistic models, where the potential has the following form
(Cornell potential) [34, 35|:

V(r)=or -2, (1.12)
r
where o represents the string tension, r is the distance between the quark and the antiquark,
while « is the Coulomb-like constant.
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Figure 1.6 shows a temperature dependence of the quark potential for a 3-flavor QCD. This
plot shows that the obtained data agrees well with the Cornell potential in the low-temperature
regime (17" < 0.5T,, where T, is the QCD critical temperature). At higher temperature values,
the deviation from the Cornell potential is more pronounced, thus suggesting the possibility of
a different phase of (deconfined) matter.
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Figure 1.6: The heavy quark potential as a function of temperature. The band shows the
Cornell potential in units of the square root of string tension, with a = 0.25 £ 0.05. The
temperature varies from 7'/T. = 0.58 (top) to T'/T, = 1.15 (bottom). Figure adapted from [35].

1.2 Heavy-ion collisions

In a typical heavy-ion experiment at the Large Hadron Collider or at the Relativistic Heavy Ton
Collider, nuclei are accelerated to nearly the speed of light using powerful electromagnetic fields.
These nuclei are stripped of their electrons, and Lorentz-contracted along the beam direction
in the center-of-mass frame, resembling two thin discs. After a collision of two such nuclei, they
pass through each other, depositing kinetic energy in a tiny volume and causing temperatures
of the order T' ~ 300 MeV [7], (equal to 3-10'2K). For the sake of comparison, we should note
that this temperature is five orders of magnitude hotter than the center of the Sun (which is
about 1.6 - 10" K [36]). The produced hot and dense nuclear matter evolves through several
stages, each characterized by different physical properties and exhibiting different phenomena.
These stages are collectively called the "evolution of QCD matter" because they are governed
by the strong nuclear force described by quantum chromodynamics (QCD). As we will see,
the length and properties of specific stages can vary depending on factors such as the collision
energy, the size of the system, and the type of colliding nuclei.

Figure 1.7 shows a space-time diagram of the main stages that QCD matter created in
heavy-ion collisions goes through. These stages are:

e Initial state: The collision starts with the two colliding nuclei approaching each other
at ultra-relativistic energies. Before the nuclear overlap and particle production, the
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colliding nuclei are characterized by their nucleon distributions, typically described using
models such as the Glauber model [37], which we will describe in more detail later.

e Pre-equilibrium: Immediately after the collision (i.e., at 7 < 79, where 7y is the time
of onset of the hydrodynamical description), the highly energetic and dense system of
nucleons is in the pre-equilibrium phase. The dynamics before the initial time 7y are not
yet properly understood, and the study of this stage is one of the aims of this doctoral
dissertation.

e Quark-gluon plasma: Quarks and gluons are in a deconfined, albeit strongly interacting
state. The QGP created in the collision expands collectively in a nearly perfect fluid-like
manner [8]. This hydrodynamic expansion is driven by pressure gradients and is described
well by the equations of relativistic viscous hydrodynamics. An overview of this approach
will be given in more detail later.

e Hadronization: As the quark-gluon plasma expands and cools, it eventually reaches a
point where the energy density is low enough for quarks and gluons to recombine and form
color-neutral hadrons (e.g., mesons and baryons). This process is known as hadronization.
It marks the end of the QGP phase. As the hadrons interact with each other through
various scattering processes, their abundances can change. However, particle interactions
become less frequent as the system cools and expands further. Eventually, the interactions
become so sparse that the particle abundances are fixed. This stage is referred to as the
chemical freeze-out.

At chemical freeze-out, the relative abundances of different particle species are deter-
mined, and the particle ratios are no longer changing. The chemical freeze-out tempera-
ture and chemical potentials are crucial parameters that determine the hadron composi-
tion and relative particle yields at this stage.

e Kinetic freeze-out: After chemical freeze-out, where the particle ratios are fixed, and the
particle species are no longer changing through inelastic interactions, the system continues
to expand and cool. As the system cools down further, the particle interactions become
less frequent, and the mean free paths between particle collisions become larger.

At kinetic freeze-out, the particle scattering cross sections become small enough that
the particles essentially stop interacting, allowing them to move freely without further
rescattering. This stage marks the end of the particle interactions and the time when the
particle momenta are frozen.

Kinetic freeze-out is essential for understanding the final-state distributions of particles
measured in heavy-ion collision experiments. The particle momentum distributions at
kinetic freeze-out carry valuable information about the system’s properties during the
earlier stages, such as the temperature, collective flow, and other transport properties [37].

e Detection and Measurement: The final stage of the evolution is detecting and measuring
the produced particles in particle detectors. Experimental observables, such as particle
yields, momentum distributions, and correlations, provide crucial information about the
properties of the evolving QCD matter.

1.2.1 Important concepts and physical quantities: an overview

The following section gives an overview of the most important theoretical concepts and ob-
servables related to the study of heavy-ion collisions. Familiarity with these is necessary to
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Figure 1.7: Space-time diagram of the different stages of evolution of QCD matter created in
heavy-ion collisions. The beam axis is denoted by z, and ¢ is time. The Lorentz-invariant
proper time (7 = +/t? — 2?) is constant along the hyperbolic curves that separate different
stages. Figure adapted from [38].

understand the results presented in this thesis. We will also show examples of related experi-
mental data.

Participants and spectators. When considering two colliding nuclei, one assumes that
nucleons travel along parallel trajectories, and one can separate participants from specta-
tors |37]. Nucleons that do not encounter other nucleons on their paths are called spectators,
and those that interact with each other are called participants. The participants that suffered
at least one inelastic collision are called wounded nucleons. These two terms are often used
interchangeably since, at very high energies, inelastic processes dominate the collisions [39].

Impact vector and the reaction plane. An important concept is the impact vector
b [37] - the vector that connects the centers of the colliding nuclei in the plane perpendicular to
the trajectory of the nuclei. Its length is called the impact parameter. It is not measurable, but
it influences the geometry and future evolution of the system. [39] It is common to introduce
a coordinate system whose z-axis is along the beam trajectory, and the x-axis is along the
direction of the impact vector. The plane spanned by this coordinate system’s x and z axes is
called the reaction plane. Figure 1.8 illustrates this.

Rapidity y is used as a measure of relativistic velocity, and it is defined in the following
way [37]:
1 " E +p

y=;1

. 1.13
2 FE —pH ( )

Here, £ = \/p? + m? is the energy of the particle with mass m and 3-momentum p, while
p| is the magnitude of its longitudinal momentum. Rapidity is additive with respect to Lorentz
boosts along the z-axis, which is its main advantage when compared with standard velocity.
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Figure 1.8: Illustration of QGP created in a heavy ion collision. The usual setup of the
coordinate system is shown: the z-axis is along the beam trajectory, and the x-axis is along the
direction of the impact vector. The plane spanned by this coordinate system’s z and z axes
is called the reaction plane. The initial spatial anisotropy (€) is converted to the momentum
anisotropy (v2). Figure adapted from [40].

One similarly defines pseudorapidity [37]:

n:llnw:—ln(tan(g)) (1.14)
2 [pl—p 2

Here, 6 is the angle between the particle 3-momentum (p) and the positive direction of the
zZ-axis.

In the massless limit, pseudorapidity and rapidity become the same, while in the case of
finite mass, their relations are more complicated. The y = 0 region is called the mid-rapidity
region and is particularly interesting. The particles in this region are either new particles
created during the collision or already present in the beams but underwent several rescatterings,
significantly altering their initial completely longitudinal momenta [37].

The relation between pseudorapidity and rapidity distributions in the midrapidity region is
straightforward — they are related through the particle transverse velocity:

dN o yun dN
dnd®p1 |, mi dyd’pi|,_,

(1.15)

Here, m, is called the particle’s transverse mass, and it is given by m; = y/m? + p? , where
p. is the transverse component of the particle’s momentum.

Particle multiplicity [41] — an essential quantity that characterizes the collision event —
refers to the number of particles produced in a specific collision. When two nuclei collide at high
energies, many new particles are created due to the collision. These particles can be various
types of hadrons (such as pions, kaons, protons, and others) and other particles like photons,
electrons, and muons [37]. Naturally, the number and types of particles produced depend on
factors such as the collision energy, participant number, and the nature of the colliding nuclei.

As already explained, particle multiplicity is typically measured within a specific region,
such as the midrapidity region, which is of particular interest. The multiplicity distribution
refers to the statistical distribution of the number of particles produced in many similar collision
events.

Figure 1.9 shows the experimentally measured charged multiplicities at midrapidity,
dNen/dn|y=o0/({Npare)/2) as a function of the participant number, (Npq) from [41]. The
charged multiplicity is scaled by the number of participant pairs, (Np.-+/2). The results from
ATLAS (A Toroidal LHC ApparatuS), CMS (Compact Muon Solenoid), ALICE (A Large Ion
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Collider Experiment) collaborations are compared with the RHIC data. A moderate increase
of dNep,/dn|y=0/({Npart)/2) is observed, from about 4.6 (in the peripheral collisions, equivalent
to a smaller number of participants) to 8.8 (in the central collisions, equivalent to a larger
number of participants).
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Figure 1.9: Experimentally measured charged particles multiplicities at midrapidity scaled
with the number of participant pairs as a function of (N,,,). The results from LHC are for the
Pb-+Pb collision system at /sy = 2.76 TeV (ATLAS — blue circles, ALICE — red stars, CMS
— open circles), while the RHIC results (multiplied with 2.15 to facilitate comparison) are for
Au+Au at /syy = 200 GeV (open squares). Figure adapted from [41].

Boost invariance was initially introduced in a seminal paper by Richard Feynman [42].
In the context of heavy-ion collisions, it pertains to a significant concept that governs the
behavior of specific quantities in the collisions when observed from different reference frames
related through Lorentz boosts. This concept becomes relevant in scenarios where particular
quantities associated with a particle collision remain unchanged under Lorentz boosts along
the beam axis. For instance, the thermodynamic properties like temperature, pressure, and
energy density employed in the hydrodynamic description of heavy-ion collisions are considered
Lorentz scalars [37]. Consequently, they solely depend on transverse coordinates and the proper
time 7 = /2 — 22. It is generally considered that boost invariance is a good approximation for
the central region in very high-energy heavy-ion collisions.

The principle of boost invariance is notably evident in the (pseudo)rapidity distribution of
generated particles. This phenomenon leads to a plateau-like configuration within the pseudora-
pidity distribution around the midrapidity region (around n = 0). Figure 1.10 shows the results
from the ALICE collaboration [43] of the charged-particle pseudorapidity density (dN.,/dn) as
a function of pseudorapidity for different centrality classes in Pb+Pb collisions at \/syn = 5.02
TeV. The plot shows a characteristic plateau-like structure around n = 0, a consequence of the
boost invariance.

Transverse energy (often denoted as E7) is an important observable used to characterize
the energy the produced particles carry in the transverse direction to the beam axis. It can be
calculated in several ways, but the definition used in practice is [44]:

Ep =) Ejsin(6;), (1.16)

where E; is the energy measured by the j-th tower of the calorimeter, while 6; is its polar
angle. The sum runs over all the towers of the calorimeter. Er can also be defined so that the
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Figure 1.10: Charged-particle pseudorapidity density dN.,/dn as a function of pseudorapidity
measured by the ALICE collaboration for different centrality classes in Pb-+Pb collisions at
V/Snn = 5.02 TeV. Figure adapted from [43].

sum goes over single-particle paths, but in order to match the calorimeter-related definition,
E;s have to be replaced by single-particle energies [44].

Figure 1.11 shows the summary of some experimental measurements of (Er/dn)/(dN.,/dn),
which is a measure of the average transverse energy per particle, as a function of the participant
number (Npq¢). We observe that (Er/dn)/(dN.,/dn) increases about 1.25 times when going
from /sy = 200 GeV to \/syny = 2.76 TeV.
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Figure 1.11: (Er/dn)/{dNe,/dn) versus (Np.) for two collision systems at different center-
of-mass energies. It shows the results from ALICE (red circles) for Pb+Pb at \/syy =
2.76 TeV [44], STAR [45] (blue stars) and PHENIX [46, 47] (open squares) for Au+Au at
VNN = 200GeV. Figure adapted from [44].

Centrality [37] refers to a measure of how head-on or central the collision is between the
two colliding nuclei — it is an essential concept as it helps categorize different types of collisions
based on the degree of overlap and interaction between the colliding nuclei.

During a heavy-ion collision, the nuclei pass through each other, and the extent of overlap or
interaction between them varies depending on the impact parameter defined above. Intuitively,
a collision with a small impact parameter indicates a more central collision with a higher
degree of overlap. In contrast, a large impact parameter indicates a peripheral collision with
less overlap.

Centrality is usually defined as a percentage of the total nuclear cross section [48], and the
collisions are divided into centrality classes or bins. These classes represent different impact
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parameter ranges, with the most central collisions falling into the lowest centrality bins (e.g.,
0-5% centrality) and the most peripheral collisions assigned to the highest centrality bins (e.g.,
90-100% centrality). The centrality percentile ¢ of a A+ A collision can be expressed as [49]:

b do 31/ b

<2 db 1 d

= fgodgg - / =y, (1.17)
fO de/ OAA Jo db

where 044 is the total inelastic nucleus-nucleus cross section, b is the impact parameter and
do /db is the impact parameter distribution.
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Figure 1.12: An illustration of classifying events into different centrality classes. The figures
represent results obtained within the Monte Carlo Glauber model for Pb+Pb collisions at
Vsny = 2.76TeV. The plot on the left shows the impact parameter distribution of events —
the larger the impact parameter b, the higher the centrality class. The plot on the right shows
the number of participants distribution — the larger the number of participants, the lower the
centrality class. Different centrality classes are marked on the plots. Figure adapted from [49)].

Figure 1.12 shows an example of how Pb+Pb at /sx\y = 2.76 TeV collision events are
generated theoretically within the Monte Carlo Glauber model [49] (described in more detail
in Section 1.3) are sorted into centrality classes.

Nuclear modification factor. The observable which is commonly used to quantitatively
describe the energy loss of high-p, particles is the nuclear modification factor R44. If we con-
sider a case with no medium effects, the yields of high-p, particles would grow with the number
of partonic interactions, which is proportional to the number of nucleon-nucleon collisions. If
we look at single-inclusive hadronic spectra at midrapidity, we could write [50]:

dNAA—>h m dep—>h

—_ = _. 1.18
dzpj_dy < COll)d?pJ_dy ( )

Here, (NA47) is the average number of nucleon-nucleon collisions. The nucleon-nucleon
spectrum is obtained experimentally in p-+p collisions. To characterize deviations from this
scenario, we introduce the nuclear modification factor. In other words, to obtain information on
the thermodynamic and transport properties of the QCD medium produced in nucleus-nucleus
(A+A) collisions, we need to compare the results for a given observable with the results in

proton-proton collisions ("QCD vacuum") [51]. Schematically:

Yield(A+A)  "hot/dense QCD medium”

R — _
Ad Yield(p + p) "QCD vacuum”

(1.19)
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1.2. Heavy-ion collisions

More concretely, we can define the nuclear modification factor in the following way [37]:

dNAA

1
Raalpr, ¢) = i dfﬁ,i?, (1.20)
coll apLdo

where dNga/dp,d¢ is the spectrum of a particular kind of particles in A + A collisions,
dN,,/dp1d¢ is the spectrum in p + p collisions, ¢ is the angle in transversal (orthogonal to
the beam direction) plane, and N, is the number of binary collisions. The angular-averaged
version is given as:

2T
Raalpyr) = %/0 Raa(py, ¢)do. (1.21)

Intuitively, if a collision between two nuclei were a simple superposition of p + p collisions, the
value of R4 would be 1. It is between 0 and 1 if the medium suppresses the production of hard
particles. Therefore, R4 reflects the suppression of high-p, particles due to the energy loss in
the medium formed in heavy-ion collisions (i.e., larger suppression corresponds to the smaller
value of Ra4). See Figure 1.13 for an illustration of hot versus cold nuclear matter effects,
which compares A+A collisions with p+A collisions. The creation of quark-gluon plasma in
p+A collisions is still an open question [52, 53].
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Figure 1.13: Hot versus cold nuclear matter effects: an illustration of a nucleus-nucleus (A+A)
collision versus a proton-nucleus (p+A) collision. The gray-shaded area on the illustration on
the left shows the QGP medium formed in the collision. The hard partons are suppressed as
they traverse the medium. Whether QGP is created in p+A collisions is still an open question
(see e.g. [52]). Figure adapted from [53].

Collective flow. Important information about the quark-gluon plasma can be obtained if
we consider the differences in particle production in different directions. Namely, the momentum
distribution of the particles produced in a nucleus-nucleus collision can be represented in the
following way [54, 55]:

AN dN -
dyd?p,  2ndyp.dp.

> " 2v, cos(n(¢ — rp))| - (1.22)

Here, Y gp is the angle that defines the reaction plane. The reflection symmetry with respect
to the reaction plane causes the sine terms from this expansion to vanish [56]. The coefficients
in this expansion are, in general, dependent on transverse momentum and rapidity and are
given by:

un(pL,y) = (cos[n(¢ — Yrp]). (1.23)

The average runs over the particles, summed over all the events, for a particular (p,,y) bin.
For individual events, all v,, are non-vanishing. [39] In particular, v, is called the directed flow,
vy is the elliptic flow and vg is the triangular flow. Using the word flow’ for these coefficients
reflects that they quantify the phenomena that arise due to the collective motion of particles,
the hydrodynamics-like expansion of matter created in heavy-ion collisions.
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An approximate way to calculate vy of high-p, particles is given by |57]:
1 Rm _ Rout
e L 124
AA T 10N

Here, R, is related to the suppression of particles in the in-plane (¢ = 0) direction, and
R9"% is related to the particles in the out-of-plane (¢ = 7/2) direction. See Figure 1.8 for an
illustration: the z-axis corresponds to the in-plane direction, while the y-axis corresponds to the
out-of-plane direction. Intuitively said, the vy coefficient of high-p, particles reflects the spatial
anisotropy of the medium: particles traversing the medium in the in-plane and out-of-plane
directions traverse different path lengths and consequently have different suppressions.

1.2.2 The QCD phase diagram

The phase diagram of QCD matter is often depicted with temperature (7") on the vertical axis
and baryon chemical potential (up) on the horizontal axis [58], see Figure 1.14. However, since
the exact behavior of QCD matter at various values of (ug, T) is still an active area of research,
the phase diagram is subject to ongoing refinement and exploration. Different regions of the
phase diagram represent distinct phases or crossovers between them.

Hadronic phase: Nuclear matter exists in the hadronic phase at low temperatures and
densities. In this phase, quarks and gluons are confined within composite particles — hadrons,
such as protons and neutrons.

Quark-gluon plasma (QGP) phase: As the temperature and density increase, the phase
diagram predicts a transition to the quark-gluon plasma phase. In this phase, the energy
density is high enough so that quarks and gluons are deconfined, resulting in a plasma of
almost free quarks and gluons. The QGP phase is believed to have existed shortly after the Big
Bang and can be created artificially in high-energy heavy-ion collision experiments. Figure 1.14
shows different areas of the phase diagram accessible by different experimental facilities.

Crossover region: At low baryon chemical potentials, the transition from the hadronic phase
to the QGP phase is expected to be smooth. There is no clear boundary between the two phases
in this region, and the system’s properties change gradually. Lattice gauge theories generally
predict that the cross-over occurs at T.(up = 0) = 154+9MeV and €. = 0.18—0.5 GeV /fm? [59].

First-order phase transition: The transition may become a first-order phase transition at
higher baryon chemical potentials, such as those encountered in the core of neutron stars. In
this case, a distinct boundary exists between the hadronic and the QGP phases, with a jump
in thermodynamic quantities like energy density or pressure at the transition point.

Exotic phases: The phase diagram also suggests the existence of other exotic phases under
extreme conditions, such as the color superconductor phase [60]: at extremely high densities,
quark matter may undergo a color superconducting phase transition. In this phase, matter
exists as a degenerate Fermi gas of quarks where Cooper pairs are formed.

1.2.3 Experimental observations and empirical evidence for the
existence of quark-gluon plasma

Experimental measurements relevant to the study of QCD matter at extreme conditions are
conducted in particle accelerators, which are sophisticated and complex research facilities. The
two most relevant accelerators for studying the physics of quark-gluon plasma are RHIC and
LHC.
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Figure 1.14: A sketch of the phase diagram of QCD matter. Values of (up,T’) accessible by
different experiments are also shown on the plot. Figure adapted from GSI [61].

The Relativistic Heavy Ion Collider (RHIC) is a particle accelerator facility located
at Brookhaven National Laboratory in Upton, New York, USA. It is one of the world’s most
powerful and versatile heavy-ion colliders designed to study nuclear matter under extreme con-
ditions. It is a crucial facility for exploring the quark-gluon plasma. It is a circular accelerator
that spans approximately 3.8 kilometers in circumference [34]. It can accelerate various types
of ions, including gold (Au), copper (Cu), and others, as well as protons. The primary pur-
pose of RHIC is to collide heavy ions at extremely high energies, up to 200 GeV per nucleon
pair. RHIC has had several large and sophisticated experimental detectors, including the STAR
(Solenoidal Tracker at RHIC) and PHENIX (Pioneering High Energy Nuclear Interaction eX-
periment), BRAHMS (Broad Range Hadron Magnetic Spectrometers) and PHOBOS (PHOton
and heavy IOn Spectrometer).
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Figure 1.15: A depiction of a Pb+Pb collision at the ALICE experiment [62], one of the three
major experiments at CERN in Geneva, Switzerland.

The Large Hadron Collider (LHC) is currently the world’s largest and most powerful
particle accelerator. It is located at CERN (European Organization for Nuclear Research) near
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Geneva, Switzerland. The LHC is a circular accelerator spanning a circumference of about 27
kilometers. The primary purpose of the LHC is to accelerate protons and heavy ions (e.g., lead)
to nearly the speed of light and collide them at extremely high energies. The highest collision
energies for lead-lead (Pb + Pb) and xenon-xenon (Xe + Xe) systems are 5.02 TeV and 5.44
TeV, respectively. The LHC has four primary particle detectors - ATLAS (A Toroidal LHC
ApparatuS), CMS (Compact Muon Solenoid), ALICE (A Large Ion Collider Experiment),
and LHCDb (Large Hadron Collider beauty). These detectors capture the results of proton-
proton and heavy-ion collisions, providing valuable data for analysis. Of these, ALICE [63] is
dedicated solely to the study of heavy-ion collisions. A depiction of a heavy-on collision in the
ALICE detector with particles flying out of the collision point towards the detectors is shown
in Figure 1.15.

In this section, we will briefly overview the breakthrough results indicating that quark-gluon
plasma is formed in a heavy-ion collision.

In the Au+Au collisions at /sy = 130GeV, it was reported by the PHENIX collaboration
at RHIC [64] that the spectra from central collisions were significantly suppressed with respect
to proton-proton spectra scaled with the number of binary collisions. This is deemed [53] the
most important discovery of RHIC physics. In order to confirm that the observed effect is due
to the creation of hot nuclear matter in Au+Au collisions and not an effect of cold nuclear
matter, measurements in deuteron-gold (d+Au) collisions were performed at RHIC in 2003,
and the obtained findings were so definitive that the results from all four RHIC experiments
were featured on the cover of Physical Review Letters that year (the cover is shown on the
left-hand side of the Figure 1.16).
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REVIEW MFDI g O m charged hadrons
LLETTERS °E A @ neutral pions d+Au

Aticles published week ending
15 AuGusT 2003

Volume 91, Number 7

py (GeV/c)

Figure 1.16: The image on the left shows the cover of Physical Review Letters (Volume 91,
Number 7, August 2003), with all four RHIC experiments showing definitive signs of quark-
gluon plasma creation. The plot on the right shows the R4 of charged hadrons (h*) and
neutral pions (7°) in the d+Au and Au+Au collisions systems at \/syy = 200GeV from the
PHENIX collaboration from that volume [65]. Figure adapted from [53].

The right-hand side of Figure 1.16 shows the nuclear modification factor R44 as a function
of transverse momentum p, for non-identified charged hadrons (h*) and neutral 7-mesons ()
in Au+Au and d+Au collisions at \/syy = 200GeV [65]. We can draw several conclusions from
this plot. Namely, the suppression of both h* and 7° is observed in the Au+Au collision system
but not in d4+Au. This demonstrates that the suppression is due to the effects of a hot nuclear
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medium formed in Au+Au collisions. Moreover, h* and 7° show different suppression patterns
in both collision systems — therefore, particle identification is important in these measurements,
as different particle species behave differently.

Another important signal of the creation of quark-gluon plasma is the collective flow of parti-
cles created in the collision, quantified by the first several coefficients in the Fourier expansion of
the azimuthal angle distribution (see Eq. 1.22). Figure 1.17 shows a summary of the anisotropy
parameter (vy) measurements for various hadron species (7, K, p, A) from STAR [66, 67, 68, 69]
and PHENIX [70] experiments at RHIC. The non-zero value of vy in these experiments repre-
sents conclusive evidence of strong collective behavior of matter produced in Au+Au collisions.
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Figure 1.17: A summary of measurements of the anisotropy parameter (vy) at RHIC. The plot
shows STAR [66, 67, 68, 69| (solid symbols) and PHENIX [70] (open symbols) measurements
for various hadron species (m, K, p, A) in Au-+Au collisions at \/syny = 200GeV. Figure adapted
from [7].

