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ITPEIMET:

Moi6a 3a MOoKpeTdbe MOCTYIIKA 3d I/I360p Y 3Badbe ucmpaofcueau-capaaﬂuk

Monum Hayuyno Behe MHcTuTyra 3a QU3MKYy @ NMOKpEeHE IMOCTyHakK 3a MOj H300p y 3Bame
UCTPa’KUBau-CapaTHUK.
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e (Crucak u Koruje 00jaBJbeHUX pasoBa
e [loTBpay 0 ymucaHUM JTIOKTOPCKHAM CTyIH]jamMa

C momroBameM,

Aunekcanpa JluMuTprueBcka
UCTpaXUBau-MPUIPABHUK



buorpaguja kanauIaTKUbE

Anexcanapa JlumutpueBcka pohena je 1984. ronune y bopy, Penyonuka CpOuja. OcHOBHE cTyauje
ymucana je 2003. ronune Ha Ilpuponno-maremarnykom (akynrery, Yausepsutera y Hosom Cany,
Ha cMepy AuIIoMupanu ¢pusznyap, a gumiomupana je 2010. ca mpoceunom orieHoM 9.96 u olieHOM
10 Ha JAMIUIOMCKMM pajoM Ha TeMy: , Bpemencka cnekmpockonuja HyKieapHux peaxyuja
Kocmuukux muona ‘. Mactep cTyauje 3aBpmuia je Ha uctoMm dakynrery 2011. rogune ca
MPOCEYHOM OIleHOM 9.94 m macTep paaoMm Ha Temy: ,,Pacnoodena Kocmuukux Muona no opsunama ‘.
On neuem6Opa 2011. ronune ynucana je Ha JlokTopcke akagemcke cryauje dusuukor Qaxynrera
VYuuBepsutera y beorpany, cmep: @usnka jesrapa u 4yecTHa, TPEHYTHO je Ha Tpehoj romuHu u
TMIOJIO’KUJIA j€ CBE HCIIUTE.

VY ToKy 1HIKoJIOBama O6uia je cTunenaucta Pemyonuuke ¢poHganyje 3a pa3poj HayYHOT M YMETHUYKOT
noamiarka (2002-2009), nooutnuk mkonapuHe EFG Eurobank 3a HajOosbe cTyneHTe npikaBHHX

¢akynrera y Cpouju (2010), kao u crunengucra donga 3a muane tanenre Penmybnuke CpOuje
(2010/11).

On 1. meuembpa 2011. romune 3amocneHa je y JlabGoparopuju 3a (GHU3UKYy BHCOKHX €HEpruja
WuctuTyTa 32 GU3UKY Ka0 HCTPAKUBAY-TIPUIIPABHIK, Ca aHTA)KOBAKHEM Ha MpojekTy MUHHCTapCcTBa
IIpOCBETe, HayKe U TexHonowmkor pazsoja OM171004 ,,ATJIAC excnepumenm u gpuzuxa vecmuya na
JIXL] enepeujama “.

VYyecTBoBana je Ha cieaehum mKkonama u3 GU3NKe 4eCTHIA:

- Sarajevo School of High Energy Physics, May 9 — 13, 2012, Sarajevo, Bosnia and Hercegovina
- CERN Summer Student Programme, July — August 2012, CERN, Switzerland

- CERN - Fermilab Hadron Collider Physics Summer School, 28 August — 6 September, 2013,
CERN, Switzerland

On 2012. rogune yuectByje u paau Ha ATJIAC exciepuMeHTy Ha BenukoM XaapoHCKOM cyfapady
(JIXID) y LHEPH-y. On centem6pa 2012. o centemOpa 2013. ronuHe paania je Ha KBaJU(pHUKaLUjU
3a ayropctBo Ha ATJIAC ekcnepumeHty. 3amarak je Ouo pajg Ha eQpeKTUBHO] KanuOpauuju
muoHckor cniekrpomeTrpa ATJIAC nerextopa nomohy pacnana J/y pe3oHanie Ha aBa muoHa. Of 1.
centemOapa 2013. ronune, kBanudukoBanu je ayrop pamosa ATJIAC komabopamnmje.
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Munubeme pyKOBOAMOLA MPojeKTa 3a n300p Ajiekcanjape IumMurpueBcke y
3Bamb€ HCTPAKMBAY-CAPATHUK

Konernnuna Anekcannpa [IuMuTpueBcka HCIymaBa CBE yclioBe mpensulene lIpaBuimHukoM 3a
CTHIIalkhe UCTPAXKUBAYKUX 3Barba 3a M300p y 3Bame UCTPaXKUBAU-capaJHUK U cMaTpaM jna Haydno
Behe MHcTHTyTA 32 PusHKy Tpeba Ja MOKpeHe MOCTyIaK 3a lBeH U300p Y OBO 3BambE.

