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Program

• FCEL effects on hadron suppression in pA

• Recap on Fully Coherent Energy Loss (FCEL)

FCEL = cold nuclear matter effect
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J/ suppression in AA • expected from FCEL 



FCEL = induced radiative energy loss  
of fast color charge in small-angle scattering 

• parent parton undergoes:

typical situation : hadron production in pA collisions

forward processes <latexit sha1_base64="yjuc5bvBhVlsgWkQR31wYd6Fiwg="></latexit>

1 ! 1

(nucleus rest frame)

• single hard exchange
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• recoil parton assumed to be soft



- from initial-final state interference
- associated to large tf � L

 fully coherent radiation  

average FCEL)
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) induced radiation spectrum scales in   
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induced radiation in pA vs pp collisions
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general rule for color factor
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transport coefficient
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one main input: 
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for x2 < 10�2

however:  FCEL is totally different from shadowing or saturation 
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q̂ = q̂0 for x2 > 10�2FCEL also present when
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1 ! 2 forward processes 

to leading-log:  radiated gluon does not probe the dijet
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dijet global color charge (Casimir) in state R
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• Arleo, S.P., Sami PRD 83 (2011)
• opacity expansion • g ! QQ̄ mediated by octet t-channel exchange

• Armesto et al PLB 717 (2012), JHEP 1312 (2013)
• opacity expansion • q ! q with singlet t-channel exchange

• saturation formalism • hard process: q ! q, g ! g
• Munier, S.P., Petreska PRD 95 (2017)

FCEL effect is an established, first-principle result

forward processes <latexit sha1_base64="yjuc5bvBhVlsgWkQR31wYd6Fiwg="></latexit>

1 ! 1

• Liu, Mueller PRD 89 (2014)
• saturation formalism • hard process: 
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g ! qq̄, q ! qg

• S.P., Kolevatov JHEP 01 (2015)
• opacity expansion • hard process: <latexit sha1_base64="aKN9zlUIjI5GM4G/QqaP7QiXm0I="></latexit>

q ! qg, g ! gg

1 ! 2 forward processes 

• S.P.,  Arleo, Kolevatov PRD 93 (2016)
• rule for color factor • opacity expansion 1 ! 1• all processes

• Jackson, S.P., Watanabe (work in progress)
• all 
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1 ! 2 processes • beyond leading-log   (equivalently: all   )
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features to keep in mind : 

 with color in both initial and final state

• FCEL inherent to forward scattering in target rest frame 

FCEL applies to broad rapidity range in c.m. frame)
• forward scattering
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, Etarget frame � K?

crucial for phenomenology•
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FCEL effects on hadron nuclear 
suppression in pA collisions

How to estimate FCEL effects knowing FCEL spectrum?  
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CRdepends on partonic channel, and final color 
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Goal: 
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d�pp taken as parametrization of pp data
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d�pA to expect from sole FCEL effect ?, which

• don’t predict absolute cross sections, but the ratio 
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P̂(x) ) :  only theoretical input
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FCEL in pA quarkonium production
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F
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color octet
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LHC 

Aaij et al [LHCb], JHEP11, 181 (2021)          
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 baseline for cold FCEL effect in AA

FCEL effects on         suppression in AB collisions
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JHEP 10 (2014) 073 Arleo, S.P. 



RHIC LHC

cold FCEL effect should not be ignored in AA

suppression in AB collisions
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FCEL in light hadron production
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color probabilities
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FCEL effect qualitatively similar for all partonic channels
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q(+g) ! qg , g(+q) ! qg , g(+g) ! qq̄



FCEL in heavy flavour production
JHEP 01 (2022) 164Arleo, Jackson, S.P. 
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3⌦ 3̄ = 1� 8• dominant channel at LO : 
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g(+g) ! QQ̄

0.5

1.0

1.5

R
D

0

p
P
b

�4 �2 0 2 4
y

�4 �2 0 2 4
y

1 <
p?
GeV

< 2 4 <
p?
GeV

< 5

pPb@
p
s = 5.02 TeVFCEL baseline

gluon frag.

Abelev et al [ALICE], 
PRL 113 (2014) 232301        

Aaij et al [LHCb], 

JHEP 10 (2017) 090        

• some generic NLO channel : 
<latexit sha1_base64="Vd7GXx7txSW9KIdI3C0/j4Ewfv0="></latexit>

g(+g) ! gG ! gQQ̄

larger
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Mdijet
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) RpA % larger
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) RpA &
<latexit sha1_base64="v9SPsmRaxfK3W2kX5DW0RcQd2gE="></latexit>

hCRivs

no qualitative change expected from NLO channels



• FCEL is a QCD prediction and a significant effect :  

• include FCEL in pA before extraction of nPDF sets

Summary

• contributes to substantial hadron suppression in pA
from fixed target to LHC energies

• FCEL at least as important as nPDF effects 

Outlook

• FCEL predictions have a small theoretical uncertainty
(FCEL spectrum fully determined within pQCD)

• is a sizable cold nuclear effect in AA

• include FCEL in AA before extraction of QGP effects



Backup



RHIC LHC

sizeable cold energy loss effect in AA

suppression in AB collisions
<latexit sha1_base64="/lD4tQnx8T7xQYD5+rZQQRn/qDw="></latexit>

J/ 



FCEL predictions for pO collisions at LHC 

•  plan for pO run at LHC 
( program review in: Brewer et al, arXiv:2103.01939 )  
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    FCEL also substantial in 
proton collisions on light ions
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FCEL in collisions of cosmic rays with air nuclei
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(
p
sNN = 9.9 TeV ) Ep ' 5⇥ 107 GeV )

Arleo, Jackson, S.P. PLB 835 (2022)
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parametrization of heavy meson pp cross section 

JHEP 01 (2022) 164Arleo, Jackson, S.P. 
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transport coefficient
<latexit sha1_base64="oOXYeUqk+6Nnv02s7xAE7VPyQ9U="></latexit>

q̂

Baier et al (1997)

Q2
sp(x = 10�2) = 0.11� 0.14 GeV2 Albacete et al (2011)•

Brooks, Lopez (2021)• HERMES semi-inclusive eA DIS data 

consistent with :

Golec-Biernat, Wüsthoff (1998) 
at small <latexit sha1_base64="NqpeCwXyUM1fWYXhG8LXyQvGJHE="></latexit>x
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✓
10�2

x2

◆0.3

for x2 < 10�2

<latexit sha1_base64="p7lIUeqXz2IUMRXUsG5oZXyKZcc="></latexit>

q̂ = q̂0 for x2 > 10�2
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{
(for lead nucleus)