1.3 The initial state

The initial state refers to the state of the colliding nuclei before they interact and form
quark-gluon plasma (see Fig. 1.7). An abundance of theoretical models have been developed
to describe the initial state in heavy-ion collisions — they aim to understand the distribution
of relevant quantities, such as the energy density and temperature that set the stage for the
subsequent evolution of the system. In this Section, we will give an overview of some of the
different models of the initial state in heavy-ion collisions that have been utilized to produce
the results presented in this thesis.

1.3.1 Glauber Model: the basics

We here give a short overview of the Glauber Model, since it is one of the initial-state models
used to generate the results in this thesis. The Glauber model is a theoretical model which
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is used to calculate the geometric quantities pertaining to the heavy-ion collision, such as the
impact parameter (b) and the number of participants (Npg,¢) [71]. The aim of employing Monte
Carlo implementations of the Glauber model (Monte Carlo Glauber) is to i) stochastically
calculate the positions of nucleons in each nucleus and then i) simulate their collision process
event-by-event by assuming nucleons travel in straight lines along the beam axis. The nucleons
are marked as either participants or spectators and geometric properties are calculated by
conducting numerous nucleus-nucleus collision simulations. These calculated properties are
then used to determine the average values for different centrality classes, which classify the
events in a manner that was explained earlier, in the Section 1.2. See Figure 1.12 for an
example.

To begin with, in the Glauber model of nuclear collisions, the Woods-Saxon nuclear density
distribution is commonly used to describe the spatial distribution of nucleons (protons and
neutrons) within the colliding nuclei. [72]

The formula gives the modified Woods-Saxon nuclear density distribution:

L+ w(p)®
"1+ exp(=E)’

a

p(r) =p (1.25)

The values of the parameters are given in [73|. Here, py is the nuclear density in the center
of the nucleus, R is the radius of the nucleus (R = (6.62 & 0.06) fm for the 2°*Pb nucleus [49],
while for 136Xe it is R = (4.7964 + 0.0047) fm [74]), a is the parameter which dictates how fast
does the nuclear density fall off near the edge of the nucleus (a = (0.546 + 0.010) fm), and w
is the parameter which describes the deviations from the spherical shape (w = 0 for the 2°Pb
nucleus).
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Figure 1.18: A typical Glauber Monte Carlo-generated event of a Pb+Pb collision at the LHC
energy. Solid circles represent wounded nucleons, while dotted circles represent the spectators.
Figure adapted from [75].

The other input required for the calculations within the Glauber Model is the nucleon-
nucleon inelastic cross section (¢Y7), which depends on the collision energy |75]. It is estimated

to have the value of 0! = 42 mb at the RHIC energy of \/syy = 200GeV, while at the LHC,
it is estimated to be around ol = (64 & 5) mb at \/syn = 2.76 TeV [49].
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1.3. The initial state

After having assembled the nuclei according to the nuclear density distribution, Glauber
Monte Carlo proceeds by drawing the value of the impact parameter from a distribution
dN/db o b [48]. In a nucleus-nucleus collision, it is commonly assumed that the collision
can be broken down into a series of independent binary nucleon-nucleon interactions.

In the simplest variant of the Monte Carlo approach, a nucleon-nucleon collision is considered
to occur when the distance (d) between the nucleons in the plane perpendicular to the beam
axis satisfies [48]:

inel

d <y 28N (1.26)

— Y

™

with ¢! being the total inelastic nucleon-nucleon cross section.

Nucleons are not confined to specific spatial coordinates in the optical approximation (Op-
tical Glauber Model) [48, 76]. Instead, this model suggests that at sufficiently high energies,
nucleons possess enough momentum, leading to minimal deflection as nuclei pass through one
another. This theory also assumes that nucleons move independently within the nucleus, and
the nucleus’s size greatly surpasses the range of the nucleon-nucleon force. By presuming
independent linear trajectories for nucleons, it becomes possible to derive simple analytical
expressions for the cross-section of nucleus-nucleus interactions. Moreover, these expressions
aid in determining the count of interacting nucleons and nucleon-nucleon collisions. These
calculations are established in relation to the fundamental nucleon-nucleon cross-section.

Figure 1.19 shows results produced within the Monte Carlo Glauber and Optical Glauber
models. The plot on the left shows the total cross section for a A+ B collision (which is the
integral of do/db distributions) as a function of the nucleon-nucleon inelastic cross section oy .
As the nucleon-nucleon cross section becomes more point-like, the two results obtained from
these approaches converge [48]. The plot on the right shows the results for simple geometric
quantities: the number of participants N4+ and the number of binary nucleon-nucleon collisions
N,y as functions of the impact parameter b. The two approaches give results that almost
completely overlap.
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Figure 1.19: An example of results obtained within the Glauber Monte Carlo and the Optical
Glauber models. The plot on the left shows the total cross-section as a function of the nucleon-
nucleon inelastic cross-section. The plot on the right shows the number of participants and
binary nucleon-nucleon collisions as a function of the impact parameter b, obtained within the
optical approximation (lines) and Glauber Monte Carlo (symbols). Figure adapted from [48].
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1. Introduction

1.3.2 Color glass condensate

IP-Glasma |77, 78] (impact parameter glasma) is a model based on color glass condensate |79]:
a new form of hadronic matter, hypothesized to exist at very high energies. The development
of this model was motivated by the experimental results from HERA.

Earlier in this Chapter, in Section 1.1, deep inelastic scattering experiments were described.
In these experiments, an electron emits a virtual photon which then scatters off a quark in a
hadron. We can introduce the Bjorken = variable in a frame-independent way:
Q2
x = . (1.27)
2p-Q
Here, p is the momentum of the hadronic target, and @ is the virtual photon momentum
transferred to the hadron in the rest frame [79].

HERA (Hadron Elektron Ring Anlage, or Hadron FElectron Ring Accelerator) was a particle
accelerator located at the DESY laboratory in Germany, which collided electrons or positrons
with protons to study the structure of protons: one of the key contributions of HERA was to
provide precise measurements of parton distribution functions (PDFs). In this context, quarks
and gluons are collectively reffered to as partons. Namely, at very small values of Bjorken-
x, the measurements at HERA indicated that the gluon density in the proton becomes very
high [80, 81]. This is relevant because, at high energies and densities, the gluon density in
a hadron can become so large that saturation effects become important. Moreover, HERA
data indicated that at small Bjorken-z, the gluon distribution function increases much more
rapidly than expected. This was seen as evidence of high parton densities and the possibility
of a saturated gluon state. See the left plot of Figure 1.20 for the gluon distribution function
measured by the ZEUS collaboration at HERA.

Thus, these findings led to the idea of color glass condensate. The term color in its name
originates from the fact that gluons possess color charge. The term glass is used because the
associated fields exhibit gradual changes over natural time scales, analogous to glass which
appears solid on short time scales despite being liquid or disordered on longer time scales. The
term condensate is applied due to the dense accumulation of massless gluons. This density
saturates at 1/as >> 1, akin to a Bose-Einstein condensate.

As we can see on Figure 1.20, the gluon density xG(z, Q?) rises with decreasing x (or
increasing resolution Q?). Note that at a fixed Q?, decreasing = corresponds to the higher
interaction energy. In other words, the density of gluons per unit area per unit rapidity of a
hadron increases as = decreases. |8] These low-z gluons are densely packed in the transverse
directons, however — the interaction strength must be weak, ay < 1. This dense but weakly
coupled system is called a color glass condensate. Moreover, on the central and right plots
in Figure 1.20, we see that MSTW2008 next-to-leading order results for parton distribution
functions [81] corroborate that gluons dominate the dynamics in the small-x region.

The IP-Glasma initial state model |77, 78| is based on color glass condensate [82, 83, 84, 85].
It calculates the initial state as a collision of two color glass condensates and evolves the
generated fluctuating gluon fields by solving classical Yang-Mills equations |77, 78].

As for the other models used in this thesis, the Eskola-Kajantie-Ruuskanen-Tuominen
(EKRT) model [86, 87, 88| is based on the NLO perturbative QCD computation of the trans-
verse energy and a gluon saturation conjecture. The Reduced Thickness Event-by-event Nuclear
Topology model (TRENTo) [89] is a phenomenological model capable of interpolating between
wounded nucleon and binary collision scaling, and with a proper parameter value, of mimick-
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1.4. Hydrodynamical description of a heavy-ion collision
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Figure 1.20: The Figure on the left shows the ZEUS gluon distribution functions. The figures in
the center and on the right show MSTW2008 next-to-leading order (NLO) parton distribution
functions (PDFs) at scale Q? = 10 GeV and Q* = 10*GeV for the LHC. Figure adapted
from |79, 80, 81].

ing the EKRT and TP-Glasma initial states. The Monte Carlo Kharzeev-Levin-Nardi model
(MC-KLN) is an initial state model based on the color glass condensate [90].

1.4 Hydrodynamical description of a heavy-ion collision

At first, due to the effects such as asymptotic freedom and color screening, quark-gluon plasma
created in heavy-ion collisions at ultrarelativistic energies was expected to behave as a weakly in-
teracting gas [91]. However, the early success of calculations based on relativistic hydrodynam-
ics in explaining the experimental data has motivated its extensive application to describe this
medium, and it has become the standard approach in the field. This section briefly overviews
the hydrodynamical description of QQGP formed in ultrarelativistic heavy ion collisions.

Within the hydrodynamical description, in a heavy-ion collision [37, 92|, a large kinetic
energy of colliding nuclei causes the creation of a large number of particles in a small volume.
These particles then collide with each other very often to reach a state of local thermal equilib-
rium. After reaching thermal equilibrium, various quantities can be attributed to the system,
such as the field of temperature T'(z), chemical potentials p;(x), and flow velocity u*(x). The
subsequent evolution of the system can be described by applying hydrodynamical equations of
motion until the particles become so dilute that local thermal equilibrium is no longer a viable
assumption, and they continue to move as free particles.

A hydrodynamic description of the system offers numerous advantages [92]:

1. We can characterize the system using various thermodynamic variables.

2. Utilizing familiar quantities such as temperature and pressure, we can develop an intuitive
understanding of the evolving QCD medium created in heavy-ion collisions.

3. The models are relatively straightforward.

4. With knowledge of the initial state and the equation of state of nuclear matter, we can
determine system dynamics without delving into microscopic interactions.
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1. Introduction

1.4.1 The Bjorken model

A straightforward hydrodynamical model without transverse expansion is the Bjorken
model [93, 94]. This model is based on the assumption that the rapidity distribution of charged
particles, dN,,/dy, remains constant within the mid-rapidity region (see Fig. 1.10 and the
corresponding discussion). This holds in a narrow rapidity range near y = 0. Consequently,
the central region remains invariant under Lorentz boosts along the beam axis, as discussed
earlier in this Chapter, in Section 1.2. Since it does not depend on transverse coordinates,
this one-dimensional model lends itself to simple analytical treatment. The Bjorken model has
been employed to derive certain results presented in this thesis, which will be elaborated upon
in the subsequent Chapters. See Figure 1.21 for a schematic depiction of Bjorken evolution.

=0 =T
v~C

v=z/t

Figure 1.21: The schematic depiction of Bjorken evolution. Two Lorentz-contracted nuclei
collide, leading to the creation of highly excited in the region between them. This medium
thermalizes after 7y, and the subsequent longitudinal expansion is hydrodynamical. Figure
adapted from [95].

We define the proper time:

T =Vit? — 22 (1.28)

If we assume boost invariance, the result should be independent of rapidity. In this case,
initial conditions are given as [94]:

p(7); e(r); u =~(1,0,0,2/). (1.29)

Here, p is the pressure, € is the energy density and u* is the four-velocity of a fluid element,
z is its longitudinal coordinate, and ~ is the Lorentz factor.

The hydrodynamic equations read:

de €+p
— +
dr T

= 0. (1.30)

By using the ideal equation of state, e = 3p, we get the following solutions for the energy

density and the temperature:
€0

(1) = VR (1.31)
T(r) = % (1.32)

Hence, within the Bjorken model, we observe a straightforward analytical relationship between
temperature and proper time.
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1.4. Hydrodynamical description of a heavy-ion collision

1.4.2 Equations of motion

Hydrodynamical equations of motion are essentially conservation laws. In the ideal (non-
viscous) case, the local conservation laws can be written as [96]:
auTi/sz =0, (1.33)
Ouils = 0. (1.34)

where T/} is the energy-momentum tensor, and j% are the net baryon four-currents. The
energy-momentum tensor and net baryon currents can be expressed as:

Ty = (e+ P)ut'u” — Pg", (1.35)
Jy = pput. (1.36)

Here, € is the energy density, P is the pressure, pp is the baryon density, and u* is the flow
four-vector. Dissipative effects like viscosity or heat conductivity are neglected here, and the
fluid is assumed to always be in perfect local equilibrium. [92] In order to close this system of
equations, one also needs to add an equation of state (EoS) as a local restraint on the variables:

p = p(€ pB). (1.37)

A quantity that is very important in hydrodynamics [50] is the speed of sound squared, ¢?,
and it is extracted from the equation of state:

> Op
If we take the ideal equation of state (¢ = 3p), we get ¢ = 1/3. Equations of state with
the speed of sound approaching this value are called hard. In contrast, a soft equation of state
predicts a speed of sound that is smaller than in the ideal case. This indicates that the medium
being described by the EoS has more complex interactions between its constituents and that
an increase in energy density does not translate as efficiently into a change of pressure.

Ideal hydrodynamics, which includes no dissipative effects, was first used to describe heavy-
ion collisions, and it described the experimental data surprisingly well, as shown in Figure 1.22.

In order to improve these results and to learn more about the properties of matter created in
heavy-ion collisions, viscous hydrodynamics was introduced. Naturally, it reduces to the case of
ideal hydrodynamics in the vanishing limit of the dissipative transport coefficients (e.g., shear
viscosity, bulk viscosity, heat conductivity). It can be implemented in the first order through
the Navier-Stokes formalism [96], which is simple but introduces unphysical signal propagation
at infinite speed. The second-order formalism is called the Israel-Stewart formalism [96], which
solves this problem. Figure 1.23 shows an example of results obtained within a state-of-the-
art viscous hydrodynamical calculation. It shows root-mean-squared <vi>1/ 2 as a function of
transverse momentum p,, calculated by using MUSIC viscous hydrodynamical model, with
IP-Glasma as the initial state model [97]. We observe remarkable agreement with experimental
data from ATLAS.

A significant quantity in the viscous hydrodynamical description is the shear viscosity, 7.
In everyday life, we have the notion of viscosity as a fluid’s resistance to flow. Microscopically,
it measures the strength of interactions between the particles that make up a fluid. The lower
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Figure 1.22: Early success of ideal (non-viscous) hydrodynamics. The anisotropy parameter vy
is a function of the transverse momentum p,. The theoretical (hydrodynamical) predictions
(represented by lines) are compared with the experimental data from the PHENIX collaboration
at RHIC (represented by symbols) for different hadron species (m, K, p). The collision system
is Au+Au at /sy = 130 GeV. Figure adapted from [96].
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Figure 1.23: An example of state-of-the-art viscous hydrodynamical calculations. The figure
shows root-mean-square anisotropic flow coefficients (vz)l/ 2 as a function of transverse momen-
tum p;. The value of shear viscosity over entropy is constant, /s = 0.2. The theoretical
results obtained within the IP-Glasma + MUSIC model (represented by lines) are compared
with experimental data from ATLAS (represented by symbols) and show excellent agreement.
Figure adapted from [97].

value of the shear viscosity means that fluid flows more easily, i.e., disturbances of a part of a
fluid are more readily transmitted to adjacent parts. In the opposite limit — ideal gas, which
has no interactions among its constituents — the shear viscosity is infinite [91]. It is common
to consider the ratio between shear viscosity and the entropy density, n/s, as this facilitates
comparison of the strength of interaction per constituent among vastly different systems on
different energy scales. By using AdS/CFT correspondence, a universal lower limit for the value
of /s was posited, which is expected to hold for a wide class of quantum field theories [98]:

Ui

S 47‘(’3

~6.08- 107 ¥ Ks. (1.39)

It is common to cite this value in natural units, i.e., as 1/(4m).
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1.5. OQutline of this thesis

Figure 1.24 shows 7n/s as a function of temperature for substances that can be found in
nature [99]. We see that water, a ubiquitous substance, as well as others that are produced in
specially prepared conditions, such as liquid helium and an ultracold Fermi gas, have the values
of /s that are well above the lower boundary from Equation 1.39. On the other hand, the
values of 1)/ s for quark-gluon plasma are not far from the lower boundary [99, 100, 101, 102, 103].

Because of this fascinating property, quark-gluon plasma is sometimes referred to as the perfect
fluid.
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Figure 1.24: Shear viscosity over entropy density ratio for various fluids in nature. 7, denotes
the various critical temperatures: for water and helium, it is the temperature at the critical
endpoint of liquid-gas phase transition; for ultracold Fermi gases — the temperature of superfluid
transition; for QCD — the deconfinement temperature. The theoretical curves for QGP are
from [100, 101]. The solid red square is the upper boundary for (n/s)ogp from [102|. The
open red squares represent a lattice result of the upper boundary for (1/s)ggp from [103]. The
dashed line denotes the lower limit from AdS/CFT (1/(4x)). Figure adapted from |99].

Figure 1.25 shows a realistic QGP temperature profile obtained by using a 3+1-dimensional
viscous hydrodynamical model described in detail in [104]. The energy-momentum tensor is
decomposed into densities, flow velocity and dissipative currents, while the relativistic fluid-
dynamical equations are the usual local conservation of energy-momentum and net-charge cur-
rents [104]. These equations are closed by adding an equation of state, together with the
equations that describe the evolution of dissipative quantities [104]. The temperature profile
obtained through this model is one of the profiles utilized to generate the results in this thesis,
with temperature given as a function of spatial coordinates in the mid-rapidity plane. With in-
creasing proper time 7, we can observe that the system cools, and the initial spatial anisotropy
dilutes.

1.5 Outline of this thesis

The results shown in this thesis will demonstrate how high-p, theory and data can be used in
conjunction with low-p, (i.e., viscous hydrodynamical calculations) physics in order to extract
important properties of the new form of matter described in this Chapter: the quark-gluon
plasma.

The thesis follows this outline: Chapter 2 provides a concise overview of the employed
research methodology. It introduces the state-of-the-art dynamical energy loss formalism, uti-
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Figure 1.25: A depiction of the QGP evolution: the temperature is given in MeV. The initial
state is calculated within the Glauber model, while the subsequent evolution is hydrodynamical.
The initial time is 79 = 1fm, the collision system is Pb+Pb at \/syy = 5.02TeV. This is one
of the profiles generated as input for high-p, calculations to obtain some results in this thesis,
which will be presented in the subsequent chapters.

lized for studying the energy loss of rare high-p, probes traversing the quark-gluon plasma.
This formalism is integrated into the DREENA framework, serving as the primary tool for
calculating the necessary observables required for subsequent analyses.

In Chapter 3, the results pertaining to the study of the early stages of quark-gluon plasma
formation will be shown. In particular, our primary goal is to constrain the value of the initial
time of the medium’s hydrodynamical (transverse) expansion. To achieve this, we first focus on
the hydrodynamical temperature profiles which were generated with no pre-equilibrium evolu-
tion in the transverse direction, and we constrain the value of the initial time of hydrodynamical
(transverse) expansion through high-p, simulations and comparison with data. However, since
this is not believed to be a realistic model of the evolution of quark-gluon plasma created in
heavy-ion collisions, we then explore how this picture changes once we include pre-equilibrium
evolution in our hydrodynamical model.

Chapter 4 contains the results related to the study of the anisotropy of quark-gluon plasma
created in heavy-ion collisions and how it can be constrained by using high-p, data. We first
explore a simplified picture: a 1D Bjorken evolution of the medium with no transverse expansion
and whether we can relate high-p, observables to the anisotropy of this medium. Afterward, in
order to ensure the universality of our findings, we proceed to the full-fledged medium evolution
and explore the relationship between high-p, data and the anisotropy of the medium in a diverse
variety of cases, which include different collision systems, collision energies, initial states, and
subsequent hydrodynamical evolution models.

Chapter 5 will address the importance of higher orders in opacity in the energy loss of high-
p. probes. Namely, the radiative energy loss formalism embedded in the original DREENA
framework considers the medium as optically thin: a jet encounters a single scattering cen-
ter before radiating gluons. This is opposed to the optically thick approximation, where jets
encounter infinite scattering centers. However, since the size of the medium created in heavy-
ion collisions is several fm, it is reasonable to expect both approximations to be unrealistic.
Thus, we implement a finite number of scattering centers into radiative energy loss within the
DREENA framework and show how this affects the high-p, observables.

Chapter 6 will summarize the main findings of this thesis.

The Appendices contain supplementary results that could create clutter in the main body
of the text.
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Chapter 2

Methodology

The main idea behind the research presented in this thesis is to use rare high-p, particles
to study the properties of quark-gluon plasma created in relativistic heavy-ion collisions -
@GP tomography. It has already been established that high-p, particles are excellent tools
for studying the properties of quark-gluon plasma for several important reasons: i) they are
created in the early stages of QGP formation and thus carry information on the entire evolution
of the system; i) they significantly interact with the medium; i) they can be studied by
applying perturbative QCD techniques. However, to use high-p, particles for QGP tomography,
a reliable and comprehensive description of their energy loss in the QCD medium is required.
The dynamical energy loss formalism [105, 106] has been developed and embedded within
DREENA numerical framework [107, 108, 109]|, with state-of-the-art features outlined in this
Chapter. Within this proper description of their interaction with the medium, high-p, particles
become excellent tomography tools, i.e., high-p, probes. This framework has been utilized to
generate predictions for high-p, observables, which were subsequently employed in theoretical
analyses within this thesis. Furthermore, in Chapter 5, we will generalize this formalism to a
finite number of scattering centers in the medium.

2.1 The dynamical energy loss formalism

Historically, Gyulassy, Levai and Vitev, the creators of the GLV model [110, 111, 112, 113,
114], addressed the energy loss of an energetic (massless) parton traversing a finite quark-
gluon plasma, which was also generalized to all orders in opacity (i.e., number of scattering
centers that a jet experiences in the medium), using the reaction-operator approach [112].
Djordjevic and Gyulassy further expanded the GLV model by introducing the heavy quark
mass M in the radiative energy loss in static finite-size quark-gluon plasma, thus creating the
DGLV model [115]. Remarkably, they discovered that the general result is obtained by shifting
all frequencies in the GLV series by (m} +2*M?)/(22E), where m, is the effective gluon mass,
x is the fraction of the energy carried by the radiated gluon, while F is the initial energy of the
jet [115]. Moreover, in the massless limit, DGLV recovers GLV results.

However, the DGLV model assumes that the QGP medium consists of randomly distributed
static scattering centers, where collisional energy loss is equal to zero [115]. Some studies [116]
have suggested that radiative energy loss alone is not sufficient to explain the heavy flavor R4
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2. Methodology

results from RHIC.

Thus, to address this issue, the dynamical energy loss was developed, which is our most
sophisticated model. It has the following features:

e Radiative energy loss [105], applicable to both light and heavy flavor;

e Collisional energy loss, calculated under the same theoretical framework, applicable to
both light and heavy flavor [106];

e The formalism considers QCD medium of finite size (L) and temperature (7'), which
consists of dynamical (i.e., moving) partons, in a distinction to models with widely used
static approximation and vacuum-like propagators [117, 118, 110, 119];

e Calculations are based on generalized Hard-Thermal-Loop approach [22, 120], with nat-
urally regulated infrared divergences [105, 121, 122].

e The formalism is generalized to finite magnetic mass [123] and running coupling [124];

e Recently, soft-gluon approximation has been relaxed, expanding the applicability region
of this formalism [125].

It was previously shown [126] that all the model ingredients noted above affect the high-p
data and thus should be included to explain it accurately.

%
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Figure 2.1: One hard thermal loop diagram, which gives the 0'* order collisional and radiative
rates. Figure adapted from [106].

Figure 2.1 shows the one hard thermal loop (HTL) diagram from which we can obtain the
0" order radiative and collisional diagrams. The contribution to the collisional energy loss
is obtained by "cutting" (putting on shell) the parton propagators. On the other hand, the
radiative contribution is obtained by cutting through parton and gluon propagators. [106]

Collisional energy loss within the dynamical energy loss formalism has been developed
by M. Djordjevic in [106]. It refers to the processes with the same number of incoming and
outgoing particles. It is computed in the finite-temperature QCD medium from the diagram
shown on Figure 2.2.

The effective gluon propagator shown in Figure 2.2 has both transverse and longitudinal
contributions. In Coulomb gauge the gluon propagator has the following form [106]:

Dw/(wa 60 = _PMVAT(wa (_i) - QMVAL(C‘)? Q)a (21)

where ¢ = (w,q) is the 4-momentum of the gluon, while Ay and Ay are effective transverse
and longitudinal gluon propagators given by [106, 108|:

=2 ,UE(T>2 _ (WQ — qz)luE(T>2 w |C<.) — ’(_ﬂ |)

A =0% — 1 2.2
r=v 4 2 247 R TR PN E (22)
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2.1. The dynamical energy loss formalism

p p’

Figure 2.2: Feynman diagram represents the collisional energy loss in the finite temperature
QCD medium. The dashed circle denotes the effective gluon propagator. Figure adapted
from [106].
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where pg(7T) is the electric screening (the Debye mass) [108].

AT =G+ pp((T)*(1 +

) (2.3)

The only nonzero terms in transverse (P,,) and longitudinal (Q,,) projectors are the fol-
lowing [106]:

iqd

pii =i 14 (2.4)

G]*"

Q™ = 1. (2.5)

The analytical expression for collisional energy loss per unit length is given by the following
expression [106]:

dEcoll 20 © e P
= 2R, (BT)a,(%(T)) / eq (K, T)AIE

dr T2
IKI/ (1) vldl (@il maz vldl
x[/ d|g| wdw—i—/ d|cj\/ ) wdw] (2.6)
0 —vlg] k| /(1+v) |d|—2|k|
2 (2/k| + w)* — |

(d* — w)((2K| +w)* +1d*)
4lq|*

<[1aLte. D) +Ar(, T (v*[df* - w?)].

where ne(I(|k’7 T) = 6\12|]/\77€_1 + 6\12\]7;_,_1
gluons, quarks and antiquarks, where N, is the number of colors and Ny is the number of
flavors. Temperature is denoted by T', ug(T) is the electric (Debye) screening mass, while the
running coupling is given by o2, which can be factorized as a,(u%)as(ET) [128], where E is
the energy of the jet. Cgr = 4/3 (Cr = 3) for the quark (gluon) jet, k is the 4-momentum of the
incoming medium parton, v is velocity of the initial jet and ¢ = (w, q) is the 4-momentum of
the exchanged gluon. ||z is provided in Ref. [106], while Ar(q,T') and Ar(q,T') are effective

transverse and longitudinal gluon propagators, given by Equations 2.2 and 2.3.

is the equilibrium momentum distribution [127] including

Radiative energy loss within the dynamical energy loss formalism has been developed
by M. Djordjevic in [105]. It originates from processes in which there are more outgoing than
incoming particles. In the original numerical framework, it is calculated up to the 1% order in
opacity (see Figure 2.3). In Chapter 5, we will expand this approach and include higher orders
in opacity in the radiative energy loss.
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Figure 2.3: The diagrams represent radiative energy loss contributions that come from 1THTL
(upper diagram) and 2HTL (lower diagram) gluon propagator. Figure adapted from [106].

The general form of the 1 order in opacity term for gluon radiation spectrum in a finite-
size medium with dynamical constituents is given by (see Chapter 5 and Appendix B for more
details):

(dzv<1) _ 4CR / iz /d? /d2q1 @) HE = M
dz * Adyn (a2 + 1) (a2 + 1i2;)

X( (Oh k))+( k)(k Ch) 02 X+(k2_ch)
0T (k—a)? ( WE ) 27)

Here, k is the 2D momentum of the radiated gluon, while q is the 2D momentum of the
exchanged gluon [105]. ug(T) is the electric screening [108], while uy(T') is the magnetic
screening [108]. Agy, is the dynamical mean free path, given by )\dyn = 3a,(Q*)T, with Q? =
ET [105]. Running coupling a,(Q?) corresponds to the interaction between the jet and the

virtual (exchanged) gluon, while E is the jet’s energy [124]. Q% which appears in as(Qk) is

the off-shellness of the jet prior to the gluon radiation and is equal to Q7 = m [124],

where M is the jet mass, x is the longitudinal momentum fraction of the jet Carried away by the
emitted gluon, while m,(T) = ug(T)/V/2 is the effective mass for gluons in finite-temperature
QCD medium [108]. L is the size of the medium, while x* is given by x* = M?z* 4+ m?.

2.2 The numerical framework

The dynamical energy loss formalism is embedded in the DREENA framework, a fully optimized
computational procedure that generates predictions for high-p, observables for various collision
systems, collision energies, centralities, and probes.

By the scheme presented in Figure 2.4, the suppressed spectrum of light and heavy particles
can be expressed within the DREENA framework as a generic pQCD convolution:

Eid’oc  Ed’0(Q)
dp} — dp}

® P(E;, — E;) ® D(Q — Hy). (2.8)
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2.2. The numerical framework

Here, indices ¢ and f stand for ’initial’ and 'final’, respectively, while ) denotes initial light
or heavy high-energy parton (light or heavy quarks or gluons). FE;d®c(Q)/dp? is the initial
momentum spectrum for the given particle, which is calculated according to [129] (step 1 on
the scheme), P(E; — E) represents the energy loss probability for the given particle which was
calculated within the dynamical energy loss formalism (step 2 on the scheme), which includes
multi-gluon [130] fluctuations, referring to the probability of jet radiating a number of gluons
(0, 1, 2...). In the approximation that the fluctuations of gluon numbers are uncorrelated, the
probabilty that the jet radiates a particular number of gluons can be modeled by the Poisson
distribution [130].

D(Q — Hg) represents the fragmentation function of light and heavy partons into hadrons
(step 3 on the scheme), where for light hadrons, D and B mesons, we use Daniel de F.-
Sassot-Stratmann (DSS) [131], Braaten-Cheung-Fleming-Yuan (BCFY) [132], Kartvelishvili-
Likhoded-Petrov (KLP) [133] fragmentation functions, respectively.
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partons ' M s hadrons
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| ; ————
; : ‘%%% %%éa :
[} [}
1 L}
[ ] L]
1) jet production 2) energy loss in QGP 3) fragmentation

Figure 2.4: Schematic representation of the QCD convolution upon which the DREENA frame-
work is based. Figure adapted from [134].

Various versions of the DREENA framework have been developed, but the three versions
relevant to this thesis are DREENA-C, DREENA-B, and DREENA-A.

DREENA-C (C — constant) is fully described in [107]. It is the simplest version of the
DREENA framework, as in it, the QGP medium is modeled in the simplest possible way:
as a constant (average) temperature medium. The average temperature is determined by T' =

dNep _
c( L ) [107]. Here, A, is the overlap area, L is the average size of the medium for a particular

AL

centrality region [107]. dfiv—;h is the experimentally measured charged particle multiplicity [107],
measured for 5.02 TeV Pb+Pb collisions at the LHC across different centralities [135], while ¢ is
a constant, which can be fixed through ALICE measurement of effective temperature for 0-20%
centrality at 2.76 TeV Pb+Pb collisions at LHC [136]. Path-length fluctuations are included
in the framework [137], with an additional hard-sphere restriction in the Woods-Saxon nuclear
density distribution to regulate the path lengths in the peripheral collisions [107]. DREENA-C
does not have any free parameters. It keeps all the dynamical energy loss formalism ingredients,
and is thus appropriate for studying the jet-medium interactions. It was previously used by the
author of this thesis to extract the temperature dependence of high-p, particles’ energy loss in
the medium. [138] Within this thesis, DREENA-C was used as a basis for the implementation
of higher orders in opacity in the radiative energy loss, and the associated findings will be
presented in Chapter 5.

DREENA-B (B - Bjorken), described in detail in [108], was developed as the intermedi-
ate step towards DREENA with realistic, hydrodynamical medium evolution. It models the
medium as a simple 1D Bjorken evolution (described in Section 1.4), where the medium ex-
pands in the longitudinal direction but not in the transverse direction. We used DREENA-B
as a simple model to explore whether high-p, observables can be related to the anisotropy of
quark-gluon plasma formed in heavy-ion collisions, as described in Chapter 4.
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2. Methodology

DREENA-A (A — adaptive), the details of which can be found in [109], is the most ad-
vanced version of the DREENA framework. It can be used to calculate high-p, observables
R a4 and vy on an arbitrary smooth hydrodynamical background while retaining all the sophis-
ticated details of the jet-medium interactions pertaining to the dynamical energy loss formalism
described earlier. Moreover, it was recently extended and is able to utilize arbitrary event-by-
event fluctuating temperature profiles [139] and calculate predictions for higher harmonics (v3
and higher). In order to produce predictions for high-p, observables within DREENA-A/ the
only required input is a temperature profile that describes the space-time evolution of the quark-
gluon plasma. The framework is fully optimized and parallelized, allowing it to use modern
multicore workstations. It was used to study the early stages of quark-gluon plasma evolution
(the results of which were presented in Chapter 3), as well as to explore the connection between

the anisotropy of quark-gluon plasma created in heavy-ion collisions and high-p, data (Chapter
4).
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Chapter 3

Early Stages of Quark-Gluon Plasma
Evolution Explored through High-p,; Data

In this Chapter, based on [1, 2|, we present results related to examining the initial phases in
the evolution of quark-gluon plasma. As the Introduction outlines, following the collision of
two nuclei in a heavy-ion experiment, the created medium evolves through various stages (refer
to Figure 1.7). We will employ high-p, theory and data to constrain the value of the initial
time 7y, which signifies the onset of the hydrodynamical evolution of the quark-gluon plasma.

Our analysis (presented in [1, 2]) reveals that high-p, Raa and v, exhibit greater sensitivity
to the QGP initial time, 7y, in comparison to the distributions of low-p, particles. The high-
p1 observables indicate a preference for a relatively later onset of hydrodynamical expansion,
around 79 ~ 1 fm/c. Notably, the elliptic flow parameter vy displays more pronounced sensi-
tivity to 79 than Raa, attributed to the differences in the evolution of temperature profiles in
the in-plane and out-of-plane directions.

Additionally, we incorporate pre-equilibrium evolution within our model and demonstrate
that high-p;, Raa and vy are responsive to the initial dynamics of expansion. The high-p,
observables consistently prefer a delayed initiation of energy loss and transverse hydrodynamical
expansion.

3.1 Determination of quark-gluon plasma initial time

3.1.1 Introduction

In this section, we analyze how high-p, Raa and vy depend on the QGP initial time 7, i.e., the
onset time of fluid-dynamical expansion. The dynamics before the initial time 7y and applicabil-
ity of hydrodynamics and, therefore, the associated energy loss phenomena are not established
yet. Some simple scenarios for mapping the pre-equilibrium energy loss were discussed in
Ref. [140]. To avoid speculation and provide a baseline calculation for further studies, in this
section, we assume free streaming of high-p, particles before the initial time 7, neglecting the
medium’s pre-equilibrium evolution. After the initial time 79, the QCD medium is described
as a relativistic viscous fluid, and high-p, probes start to lose energy through interactions with
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3. Early Stages of Quark-Gluon Plasma Evolution Explored through High-p, Data

this medium. Consequently, the initial time 7y is an important parameter, affecting both the
system’s evolution and interactions of the high-p, particles with the medium.

The conventional approach to fix the initial time is to carry out hydrodynamical simulations
with various values of 7y, calculate the distributions of low-p, particles, compare them to data,
and keep varying 7 until the best possible fit to the data is achieved. However, an analysis
employing sophisticated Bayesian statistics has shown that low-p, data provides only weak
limits to the initial time, 7o = 0.59+0.41 fm/c with 90% credibility [141], and further constraints
would be instrumental.

When calculating how the high-p, observables depend on 7y, one has to ensure that the QGP
medium evolution is compatible with the observed distributions of low-p,; particles. We describe
the medium evolution using the 3+1-dimensional viscous hydrodynamical model from Ref. [104].
For simplicity, we ignore pre-equilibrium evolution in the transverse plane, i.e. v,.(z,y, ) = 0,
choose a constant shear viscosity to entropy density ratio /s = 0.12, and base the initial
transverse energy density profile ey on the binary collision density ngc from the optical Glauber
model:

eT(T())xay?b) = OE(TO) fBC?

fec =npc + 01”230 + cgn%c. (3.1)

The parameters C,, ¢;, and ¢y are tuned separately for each 7y value to approximately
describe the observed charged particle multiplicities and v2{4} in Pb+Pb collisions at \/syy =
5.02 TeV. v,{4} (four-particle cumulant v,) is defined as v,{4}* = —c,{4}, where diagonal
cumulants ¢,{4} are measurable quantities [142]. The initial (i.e. hydro initialization) time 7
has been varied from 0.2 fm to 1.2 fm. For the longitudinal profile, we keep the parametrization
used for \/syny = 2.76 Pb+Pb collisions in Ref. [104]. Likewise, the decoupling temperature
Taec = 100 MeV, and the equation of state s95p-PCE-v1 [143] is the same as in that article.
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Figure 3.1: The agreement of low-p, data for all the temperature profiles with various values of
the initial time 7y5. The figure shows the transverse momentum spectrum of charged particles in
five centrality classes in Pb+Pb collisions at \/syx = 5.02TeV, with the initial time 7y varied
from 0.2 fm to 1.2 fm. ALICE data is taken from [144].

The transverse momentum distributions of charged particles are shown in Fig. 3.1, and
p, -differential elliptic flow parameter vy(p,) in the low momentum part (p; < 2 GeV) of the
lower panels of Fig. 3.2 (note that the scale on the vy(p, ) plots is logarithmic). The overall

36



3.1. Determination of quark-gluon plasma initial time

107 10-20% 20-30% 30-40% 40-50%
0.8 ——
—
—
0.6 ./
3
o =
0.4
W CMS
02 A ALICE
@ ATLAS
0
0 20 40 60 80 100 0O 20 40 60 80 100 O 20 40 60 80 100 O 20 40 60 80 100
N L .
0.2 a = _ " LI |
L)
- _J— . ¥
.l' A — A - -
< =l | - - -
- -
0.1 A i :
-
s T -
0 o ] [1 ] It
1 2 5 20 50 100 1 2 5 20 50 100 1 2 5 20 50 100 1 2 5 20 50 100
p.(GeV) p.(GeV) p.(GeV) p.(GeV)

Figure 3.2: Charged hadron DREENA-A R4 (upper panels) and vy (lower panels) predictions,
generated for six different 7y (indicated on the legend), are compared with ALICE [144, 145],
CMS [146, 147] and ATLAS [148, 149| data. Four columns, from left to right, correspond to
10-20%, 20-30%, 30-40% and 40-50% centralities at /syy = 5.02 Pb+Pb collisions at the
LHC. At low p; (p1 < 2 GeV) vy is 4-cumulant vo{4}, whereas at high p; (p; > 5 GeV) we
evaluate vy as vy = (1/2) (R¥, — R3%)/(RYy + RSY). Note that the p; scale in the upper
(Raa) row is regular, while in the lower (v), it is logarithmic.

agreement with the data is acceptable, and consistently with Ref. [141], we observe only a weak
dependence on Tp—especially vy(p, ) is almost independent of 7.

3.1.2 High-p, Raax and vy results

The next step in our study is to generate the high-p, predictions for the six temperature profiles
(with different values of 75) and to compare them with the experimental data. To achieve this,
we use the DREENA-A framework described in Chapter 2.

In particular, collisional and radiative energy losses are computed by using Equations 2.6
and 2.7, we use Agcop = 0.2 GeV and effective light quark flavors ny = 3. For light quark mass,
we assume to be dominated by the thermal mass M = jup/v/6, and for the gluon mass, we
take m, = jup/v/2 [122]. The temperature-dependent Debye mass pupz is obtained by applying
procedure from [150], which leads to results compatible with the lattice QCD [151]. The
charm (bottom) mass is M =1.2GeV (M =4.75GeV). Magnetic to electric mass ratio is 0.4 <
par /e < 0.6 [152, 153, 154, 155], but for simplicity, we take py/pup = 0.5, leading to the
uncertainty of up to 10% for both R44 and vy results.

The resulting DREENA-A predictions for charged hadron R4 in four different centrality
classes, and 7y in the range of 0.2-1.2 fm, are shown in the upper panel of Fig. 3.2, and
compared with experimental data. In the lower panel of Fig. 3.2, we show a similar comparison
of predicted high-p, vy to data (note that the scale is logarithmic). In distinction to the low-
p1 distributions, we see that high-p, predictions can be resolved against experimental data
and that the later onset of hydrodynamical expansion is preferred by both R44 and vs. This
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Figure 3.3: This figure shows the predictions for high-p, observables obtained within DREENA-
A for heavy flavor with different values of the initial time 75. Predicted D (full curves) and
B meson (dashed curves) Ras (upper panels) and vy (lower panels) in Pb+Pb collisions at
VSnn = 5.02 TeV. The predictions for D mesons are compared with ALICE [156, 157] (red
triangles) and CMS [158] (blue squares) D meson data, while predictions for B mesons are
compared with CMS [159] (green circles) non-prompt J/W¥ data. The predictions are generated
on each panel for six different 7y (indicated in the legend).

resolution is apparent for v, predictions, which approach the high-p, tail of the data, as 7
is increased. One can also observe that this resolution (i.e., difference between the adjacent
predicted curves) increases for higher centralities, which we will analyze below.

Furthermore, we obtain that heavy quarks (charm and bottom) are even more sensitive to
To, as shown in Fig. 3.3. The data are mainly unavailable for bottom probes, which makes these
true predictions, to be tested against upcoming high luminosity LHC Run 3 data. The available
experimental data for charm probes are much more sparse (with larger error bars) than the
charged hadron data. However, where available, a comparison of our predictions with the data
suggests the same tendency as for charged hadrons, i.e., a preference towards later onset of
hydrodynamical expansion. These results are significant for studying the properties of QGP,
as consistency between light and heavy flavor is crucial and highly non-trivial, as confirmed by

the well-known heavy flavor puzzle: unexpected similar suppression of light and heavy probes
observed at RHIC [160].
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Figure 3.4: Exploring whether later quenching time can explain the observed sensitivity of
high-p, predictions on 75. The panel shows DREENA-A predictions for charged hadron R4
(left) and vy (right) in 20-30% centrality class of \/syny = 5.02 TeV Pb+Pb collisions at the
LHC, generated for 7o = 0.2 fm and six different 7, (indicated on the legend). The predictions
are compared with ALICE [144, 145], ATLAS [148, 149] and CMS [146, 147] data.

3.1.3 Can later quenching time explain the observed sensitivity of
high-p, observables to 7,?

Ref. |161] proposed that jet quenching may start later than the bulk QCD medium’s thermal-
ization and subsequent fluid dynamical evolution. To test this scenario, we follow that work
and introduce a separate quenching start time 7, > 7. In Fig. 3.4 we show the high-p; Raa
and vy in 20-30% centrality for 7o = 0.2fm, and 7, values in the range of 0.2-1.2 fm. The sen-
sitivity to 7, is similar in other centralities, for larger 7y, and heavy flavor. Ras shows similar
sensitivity to 7, as to 7p; compare Figs. 3.4 and 3.2. The v, is surprisingly insensitive to 7, and
way below the data, consequently not supporting the idea that quenching can start later than
hydrodynamical evolution.

To investigate the origin of the sensitivity of Raa and vy to 79 and 7,, we evaluate the
temperature along the paths of jets traveling in-plane (¢ = 0) and out-of-plane (¢ = 7/2)
directions, and average over all sampled jet paths. To explain the sensitivity of vs, in Fig. 3.5 we
show the resulting temperature evolution in 10-20% and 30-40% central collisions for 75 = 0.2
and 1.2 fm. As 7y is increased, the differences between in-plane and out-of-plane temperature
profiles also increase. Since v, is proportional to the difference in suppression along in-plane and
out-of-plane directions, a larger difference along these directions leads to larger vy. It causes
the observed dependency on 7. As well, for fixed 7, increasing 7, hardly changes v, since at
early times the average temperature in- and out-of-plane directions is almost identical, and no
vy is built up at that time in any case. Furthermore, the more peripheral the collision, the
larger the difference in average temperatures, which leads to higher sensitivity of vy to 79 as
seen in the lower panels of Fig. 3.2.

The change in 7y affects the average temperature along the jet path in two ways. First,
smaller 7p means more significant initial gradients, faster flow build-up, and faster initial spatial
anisotropy dilution. Second, since the initial jet production is azimuthally symmetric, and
jets travel along eikonal trajectories, at early times, both in- and out-of-plane jets probe the
temperature of the medium almost the same way. The average temperature of both is almost
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Figure 3.5: Average temperature along the jet path traversing the system in out-of-plane (full
curve) and in-plane (dashed curve) directions. The average is over all sampled jet paths, and
the path ends at the critical temperature, T ~ 160 MeV [162]. The centrality of the collision
and 7y is indicated on the legend of each panel.

identical at 7 = 0.2 fm. Only over time will the spatial distribution of in- and out-of-plane
jets differ, and the average temperature along their paths begins to reflect the anisotropies of
the fluid temperature. The qualitative understanding above is essential, as it shows that the

obtained conclusions are largely model-independent, even though we arrived at them through
our DREENA-A framework.

From Fig. 3.5, we can also understand the increase in R44 with larger 7y and 7, as seen in
Figs. 3.2 and 3.4. Larger 7 or 7, cuts away the large temperature part of the profile, decreasing
the average temperature and thus increasing the angular averaged R44.

As mentioned above, here we do not include any pre-equilibrium evolution along the lines
of, e.g., Refs. [163, 164, 165, 166]. We do not expect pre-equilibrium evolution to destroy
the sensitivity of high-p, observables to 7y [140], but it may affect the favored value of 7.
Reproduction of high-p, vy requires that the spatial anisotropy is not smeared away too fast.
Since pre-equilibrium evolution is expected to reduce the anisotropy [164, 167|, it is possible
that when it is included, the favored 7y is even larger than seen here. In order to test these
assumptions, in the following section of this Chapter, we will explore different scenarios, which
include pre-equilibrium evolution.

To summarize Section 3.1, we presented an example of using high-p, theory and data
to constrain a weakly sensitive parameter to bulk QGP evolution — the initial time of fluid-
dynamical expansion, 7y. Specifically, we used high-p;, R 4 and vy to infer that experimental
data prefer late onset of hydrodynamical expansion. The heavy flavor shows considerable
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sensitivity to 7y, so the upcoming high luminosity measurements will further test our conclusion.
vy shows a higher sensitivity to 7y than R4, and we showed that vy is affected by 7y because
of differences in the in- and out-of-plane temperature profiles.

3.2 Constraining the early stages of quark-gluon plasma
formation through high-p, data

In this Section, we will take an approach to studying the early stages of quark-gluon plasma
formation, which is complementary to the one described in the first part of this Chapter.
Namely, we here introduce the pre-equilibrium evolution of the medium.

3.2.1 Introduction: pre-equilibrium evolution

During the last few years, our understanding of the very early evolution of QGP has evolved a
lot. In particular, the discovery of the attractor solutions of the evolution of non-equilibrated
systems [168, 169, 170], and models based on effective kinetic theory [171, 172] have been
significant milestones. However, the exact dynamics of early evolution and hydrodynamization
of the medium-— -i.e., the approach to the state where the system can be described using fluid
dynamics— -are still being settled.

Furthermore, to our knowledge, there are no reliable methods to calculate jet energy loss in
a medium out of equilibrium. Instead of microscopic calculation of the early-time dynamics, we
take a complementary approach. We calculate the high-p; Raa and v, in a few straightforward
scenarios and show whether the comparison to high-p; data could constrain the early evolution.

In the attractor solutions, the final evolution is fluid dynamical even if the initial state is
quite far from equilibrium. This fact allows us to entertain the notion that even if the early
state is not in local equilibrium, we could use fluid dynamics to describe its evolution from very
early times [173], say from 79 = 0.2 fm, where 79 is the initial time of fluid dynamical evolution.
Correspondingly, we may argue that the temperature entering fluid dynamical evolution also
controls the jet energy loss, and we may start the jet energy loss at the same time, 7, = 0.2
fm, which is our first scenario. On the other hand, we studied the pre-equilibrium energy loss
in various scenarios [140|, and see that even if the data could not properly distinguish these
scenarios, Bjorken-type temperature evolution at very early times tended to push Raa too
low. This finding may suggest that applying the equilibrium jet-medium interactions to the
pre-equilibrium stage (even if close enough to fluid dynamical) overestimates the energy loss.
Due to this, we here, for simplicity, assume an opposite limit, where we start the energy loss
later than the fluid dynamical evolution: 7, = 1.0 fm and 7y = 0.2 fm, which is our second
scenario (a similar scenario was proposed in [161]).

Frequently used toy model to study the effects of early non-equilibrium evolution is the free
streaming approach [174, 164], where (fictional) particles are allowed to stream freely until the
initial time of fluid dynamical evolution 7. As our third scenario, we allow free streaming until
7o = 1.0 fm. Consistently with the assumed absence of interactions in the bulk medium, we
assume no jet-medium interactions during the out-of-equilibrium stage so that 7o = 7, = 1.0 fm.
For comparison’s sake, as the fourth scenario, we also explore the “old-fashioned” scenario where
“nothing” happens before the fluid dynamical initial time 79 = 7, = 1.0 fm, i.e. we start the
fluid-dynamical evolution at 7 = 1.0 fm with zero transverse flow velocity.
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In the same manner as in the previous section, when calculating how the high-p, observables
depend on our different scenarios, we must ensure that the QGP medium evolution is compatible
with the observed distributions of low-p, particles. We describe the medium evolution using
the 3+1-dimensional viscous hydrodynamical model [104]. For simplicity, we choose a constant
shear viscosity to entropy density ratio n/s = 0.12 for the cases without pre-hydro transverse
flow, and /s = 0.16 for the free-streaming initialization. In all the cases, the initial energy
density profile in the transverse plane is given by the binary collision density ngc from the
optical Glauber model (see Equation 3.1).

The parameters C., c¢; and ¢, are tuned separately for each scenario, to approximately de-
scribe the observed charged particle multiplicities and v2{4} in Pb+Pb collisions at /syn =
5.02 TeV. For the longitudinal profile, we keep the parametrization used for /sy = 2.76
Pb+Pb collisions [104]. The equation of state is s95p-PCE-v1 [143]. We use freeze-out tem-
peratures Tipem = 150 MeV and Tyo. = 100 MeV for cases without pre-hydro flow but with
free streaming, we use Tipem = 175 MeV [175] to mimic bulk viscosity around the critical
temperature T, required to fit the py distributions, and Tye. = 140 MeV.

In the free-streaming initialization massless particles stream freely from 7 = 0.2 fm to
To = 1.0 fm, where the energy-momentum tensor based on the distributions of these particles
is evaluated. The energy-momentum tensor is decomposed into densities, flow velocity, and
dissipative currents, which are used as the initial state of the subsequent fluid-dynamical evo-
lution. The switch from massless non-interacting particles to strongly interacting constituents
of QGP causes large positive bulk pressure at 7y. In our calculations, the bulk viscosity coeffi-
cient is always zero, and the initial bulk pressure will approach zero according to Israel-Stewart
equations [104].
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Figure 3.6: Agreement with low-p, data for all the temperature profiles that we explore. The
figure shows the transverse momentum spectrum of charged particles in five centrality classes
in Pb+Pb collisions at \/syny = 5.02TeV, with two initial times 79 = 0.2 and 79 = 1.0fm, and
free streaming initialization (FS). ALICE data is taken from [144].

The transverse momentum distributions of charged particles are shown in Fig. 3.6, and p -
differential elliptic flow parameter v{4}(p,) in the low momentum part (p; < 2 GeV) of the
lower panels of Fig. 3.7. As seen, the overall agreement with the data is acceptable.
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Figure 3.7: Charged hadron DREENA-A R 44 (upper panels) and v, (lower panels) predictions,
generated for different 7y, 7,, and initialization (see the legend, 'S stands for free streaming),
are compared with ALICE [144, 145], CMS [146, 147] and ATLAS [148, 149| data. Four
columns, from left to right, correspond to 10-20%, 20-30%, 30-40% and 40-50% centralities at
V5NN = 5.02 Pb+Pb collisions at the LHC. At low p, (p1 < 2 GeV) v, is 4-cumulant v,{4},
whereas at high p; (p, > 5 GeV) we evaluate vy as vy = (1/2) (R}, — RO%) /(R + R3% ). Note
that the p, scale in the upper (R44) row is regular, while in the lower (v), it is logarithmic.

3.2.2 High-p, Raa and vy results

We then use DREENA-A to generate high-p, predictions for the four described scenarios of
early evolution and compare them with the experimental data. We use the same parameter set
as already described in this Chapter (Subsection 3.1.2).

The resulting DREENA-A predictions for charged hadron R44 and vy in four different
centrality classes, and four scenarios of early evolution, are shown in Fig. 3.7 and compared
with experimental data. We here focus on these four limiting cases, while the results for
more sophisticated initializations can be found in Appendix A. As one can expect, the later the
energy loss begins, the higher the Raa, and evaluating the energy loss as in thermalized medium
already at 7, = 0.2 fm is slightly disfavored. Furthermore, early free-streaming evolution leads
to larger Raa than fluid-dynamical evolution. On the other hand, the behavior of vy is different.
First, if the early expansion is fluid dynamical, we see that delaying the onset of energy loss
barely changes the value of v,. Second, early free-streaming evolution does not lead to better
data reproduction, but in peripheral collisions, the fit is even worse. The only case when our
vy predictions approach the data is when both the jet energy loss and the transverse expansion
are delayed to 7 = 1 fm.

As shown in Fig. 3.8, heavy quarks are even more sensitive to early evolution. The data
are mainly unavailable for bottom probes, making these true predictions. The available exper-
imental data for charm probes are much more sparse (with larger error bars) than the charged
hadron data. However, where available, a comparison of our predictions with the data suggests
the same preference towards delayed energy loss and transverse expansion as charged hadrons.
As mentioned, these results are significant, as consistency between light and heavy flavor is
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Figure 3.8: Heavy flavor predictions for the four explored scenarios of early evolution. Predicted
D (full curves) and B meson (dashed curves) Raa (upper panels) and vy (lower panels) in
Pb+Pb collisions at /syny = 5.02 TeV. The predictions for D mesons are compared with
ALICE [156, 157] (red triangles) and CMS [158] (blue squares) D meson data, while predictions
for B mesons are compared with CMS [159] (green circles) non-prompt J/¥ data.

crucial (though highly non-trivial, as implied by the well-known heavy flavor puzzle [160]) for
studying the QGP properties.

3.2.3 Explaining the observed sensitivity

To investigate the origin of the sensitivity of Raa and vs to the early evolution, we evaluate
the temperature along the paths of jets traveling in-plane (¢ = 0) and out-of-plane (¢ = 7/2)
directions, and average over all sampled jet paths. In Fig. 3.9 we show the time evolution of
the average temperatures in in- and out-of-plane directions, and their difference in 10-20% and
30-40% central collisions for 75 = 0.2 and 1.0 fm, and the free streaming initialization.

The behavior of Raa is now easy to understand in terms of average temperature: Larger
T4, 1.€., a delay in the onset of energy loss cuts away the large temperature part of the profile,
decreasing the average temperature, and thus increasing the R44. Similarly, for the late start
of the transverse expansion, i.e., 79 = 1.0 fm, the temperature is first slightly larger and later
lower than for 7y = 0.2 fm, and thus the Rxa in 79 = 7, = 1.0 fm and 79 = 0.2 with 7, = 1.0
cases is almost identical. On the other hand, due to the rapid expansion of the edges of the
system, free streaming initialization leads to lower average temperature than any other scenario,
and thus to the largest Raa.

44



3.2. Constraining the early stages of quark-gluon plasma formation through high-p, data

0.6/ 10-20% | 30-40%
= 0.5r | 79=0.2fm
) | | —19=1.0fm
‘/2\04 _FS: 1p=1.0fm
Cos i
0.2 -
3.0 10-20% + 30-40%
<25 -
(\(ID 2.0+ -
© 15 :
= 1.0/ .
< 0.5+ -
Yn | | | BN | | |
0 1 2 3 4 0 1 2 3
traversed path [fm] traversed path [fm]

Figure 3.9: Average temperature along the jet path traversing the system (upper panel) and
the difference of average temperatures in out-of-plane and in-plane directions (lower panel) for
7o = 0.2 and 1.0 fm and free-streaming initialization at 10-20% and 30-40% centrality classes.

The average is over all sampled jet paths, and the path ends at the critical temperature,
Te =~ 160 MeV [162].

High-p, wvs, on the other hand, is proportional to the difference in temperature along in-
plane and out-of-plane directions and to a lesser extent, to the average temperature. Delaying
the onset of transverse expansion to 7y = 1.0 fm leads to a larger difference than early fluid-
dynamical or free streaming expansion; thus, v, is the largest. As well as delaying the onset
of energy loss by increasing 7, hardly changes v, since at early times the temperatures that
are seen by jets in in- and out-of-plane directions are almost identical, and no v, is built up at
that time. Early free streaming and early fluid-dynamical expansion lead to similar differences
in temperatures. The slightly larger difference in the 10-20% centrality class is counteracted
by slightly lower temperature, and thus final vy is practically identical in both cases. The
temperature differences are almost identical in the more peripheral 30-40% class, but the lower
average temperature leads to lower vy for free streaming.

The delay in transverse expansion affects the average temperature along the jet in two
ways. First, smaller 7 means more significant initial gradients, faster flow build-up, and faster
initial spatial anisotropy dilution. Similarly, free-streaming leads to an even faster flow build-
up and dilution of spatial anisotropies than early fluid-dynamical expansion. Second, since
the initial jet production is azimuthally symmetric, and jets travel along eikonal trajectories,
at early times, both in- and out-of-plane jets probe the temperature of the medium almost
the same way. Only over time will the spatial distribution of in- and out-of-plane jets differ,
and the average temperature along their paths begins to reflect the anisotropies of the fluid
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temperature. This qualitative understanding indicates that the obtained conclusions are largely
model-independent.

The idea of using high-p, theory and data to explore QGP is not new; see e.g. Refs. [176,
177,178, 179, 180, 181, 182, 183, 184, 185, 186]. While some of these approaches can achieve a
reasonable agreement with the data (see e.g. [180, 187, 188]), this agreement relies on adjusting
fitting parameter(s) in the energy loss model, which prevents them from constraining the bulk
medium properties. These models thus largely concentrate on investigating the nature of par-
ton interactions (e.g., a new phenomenon of magnetic monopoles is systematically introduced
in [180]) rather than exploring which dynamical evolution better explains the data. In contrast,
the goal of our approach is to constrain the bulk QGP behavior. The major advantage of our
framework is that it does not use fitting parameters in the energy loss model, enabling us to
explore the effects of different bulk medium evolutions. We can even use R 4 to make conclu-
sions about the bulk properties of the system, where our Rq4 results imply that the energy
loss during the very early evolution is weaker than energy loss in a fully thermal system.

Furthermore, our study shows that not only is early energy loss suppressed [177, 179], but
the early build-up of transverse expansion must be delayed as well. It is insufficient to delay
cooling, as suggested in Ref. [177|. However, the initial anisotropy must be diluted much slower
than given by free streaming or fluid dynamics. We do not expect current more sophisticated
approaches to pre-equilibrium dynamics, like KsMPgST (a stylized acronym formed from the
names of its authors: Kurkela, Mazeliauskas, Paquet, Schlichting, Teaney) based on effective
kinetic theory [171, 172], to resolve this issue. This approach uses nonequilibrium Green’s
functions to propagate the initial energy-momentum tensor to the phase where hydrodynamics
is applicable [171]. As seen in Ref. [166], except in most peripheral collisions, both KeMPgSTing
and free streaming lead to very similar final distributions. Thus we may expect that at the
time of switching to fluid dynamics, they both have led to very similar flow and temperature
profiles (and thus anisotropies).

Alternatively, the initial spatial anisotropies could be way larger than considered here. It is
known that both IP-Glasma and EKRT approaches lead to larger eccentricities than Glauber,
but we have tested that they both lead to too low high-p, wvs if the fluid dynamical evolution
begins as usually assumed in calculations utilizing IP-Glasma or EKRT initializations (refer to
Appendix A for these results). Event-by-event fluctuations may enhance spatial anisotropies
as well, and by generating shorter-scale structures, they may enhance the sensitivity of high-p,
vy to spatial anisotropies. However, for these additional structures to enhance the high-p, wvs,
they should be correlated with the event plane' [189, 139], which is not necessarily the case.

In summary, in this Chapter, we presented (to our knowledge) the first example of using
high-p, theory and data to provide constraints to bulk QGP evolution. Specifically, we inferred
that experimental data suggest that the system’s energy loss and transverse expansion at early
times should be significantly weaker than in conventional models. We emphasize that the
assumption that no energy loss nor transverse expansion takes place before 7, = 1.0 fm is
unrealistic. We are not advocating such a scenario, but note that the only way to test our
hypothesis that the early energy loss and expansion should be suppressed was to take the limit
of no energy loss nor transverse expansion. This approach significantly improves the agreement
with the data, thus supporting our hypothesis. While our finding of delayed onset of energy
loss and transverse expansion has yet to be physically understood, there have been several
anomalies in the history of heavy-ion physics, and this result is one more of them.

!The event plane is defined by the azimuthal angle ¥,, — it is the plane which maximizes anisotropy v, [189].
One can define a normalized low-p; flow vector for the n-th harmonic as Q,, = |v,|e!"¥», with the event plane

angle given as ¥,, = arctan (Eﬁigz)/n [139]. One can define similar quantities for high-p,; flow coefficients [139].

46



3.2. Constraining the early stages of quark-gluon plasma formation through high-p, data

Furthermore, heavy flavor observables show significant sensitivity to the details of early
evolution, so the upcoming high-luminosity measurements will further test our conclusion.
Our results demonstrate inherent interconnections between low- and high-p, physics, strongly
supporting the utility of our QGP tomography approach, where bulk QGP properties are jointly
constrained by low- and high-p, data.
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Chapter 4

The Anisotropy of Quark-Gluon Plasma
Constrained through High-p, Data

This Chapter is based on |3, 4. We show, through analytic arguments, numerical calculations,
and comparison with experimental data, that the ratio of the high-p, observables vy/(1 — Raa)
reaches a well-defined saturation value at high p,, and that this ratio depends only on the spatial
anisotropy of the quark-gluon plasma (QGP) formed in ultrarelativistic heavy-ion collisions. To
this end, we use our state-of-the-art dynamical energy loss formalism embedded in the DREENA
framework. In the first step, the medium is modeled as a simple 1-+1D Bjorken expansion and
later by full hydrodynamical simulations. We show that the ratio of high-p, vy and (1 — Raa)
predictions directly reflects the time-averaged anisotropy of the evolving QGP, as seen by the
jets and introduce a new observable (jet-perceived anisotropy) to quantify this effect.

4.1 In the Bjorken-expanding medium

4.1.1 Introduction

The quark-gluon plasma, created at the LHC and RHIC experiments by colliding heavy ions
at ultra-relativistic energies, can be of different sizes, densities, and shapes, depending on
the colliding nuclei’s size and the collision’s energy and centrality. In non-central collisions, the
overlap region of the colliding nuclei has an ellipsoidal shape. Thus in the standard experimental
setup, in which the colliding nuclei and collision energy are fixed (e.g. in Pb+Pb collisions at
VSN = 5.02TeV collision energy at the LHC), the centrality of collision defines both the size
and shape of the created QGP fireball.

The eccentric shape of the collision system leads to corresponding anisotropy in the az-
imuthal distribution of final particles (so-called elliptic and triangular flows), where the elliptic
flow parameter v, is the second Fourier coefficient of the azimuthal distribution of produced
particles (see Equation 1.22 in Chapter 1).

The mechanism of how the initial spatial anisotropy is converted to final momentum
anisotropy is different for low- and high-p, particles:
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e For low-p, particles, the eccentric shape leads to different pressure gradients in different
directions affecting the strength of collective motion in different directions, and thus to
azimuthal variation in the particle emission.

e For high p, particles, eccentricity leads to different paths and consequently different
energy losses of high-p, jets when they traverse the medium in the in-plane and out-of-
plane directions.

While the observed anisotropies of final state particles have an essential role in studying
the properties of the QCD matter, to extract, say, the shear viscosity coefficient over entropy
density ratio /s from the final state distributions, one must know the initial state anisotropy
as well.

However, despite its essential importance, it still needs to be possible to infer the initial
anisotropy from experimental measurements directly. It is possible to measure the anisotropy
at the last point of interaction, i.e., at freeze-out, using Hanbury-Brown interferometry [190].
Alternatively, one can measure event-by-event fluctuations of the anisotropy by measuring
fluctuations of elliptic and triangular flows [191]. However, it is not possible to measure the
average initial state anisotropy.

Several theoretical studies [192, 193, 194, 90| have provided different methods for calculating
the initial density distribution of the matter produced in heavy-ion collisions and, thus, the
initial anisotropy. These approaches, however, lead to notably different predictions. Since an
accurate estimate of anisotropy is a major limiting factor for precision QGP tomography, it
is evident that alternative approaches for inferring anisotropy are necessary. Optimally, these
approaches should complement the existing predictions and rely on a method that is not based
on models of early stages of QCD matter.

With this goal in mind, we propose a novel approach where the anisotropy of the droplet of
quark-gluon plasma can be inferred from the already available high-p, measurements. Namely,
the energy loss of rare high-momentum partons traversing this matter is known to be an excel-
lent probe of its properties [107, 108, 109]. Different observables probe the medium differently,
such as the nuclear modification factor Raa and the elliptic flow parameter vy of high-p, par-
ticles. However, they all depend not only on the properties of the medium but also on the
density, size, and shape of the QGP droplet created in a heavy-ion collision. Thus drawing
firm conclusions about the material properties of QGP is very time-consuming and requires
a simultaneous description of several observables. It would therefore be instrumental if there
were an observable, or combination of observables, which would be sensitive to only one or just
a few of all the parameters describing the system.

For high-p, particles, spatial asymmetry leads to different paths, and consequently to dif-
ferent energy losses. Consequently, vy (angular differential suppression) carries information on
both the spatial anisotropy and material properties that affect energy loss along a given path.
On the other hand, Ras (angular average suppression) carries information only on material
properties affecting the energy loss [107, 108, 195, 196], so one might expect to extract informa-
tion on the system anisotropy by taking a ratio of expressions which depend on v, and Raa. Of
course, it is far from trivial whether such intuitive expectations hold, and what combination of
vo and Raa one should take to extract the spatial anisotropy. To address this, we here use both
analytical and numerical analysis to show that the ratio of vo and 1 — Raa at high p, depends
only on the spatial anisotropy of the system. This approach provides a complementary method
for evaluating the anisotropy of the QGP fireball, and advances the applicability of high-p, data
to a new level as, up to now, these data were mainly used to study the jet-medium interactions
rather than inferring bulk QGP parameters.
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4.1. In the Bjorken-expanding medium

4.1.2 Anisotropy and high-p, observables

In [108, 197], it was shown that at very large values of transverse momentum p, , the fractional
energy loss AE/E (which is otherwise very complex, both analytically and numerically, due to
inclusion of multiple effects; see Chapter 2 for more details) shows asymptotic scaling behavior

AB/E ~ x(p. (T)(L)", (4.1)

where (L) is the average path length traversed by the jet, (T') is the average temperature along
the path of the jet, x is a proportionality factor (which depends on initial jet p,), and a and
b are proportionality factors which determine the temperature and path-length dependence of
the energy loss. Based on Refs. [117, 118, 110, 119], we might expect values like a = 3 and
b =1 or 2, but a fit to a full-fledged calculation yields the following values [138, 197, 198|:

~ 1.2,
b~

Thus the temperature dependence of the energy loss is close to linear, while the length depen-
dence is between linear and quadratic. To evaluate the path length, we follow Ref. [137]:

I dX X p(@ + Acos(), y + Asin(¢))
Jo  dXp(a + Acos(¢),y + Asin(¢))
which gives the path length of a jet produced at point (z,y) heading to direction ¢, and where

p(x,y) is the initial density distribution of the QGP droplet. To evaluate the average path
length we take average over all directions and production points.

If AE/FE is small (i.e., for high p, and in peripheral collisions), we obtain [130, 107, 108, 197]

L(z,y,¢) = (4.2)

Raa = 1 —&T)(L), (4.3)

where:

e= "2, (4.4

where x is a proportionality factor [107] and n is the steepness of a power-law fit to the initial
transverse momentum distribution:

dN 1

dp1 by
Thus 1 — Rap is proportional to the average size and temperature of the medium. To evaluate
the anisotropy, we define the average path lengths in the in-plane and out-of-plane directions,

(4.5)

A¢/2

(L) = A : S ¥ (46)
7r/2+A¢/2

Lout = )

< ) Aéb //2 A¢/2 @)

where A¢ = 7/6 [199] is the acceptance angle with respect to the event plane (in-plane) or
orthogonal to it (out-of-plane), and (L(¢)) the average path length in ¢ direction. Note that the
obtained calculations are robust with respect to the precise value of the small angle +A¢/2, but
we still keep a small cone (+m/12) for R7, and R34 calculations to have the same numerical
setup as in our Ref. [108]. Now we can write:

(L) = fa (4.7)
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Figure 4.1: The anisotropy expressed through temperature (AT/(T)) versus the anisotropy
expressed through path-lengths (AL/(L)) in Pb+Pb collisions at /sxy = 5.02 TeV collision
energy at various centralities (5-10%, 10-20%, 20-30%, 30-40%, 40-50%, 50-60%, 60-70%) [107,
108]. The more peripheral the collision, the larger the values. The red solid line depicts a linear
fit to the values.

and
(4.8)

Similarly, the average temperature along the path length can be split to average temperatures
along paths in in- and out-of-plane directions:

(T) = (T) + AT, (4.9)

and
(Tou) = (T) — AT. (4.10)

When applied to an approximate way to calculate vy of high-p, particles (refer to the definition
of vy in Chapter 1), we obtain

ERTA B ROA% ~ f(Tout>a<Lout>b _ ’5<Tm>a<[’m>b
2 R, + RYK 4

bAL AT
e (35 - 3777).

where we have assumed that £(T)%(L)® < 1, and that AL/(L) and AT/(T) are small as well.
Note that the first approximate equality in Eq. (4.11) can be shown to be exact if the higher

harmonics vy, vg, etc., are zero, and the opening angle where R, and R3% are evaluated is

zero (cf. definitions of (Lyy) and (L), Eq. (4.6)).

V2

Q

(4.11)
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4.1. In the Bjorken-expanding medium

By combining Eqgs. (4.3) and (4.11), we obtain:

v (bAL aAT
1— Raan <§m - 5@) . “12)

This ratio carries information on the anisotropy of the system, but through both spatial
(AL/(L)) and temperature (AT/(T)) variables. From Eq. (4.12), we see the usefulness of
the (approximate) analytical derivations, since the term (1 — Raa) in the denominator could
hardly have been deduced intuitively or pinpointed by numerical trial and error. Figure 4.1
shows a linear dependence:

AL AT

€y =@y
where ¢ &~ 4.3, with the temperature evolution given by one-dimensional Bjorken expansion, as
sufficient to describe the early evolution of the system. Eq. (4.12) can thus be simplified to

(4.13)

V2 1 a <Lout> - <LG>
— =~ —|b—-—=-) =~ 0.57
1—Rarn 2 (b-3) (Lowt) + (Lin) >
<L0ut> - <L7,n> 1 a
h = —— d =(b—-)=0. 4.14
where ¢ L) T (L) an 2( C) 0.57, (4.14)

when a &~ 1.2 and b =~ 1.4. Consequently, the asymptotic behavior of observables Raa and v, is
such that, at high p,, their ratio is dictated solely by the geometry of the fireball. Therefore,
the anisotropy parameter ¢ can be extracted from the high-p, experimental data.
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Figure 4.2: Theoretical predictions for v,/(1 — R44) ratio of charged hadrons as a function of
transverse momentum p,; compared with 5.02 TeV Pb+ Pb ALICE [144, 145| (red triangles),
CMS [146, 147] (blue squares) and ATLAS [148, 149] (green circles) data. Panels correspond
to 10-20%, 20-30%, 30-40%, and 40-50% centrality bins. The gray band corresponds to the
uncertainty in the magnetic to electric mass ratio pys/pugp. The upper (lower) boundary of the
band corresponds to pa/pup = 0.4 (0.6) [152, 153]. In each panel, the red line corresponds to
the limit 0.57¢ from Eq. (4.14).

Regarding the parametrization used to derive Eq. (4.14) (constants a, b and c¢), we note
that a and b are well established within our dynamical energy loss formalism and follow from
Raa predictions that are extensively tested on experimental data [197, 198] and do not depend
on the details of the medium evolution. Regarding ¢, it may (to some extent) depend on the
type of the implemented medium evolution, but this will not affect the obtained scaling, only
(to some extent) the overall prefactor in Eq. (4.14).
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4.1.3 Numerical results

To assess the applicability of the analytically derived scaling in Eq. (4.14), we calculate vy /(1 —
Raa) using our full-fledged numerical procedure for calculating the fractional energy loss de-
scribed in Chapter 2.

The formalism was further embedded into DREENA-B framework [108|, which includes all
the ingredients of the dynamical energy loss formalism, and models the medium as a 141D
Bjorken expansion (see Chapters 1 and 2 for more details).

The framework was recently used to obtain joint R 44 and v, predictions for 5.02 TeV Pb+Pb
collisions at the LHC [108], showing a good agreement with the experimental data.

It was previously shown [126] that all the model ingredients affect the high-p, data and
thus should be included to explain it accurately. In that respect, DREENA-B differs from
many other approaches, which use a sophisticated medium evolution, but an (over)simplified
energy loss model. However, it was shown that, for explaining the high-p, data, an accurate
description of high-p, parton-medium interactions is at least as important as an advanced
medium evolution model. For example, the dynamical energy loss formalism, embedded in 1D
Bjorken expansion, explains well the vy puzzle [108], i.e., the inability of other models to jointly
explain R44 and v, measurements.

Our results for the longitudinally expanding system (1D Bjorken) and the corresponding
data are shown in Fig. 4.2. The gray band shows our full DREENA-B result (see above) with
the band resulting from the uncertainty in the magnetic to electric mass ratio py/ug [152,
153]. The red line corresponds to the 0.57¢ limit from Eq. (4.14), where ¢ is the anisotropy
of the path lengths used in the DREENA-B calculations [108, 107]|. Significantly, for each
centrality, the asymptotic regime — where the vy/(1 — Ra) ratio does not depend on p; but
is determined by the geometry of the system — is already reached from p, ~ 20-30 GeV; the
asymptote corresponds to the analytically derived Eq. (4.14), within £5% accuracy. It is also
worth noting that our asymptotic behavior prediction was based on approximations that are
not necessarily valid in these calculations. However, the asymptotic regime is nevertheless
reached, meaning those assumptions were sufficient to capture the dominant features. If, as
we suspect, the high-p, parton-medium interactions are more important than the medium
evolution model in explaining the high-p, data, this behavior reflects this importance, and the
analytical derivations based on a static medium may capture the dominant features seen in
Fig. 4.2.

Furthermore, to check if the experimental data support the derived scaling relation, we
compare our results to the ALICE [144, 145], CMS [146, 147] and ATLAS [148, 149] data for
Vsnn = 5.02 TeV Pb+ Pb collisions. The experimental data for all three experiments show the
same tendency, i.e., the independence on the p; and consistency with our predictions, though
the error bars are still considerable. Therefore, from Fig. 4.2, we see that at each centrality, both
the numerically predicted and experimentally observed vs/(1 — Raa) approach the same high-
p. limit. This robust, straight-line, asymptotic value carries information about the system’s
anisotropy, which is, in principle, simple to infer from the experimental data.

Ideally, the experimental data (here from ALICE, CMS, and ATLAS) would overlap and
have small error bars. In such a case, the data could directly extract the anisotropy parameter
¢ by fitting a straight line to the high-p, part of the vy/(1 — Raa) ratio. While such direct
anisotropy extraction would be highly desirable, the available experimental data are unfortu-
nately still not near the precision level needed to implement this. However, we expect this to
change in the upcoming high-luminosity 3'® run at the LHC, where the error bars are expected
to be significantly reduced so that this procedure can be directly applied to experimental data.
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4.1.4 The anisotropy parameter

It is worth remembering that the anisotropy parameter ¢, which can be extracted from the
high-p, data, is not the commonly used anisotropy parameter €5 [200],

(P -2 [dady(y® —a?) p(x,y)

T ) T Jdedy (P +4) play) (4.15)

where p(z,y) is the initial density distribution of the QGP droplet. We may also expect that
once the transverse expansion is included in the description of the evolution, the path-length
anisotropy < reflects the time-averaged anisotropy of the system (and indeed, we will see that
this is the case in the upcoming section), and therefore is not directly related to the initial-state
anisotropy €. Nevertheless, it is instructive to check how the path-length anisotropy in our
simple model relates to conventional €5 values in the literature. For this purpose, we construct
a variable [3]:

(Lout)* — (Lin)* _ 26
(Lowt)? + (Lin)?  14¢%

We have checked that €5 and es, agree within ~10% accuracy for different density distributions.

€21, =

(4.16)

We have extracted the parameters ¢ from the DREENA-B results shown in Fig. 4.2; the
corresponding ey results are shown as a function of centrality in Fig. 4.3 and compared to
€o evaluated using various initial-state models in the literature [192, 193, 194, 90]. Note that
conventional (EKRT [193], IP-Glasma [194]) e; values trivially agree with our initial €2 (not
shown in the Figure), i.e., the initial e characterize the anisotropy of the path lengths used
as an input to DREENA-B, which we had chosen to agree with the conventional models !.
It is, however, much less trivial that, through this procedure, in which we calculate the ratio
of v and 1 — Ry through complete DREENA framework, our extracted €57, almost exactly
recovers our initial e5. Note that ey is indirectly introduced in R4 and vy calculations through
path-length distributions, while our calculations are performed using full-fledged numerical
procedure, not just Eq. (4.1). Consequently, such direct extraction of eo7, and its agreement
with our initial (and consequently also conventional) €, is highly non-trivial and gives us a good
deal of confidence that va/(1 — Raa) is related to the anisotropy of the system only, and not
its material properties.

High-p, theory and data are traditionally used to explore interactions of traversing high-
p1 probes with QGP, while bulk properties of QGP are obtained through low-p, data and
the corresponding models. On the other hand, high-p, probes are also powerful tomography
tools since they are sensitive to global QGP properties. We demonstrated this in the spatial
anisotropy of the QCD matter formed in ultrarelativistic heavy-ion collisions. We used our
dynamical energy loss formalism and DREENA-B framework to show that a (modified) ratio of
two main high-p, observables, Raa and vq, approaches an asymptotic limit at experimentally
accessible transverse momenta and that this asymptotic value depends only on the shape of
the system, not on its material properties. However, how exactly this asymptotic value reflects
the shape and anisotropy of the system requires further study employing full three-dimensional
expansion, the results of which will be shown in the upcoming section of this Chapter.

The experimental accuracy still needs to allow the extraction of the anisotropy from the
data using our scheme. However, once the accuracy improves in the upcoming LHC runs, we
expect the anisotropy of the QGP formed in heavy-ion collisions can be inferred directly from
the data. Such an experimentally obtained anisotropy parameter would provide an essential

!Binary collision scaling calculated using optical Glauber model with additional cut-off in the tails of Woods-
Saxon potentials, to be exact.
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Figure 4.3: Comparison of €57, (red band) obtained from our method, with ey calculated using
Monte Carlo (MC) Glauber [192] (gray band), EKRT [193] (the purple band), IP-Glasma [194|
(green dot-dashed curve), and MC-KLN [90] (blue dotted curve) approaches. MC-Glauber and
EKRT results correspond to 5.02 TeV, while IP-Glasma and MC-KLN correspond to 2.76 TeV
Pb + Pb collisions at the LHC.

constraint to models describing the early stages of heavy-ion collision and QGP evolution and
demonstrate the synergy of high-p, theory and data with more common approaches for inferring
QGP properties.
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4.2. Exploring the anisotropy of the fully evolving medium through high-p, data

4.2 Exploring the anisotropy of the fully evolving
medium through high-p, data

We previously argued that, at large enough values of transverse momentum (high-p, ), the
ratio of the elliptic flow vy and 1 — Raa, where R4 is the nuclear suppression factor, saturates
and reflects the initial geometry of the system. However, this argument was based on analytic
considerations and a simple 1-dimensional expansion [93, 108], where the geometry does not
depend on time. To see how the evolving shape of the collision system affects the high-p,
observables and, subsequently, the vo/(1 — Raa) ratio, we here study the behavior of this ratio
in a system that expands both in longitudinal and transverse directions.

Furthermore, there is experimental evidence for such saturation. As shown in Fig. 4.4,
at high values of transverse momentum, v, and 1 — Raa are directly proportional, which is
equivalent to a p,-independent ratio of v, and 1 — Raa. We here explore whether state-of-
the-art fluid-dynamical calculations tuned to reproduce the low-p, data can reproduce such
proportionality and whether we can relate this proportionality to a physical property of the
system, namely to the anisotropy of its shape.

0.10F

40-50% : H—

0.05- ‘:ﬁi
I .*._T_q“ m CMS

A ALICE
® ATLAS
| | |

0.2 0.4 0.6
1 - RAA

Figure 4.4: Direct proportionality of high-p, vy, and 1 — R44, which suggests that their ratio
is p,-independent. The figure shows vy vs 1—Raa for p;, > 10 GeV data for charged hadrons
from 5.02 TeV Pb+Pb ALICE [144, 145] (red triangles), CMS [146, 147] (blue squares) and
ATLAS [148, 149] (green circles) experiments. The data is shown for the 40-50% centrality
bin, while similar relation is obtained for other centralities (see Fig. B.1 in Appendix B).
Each collaboration’s datapoints correspond to different values of p,, with both vy and 1—Rap
decreasing with increasing p, .

Ot ——

In line with the standard approach in the study of ultrarelativistic heavy-ion collisions, we
assume the collision system behaves as a locally thermalized dissipative fluid. The transverse
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4. The Anisotropy of Quark-Gluon Plasma Constrained through High-p, Data

expansion of such a system largely depends on the initial gradients of the system, i.e., the
initial state, and also on the equation of state (EoS) and dissipative properties of the fluid.
Thus, to provide more general conclusions about the asymptotic behavior of vy/(1 — Raa), it
is necessary to explore not only one but several different fluid-dynamical evolution scenarios.
On the other hand, it is known that at low-p, , the elliptic flow parameter v, is proportional to
the initial anisotropy of the system ey [201]. However, the proportionality constant depends
on the calculation parameters, say the freeze-out temperature. To avoid similar ambiguity, we
prefer not to vary the initialization model’s parameters randomly but constrain the calculation
to reproduce the low-p; data and explore the universality of our results using several different
initialization models, collision energies, and systems. In particular, to initialize Pb-+Pb col-
lisions at /syy = 5.02 TeV collision energy, we employ optical Glauber [48], TRENTo [89],
IP-Glasma |77, 78], and EKRT [86, 87, 88| initializations. In addition, we explore the sensi-
tivity to collision energy and colliding nuclei by using optical Glauber initialization for Pb+Pb
collisions at /sy = 2.76 TeV and Xe+Xe collisions at /syn = 5.44 TeV.

We will see that the temperature evolution in different evolution scenarios is different enough
to lead to observable differences in high-p; v, and 1 — Raa, and the ratio of these observables
is directly related to a suitably defined measure of the system anisotropy. The differences in
high-p, vy and 1 — Raa mean that constraining the calculation to reproduce the low-p, data
does not guarantee to reproduce the high-p, data. Simultaneous reproduction of both is not
an aim of this study but is left for future work.

4.2.1 Medium evolution

Our starting point and reference for all collision energies and systems is a simple optical Glauber
model-based initialization. In Pb+Pb collisions at full LHC energy (y/snny = 5.02 TeV) we used
initial times 7o = 0.2, 0.4, 0.6, 0.8, and 1.0 fm, whereas the lower energy (\/sxy = 2.76 TeV)
Pb+Pb and Xe+Xe (y/sny = 5.44 TeV) calculations were carried out for 7o = 0.2, 0.6, and
1.0 fm. The initialization and code used to solve viscous fluid-dynamical equations in 3-+1
dimensions are described in detail in Ref. [104], and parameters to describe Pb+Pb collisions
at /sy = 5.02 TeV are the same as in the previous Chapter. In particular, we use a constant
shear viscosity to entropy density ratio n/s = 0.12 (Pb+Pb) or /s = 0.10 (Xe+Xe), and the
EoS parametrization s95p-PCE-v1 [143].

Different initial state models lead to slightly different shapes of the initial state. To find
if our findings are a feature of the Glauber model or have broader significance, we did the
Pb+Pb calculations at the full LHC energy using several different initial state models. The
first option in this extended set, Glauber + Free streaming, is to use the Glauber model to
provide the initial distribution of (marker) particles, allow the particles to stream freely from
7 = 0.2 to 1.0 fi, evaluate the energy-momentum tensor of these particles, and use it as the
initial state of the fluid. We evolve the fluid using the same code as in the case of pure Glauber
initialization. The EoS is s95p-PCE175, i.e., a parametrisation with Tipem = 175 MeV [175], and
temperature-independent 7/s = 0.16. For further details, see the second part of the previous
Chapter.

As more sophisticated initializations, we employ EKRT, IP-Glasma, and TRENTo.

e The EKRT model [86, 87, 88| is based on the NLO perturbative QCD computation of
the transverse energy and a gluon saturation conjecture. We employ the same setup as
used in Ref. [202]| (see also [175]), compute an ensemble of event-by-event fluctuating
initial density distributions, average them, and use this average as the initial state of the
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4.2. Exploring the anisotropy of the fully evolving medium through high-p, data

fluid dynamical evolution. We again use the code of Molnar et al., [104] but restricted to
boost-invariant expansion. The shear viscosity over entropy density ratio is temperature
dependent with favored parameter values from the Bayesian analysis of Ref. [202]. Initial
time is 79 = 0.2 fm, and the EoS is the s83s;5 parametrisation from Ref. [202].

e IP-Glasma model [77, 78] is based on Color Glass Condensate [82, 83, 84, 85]. It calcu-
lates the initial state as a collision of two color glass condensates and evolves the gen-
erated fluctuating gluon fields by solving classical Yang-Mills equations. The calculated
event-by-event fluctuating initial states [203] were further evolved [204] using the MUSIC
code 205, 206, 207] constrained to boost-invariant expansion. We subsequently averaged
the evaluated temperature profiles to obtain one average profile per centrality class. In
these calculations, the switch from Yang-Mills to fluid-dynamical evolution took place at
Tewiten = 0.4 fm, shear viscosity over entropy density ratio was constant /s = 0.12, and
the temperature-dependent bulk viscosity coefficient over entropy density ratio had its
maximum value (/s = 0.13. The equation of state was based on the HotQCD lattice
results [208] as presented in Ref. [209].

e TRENTo [89] is a phenomenological model capable of interpolating between wounded
nucleon and binary collision scaling, and with a proper parameter value, of mimicking
the EKRT and IP-Glasma initial states. As with the EKRT initialization, we create
an ensemble of event-by-event fluctuating initial states, sort them into centrality classes,
average, and evolve these average initial states. Unlike in other cases, we employ the
version of the VISH2+1 code [210] described in Refs. [211, 212|. We run the code using
the favored values of the Bayesian analysis of Ref. [212]; in particular, allow free streaming
until 7 = 1.16 fm, the minimum value of the temperature-dependent n/s is 0.081, and
the maximum value of the bulk viscosity coefficient (/s is 0.052. The EoS is the same
HotQCD lattice results [208] based parametrization used in Refs. [211, 212].

It is worth noticing that the initial nuclear configuration in all these cases is similar Woods-
Saxon parametrization of nuclear matter density, which is either assumed to be continuous
(optical Glauber) or Monte-Carlo sampled to create ensembles of nucleons (EKRT, IP-Glasma,
TrENTo). The differences in the fluid-dynamical initial state depend on the initial particle
production and subsequent evolution before the fluid-dynamical stage (none, Yang-Mills, free
streaming).

All these calculations were tuned to reproduce, in minimum, the centrality dependence of
charged particle multiplicity, p, distributions and vy(p, ) in Pb+Pb collisions at both collision
energies, and the centrality dependence of charged particle multiplicity and vy{4} in Xe+Xe
collisions.

4.2.2 Numerical and experimental results

To calculate high-p, Raa and vy, we used the DREENA-A framework [109], described in more
detail in Chapter 2.

We succinctly note that the framework does not have free parameters in the energy loss, i.e.,
all the parameters are fixed to standard literature values. Consequently, it can fully utilize dif-
ferent temperature profiles as the only input in DREENA-A. R4 4 and v, predictions, generated
under the same formalism and parameter set (and calculated in a conventional way, see [109]),
can thus be systematically compared to experimental data to map out the bulk properties of

QGP.
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4. The Anisotropy of Quark-Gluon Plasma Constrained through High-p, Data

In the context of the results presented in this Chapter, it is worth noting that while the
model has several unique features in describing parton-medium interactions, it could still be
improved by including, e.g., the flow velocity of the bulk medium and transverse gradients of
temperature and density (see, e.g., [213, 214, 215, 216]). However, such improvements are in
their infancy in any framework, and implementing them into the dynamical energy loss model
while keeping all existing ingredients is challenging. Nevertheless, such improvements might
somewhat influence the quantitative results presented in this Chapter, and quantifying such
effects is an important future goal.

We compared our predictions with data from the Pb+Pb collisions at |/syy = 2.76 and
5.02 TeV analysed by the LHC experiments ALICE [144, 145, 217, 218], CMS [146, 147, 219,
220], and ATLAS [148, 149, 221, 222]. We used v, measurement obtained with the scalar
product method (defined in [149]). Since we are interested in the high p, region, we considered
data with p;, > 10 GeV. The p, bins are chosen as in the vy measurements, and the R4y
distributions are interpolated to the chosen binning. Since the CMS experiment used coarser
granularity in centrality for R4 measurements, i.e., 10-30% and 30-50%, we assigned the values
obtained from 10-30% (30-50%) to both 10-20% and 20-30% (30-40% and 40-50%). Finally,
combined uncertainties on the vy/(1 — Ra4) are calculated assuming that vy and Ra4 are
correlated.

To gain an intuitive insight into how different initializations influence high-p, predictions,
we show in Fig. 4.5 temperatures encountered by partons in /sy = 5.02 TeV Pb+Pb collisions
as a function of traversed distance using four different temperature profiles. These plots are
produced by generating initial high-p, partons’ positions according to binary collision densities.
Then these partons traverse the medium in the in-plane (red) or out-of-plane (blue) directions,
and the temperature they experience is plotted as a function of their path until they leave QGP.
The larger the temperature that partons experience while traversing the QGP, the larger the
suppression in high-p, observables. Similarly, a larger difference between in-plane or out-of-
plane temperatures is related to a larger high-p, v,.

From Fig. 4.5, we observe that partons traveling in the in-plane and out-of-plane directions
experience different temperatures in different scenarios, leading to the different behavior of
high-p, particles. For example, based on the maximum temperature encountered, we expect
the largest suppression (i.e., the smallest Ra4) for "TEKRT’. In contrast, 'Glauber + FS’ is
expected to lead to the largest R44. On the other hand, from the difference in in-plane and
out-of-plane temperatures, we expect the largest vy for ’Glauber, 79 = 1 fm’, followed by ’'TP-
Glasma’, while vy for "TEKRT’ should be notably smaller. The ordering of Rxx and vy is thus
different for different evolution scenarios, and therefore it is a priori unclear what the ordering
of vy/(1 — Ra4) might be.

In this section, we aim to address the following questions:

e Is the saturation in vy/(1 — Ra4) at high-p, still observed for these different profiles, as
expected from our previous analytical arguments and simple 1D Bjorken expansion?

e If yes, does this saturation carry information about the anisotropy of the system?

e What kind of anisotropy measure corresponds to the high-p, data?

To start addressing these questions, we show in Fig. 4.6 how vy /(1 — Raa) depends on p; in
Pb-+Pb collisions at /sy = 2.76 and 5.02 TeV using different temperature profiles. To avoid
cluttering the Figure, at \/syny = 5.02 TeV, we concentrate on the same four profiles as shown in
Fig. 4.5. The ratio is almost independent of p; above p; ~ 30 GeV, although ITP-Glasma shows
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Figure 4.5: Light red (light blue) shaded areas represent the temperatures along the paths
of high-p, partons when traversing the medium in the in-plane (out-of-plane) direction. For
every scenario, we show 1250 in-plane and out-of-plane trajectories. The temperature profiles
are from fluid-dynamical calculations of \/syy = 5.02 TeV Pb+Pb collisions in the 30-40%
centrality class, utilizing the Glauber model (with 75 = 1.0 fm), Glauber + free streaming
(FS), IP-Glasma, and EKRT initializations. Dark red (dark blue) curves represent the average
temperature experienced by the particles in the in-plane (out-of-plane) directions.

some p, dependence even above this limit. We also confirmed that the saturation is obtained
for other hydrodynamic calculations outlined in the Medium evolution subsection (not shown).
Thus, we confirm that the phenomenon of v,/(1 — Raa) saturation is indeed robust, i.e., holds
for a variety of different transversely expanding systems.

We also observe that some profiles lead to better agreement with the data than others. The
general trend is that the later the transverse expansion begins (fluid dynamical or otherwise),
the better the fit to the data. We have discussed some implications of this finding in Chapter
3. However, here, we explore how the differences in the medium evolution are reflected through
high-p, data and leave further comparisons between predictions and the data to later studies.

To find out whether the saturation values of vy/(1 — Raa) are correlated with the system
geometry, we evaluate the average path length of partons, (L), and its anisotropy

AL _ <Lout> B <Lm>
(L) a (Lout) + (Lin)’

where (L;,) and (L) refer to the average path-length of high-p, particles in the in-plane and
out-of-plane directions. For every temperature profile, (L;,) and (L,,;) is calculated using the
Monte Carlo method to generate an initial hard parton position in the XY plane according
to the binary collision densities. The parton then traverses the medium in the ¢ = 0 (or
¢ = 7/2) direction until the temperature at the parton’s current position drops below critical
temperature T.. We use T.=160 MeV, which is within the uncertainty of the lattice QCD
critical temperature of 154 +9 MeV [162]. We then obtain (L;,) and (L) by averaging the
in-plane and out-of-plane path lengths over many different partons.

In Fig. 4.7 we have plotted the values of va/(1 — Ra4) evaluated at 100 GeV for different
initializations, collision energies, and systems vs. the corresponding path-length anisotropies
AL/(L). Except for IP-Glasma, each case is presented with four points corresponding to the
centrality classes 10-20%, 20-30%, 30-40%, and 40-50%. We have omitted the 40-50% class of
IP-Glasma since the average profile for this centrality class was not smooth enough to produce
reliable vy and R 44 results.

(4.17)

Figure 4.7 shows a surprisingly simple relation between vy/(1 — Ras) and AL/(L), inde-
pendently on the collision system and energy, where the dependence is linear with a slope of
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Figure 4.6: Calculated and experimentally observed vy/(1 — Ra4) ratio for charged hadrons
as a function of transverse momentum p, in /syy = 5.02 (upper) and 2.76 (lower) TeV
Pb+Pb collisions. The calculations within DREENA-A framework were carried out using four
different temperature profiles (Glauber with 75 = 1.0 fm, Glauber + free streaming (FS),
IP-Glasma, and EKRT) at \/sxy = 5.02 TeV, and three at /sy = 2.76TeV (Glauber with
initial times 79 = 0.2, 0.6 and 1.0 fm). The data are by ALICE [144, 145, 217, 218] (red
triangles),CMS [146, 147, 219, 220] (blue squares) and ATLAS [148, 149, 221, 222] (green
circles) collaborations. Each panel corresponds to a different centrality (10-20%, 20-30%,30-
40%, 40-50%). The bands correspond to the uncertainty in the magnetic-to-electric mass ratio.
Each band’s upper (lower) boundary corresponds to py /g = 0.4 (0.6).

almost 1. Therefore, the system’s geometry dominates the saturation value, although, at small
values of AL/(L), there is a deviation from the linear proportionality. It is worth noticing
that here the values of AL/(L) are much smaller than in our earlier 1D study, presented in
Section 4.1. Also, even if the values of AL/(L) are very different for different initializations; the
initial anisotropies, €32, are not so different. The general trend is that the earlier the transverse
expansion begins (fluid dynamical or otherwise), the smaller the AL/(L) in the same centrality
class. The time it takes the parton to reach the system’s edge is almost independent of 7.
However, small 7y means that the system has evolved longer by the time the parton reaches the
edge, and the initial anisotropy has been diluted more. Thus, the earlier the expansion begins,
the lower is the AL and AL/(L) depicts the mentioned sensitivity to the time when expansion
begins.

4.2.3 Are these results robust?

Different collision system. In order to confirm that the saturation of vy /(1—R44) is observed
in other collision systems, we show this ratio (obtained within DREENA-A) as a function of
p1 for Xe+Xe collisions at \/sxy = 5.44TeV on Figure 4.8. We observe that v,/(1 — Raa)
saturates at high values of transverse momentum, which justifies our usage of data related to
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Figure 4.7: Charged hadron vy/(1 — Ra4) as a function of path-length anisotropies AL/L, for
different collision systems and energies (Pb+Pb at \/syy = 2.76 and 5.02 TeV and Xe+Xe
at /sy = 5.44 TeV), various centrality classes and temperature profiles, as indicated on the
legend. For every profile, the point with the lowest AL/L corresponds to the 10-20% centrality
class, the next one corresponds to 20-30%, and so on, up to 40-50% (except IP-Glasma, where
the highest centrality is 30-40%). The value of transverse momentum is fixed at p; = 100 GeV,
and the linear fit yields a slope of ~ 1.

this collision system in further analyses.
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Figure 4.8: vy/(1 — R44) ratio for charged hadrons as a function of transverse momentum p, in
V/snn = 5.44TeV Xe+Xe collisions. The calculations within the DREENA-A framework were
carried out using three different temperature profiles (Glauber with initial times 75 = 0.2, 0.6
and 1.0 fm). Each panel corresponds to a different centrality (10-20%, 20-30%,30-40%, 40-50%).
The bands correspond to the uncertainty in the magnetic-to-electric mass ratio. Each band’s
upper (lower) boundary corresponds to /g = 0.4 (0.6).
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Different energy loss model. Furthermore, we explore if we can reproduce the same
results if we switch to a different energy loss model. In particular, we investigate if the saturation
of vy/(1 — Raa) is still present at high p, and whether we can correlate its values to the
anisotropy of path lengths AL/L. As explained in Chapter 2, the formalism embedded in the
DREENA-A procedure includes radiative and collisional energy loss mechanisms. To test the
behavior of vy/(1 — Raa) for different energy loss models, we use DREENA-A but modified so
that it calculates high-p; Ra4 and vy taking into account only radiative (or only collisional)
energy loss mechanisms.

Figure 4.9 shows v9/(1 — Raa) calculated within the DREENA-A framework, but focusing
exclusively on radiative energy loss (with collisional energy loss artificially set to zero). We
observe that the obtained vs/(1 — Raa) ratio saturates at high values of p,, confirming the
robustness of this phenomenon with respect to the change in the energy loss model.

Pb+Pb 5.02 TeV; radiative energy loss
10-20% 20-30% 30-40% 40-50%

— Glauber, 1o = 1fm
o1 Glauber + FS [ [ [
IP-Glasma
EKRT

Vo | (1-Raa)

|
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Figure 4.9: Calculated observed v,/(1 — Ra4) ratio for charged hadrons as a function of trans-
verse momentum p, in y/syy = 5.02 Pb+Pb collisions, considering only radiative energy loss.
The calculations within the DREENA-A framework were carried out using four different tem-
perature profiles (Glauber with 75 = 1.0 fm, Glauber + free streaming (FS), IP-Glasma, and
EKRT) at /sxn = 5.02 TeV. Each panel corresponds to a different centrality (10-20%, 20-30%,
30-40%, 40-50%). The bands correspond to the uncertainty in the magnetic-to-electric mass
ratio. Each band’s upper (lower) boundary corresponds to uy/pe = 0.4 (0.6).

Moreover, we conduct a similar analysis as beforehand, i.e., we plot the values of vo/(1—Rax)
(obtained taking into account only radiative energy loss) at 100 GeV as a function of the
anisotropy of path lengths AL/L, refer to Figure 4.10, and we again observe linear dependence
with a slope that is close to 1.

Now we conduct the equivalent analysis but take into account only collisional energy loss
(with radiative energy loss artificially set to zero), and the results are shown in Figures 4.11
and 4.12. We again observe that vy/(1 — R4) saturates at high transverse momentum, and
we observe a linear dependence between vy/(1 — Raa) and AL/L. However, the slope value
is different than 1, but this is to be expected since neither radiative or collisional energy loss
alone is sufficient to explain the experimental data adequately.

From these results, we conclude that the phenomenon of vy /(1 — R44) saturation and its
relation to the anisotropy of the system is indeed robust and energy loss model-independent.

4.2.4 Jet-perceived anisotropy

AL/(L) depends on the shape of the system, and how the shape evolves, but it is not easy
to see how the evolution affects it. To change the point of view from individual jets and their
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Figure 4.10: Charged hadron vs/(1 — Raa) (calculated by taking into account only radiative
energy loss) as a function of path-length anisotropies AL/L, for Pb+Pb at /syy = 5.02
TeV, various centrality classes and temperature profiles, as indicated on the legend. For every
profile, the point with the lowest AL/L corresponds to the 10-20% centrality class, the next
one corresponds to 20-30%, and so on, up to 40-50% (except IP-Glasma, where the highest
centrality is 30-40%). The value of transverse momentum is fixed at p; = 100 GeV, and the
linear fit yields a slope of ~ 1.
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Figure 4.11: Calculated observed vy/(1 — Ra4) ratio for charged hadrons as a function of
transverse momentum p, in /syy = 5.02 Pb-+PDb collisions, taking into account only collisional
energy loss. The calculations within the DREENA-A framework were carried out using four
different temperature profiles (Glauber with 75 = 1.0 fm, Glauber + free streaming (FS), IP-
Glasma, and EKRT) at /sy = 5.02 TeV. Each panel corresponds to a different centrality
(10-20%, 20-30%,30-40%, 40-50%).

paths to the shape of the bulk medium and its evolution, we devised a measure similar to
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Figure 4.12: Charged hadron vy/(1 — Ra4) (calculated by taking into account only collisional
energy loss) as a function of path-length anisotropies AL/L, for Pb+Pb at /syy = 5.02
TeV, various centrality classes and temperature profiles, as indicated on the legend. For every
profile, the point with the lowest AL/L corresponds to the 10-20% centrality class, the next
one corresponds to 20-30%, and so on, up to 40-50% (except IP-Glasma, where the highest
centrality is 30-40%). The value of transverse momentum is fixed at p; = 100 GeV, and the
linear fit yields a slope of ~ 0.7.

the conventional measure of the spatial anisotropy (e.g. ez defined in Equation 4.15, or higher
eccentricity coefficients given in, e.g., [200]): We evaluate the average of temperature cubed
encountered by partons propagating with angle ¢ with respect to the reaction plane [4]:

_ [ dady T3(z + T cos ¢,y + Tsind, 7) no(z, y)
B [ dady no(z,y) ’

where ng(z,y) is the density of the jets produced in the primary collisions, i.e., the density of
the binary collisions. This distribution is not azimuthally symmetric, and we may evaluate its
second Fourier coefficient:

[ dadyne(z,y) [dpcos2¢T3(x + T cos g,y + Tsing, 7)

iT(r) = [ dzdyno(z,y) [doT3(x + Tcos¢,y + Tsing, 7) (4.19)

JT' (T, ¢) (4.18)

Moreover, a simple time-average of 575,

(JT2) = : (4.20)

where 7., is defined as the time when the center of the fireball has cooled down to critical
temperature 7Ty, is directly proportional to the ratio vy/(1— Raa) as shown in Fig. 4.13 (without
an off-shift observed for low values of vy/(1 — Raa) in Fig. 4.7).
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Figure 4.13: The plot on the left shows the values of vy/(1 — Ra4) of charged hadrons as a
function of the average jet-perceived anisotropy (jT3) for different collision systems and energies
(Pb+Pb at /syy = 2.76 and 5.02 TeV and Xe+Xe at /syv = 5.44 TeV), various centrality
classes and temperature profiles, as indicated on the legend. For every profile, the point with
the lowest (jT5) corresponds to the 10-20% centrality class, the next one corresponds to 20-30%,
and so on, up to 40-50% (except IP-Glasma, where the highest centrality is 30-40%). The value
of transverse momentum is fixed at p; = 100 GeV, and the linear fit yields a slope of ~ 1. The
plot on the right shows vy/(1 — Raa) and (j75) the ratio for every point from the plot on the
left as a function of the centrality class.

We call this measure the average jet-perceived anisotropy of the system. We evaluate the
ratio of va/(1 — Raa) and (j75) in the p; range where the vy/(1 — Raa) ratio has saturated for
all models (p, > 80 GeV), and average over all the cases shown in Fig. 4.13 to obtain

va/(1 — Ran)
(JTs)

As shown in the right panel of Fig. 4.13, deviations from this behavior are modest and random.
This indicates that (j75) describes the leading term in the process creating high-p, vo/(1—Ran),
and therefore this ratio carries direct information on the system geometry and its anisotropy.
Since unity is within one standard deviation from the average for practical purposes we can use
an approximation ve/(1 — Raa) = (j12).

— 1.08 £ 0.09. (4.21)

The above analysis was performed on h*. However, if vy/(1 — Raa) indeed reflects the
anisotropy (j7Ts), then the Eq. (4.21) should be independent of flavor. Due to large mass, Raa
and vy of heavy flavor particles depend on p, differently from charged hadrons’ Rs 4 and wvs.
To test whether the vy/(1 — Raa) ratio of heavy flavor particles also saturates at high p,, and
whether Eq. (4.21) is valid for them, we performed the same analysis on R44 and vy of D and B
mesons. We obtained that vy/(1 — Raa) indeed saturates at p; > 20 GeV for B mesons and at
p1 > 80 GeV for D mesons, and that, after saturation, the Eq. (4.21) is robust for all types of
flavor (results not shown). This further supports that vy/(1 — Raa) at high-p, directly carries
information on the medium property, as revealed through this extensive analysis.

Finally, we evaluated the favored (jT3) range from the experimentally measured Raa(p,)
and vy(p, ) for h* at different centralities. The (jT3) values are obtained by fitting v,(py)/(1—
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Figure 4.14: Constraints to jet-perceived anisotropy ({j73), shown on y-axis) evaluated from
high-p; > 20 GeV Ra4 and v,y experimental data using (j75) = vo/(1 — Raa) (see Eq. 4.21),
for four different centrality regions (shown on the x-axis): 10-20%, 20-30%, 30-40%, 40-50%.
5.02 TeV Pb+Pb ALICE [144, 145] (red triangles), CMS [146, 147| (blue squares) and AT-
LAS [148, 149] (green circles) data are used. For each centrality, the experimental constraints
are compared with the average jet-perceived anisotropy (jT») for various evolution scenarios
indicated in the legend.

Raa(py)) data shown in Fig. 4.6 with a constant function for p; > 20 GeV using MINUIT [223|
package within ROOT [224] code, taking uncertainties into account. The fitted ratio was then
converted to (jT3) by assuming their equality. As shown in Fig. 4.14, all three experiments
lead to similar values of (j75), though the uncertainty is still large.

We also note that (jT5) is a bulk-medium property, which can be directly evaluated from
bulk-medium simulations through Eqs. (2)—(4), independently of high-p, data. Thus, experi-
mental data can be used to restrict the value of this quantity. In Fig. 4.14, we see that none of
the evolution scenarios tested in this manuscript is in good agreement with the data (despite the
above-mentioned large uncertainty), i.e., lead to smaller jet-perceived anisotropy than experi-
mentally favored. We thus show that jet-perceived anisotropy provides an important constraint
on bulk-medium simulations and those future bulk-medium calculations should be tuned to re-
produce the experimentally constrained (j75) as well. Moreover, in the high-luminosity 3"¢ run
at the LHC, the error bars for Raa(p,) and vy(p,) are expected to be significantly reduced,
which will subsequently lead to a notably better experimental constraint of (j73), also enabling
better constraint on bulk-medium simulations.
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4.2.5 Summary

In this study, we used the recently developed DREENA-A framework to explore how the tem-
perature evolution of the QGP droplet influences high-p, vy/(1— Ra4) predictions. The frame-
work does not use any free parameter within the energy loss model and consequently allows
us to fully explore these profiles as the only input in the model. We showed that saturation
in vy/(1 — Raa), clearly seen in the experimental data is robustly obtained for the compre-
hensive set of fluid-dynamical calculations covered in this study, as well as different types of
flavor, collision energies, and collision systems, supporting the generality of our findings. Also,
by folding spatial coordinates and temperature, we further revealed that this saturation value
corresponds to a property of the system we defined as average jet-perceived anisotropy (j75).
We also showed how to relate (j75) to experimental data, providing a new important con-
straint on bulk-medium simulations. None of the evolution scenarios that we tested here were
in good agreement with experimentally inferred (j75) values, which argues that it is important
to tune the bulk-medium simulations accordingly, particularly with the high-luminosity 37 run
at the LHC. Our approach demonstrates the utility of QGP tomography, i.e., the potential for
extracting the bulk QGP properties jointly from low and high-p, data.
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Chapter 5

Importance of Higher Orders in Opacity
in QGP Tomography

This Chapter is based on [5]. It considers the problem of including a finite number of scattering
centers in dynamical energy loss and classical DGLV formalism. Previously, one or an infinite
number of scattering centers were considered in radiative energy loss calculations, while efforts
to relax such approximations require a more conclusive and complete treatment. In reality,
however, the number of scattering centers is generally estimated to be 4-5 at RHIC and the
LHC, making the above approximations (a priori) inadequate and this theoretical problem
significant for QGP tomography.

We derived explicit analytical expressions for dynamical energy loss and DGLV up to the
4™ order in opacity, resulting in complex - highly oscillatory - mathematical expressions. These
expressions were then implemented into an appropriately generalized DREENA framework to
calculate the effects of higher orders in opacity on a wide range of high-p, light and heavy
flavor predictions. Results of extensive numerical analysis and interpretations of nonintuitive
results are presented here. We demonstrate that, for both RHIC and the LHC, higher-order
effects on high-p, observables are minor, and the approximation of a single scattering center is
adequate for dynamical energy loss and DGLV formalisms.

5.1 Introduction

Hard probes are one of the main tools for understanding and characterizing the QGP prop-
erties |7], where hard processes dominate interactions of these probes with QGP constituents.
These interactions are dominantly described by energy loss, where radiative is one of the most
important mechanisms at high transverse momentum (p, ) [105]. The radiative energy loss can
be analytically computed through pQCD approaches, typically under the assumption of the op-
tically thick or optically thin medium (e.g., Baier-Dokshitzer-Mueller-Peigne-Schiff-Zakharov
(BDMPS-Z) [117, 225], Armesto-Salgado-Wiedemann (ASW) [118], (D)GLV [110, 115], Higher-
Twist (HT) and Higher-Twist Majumder (HT-M) [119, 226], Arnold-Moore-Yaffe (AMY) [227],
dynamical energy loss [105, 121]| and different applications/extensions of these methods) and
tested against the experimental data.
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Optically thick medium corresponds to the approximation of a jet experiencing infinite
scatterings with medium constituents. While such an approximation would be adequate for
QGP created in the early universe (Big Bang), Little Bangs are characterized by short, finite-
size droplets of QCD matter. Another widely used approximation is an optically thin medium,
assuming one scattering center. However, the medium created in Little Bangs is typically several
fm in size (with mean free path A ~ 1 fm), so considering several scattering centers in radiative
energy loss calculations is needed. Thus, it is evident that both approaches represent two
extreme limits to the realistic situations considered in RHIC and LHC experiments, and relaxing
these approximations to the case of a finite number of scattering centers is necessary (see
Figure 5.1 for an illustration). Thus, relaxing such approximation is a highly nontrivial problem,
first addressed in [110], with recently renewed interest [228, 229, 230, 231, 232, 233, 234|.
Some of these approaches are analytically quite advanced, e.g., providing full expressions for
a gluon radiation spectrum (or splitting functions) with relaxed soft-gluon approximation in
DGLV formalism [232, 233] or derivation of gluon emission spectrum with full resummation of
multiple scatterings within the BDMPS-Z framework [228, 230, 231]. However, in our view,
this issue requires a more conclusive and complete treatment. Namely, the importance of
including higher orders in opacity effects on experimental observables is still not addressed. In
relaxing this approximation, it is not only needed to estimate these effects on, e.g., the energy
loss and gluon radiation spectrum, but also to implement these corrections in the numerical
frameworks needed to generate predictions for high-p, observables measured at RHIC and
the LHC experiments. Furthermore, most of these studies were done in massless quarks and
gluons limit and/or use the assumption of an uncorrelated medium. Since we, a priori, do
not know the magnitude of the effects of the inclusion of multiple scattering centers, nor how
the mentioned approximations can influence this magnitude, we find it questionable to discuss
higher order corrections while ignoring the effects which might potentially overshadow or alter
the final effects. For example, due to a finite temperature medium, light quarks and gluons
gain mass in QGP, which can significantly numerically modify the importance of these effects
on experimental observables.

.
J "

Figure 5.1: A parton in the medium experiences several scatterings before radiating a gluon.

In this study, we start from our dynamical energy loss formalism [105, 121], computed under
the approximation of an optically thin QCD medium, i.e., one scattering center. We use general
expressions from [234] to relax this approximation to the case of a finite number of scattering
centers, where explicit analytical expressions up to the 4" order in opacity (scattering centers)
are presented. These expressions are implemented in the (appropriately modified) DREENA-
C [107] framework (which assumes a constant temperature medium — refer to Chapter 2),
enabling us to more straightforwardly estimate the effects of higher orders in opacity on high-
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p1 Raa and vy observables. Based on these results, we also provide estimates for the fully
evolving medium, while a rigorous study in this direction is left for future work.

While the initial expressions taken from [234] were, strictly speaking, derived in the ap-
proximation of static scattering centers, we apply them here in the context of a dynamic QCD
medium. Namely, by careful calculation, we have shown in [121]| that — at least in the first
order in opacity — the generalization from the static to dynamic medium eventually amounts
to a mere appropriate replacement of the mean free path and effective potential in the final
expressions. Following general arguments given in [110] and the expectations expressed in [234],
we assume that the same prescription for progressing from static to dynamic medium remains
valid in higher orders of opacity.

The outline of this Chapter is as follows: Sections 5.2 and 5.3 present the outline of the-
oretical and numerical frameworks used in this study, with more detailed analytical results
presented in the Appendices. In the Results section, we will numerically analyze the effects of
higher orders in opacity on the gluon radiation spectrum and high-p; R4 and v, predictions.
Intuitive explanations behind obtained results will be presented. This section will also analyze
a particular case of static QCD medium (extension of (D)GLV [110, 115] to the finite number
of scattering centers). The main results will be summarized in the last section.

5.2 Theoretical framework

In this study, we use our dynamical radiative energy loss [105, 121] formalism described in
Chapter 2.

However, as the Introduction notes, this radiative energy loss is developed up to the first
order in opacity. Thus, to improve the applicability of this formalism for QGP tomography, it is
necessary to relax this approximation. To generalize the dynamical energy loss to finite number
in scattering centers, we start from a closed-form expression - Eq. (46) from [234] and Eq. (20)
from [115] - derived for static QCD medium (i.e., (D)GLV case [110, 115]) but applicable for
a generalized form of effective potential v(q;) (qg; are the momenta of the exchanged gluons),
and mean free path A\ [234].

AN™ g t T (2. V(@) — 0% (q)
Ydrdk /0 dzl'”/z,,,_l dz”/iu@ PTG )

2

T2

cos Z W) Dz, — COS Z W) A2 ) , (5.1)
k=2

k=1
here |v;(q;)|? is defined as the normalized distribution of momentum transfers from the 48
scattering center (i.e., "effective potential"), A(7) is the mean free path of the emitted gluon,
Cg is the color Casimir of the jet (Cr = 4/3 (Cr = 3) for the quark (gluon) jet), Az are
distances between scattering centers. Note that we denote transverse 2D vectors as bold p for
consistency with our previous work.

The running coupling is defined as in [124]:

47
(11— 2ns) In(52)’

Agep

as(Q%) = (5.2)

9 K24M2x24m?2 . . .
here Q; = ——————=, appearing in Eq. (5.1) above is the off-shellness of the jet before gluon

radiation [124], where x is the longitudinal momentum fraction of the quark jet carried away
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by the emitted gluon, M is the mass of the quark, m, = [LE/\/§ is the effective mass for gluons
with hard momenta [122], and k is the momentum of the radiated gluon.

W(m..n) 18 the inverse of the formation time or the (longitudinal) momentum

X2+ (k—qm—-.-qn)?

5.3
5 : (5:3)

where 7 is the final scatter, while m varies from the first to the final scatter. x> = M?z* 4+ mZ,
where k is the momentum of the radiated gluon, q; are the momenta of the exchanged gluons,
x is the longitudinal momentum fraction of the quark jet carried away by the emitted gluon, M
is the mass of the quark, m, = pz/+v/2 is the effective mass for gluons with hard momenta [122],
and pp is the Debye mass (i.e., electric screening).

‘Cascade’ terms represent the shifting of the momentum of the radiated gluon due to mo-
mentum kicks from the medium:

(k—qi, =i, — ... — Qi)
Clirig..im) = - : - : 5.4
(t182...%m) X2+(k_Qi1_Qi2_~--_qim)2 ( )
A special case of C without any momentum shifts is defined as the ‘Hard’ term:
k
H = and B, =H — C,. (5.5)

X2+ K

In [105, 121, 123], we showed that, despite much more involved analytical calculations, the
radiative energy loss in a dynamical medium has the same form as in the static medium, except
for two straightforward substitutions in mean free path and effective potential:

)\stat — >\dyr17 (56)

where:
1.20214ns/4 4

Ao = 6 5.7
stat T2 14+ nf/6 dyn>» ( )

while the 'dynamical mean free path’ is given by [105, 121]:
)\c?yln = 3a5(Q12))T7 (58)

with Q? = ET [124]. Running coupling a(Q?) corresponds to the interaction between the jet
and the virtual (exchanged) gluon, while F is the jet’s energy.

{i} . { M — [ar (5.9)
(@ Hph)? |y L@ a3 (@ +13) L gy

here 13, is magnetic screening. Thus, we assume that the Eq. (5.1) can also be used in our
case, with the above modification of effective potential and mean free path. In the Appendix C,
we use this general expression to derive an explicit expression for the gluon radiation spectrum

1) gn@ B @)
. AN AN an$®  an,
for 1%¢, 2nd. 3t and 4" order in opacity (=2 g g g

T, =, =%, = respectively).
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5.3 Numerical framework

To generate the results presented in this work, we used the (appropriately generalized, see
below) DREENA-C framework, described in more detail in Chapter 2.

We use the following parameters in the numerical procedure: Agep = 0.2 GeV and ny = 3.
Temperature-dependent Debye chromoelectric mass ug(7T") has been extracted from [150]. For
the mass of light quarks, we take the thermal mass M =~ ,uE/\/é, and for the gluon mass, we
use my = pip/v/2 [122]. The mass of the charm (bottom) quark is M = 1.2 GeV (M = 4.75
GeV). The magnetic and electric mass ratio is 0.4 < pp/pgp < 0.6 [152, 153|. All the results
presented in this Chapter are generated for the Pb+Pb collision system at |/syy = 5.02 TeV.

As DREENA-C (see Chapter 2 and [107]) does not include suppression from multiple
scattering centers in the medium, we now upgrade this framework to include the 2" and 3™
order in opacity contributions. We integrate the expressions obtained from (5.1) analytically
for z; (i.e., distance at which i-th scattering occurs, see Appendices C.1 and C.2), and then
numerically for momenta k and q; using the quasi-Monte Carlo method to obtain % up to 37
order in opacity. Also, to test the importance of multiple scattering centers on radiative energy
loss, we exclude the collisional contributions from the DREENA-C framework and only generate
predictions for radiative energy loss. At the same time, we show the results for full (radiative
and collisional) energy loss in Appendices E, and F. Appendix C also includes expressions
for the 4" order in opacity. We implemented 4" order into DREENA-C, but as the resulting
integrals are highly oscillatory, we could not reach convergence for this order using our available
computational resources. Notably, this numerical complexity is significantly higher, estimated
to be ~ 2 orders of magnitude larger than for the 3"¢ order (e.g., for the 1! order, we needed
~ 25 CPUh; for the 2" order ~ 2500 CPUh; for the 3" order ~ 70000 CPUh). Nevertheless,
we found the 4" order contribution negligible at specific points where we reached a convergence,
as expected from the results presented in the next section.

5.4 Numerical results

In Fig. 5.2, the effect of higher orders in opacity on % as a function of z is shown for typical
medium length L = 5fm. In each plot, we use double axes for clarity: the lower axis corresponds
to magnetic to electric mass ratio pys/puep=0.6 (and the curves with the peak on the left side),
while the upper axis corresponds to g /pp=0.4 (and the curves with the peak on the right

side) - note that, in each case, maximum is reached for low values of x.

The importance of higher orders in opacity decreases with increased jet energy and mass.
They also decrease with decreasing the medium size, as shown in Appendix D (equivalent
figures for L = 3fm and L = 1fm). For bottom quarks, higher-order effects are negligible
independently of the jet momentum. In contrast, these effects are moderate for charm and
light quarks and can influence the jet observables, as discussed below. Note that, due to color
triviality, the results for light quarks show the (scaled) result for gluons, too. This holds up to
the fact that, due to the indistinguishability of the radiated gluon from the gluon in the jet,
the limits for subsequent integration of dN,/dx with respect to z is performed from e, = 0
t0 ZTupper = 1/2 (as opposed t0 Typper = 1 for light quarks).

Before employing the full-fledged procedure to obtain high-p, observables, we first calculated
the fractional energy loss in the medium (AE/E), which is shown in Figure 5.3 as a function of
transverse momentum p, for various quark flavors (bottom, charm, and light quarks), as well as
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Figure 5.2: Gluon radiation spectrum dN,;/dz as a function of z, for the typical medium length
of L = 5fm and various jet momenta. Different columns correspond to light, charm, and
bottom quarks. Solid black curves show the 1% order in opacity results, red dashed curves show
the results up to the 2°¢ order, while cyan dot-dashed curves up to the 3¢ order in opacity.
Curves with the peaks on the left (right) side of each of the plots correspond to the /g = 0.6
(urr /e = 0.4) case, and the numerical values should be read off on the lower (upper) z-axis.

for gluons. The path-length is fixed to L = 3fm, and we show the results for /g = 0.4 and
pav /e = 0.6. Fractional energy loss can be used as a proxy observable to estimate the behavior
of Ry4 — the larger the fractional energy loss, the smaller the expected R44. From this panel,
we again observe that the effect of including higher orders of opacity is more pronounced with
the decreasing parton mass (lowest for bottom quarks and highest for gluons). We also observe
that the effect of including higher orders in opacity is more pronounced in the py/pp = 0.4
case than in the py/up = 0.6 case. Moreover, we see that the effect has a different sign in
these two cases (inclusion of higher orders in opacity increases the fractional energy loss in the
par /e = 0.4, and decreases it in the uy/pp = 0.6 case). Its behavior is consistent with the
behavior of radiative Ra4 (shown in Figure 5.4).

In Fig. 5.4, we show the effect of higher orders in opacity on radiative R44 observable.
Our computations show that the effect on vy is similar to that on Ra4 (see Appendix E for vy
results). Thus, we concentrate only on Ra4 to avoid redundancy.

We first observe that the effect on R4, is smaller for more peripheral collisions. This is
expected, as the medium is shorter on average, so including multiple scattering centers becomes
less important.

Furthermore, we find that higher orders in opacity are negligible for B mesons, while these
effects increase with decreasing mass, as expected from Fig. 5.2 and Fig. 5.3. The reason
behind this is the decrease in the gluon formation time with increasing jet mass. When the gluon
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Figure 5.3: Fractional radiative energy loss (AE/E) as a function of transverse momentum — the
effects of different orders in opacity. The results are generated for the Pb+Pb collision system
at \/syn = 5.02 TeV. The path length is fixed to L = 3fm. Different columns correspond to the
bottom quark, charm quark, light quark, and gluons. The upper (lower) row corresponds to
the ppr/pe = 0.4 (uar/pe = 0.6) case. Solid black curves show the 1% order in opacity results,
red dashed curves show the results up to the 2°¢ order, while cyan dot-dashed curves up to the
3' order in opacity.

formation time is short, the energy loss approaches the incoherent limit, where it was previously
shown that the effects of higher orders in opacity are negligible [115]. Thus, our results are
consistent with the previous findings. On the other hand, for large gluon formation time
(massless quark and gluon limit), the higher orders in opacity effects become significant, also
in general agreement with the previous findings [228|. In finite temperature QGP (considered
in this study), light quarks and gluons gain mass due to Debye screening, reducing the effects
of higher orders in opacity on the energy loss, consistently with Fig. 5.4.

Unexpectedly, we also observe that, in accordance with Fig. 5.3, for different magnetic mass
limiting cases, these effects on R4 are opposite in sign: for pp/pup=0.6, the inclusion of
higher orders in opacity reduces energy loss (and, consequently, suppression). In contrast, for
e/ 1ne=0.4, the effect is both opposite in sign and more significant in magnitude. What is the
reason behind these unexpected results?

To answer this question, we go back to the effective potential [123] v(q) in dynamical QCD
medium, which can be written in the following form

v(q) = wvi(a) —vr(a), (5.10)

here vy(q) is longitudinal (electric), and vr(q) is transverse (magnetic), contribution to the
effective potential. The general expressions for the transverse and longitudinal contributions
to the effective potentials are [123]:

| | 1 1 1 |
i) = o ((q2 +12) (2 +u%)) ol =o ((q2 +12) (o +u%4)> {5-11)

here pg, pa and py = pg/ /3 are electric, magnetic and plasmon masses, respectively. As seen
from Eq. (5.10), this potential has two contributions - electric and magnetic, where the electric

77



5. Importance of Higher Orders in Opacity in QGP Tomography

radiative Raa
© o o =

o
N
T

(=)

-
=

o
@
e

E AN e eemnmemea
E \\.h_,,_‘-.f_—_—_::_-_f'

o
[e2)
T

radiative Raa
o

o
\o)
aiasrsioees
T
T

g 20-30%
0 b 1

N
o

radiative Raa

oF
a
o
—_
ok
o

50 160 :
p.(GeV) p.(GeV) p.(GeV)

o[

0 50 100

Figure 5.4: Radiative R44 results obtained within DREENA-C — the effects of different orders
in opacity. The results are generated for the Pb+Pb collision system at \/syy = 5.02 TeV,
and all the other figures in the manuscript show the results for the same collision system and
energy. Different columns correspond to charged hadrons, D, and B mesons, while different
rows show different centrality classes. Solid black curves show the 15 order in opacity results,
red dashed curves show the results up to the 2°¢ order, while cyan dot-dashed curves up to the
3'4 order in opacity. The upper (lower) boundary of each band corresponds to the py/pp = 0.6

(urr /e = 0.4) case.

contribution is always positive due to p, < pg. On the other hand, magnetic contribution
depends non-trivially on the value of magnetic mass. That is, for puy > p,, we see that
magnetic contribution decreases the energy loss. In contrast, for py < iy, it increases the
energy loss and consequently suppression, as shown in Fig. 5.4, which may intuitively explain
the observed energy loss and R4 behavior.

Furthermore, the Debye mass pug is well defined from lattice QCD, where the perturbative
calculations are consistent [150]. Thus, the electric potential is well defined in dynamical energy
loss, and we can separately test the effect of higher orders in opacity on this contribution (by
replacing v(q) by vr(q) in the DREENA framework). Surprisingly, we find it negligible, as
shown in Fig. 5.5. Thus, higher orders in opacity essentially do not influence the electric
contribution in a dynamical QCD medium, which is an interesting and intuitively unexpected
result. That is, the higher orders mainly influence the magnetic contribution to energy loss
(keeping the electric contribution unaffected), where the sign of the effect depends on the
magnetic mass value. For example, as jip/pp=0.4 is notably smaller than p,/ug = 1/\/§, the
higher orders in opacity are significant for this limit and increase the suppression, in agreement
with Fig. 5.4. On the other hand, py/purp—0.6 is close to (but slightly larger than) p,/ug, so
higher orders in opacity are small for this magnetic mass limit and reduce the suppression, also
in agreement with Fig. 5.4. Additionally, note that the most recent 2-+1 flavor lattice QCD
results with physical quark masses further constrain the magnetic screening to 0.58 < pns/pp <
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Figure 5.5: R44 results, obtained within DREENA-C when ouly electric contribution (vz(q))
to radiative energy loss is considered. Different columns correspond to charged hadrons, D,
and B mesons, while different rows show different centrality classes. Solid black curves show
the 1% order in opacity results, red dashed curves show the results up to the 2°¢ order, while
cyan dot-dashed curves up to the 3" order in opacity.

0.64 [235]. Thus, for this range of magnetic screening, we conclude that the effects of higher
orders in opacity are minor in a dynamical QCD medium and can be safely neglected.

Furthermore, Fig. 5.5 raises another important question: as it is well known, only electric
contribution exists in static QCD medium approximation [22; 120] (though it has a different
functional form compared to the electric contribution in dynamical QCD medium). That is, the
magnetic contribution is inherently connected with the dynamic nature of the QCD medium. As
most existing energy loss calculations assume (simplified) static QCD medium approximation,
does this mean higher orders in opacity can be neglected under such approximation?

We first note that this does not necessarily have to be the case because the effective potential
for electric contribution is significantly different in static compared to the dynamical medium.
However, to address this question, we repeat the same analyses as above, this time assuming
the static medium effective potential (left-hand side of Eq. (5.9)) and mean free path (Astat)-
Fig. 5.6 shows the effects of higher orders in opacity in static medium approximation (DGLV
case). While larger than those in Fig. 5.5, these effects are still minor (i.e., less than 6%). Thus,
for optically thin medium models with static approximation, we show that including multiple
scattering centers has a negligible effect on the numerical results, i.e., these effects can also be
neglected.

Finally, we ask how the inclusion of evolving medium would modify these results. Including
higher-order effects in the evolving medium is very demanding and out of the scope of this
manuscript. However, it can be partially addressed by studying how higher-order effects depend
on the temperature, which changes in the evolving medium. To address this, in Fig. 5.7, we
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Figure 5.7: D meson radiative R4, results obtained within DREENA-C for different temper-
ature values. The left panel corresponds to 0-5% centrality, while the right panel corresponds
to 40-50% centrality. The values of temperature are 7" = 200 MeV (the uppermost curves),
400 MeV (the middle curves), and 600 MeV (the lowest curves). The solid black curves show
the 1°¢ order in opacity results, while cyan dot-dashed curves show the results up to the 37
order in opacity. The chromomagnetic and chromoelectric mass ratio is fixed to pp /e = 0.6.

focus on D meson Raa, pa/pue = 0.6 (per agreement with [235]) and study the effects of
higher orders in opacity for three different temperature values 7' = 200,400,600 MeV (which
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broadly covers the range of temperatures accessible at RHIC and the LHC). See Appendix G
for the entire panel, which also includes the results up to the 2"¢ order in opacity. We find that
the higher-order effects are largely independent of these values. Thus, we do not expect that
including medium evolution will significantly influence the results presented in this study, i.e.,
expect the effect of multiple scattering centers to remain small.

5.5 Summary

In this Chapter, we generalized our dynamical energy loss and DGLV formalisms towards finite
orders in opacity. For bottom quarks, we find that higher orders in opacity are insignificant
due to short gluon formation time, i.e., the incoherent limit. For charm and light quarks,
including 2"¢ order in opacity is sufficient, i.e., the 3" order numerical results almost overlap
with the 2"¢, Surprisingly, we also find that for limits of magnetic screening, py/pe = 0.4 and
par /e = 0.6, the effects on the R4 are opposite in sign. For pp/pug = 0.6 (uar/pe = 0.4),
higher orders in opacity decrease (increase) the energy loss and subsequently suppression. The
intuitive reason behind such behavior is the magnetic contribution to the dynamical energy
loss. That is, while electric contribution remains almost insensitive to increases in the order of
opacity, magnetic screening larger (smaller) than plasmon mass value decreases (increases) the
energy loss and suppression, in agreement with the theoretical expectations. We also show that
in the static QCD medium approximation, in which (per definition) only electric contribution
remains, the effects of higher orders in opacity on high-p, observables are minor and can be
safely neglected. Thus, for static QCD medium, the first order in opacity is an adequate
approximation for finite-size QCD medium created in the RHIC and the LHC. For dynamical
energy loss, both the effect’s sign and size depend on the magnetic screening, as outlined above.
However, for most of the current estimates of magnetic screening [235], these effects remain less
than 5%, so they can also be safely neglected.

The analyses presented here are obtained for a constant temperature medium (and ade-
quately generalized DREENA-C framework). However, we also tested how the effects of in-
cluding multiple scatterers depend upon temperature and found this influence to be also small
(affecting the radiative R4 for less than 5%). Thus, we expect that including higher orders in
opacity in the evolving medium will not change the qualitative results obtained here, but this
remains to be rigorously tested.
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Chapter 6

Conclusions

Quark-gluon plasma is a new form of matter created in heavy-ion collisions at ultrarelativistic
energies, consisting of deconfined quarks, antiquarks, and gluons. Most particles created after
such a collision form the thermalized medium, while a tiny fraction is the high-energy /high-p,
particles. In this thesis, we utilized high-p, theory and data to infer properties of quark-gluon
plasma. Namely, with a proper description of the energy loss of rare high-energy particles,
it becomes evident that they become excellent tools for quark-gluon plasma tomography. To
this avail, we used the state-of-the-art dynamical energy loss formalism, which can accurately
describe the interaction of the high-p, particles with the medium. This Chapter will summarize
the most important research results presented in this thesis.

In Chapter 3, we demonstrated how high-p, theory and data can be used to constrain 7y —
the initial time, i.e., the time of onset of hydrodynamical evolution of quark-gluon plasma —
a parameter that has previously been only weakly constrained through low-p; data. First, we
explored a simplified scenario with no pre-equilibrium medium evolution. We determined high-
p. observables on a set of temperature profiles with various initial times (in the range 0.2fm
< 79 < 1.2fm), which all give good agreement with low-p, spectra, and the obtained predictions
were compared with high-p, R4 and vy experimental results. We observed that high-p,
predictions show sensitivity to 7o and that they can be resolved against the experimental data.
Moreover, the data prefers later thermalization time (79 ~ 1fm). In order to try to explain these
findings, we entertained the notion that jet quenching may start later than the thermalization
of the medium. We tested this scenario by introducing quenching time 7, > 75. However, while
R 44 shows sensitivity to 7,, we find that vy is entirely insensitive to 7, (for a given temperature
profile with a particular 75), thus refuting the idea that jet quenching can start later than the
medium thermalization. Finally, we show that the obtained sensitivity of high-p, R4 and
vy to 7p is due to the differences in temperatures that jets see while traversing the medium in
the in-plane and out-of-plane directions. Larger 7y cuts away the large-temperature part of the
profile (decreasing its average temperature), which explains the behavior of R44; furthermore,
profiles with larger 7y show a more significant difference between in-plane and out-of-plane
temperatures, which explains the behavior of vs.

In the second part of Chapter 3, we introduce pre-equilibrium evolution into our calculations.
Namely, we consider four limiting scenarios, i.e., four temperature profiles with various values
of hydrodynamics initial time (7y) and quenching time (7,): 4) no pre-equilibrium transverse
expansion until 7o = 7, = 0.2fm; i) no pre-equilibrium transverse expansion until 7o = 0.2fm
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and 7, = 1fm; 77) free streaming from 7 = 0.2fm until 7y = 7, = 1fm; iv) no pre-equilibrium
transverse expansion until 79 = 7, = 1fm. All these four profiles give good agreement with
low-p, spectra and low-p, vy. High-p, R44 and vy have been calculated on these profiles and
compared with the experimental data. As expected, the later the energy loss begins, the higher
the R 4 and starting the energy loss already at 7, = 0.2fm is disfavored. On the other hand,
if the early expansion is fluid-dynamical, delaying the onset of energy loss barely changes the
value of v,. Moreover, the free streaming case leads to an even worse fit for the data. The
only case in which v, predictions approach the data is when both the energy loss and transverse
expansion are delayed to 7 = 1fm. We also generated heavy-flavor R44 and vy, which show
even stronger sensitivity to the early evolution. To investigate the origin of this sensitivity
of R44 and vy to the early evolution, we again evaluate the average temperature along the
paths of jets traversing the medium in the in-plane and out-of-plane directions, as well as their
difference. From this, we find that delaying the onset of transverse expansion to 7, = 1.0fm
leads to a larger difference in temperatures than either early fluid-dynamical or free-streaming
expansion, which allows enough vy to be built up in that case.

Chapter 4 presents the results of the study of the anisotropy of quark-gluon plasma created in
heavy-ion collisions. We propose a novel approach where this vital bulk parameter is extracted
from the already available experimental data. To begin with, we considered a simple 1+1D
longitudinally-expanding Bjorken model. Even though this model does not include transverse
expansion (and is therefore not realistic), simple scaling arguments related to the dynamical
energy loss model can be applied within it. By using these scaling arguments, we deduce that,
at high p,, the ratio of v, and 1 — R44 is expected to depend only on the anisotropy of the
system, through the anisotropy of path lengths, AL/L. In order to test this, we employ the
full-fledged DREENA-B framework to calculate vo/(1 — R44) as a function of the transverse
momentum. We obtain that it indeed saturates at p; > 20GeV, and its value at high p, is
equal to the value predicted by the scaling arguments. Finally, we construct a proxy variable
from AL/L, which closely resembles €, (the parameter usually used to quantify the spatial
anisotropy of QGP), and calculate its values by using our full-fledged vy /(1 — R44) predictions.
In this way, we can recover the ¢; from conventional initial state models — a highly non-trivial
result which confirms that ve/(1 — R44) indeed carries information on the anisotropy of the
system.

In the second part of this Chapter, we explore the relation between high-p, data and
anisotropy in a fully evolving medium. In order to check the universality of our findings,
we study a large set of temperature profiles generated by using various initial state models
(Glauber, Glauber + free streaming, EKRT, IP-Glasma, TgENTo), subsequent hydrodynam-
ical evolutions (3+1D hydrodynamical model, MUSIC, VISHNU) for different collision sys-
tems and energies: Pb + Pb at 5.02TeV and 2.76TeV and Xe + Xe at 5.44TeV. We calculate
v9/(1 — Raa) within DREENA-A, and obtain that vy/(1 — Ra4) saturates at high p, for all
the examined temperature profiles. Moreover, we find a simple linear dependence between the
values of v5/(1 — Ra4) at high-p, and the anisotropy of path lengths, AL/L. However, in order
to relate the anisotropy inferred from high-p, predictions more directly to the properties of the
evolving medium, we introduce a new observable, jet-perceived anisotropy (jTs), which explicitly
depends on the medium evolution. We find that it is directly proportional to vy/(1—Ra4), with
a slope close to unity. We estimate jet-perceived anisotropy from hydrodynamical evolutions
and compare the values with the values obtained from the vy and R44 experimental measure-
ments. None of the tested evolutions reproduce the experimentally obtained jet-temperature
anisotropy. However, since jet-perceived anisotropy is a medium property, we argue that future
hydrodynamical calculations should be tuned to reproduce the experimentally obtained (j75).

Finally, in Chapter 5, we study the effects of including a finite number of scattering centers
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in radiative energy loss within the dynamical energy loss formalism. Contrary to most energy
loss models, usually based on optically thick or optically thin approximation, we derive the
analytical expressions up to the 4" order in opacity within the dynamical energy loss formalism.
We implement them into the DREENA-C framework and calculate radiative Ra4 and vy (we
observe similar behavior in these two observables). The effects of higher orders in opacity on
R4 are minor for more peripheral collisions, as expected. Furthermore, we find that higher
orders in opacity are negligible for B mesons, while these effects increase with decreasing mass.
Unexpectedly, we observe that the effects are opposite in sign for different magnetic mass
limiting cases: for gy /pug = 0.6, the inclusion of higher orders in opacity reduces the energy
loss, while for /e = 0.4 the effect has the opposite sign and a much larger magnitude. The
intuitive reason behind such behavior is the magnetic contribution to the dynamical energy
loss. While the electric contribution is almost insensitive to the higher orders in opacity, the
magnetic screening larger (smaller) than plasmon mass decreases (increases) the energy loss,
thus explaining the observed behavior. We also explored the static QCD medium approximation
(which has only the electric contribution). In this case, we found that the first order in opacity
is an adequate approximation for a finite-size QCD medium created in heavy-ion collisions. In
the dynamical medium, both the magnitude and the sign of the effects depend on the magnetic
screening. However, for the most current estimates of its value, we conclude that the effects
remain less than 5% and can be safely neglected.

All these results demonstrate the usefulness of high-energy particles for studying the proper-
ties of quark-gluon plasma. Our results advance the applicability of high-p, data and show the
interconnections between the low- and high-p, sector, which can be jointly used to constrain
the properties of this new form of matter.
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Appendix A

High-p, R 44 and vy for various
pre-equilibrium evolution scenarios

In the second part of Chapter 3, we showed high-p, Raa and vy results for four limiting sce-
narios (see Figure 3.7). In order to confirm the universality of our findings, we here include an
expanded panel with three additional temperature profiles with more sophisticated initializa-
tions: EKRT, IP-Glasma, and TrENTo.

e In the case of EKRT initialization [86, 87, 88|, we employ the same setup as used in
Ref. [202] (see also [175]), compute an ensemble of event-by-event fluctuating initial den-
sity distributions, average them, and use this average as the initial state of the fluid dy-
namical evolution. We use the code of Molnar et al., [L04] but restricted to boost-invariant
expansion. The shear viscosity over entropy density ratio is temperature dependent with
favored parameter values from the Bayesian analysis of Ref. [202]. Initial time is 7y = 0.2
fm, and the EoS is the s83s;53 parametrisation from Ref. [202].

e In the case IP-Glasma initialization [77, 78], the calculated event-by-event fluctuating
initial states |203] were further evolved [204] using the MUSIC code [205, 206, 207| con-
strained to boost-invariant expansion. We subsequently averaged the evaluated temper-
ature profiles to obtain one average profile per centrality class. In these calculations,
the switch from Yang-Mills to fluid-dynamical evolution took place at 7yyiten = 0.4 fm,
shear viscosity over entropy density ratio was constant n/s = 0.12, and the temperature-
dependent bulk viscosity coefficient over entropy density ratio had its maximum value
(/s = 0.13. The equation of state was based on the HotQCD lattice results [208] as
presented in Ref. [209].

e In the case of TRENTOo initialization [89], we create an ensemble of event-by-event fluc-
tuating initial states, sort them into centrality classes, average, and evolve these average
initial states. Unlike in other cases, we employ the version of the VISH2+1 code [210]
described in Refs. [211, 212]. We run the code using the favored values of the Bayesian
analysis of Ref. [212]; in particular, allow free streaming until 7 = 1.16 fm, the minimum
value of the temperature-dependent 7/s is 0.081, and the maximum value of the bulk
viscosity coefficient (/s is 0.052. The EoS is the same HotQCD lattice results [208] based
parametrization used in Refs. |211, 212].
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A. High-p, Raa and v, for various pre-equilibrium evolution scenarios
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Figure A.1: Charged hadron DREENA-A R4, (upper panels) and vy (lower panels) predictions,
generated for various initializations and subsequent hydrodynamical evolutions, are compared
with ALICE [144, 145], CMS [146, 147] and ATLAS [148, 149] data. Four columns, from left
to right, correspond to 10-20%, 20-30%, 30-40% and 40-50% centralities at /syy = 5.02
Pb+Pb collisions at the LHC. The chromomagnetic to chromoelectric mass ratio is set to
par /e = 0.5. Note that the p, scale in the upper (Ra4) row is regular, while in the lower
(v9), it is logarithmic.

We calculated high-p;, Ras and vy for all these profiles, and the results are shown in Fig-
ure A.1. We confirm that the only case in which our results simultaneously match both R44
and v, experimental data is in the case when both the transverse expansion and the energy loss
are delayed to 7o = 1.0 fm.
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Appendix B

Direct proportionality of high-p,; v9 and
1 — R4 4 for various centrality classes

In the second part of Chapter 4, Fig 4.4 shows the direct proportionality of v, and 1 — R4 at
high p, in the 40-50% centrality bin. We here demonstrate that this holds for other centrality
classes as well — see Fig. B.1, which shows the direct proportionality of high-p, vy and 1 — R4
for three different centrality classes (10-20%, 20-30%, 30-40%).
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Figure B.1: Direct proportionality of high-p, v, and 1 — R44, which suggests that their ratio
is p,-independent. The figure shows vy vs 1—Raa for p; > 10 GeV data for charged hadrons
from 5.02 TeV Pb+Pb ALICE [144, 145] (red triangles), CMS [146, 147] (blue squares) and
ATLAS [148, 149] (green circles) experiments. The data is shown for the 10-20%, 20-30% and
30-40% centrality bins. Each collaboration’s datapoints correspond to different values of p |,
with both vy and 1— Raa decreasing with increasing p, .
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Appendix C

Analytical expressions for dN,/dz for
higher orders in opacity

C.1 General form

The gluon radiation spectrum up to the 4" order in opacity contains the following terms, which
are here given in detail:

() - (S5 -(5),
() () ) (),
(), () () (),

(1)

&.

Xz

8

dx

~(dNyY N AN . ANy (AN )
dx dz dz dz '
5 6 7 8

Numerical integrations with respect to the momentum k are performed over 0 < [k| <
2Fz(1—1), and the ones with respect to momenta q, are performed over 0 < |q,| < V4ET [236].
The integrations with respect to angles ¢, are performed over 0 < ; < 27. Under the constant
T approximation used here, the expressions presented below can be analytically integrated over
z;, significantly simplifying subsequent numerical calculations (see Appendix B.2).

In the expressions below, the following equations hold for i, j € {1,2,3,4}:

k-q = |k||qz‘|COS¢ia (C-Q)
q,-q; = |q;llq;|cos(ei — ;).
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C. Analytical expressions for dN,/dx for higher orders in opacity

The 1°¢ order in opacity term is given by:

<ng<”) B 4CR / / d’k / P, o2 1h — i
= k
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After integration with respect to z;, this expression reduces to the expression used to obtain
dN,/dz in the original DREENA-C framework [107].

The 2"? order in opacity contains two terms, which are given by:
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The 3" order in opacity contains four terms, which are given by:
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Gyn (@l +up)(ad + p3y) (@3 + pE) (a3 + pdy) (a3 + pg) (a3 + piy)
x*(as-(a; +9s+a5—k)) +(a5-k) (k—q3)* + (k- (q, +9,)) (93 (93— 2k)) + k* (a3 (9, +95))
(x? +k2)( + (k—q3)>) 2+ (k—q; —q;, —q3)?)

2
(Xt (k—q, -
Sm( 4zE
2 2 2 2
(Xt (k—ay—a, —qy)” + (k—ag; —q3) X +(k—qs)”
sm( o L+ X 57 22 + 92 F 23 ), (C.7)

(3) d2 2 2
(), = L[ Lo 225
dzr 9

(Qk) ME - NM ME - ,UM

Aiyn (af + p3)(ai + pay) (@3 + p3) (a3 + piy)

x*(as - (a4, + a5 — k) + (a5 - k) (k — q3)* + (k- q;)(qs - (95 — 2k)) + k* (a3 - q,)
(x> + k) (x2 + (k= q3)?)(x*> + (k — q, — q3)?)

2 2 2 2 2 2
(X +(k—q,—q3) (X" +(k-q,—q3) X +(k—qs)
sm( 12k z1 | sin b z1 + 97 E (z2+23)], (C.8)

(3) 21 2 2
(5, = [ [ [ 2 [ 2252
dzr 3

(Qk) ME MM ME MM
)\gyn (a3 + pz) (a5 + pap) (a3 + p%) (a3 + p3y)
X* (a3 - (a2 + 93 — k) + (a5 - k) (k — q3)* + (k- q5) (a3 - (a5 — 2k)) + k*(q; - q,)
(x? +k2)(x + (k—a3)?)(x* + (k —a, —a3)?)

2 2 2 2
. (x"+(k—qg,—qs) X +(k—q,—qs3)° (21 x +(k—q,)
sm(—4x sin T oE (—2 +zz)+72x 23, (C.9)
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C.1. General form

(3) 21 2
(ng ) _ 4C’R/ / / ledZQdZJ/ d°k /d qs
dx ),

0s(Q2) Hh — i x*(as - (a3 — k) + (g5 - k) (k — q3)°
Aiyn (@3 +pp)(@3 + %) (P +K)03+ (k—qy)?)?

(X k—ay)® . (Xt (k—qy)’ (=
sm( o) 21 | sin oo (2 +22+Z3) . (C.10)

The 4" order in opacity is given by eight terms, which are given by:

(4) L pL L oL ) , , . ]
(ng ) — ﬁ/ / / / dzldzgdzgda/dik/// Py Pqs d>qs d>q
dz  J, T 2y Jz3 T T

0 (QD) 1E — War BE — P BE — War BE — P
A?zyn (af +up)(ad + p3y) (@3 + pp) (a3 + piy) (a3 + pg) (a3 + piy) (@i +pg)(ad + piy)
X @y (@ + 9 +as+a,— k) +(a, k) (k—aq,)* + (k- (a3 +9,+95)) (94 (a, —2k)) + k* (9, (q, +9,+93))
(C+K*) (3 +(k—q,)?) (2 +(k—q;, —a, —q3—q,)?)
2 _ _ _ _ 2 2 _ _ _ 2 2 _ _ 2 2 _ 2
gin (X &= —a)" | X (k-G—qy—ay)” xFkas—a,)” A (k—ql)”
4 FE 20 F 20 F v
2 2
(Xt (k—q, gy —q3 —qy)
sm( 12E Z1 ),

(C.11)

(4) 21 2 2
(), = e[ [ [ st [ [ S0t
T /2

(Q ) ME - NM ME - MM ME - M?VI
g Aﬁyn (af + pp)(af + p3y) (@3 + ph) (a3 + piy) (af + pg)(ad + piy)
X (ay - (a; + 95+ a4 — k) + (qy - k) (k—q,)* + (k- (q; +9,))(qy - (@ — 2K)) + k*(q, - (a5 + )
(C+EK)+ k—a)?) (x> + (k—q, —q; —q,)?)

2 2 2 2 2 2
(X +(k—q,—a,—qy) X +(k—a,—aqy) X +(k—ay)”,
s ( AzE at 2 E mtt— g (mta)
2 2
. (x"+(k—q,—q,—qy)
i C.12
51n< Aok 21, ( )

(4) - ] 2
(ng ) - 4CR / / / / d21d22d23dz4/ d"k /// d q1 d Q3 d q4
dz /, 5

(Qk) ME - MM ME - MM ME - lﬁw
Aéyn (a3 + ph)(af + p3y) (@3 + p3) (a3 + p3)) (af + p3)(ad + 13))
Xz((h “(q, + qs + a4 — k) + (a4 - k)(k — (314)2 + (k- (q; + QS))((M (g4 —2k)) + k2(‘14 “(q, + QS))
(2 +E)0E+ (k—a)?) 3+ (k—q; —q;3 — q4)?)

2 2 2 2 2 2
(X +(k—q, —g3 —qy) X +(k—q3—q,) X+ (k—qy)
s ( AzE ot 22 E (atz)+ = g~
2 2
. X+(k_‘h_Q3_Q4)
1
sm( A2E 21, (C.13)

(4) 21 2 2
(ng> N 4CR/ / / / dzld22d23dz4/d //dqld%
dz /),

(Qk) ME I'LJVI
Aéyn (af + p3)(ai + p3,) (ai + uE)(q4 + 13)
(a4 (qp +a9,— k) + (g, - k)(k—q,)° + (k- aq,)(q, - (q, — 2k)) + k*(q, - q,)
O+ + k—aq)?) (x> + (k—q; —q,)?)
sin <x +(k;p<;—q4) Zl) sin (x +(k4—x<}$—q4) g X +$}—Eq4)

(22+23+Z4)> R (C.14)
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C. Analytical expressions for dN,/dx for higher orders in opacity

(4) - ] 2
(ng ) - 4CR / / / / d21d22d23dz4/ d"k /// d°qzd a~qs d? d a4
dz ]
MM

(Qk) ME MM ME M?w
Aiyn (a3 + p%)(a3 + pu3y) (a3 + u?;)(q?, + p3,) (af + 1) (ad + 13))
Xz(‘h (qz +as3+q, — k) + (a4 - k)(k — (314)2 + (k- (‘h + QS))((M (a4 —2k)) + k2(‘14 : (‘h + QS))
(2 + k)0 + (k—a)?) (3 + (k—qy —q3 — q4)?)

2 2 2 2 2 2
X+ (k—ay—a3—qy)” 21 X +(k—q;—q,) X+ (k—qy)
- ( 2E (T +z)+ 22 E K 2B
2 2
. X+(k—QQ—CI3_Q4)
sin < AoE 21, (C.15)

(4) . 2 2
(ng ) - 4CR/ / / / d21d22d23d24/ a’k // d q2 d q4
dz /¢

(Q ) ME NM ME MM
g Aiyn (a5 + pg) (a3 + p3y) (i + p%)(ad + p3y)
x*(aq - (g + a4 — k) + (a4 - k) (k —q,)® + (k- q,)(q - (q, — 2k)) + k*(q, - q,)
(2 + )2+ (k—q,)?)(x*+ (k—q, —q,)?)
“in <x2+(k—q2—q4)2Z1> “in (x2+(k—q2—q4)2 (2 X2+(k—‘I4)2(

4o 5 te)t 2z FE

orE B) 23+Z4)> s (016)

(4) 21 2 2
(), = [ o 2 [ S0
dz ),

(Qk) ME NM ME ,UM
Aéyn (a3 + ) (a3 + p3y) (@i + p2)(ad + p3p)
X} (a4 (a3 + a4 — k) + (q, - k)(k—q,)° + (k- q3)(q, - (q, — 2k)) + k*(q, - q5)
(X2 +K)(x2 + (k—q,)?)(x*> + (k —q3 — q,)?)

2 2 2 2 2 2
. (x*+(k—q3—q,) . (x*+(k—q5—qy)° , 2 x +(k—q,)
sin <—4:EE 21 | sin BN e (*2 +22+Z3)+72mE za), (C.17)

(4)
(ng ) = 4CR/ / / / d21d22d23d24/ /
dx s

(Qk:) NE ,UM ( ‘(a,—k)+ (q 4'k)(k_OI4)2
/\ﬁyn (@i +pip)(ai +u3) (2 +k2)(x + (k — q,)?)?

. k—q)’ \. (X+(k-q)’
sin (%ZQ sin <%(% + 2+ 23 + Z4>> : (C.18)

C.2 In a constant-temperature medium

Within the DREENA-C framework, under the assumption of constant medium temperature,
we can explicitly perform analytical integrations for z;, where (i = 1,2,3,4). W(n..n) coeflicients
are defined in the Theoretical framework section. The expression for the 1% order in opacity

then became:
(dN“)) _ / d*k / da HE = 1
Adyn (‘h + .LLE)(‘h + MM)

X, - (a; — k) + (q; - k) (k—q,)* <1 _ sm(Lw(l)))
(2 +1) (32 + (k—q;)?)? Lway )’

(C.19)
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C.2. In a constant-temperature medium

The expressions for higher orders in opacity became:

AN\ 2CR P’k [ d°q d2Q2 HE = 1 1h — pi
( dz ) = TR eaahy 2 (1) (@ + 120 (B + 1) (B + )
x*(ay - (a1 + 95 — k) + (g, - k)(k — q,)° + (k- q,)(q, - (g, — 2k)) + k*(q, - q;)
X+ + (k—aq)?) (X2 + (k—q; —qy)?)

1 L + - L
1 (we cos( (w(g) w(u))) +Lsin(LW(2)) . (w(2) w(12)) COS( w(2)) o wWaz) (C.20)
L«)(g) (w(2)+w(12)) OJ(12) w(2)w(12) w(2) (W(2)+w(12))
(dNé”) ~ 2 / d’k / Taz @2 ih — W
= s k
e ), Ayn (@3 + 1) (a3 + 13,)
Xo(@ - (@ — k) + (a5 - k) (k — q5)° sin (Lwey)) (Lwe) = sin (Lw)) (C.21)
(2 + K + (k — gy)?)? wiy) ’
dNg\ 2CR / d’k / / dqi d2q2 d’as
dx 1
BB — i 1y — By BB — B
as(Q7)

/\Zyn (af + pz) (i + pip) (@3 + p) (a3 + p3p) (a3 + p) (a3 + p3,)
x> (a3 (a;, +4a2:+493— k) +(a3-k) (k—q3)* + (k- (q; +95)) (a5 (a5 —2k)) +k* (a5 (9, +4,))
(3 +E)0+ (k—a3)?) 0+ (k—q; — a4y — q3)?)
(W(3>W<123> + 20 (23)W(128) — Wiaz) — W(3)W(23)

Wipg (W(3) + W(23))*w(123)

w(123) sin (Lw(g))
W(3)Whs) (Wi23) + w(123))
N sin (L (w(s) + wes) +wazs)) _ Leos (L (ws) +wezs))) >

w(z3) (Wes) +wazs) (We) twes) +waz)  wes) (We) +wes)

sin (L(W(g) + w(gg))) —

(C.22)

(dN;S)) _ / a2k // 2y d2q3 (@) 1y — ph BB — i
dz /, Ny (@ +pg)(af + p3,) (@3 + p) (A3 + p3y)
x*(as - (a, + a5 — k) + (g5 - k) (k —q3)* + (k- q;)(qs - (95 — 2k)) + k*(q3 - q,)
(X2 + k) (X2 + (k—q3)?)(x* + (k —q, — q3)?)
3w . . wW(s
(7(213) —w(3)) Sln(sz(fi)) 2w(13) sin(Lw(g)) n sin (2L (w(3)+ (;))) Lcos (2Lw(3))
WigWais) wy (W) twas)) (

)

2
42) was) (Wi +was) “e)
(C.23)

(de)) _ QCR/d2 / dqwlqs o@D W — i 1 — M
dr /4 Niyn (A3 + p5) (a3 + p3,) (a3 + p3) (A3 + 13))

X*(as - (a5 + 95 — k) + (a5 - k) (k — q3)® + (k- q,)(qs - (a5 — 2k)) + k*(qs - q,)
(+K)3C+ (k—aq3)?) (X2 + (k—qy, — q3)?)

sin (2L ( * w(23))) _sin (Lw) " e een)) - pos (L (we) +wizs))

w(3) T (23)
teyy (U2 Hwey)  Flv® wizs) (Wiz) + W)

. (C.24)

da dun (B Hup)( @3 +u3) (G +K)0E+ (k- aq3)?)?
1 ( sin (LUJ(g)) i sin (2Lw(3)) i sin (3Lw(3))

— — Lcos (2L , C.25
) w3) 2w(s) 3w(a) s w(s))> (€29

AN _ Cr [dk [d’qs BE = 1 x*(as - (a3 — k) + (g5 - k) (k — q3)°
( )4 — E/ / Qk))\ 3 3 3 3
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C. Analytical expressions for dN,/dx for higher orders in opacity

AN 2CR/d2 //// d2q; d? 2d2 5d2q4
dr /, a

as(Qk))\4 2 ME2_M2M 2 2 ME2_I§VI 2 2 M%_Mjw 2 2 M%‘Mju 2
dyn (af + pp)(al + p3y) (@3 + pE) (a3 + piy) (a5 + i) (a3 + p3p) (ai + pg)(af + p3y)
X (@ (a; +y+a5+a, — k) +(as k) (k—a,)* + (k- (a; +d,+d3)) (a4 (9, — 2K)) +k* (a4 (9, +ay +45))
O+ (2 +(k—a,)?) (3 +(k—a; —dy — a5 —ay)?)
(_ Lsin (L (we) +w@a) + wess))
W(234) (UJ(34) + w(234)) (w(4) + w(sa) + UJ(234))

B cos (L (w<4) + w(zq) + wW(23e) + w<1234)))

W(1234) (UJ(234> + w(1234)) (UJ(34) + w(asq) + w(1234)) (w(4) + w(zq) + wW(23e) + w(1234))
Fy

cos (L(wa) + wiza) +w
Whagy (W(a) +wzse)) 2 (Weay + wEa) + W) 2wazsa (Ll + o) +wiaas)
w(z3q) €08 (L (wia) +wiy))
2

_ W(1234> COSs (LLU(4>)
w(za) (Wea) +W(31)) Whsay (Wi2sa) + wW(r230))

waywaa) (Weea) + wWesy) 2 (Weaa) + weese) +waz2ss))

W(1234) (C 26)
w (w +w )(w +w +w )2(0.) +w +w +w ) ’ '
(4) \W(4) (34) (4) (34) (234) (4) (34) (234) (1234)

where Fyi = (wsa) + w(234)) [(w(4> + w(za)y) (W(234) — W(1234)) + w<2234) - 30-’(234)60(1234)] — W(4)W(234)W(1234)-

dNé4) B @/(1271(/*// d2q1 d2q2 d2q4
dz /, T T T T T

(Qk))\4 2 H%_uj{ 2 2 MQEQ_MQ?W 2 2 M2E2_M2?w 2
dayn (@i +pg)(al + p3r) (@3 + pE)(a3 + piy) (af + p3)(ag + par)
X4y (a4 + 9o + a5 — k) + (a4 - k) (k —qg)® + (k- (a1 +92)) (a4 - (94 — 2k)) + k(a4 - (9, + q))
(3 +E)0+ (k—ay)?) (2 + (k—aq; — a4, —qy)?)
<2 (wiz) (200) + Bweyw) + wia)) — (2wh) + 6weywa) + 3wl ) wazy) cos (L (2w + we))
Wiy (W) +weze) 2 (2wa) + wees)) 2waza)
3 2 cos (L (2w(4) + wea) + w(124)))
W(124) (w(24) + w(124)) (w(4) + w2y + w(124)) (2w(4) + we2q) + w(124))
~ 2Lsin (L (2w +we)) B
weza) (Wea) + weza)) (2w0a) +wize))

W(124) COS (2Lw(4))

‘*’(24)‘*’(224) (""(24) + w(124))
2w(124) COS (LOJ(4))
Wiy (W) + wee) 2 (W) +wes +wasa)

waz) ) (C.27)
Wiy (2wea) +wezey) 2 (2w() + wee) +waze) /)
dNY _ / d?k /// Pqu d2q5 d*qu
dx 3 2T
0 (Q2) BE — Par BE — i 1E — Par
k A4

dyn (@i +pE)(af + u3y) (a3 + pg)(a@3 + p3y) (af + p3) (@l + p3))
X4y (@ + a3+ 94 — k) + (a4 - k) (k —qy)® + (k- (a5 +93)) (94 - (a4 — 2k)) + k(a4 - (9, +a3))
3+ K0+ (k—a)?) (2 + (k—aq; — a3 —ay)?)
2L sin (L (w) + 2w(30)) 4cos (L (w) + 2w +waan))
<_ Whiy @ + 2060)  wasn (Wen +wass) (2wen) +wasy) (W) + 2w +wass)
L 2oy (W) + 206s) — (Bwa) +8wes) wass ) cos
whyy (Wea) + 2w(a1)) 2wa3a)

L (w) +2wg))  wase cos (Lwe))
W) W) (2w(3a) + W13a))

n 4dw(134) <003S (L (wea) +wza))) n . 1 )) (C.28)
(W) +way) \ why (Wes +wasy)  wae) (W) +2weEa) 2 (Wa) + 20Ee) +wass)
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C.2. In a constant-temperature medium

(dN_«54>) _ / d’k // d*aq dQQ4 0 (@) 57 Wh — i 1E — iy
de /, 3r Ny (AT +pp)(af + p3,) (@ + p)(ad + p3y)

x*(ay - (a; + a4 — k) + (a4 - k)(k—qy)® + (k- q,)(q, - (a, — 2k)) + k*(a, - q,)

O+ K+ (k—q,))(x*+ (k—q, —q,)?)

6w3,, cos (L (3w + w
i (7 (1 08 (L (Bwea) + waw)) ( 11 )cos(3Lw(4))
win \ waa (W +way) 2wae) +wa) Bwe +way)  \wag 6w

3w(14) cos (Lw(4)) 3w(14) cos (2Lw(4)) w(14) )

Aty +2wanwa)  (wa) Fway)wa ) T 3wanwa)

AN _ @/dik/// d*qs d*qs d*qa
dxr ), T T T T T

0s(Q2) 1E = s Wh — pis BE — ar
/\Z‘zyn (a5 + p) (a5 + pay) (a3 + ph) (a3 + pay) (aF + ph)(ad + p3y)
X*(ay - (g + a3+ a4 — k) + (q, - k) (k —q,)* + (k- (g5 + q3))(q, - (g4 — 2k)) + k*(q, - (g, + q3))
(2 +K) (2 + (k—q,)?)(x*+ (k—aqy, —q5 — q,)?)

—Lsin (3Lw(4)) —

(C.29)

1 2wizaa) cos (L (w) +wea)))

Wiaza) (w<4> (W) + W) (W) +wes +wesn) 2 (Wa) +wes) +2wesn)  we (We +we)
24y €08 (Luw(a)) 2Lw(234) sin(L(w(a) + wza) + wi2sa)))

Wiy (Wen +wesn) 2 (Wen T 200sn) (e +wesn) (@) +we) +wess)

~cos (L (wytwee +2wesy))  2weesa) (W) 2w +2weas4)) cos(L(wa) +wiaa +w<234>))>

(W(34) +2w(234)) (w(4) tw(se) + 2“’(234)) (W(34) +w(234))2 (w(4) +w(34)+w(234))2 7
(C.30)
(dN§4)) _ / d’k / d’qz d*qu as(Qk) HE — i 1E — pi
dz /¢ Nign (@3 + p%) (a3 + p3p) (a3 + p3)(ad + pi,)

oy (ay +a, — k)) + (a4 k)(k—qy)* + (k- qy)(qy - (a, — 2k)) + k(g4 - q,)
OC+HE)OE+ (k—q)?) (X2 + (k—aqy, —qy)?)

3w24> +w(24)) cos(2L (“Xék)“’@))

(w+ =82 ) (winy +(2n)

0 () + wian) Wi

Lsin (L (2w) + w(2e))) +

( w(24) B
8y (weay + 222 2 (weay + weany) (
(cos(QLw(4)) _ w(q) cos(QL(w(4)+w(24))) )

2@ 4(Z2 4oy ) (wiay +oaay )

Jr

w(za) €08 (L) ) (©.31)
)

2 - w
RI(ED Wy (252 +we) (@) +wer

(dN§4>) _ /d2 // d*qs d2q4 0 (@)1 BE — B 1 — P
dr ), 2z Adyn (@3 + pE)(@3 + 13) (af + pE)(ad + 13y)
X (a4 (a3 +as — %)) + (9 - ) (k — a,) + (k- a3)(a - (4, — 2k)) + k*(a, - a3)
OC+EK)OE+ (k—a)) (3 + (k— a3 — qy)?)
1 ( sy (252 +20as) ) cos (L (wen +2w(a0))
Wiy (282 +ewian ) W@ (W@ Twen) (W +20en) (W +3wes) (e +2ws1)) wisa

w cos( Lw 6 cos( L(w/gytw 2cos( L(wigyBw
(%JM(M))( (L)) _ Seos(Ewaytwiss)) | 2cos(E(w) <34>)))

w(a) w(a)tw(za) w(a)yFBw(aa)

—Lsin (L (W(4) —|—2w(34))) - 3W(34) ) 5 (032)

(ng(4)) _ /d2 /d2C14 @5 1 — X*ds - (a5 — k) + (4, - k) (k — q,)°
dr /g 3mz Adyn (@ +up)(@i +13) O +HE)(E + (k- qy)?)?

( 1 fLsm(SLw 4)) cos(Lw(4)) n 3cos(2Lw<4)) B 5cos(3Lw<4)) - cos(4Lw(4))> (C.33)
(4)

12w(4) 2w(y) 2w(a) 6w(a) 4w (g
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Appendix D

Higher orders in opacity results for
dNg/dx for L =3 and L =1

This section shows dN,/dz as a function of = for medium lengths L = 3fm and L = 1fm. Here,
the figures are more conventional, with py/pup = 0.6 and py /e = 0.4 cases separately shown.
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Figure D.1: Gluon radiation spectrum dN,/dx as a function of x, for the medium length of
L = 1fm and various jet momenta. Different columns correspond to light, charm, and bottom
quarks. Solid black curves show the 15 order in opacity results, red dashed curves show the
results up to the 2°¢ order, while cyan dot-dashed curves up to the 3'@ order in opacity. The
chromomagnetic and chromoelectric mass ratio is uy /g = 0.4.
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D. Higher orders in opacity results for dN,/dz for L =3 and L =1
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Figure D.2: Gluon radiation spectrum dN,/dx as a function of x, for the medium length of
L = 1fm and various jet momenta. Different columns correspond to light, charm, and bottom
quarks. Solid black curves show the 15 order in opacity results, red dashed curves show the
results up to the 2"¢ order, while cyan dot-dashed curves up to the 3'% order in opacity. The
chromomagnetic and chromoelectric mass ratio is uy /g = 0.6.
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Figure D.3: Gluon radiation spectrum dN,/dz as a function of x, for the medium length of
L = 3fm and various jet momenta. Different columns correspond to light, charm, and bottom
quarks. Solid black curves show the 15 order in opacity results, red dashed curves show the
results up to the 2" order, while cyan dot-dashed curves up to the 3™ order in opacity. The
chromomagnetic and chromoelectric mass ratio is uy /e = 0.4
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Appendix E

v9 results for higher orders in opacity

Figure E.1 shows the results for v, up to the 3™ order in opacity, with only radiative energy
loss taken into account, while Figure E.2 shows the results which include both radiative and
collisional energy loss. Note that here the lower (upper) boundary of each band corresponds to
the pnr/pe = 0.6 (uar/pe = 0.4) case (opposite with respect to the R4 results). We observe
the same behavior as R44.
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Figure E.1: vy results obtained within DREENA-C, with only radiative energy loss taken into
account. The panel shows three centrality classes. Different columns correspond to charged
hadrons, D, and B mesons, while different rows show different centrality classes. Solid black
curves show the 15 order in opacity results, red and dashed curves show the results up to the

24 order, while cyan and dot-dashed curves up to the 3™ order in opacity. The lower (upper)
boundary of each band corresponds to the pp /g = 0.6 (up /e = 0.4) case.
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E. vy results for higher orders in opacity
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Figure E.2: vy results obtained within DREENA-C, with both radiative and collisional energy
loss taken into account. The panel shows all centrality classes. Different columns correspond to
charged hadrons, D, and B mesons, while different rows show different centrality classes. Solid
black curves show the 1% order in opacity results, red and dashed curves show the results up
to the 2"¢ order, while cyan and dot-dashed curves up to the 3¢ order in opacity. The lower
(upper) boundary of each band corresponds to the /g = 0.6 (up /e = 0.4) case.
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Appendix F

R 4 4 results for higher orders in opacity
with full energy loss

In this Appendix, the results for Ra4 generated by taking into account full energy loss in
DREENA (that is, both radiative and collisional energy loss mechanisms). We observe the
same behavior as in the case when only radiative energy loss is included, as expected.

The figure F.1 shows the R44 results (with both radiative and collisional energy loss) for
par /e = 0.4 and gy /pp = 0.6. The same conclusions hold as in the case when only radiative
energy loss is included (Figure 5.4 in Chapter 5 and the corresponding discussion in Section
5.4).

The Figure F.2 shows the R4 results (with both radiative and collisional energy loss) for
pa /e = \/ig In this way, we test the effect of higher orders in opacity on the contribution
of the electric potential in dynamical energy loss (see Equations 5.10 and 5.11 in Section 5.2
and the corresponding discussion), by replacing v(q) by v.(q) in the DREENA framework.
Surprisingly, we find it negligible, as shown in Fig. 5.5 and Fig. F.2. Thus, higher orders in
opacity essentially do not influence the electric contribution in a dynamical QCD medium.
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F. Rax results for higher orders in opacity with full energy loss
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Figure F.1: R4 results obtained within DREENA-C, with both radiative and collisional energy
loss considered. The panel shows all centrality classes. Different columns correspond to charged
hadrons, D, and B mesons, while different rows show different centrality classes. Solid black
curves show the 1% order in opacity results, red and dashed curves show the results up to the
2" order, while cyan and dot-dashed curves up to the 3™ order in opacity. The lower (upper)
boundary of each band corresponds to the py /g = 0.4 (uar/pe = 0.6) case.
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Figure F.2: R4 results obtained within DREENA-C, with both radiative and collisional energy
loss considered. The panel shows all centrality classes. Different columns correspond to charged
hadrons, D, and B mesons, while different rows show different centrality classes. Solid black
curves show the 1% order in opacity results, red and dashed curves show the results up to
the 2" order, while cyan and dot-dashed curves up to the 3™ order in opacity. The ratio of

chromomagnetic and chromoelectric mass is fixed to py/pp = \/ig
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Appendix G

Higher orders in opacity: full
temperature-dependence panel

We here show the entire panel with R4 results up to the 3" order in opacity for the D meson,
in the temperature range 155-600MeV, which broadly covers the range of energies accessible
at the LHC and RHIC. From Figure G.1, we see that the higher orders in opacity effects are
largely independent of the temperature, and we do not expect the inclusion of full medium
evolution to change our conclusions substantially.
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G. Higher orders in opacity:

full temperature-dependence panel
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Figure G.1: Full panel representing the effects of higher orders in opacity for different medium
temperatures. We show D meson radiative R44 results obtained within DREENA-C for dif-
ferent temperature values. The left column corresponds to 0-5% centrality, while the right
column corresponds to 40-50% centrality. The values of temperature are denoted on each plot.
The solid black curves show the 1% order in opacity results, and the dashed red curves show
the results up to the 2" order in opacity, while the cyan dot-dashed curves show the results
up to the 3" order in opacity. The lower (upper) boundary of each band corresponds to the
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AyTopcrBo. /lo3BosbaBare yMHOXKaBabE, JUCTPUOYIM]Y M jJaBHO CAOLIITaBalbe Jieja, |
npepaje, ako ce HaBeJe MMe ayTopa Ha HauduH ojpehen oy crpame ayropa WM J1aBaola
JINIIeHIIE, YaK U y KoMmeprujaane ¢cBpxe. OBo je Hajcao000aHNWja O CBUX JIMIIEHIIH.

AyTopcTBo — HeKoMmepnujaaHo. /lo3Bo/baBaTe yMHOXKaBaMe, JUCTPHOYIIN]Y U jJABHO Ca-
OTIIITABAILE JTeJIa, U MPepaJie, aKo ce HaBeie MMe ayTopa Ha HaduH ogpeljer o1 cTpane ayropa
wan jgasaona Jjunenne. OBa JinieHIa e J03B0/baBa KOMEPIHjaaHy yioTpedy /eJa.

AyTopcTBOo — HekoMepIujaJaHo — 6e3 mpepaga. /lo3Bo/baBare yMHOKABAE, TUCTPU-
OyIMjy W jaBHO cCaolIITaBame jieja, 0e3 IpoMeHa, HpeobJUKOBamba WK yHnoTpebe nena y
CBOM JIEJIy, aKO Ce HaBeJle HMe ayTopa Ha HAYUH oApelheH o1 cTpaHe ayTopa WU J1aBaolla, JIH-
nenme. OBa JHIEHIA He 103BO/baBa KOMEPINjaJIHy YIOTpedy mena. ¥ OJHOCY Ha CBe ocTalie
JIMTIEHIIe, OBOM JIMIIEHIIOM Ce OorpaHu4aBa Hajsehm oOum npaBa kKopurrhema jea.

AyTOopcTBO — HEKOMEPIUJAJITHO — JIEJUTH IOA NCTUM ycJaoBuUMa. /lo3Bo/baBaTe yMHO-
JKaBarbe, JUCTPUOYIM]Y ¥ jaBHO CAOIIITaBaibe jeja, U Ipepaje, ako ce HaBeje HMe ayTopa
Ha HaYWH oapeheH o1 cTpaHe ayTopa WJH JaBaolla JIHIEHIE U aKO ce Ipepaja JUCTPUOyupa
O/l UCTOM WJIn CJaAudHOM JjurentioMm. OBa JIMIEHIA HE J03BO/baBA KOMEPIUjATHY yHOTpeOy
Jena u npepaja.
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nMe ayTopa Ha Ha4YWH oApeheH o cTpaHe ayTopa Wi JaBaona Juienne. (OBa JHIEHIA
JI03BO/bABA KOMEPIUjATHY yIOTPeOy Je/1a.

AyTopcTBO — meauTu moA MCTUM ycJjoBuMa. /Jlo3BosbaBare yMHOXKaBambe, AUCTPUOY-
U]y U JaBHO CAOIIITaBaIbe Jiejla, U Ipepaje, ako ce HaBelle UMe ayTopa Ha HaduH ojapehen
O/l CTpaHe ayTopa WM JIaBaoIla JIMIEHIIE H aKO ce Ipepajia JUCTPpHOyHpa O] UCTOM WA
candHoM JinnenroM. OBa JIMIEHIA JI03BO/baBa KOMEPIUjaaHy yIoTpedy Jena u Ipepaja.
Craugna je copTBEPCKUM JHUIEHIIAMa, OJHOCHO JUIEHIIAMa OTBOPEHOT KOJIA.
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