Anexcanapa umurpuescka je ox 1. nmememOpa 2011. rogune 3amocneHa y Jlaboparopuju 3a
¢u3uKy BUCOKMX eHepruja MHctutyra 3a U3MKy Kao MCTpa)kMBad-IIPUIIPABHUK, U y4ECTBYje Ha
npojekTy MuHHCTapcTBa TPOCBETE, HAyKe U TeXHONomKor pas3soja OWM171004 ,ATI/IAC
excnepumenm u Quszuka vecmuya na JIXL] enepeujama“. Op 2011. roguHe ymucaHa Ha je Ha
JIOKTOpCKe cTynuje Ha PusndkoM ¢axynreTy, YHuBep3urera y beorpany u cana je cryneHt tpehe
rojluHe, MOJOXKWIa je cBe ucnute. YuectByje U paau Ha ATJIAC ekcnepumeHTy Ha Benukom
xanpoHckoM cymapady (JIXII) y IIEPH-y u y centemOpy 2013. romuHe, yCIENIHO je 3aBpIIWIA
kBanupukanujy 3a ayropa ATJIAC koma6oparuje. Tokom 2012. u 2013. roquHe OKO TpuaeceTak
myTa TpeACTaBWIIa je pe3yaTare CBOT pajJa Ha HMHTEpHUM cacTaHmuma pagaux rpyma ATIIAC
konabopanuje (Muon Combined Performance Working Group u W mass group y okupy Standard
Model Working group) xao u Ha mHTepHUM cKynoBuMa ATJIAC xonmaGopammje: Muon Week u
Physics and Performance Week (koju ce onpkaBajy 2-3 myTa rogullimhe U Ha KOjuMa ce Jiaje Tperies
noOujeHnX pe3yliTaTta y OKBUPY paJHUX Tpymna), kao ¥ Ha jenHoMm mHTtepHoM Workshop-u ATLAS
konabopanuje. Koayrop je Ha Tpu untepHe nyonukamuje ATJIAC konabopanuje, Koje peacTaBibajy
,back up“ mybnukamnuje ob6jaBibeHUX y pedepeHTHHM Yaconucuma. [loceOHO Tpu3Hame 3a HeH
Jocafalimbyi paja 0Mo je mo3uB ga mnpeacrasu pesynarare Muon Combined Performance Working
Group-e Ha ,,LHC students poster session® y mapty 2014. roquse y oKBUpYy 117" LHCC cacranka
(Large Hadron Collider Committee Meeting). Konernnuna umutpueBcka je Omia jenHa ox 25
JOKTOpaHaTa Koju cy npezacransbanu pesynrare ATIIAC konaboparyje.

UctpaxxuBaukum pagom Anekcanape Jumutpuecke Ha ATJIAC excrepuMEHTY, HENOCPETHO
pykoBoau ip Henan Bpamenn koju ce Hana3u Ha MOCTIOKTOpckoM ycaBpiiaBawy Yy CEA Saclay.

3a uwranoBe Kommcuje 3a mucame u3BemTaja 3a u3dop Auekcaniape JuMHUTpueBcke y 3Bame
UCTPa’KMBau-CapaJHUK MpeIakeM:

1. np Henana Bpamemia, naygnor capagnuka MHcTtutyTa 3a Gpusuky (kao mpBor pedepenra),
2. np Jbwbany Cumuh, HaydHOT caBeTHHKa MHCTUTYTA 32 (DU3HKY,
3. mpod. ITerpa Aywmha, pemosuor npodecopa Gusnukor daxynrera.

PykoBomumnar npojekra,

np Hparan [Tonosuh
HAyYHU CaBETHUK,
WuctutyT 3a pusuky beorpas



Cnmcak HayYHHMX PajoBa U CAONIITEHA Ca KOH(pepeHuja

PanoBu y BpxyHckum Melh)ynapoauum yaconucuma (M21)

1. G Aad, ..., A. Dimitrievska et al. [ATLAS Collaboration], ,,Search for Quantum Black-Hole
Production in High-Invariant-Mass Lepton+Jet Final States Using Proton-Proton Collisions at
sqrt(s) = 8 TeV and the ATLAS Detector, Phys. Rev. Lett. 112 (2014) 091804,
[arXiv:1311.2006[hep-ex]].

2. G. Aad, ..., A. Dimitrievska et al. [ATLAS Collaboration], ,, Measurement of the electroweak
production of dijets in association with a Z-boson and distributions sensitive to vector boson fusion
in proton-proton collisions at sqrt(s) = 8 TeV using the ATLAS detector®, J. High Energy Phys.
1404 (2014) 031, [arXiv:1401.7610[hep-ex]].

3. G Aad, ..., A. Dimitrievska et al. [ATLAS Collaboration], ,, Search for Higgs boson decays to a
photon and a Z boson in pp collisions at sqrt(s)=7 and 8 TeV with the ATLLAS detector “, Phys. Lett.
B732 (2014) 8-27, [arXiv:1402.3051[hep-ex]]. (pax mpuka3aH y mIpuiIory)

OcraJie peepentne nydukanuje ATJIAC konadopaumje nocrynie Ha CERN CDS cepsepy
(cds.cern.ch)

1. T. Adye, C. Amelung, ..., A. Dimitrievska, ef al. [ATLAS Collaboration], ,,Supporting Document
for Higgs papers: Higgs mass measurements and uncertainties in 2012, ATL-COM-PHYS-2012-
1774.

2. M. Goblirsch, M. Vanadia, A. Salvucci, F. Sforza, O. Kortner, A. Dimitrievska, N. Vranjes,
[ATLAS Collaboration], ,,Preliminary results on the muon reconstruction efficiency, momentum
resolution, and momentum scale in ATLAS 2012 pp collision data“, ATLAS-CONF-2013-088. (pax
MIpHUKa3aH y IPUIIOTY)

3. G Artoni, M. Corradi, A. Dimitrievska, F. Sforza, N. Vranjes, P. Fleischmann, [ATLAS
Collaboration], ,,Muon momentum scale and resolution corrections evaluated with Z->mumu 2 and
J/psi->mumu decays on Run [ ATLAS data®, ATL-COM-MUON-2014-001.

Caonmrewa Ha Mel)ynaponuum koHdepennujama (M34)

1. A. Dimitrievska, ,,Muon reconstruction efficiency, momentum scale and resolution in pp
collisions at 8 TeV with ATLAS®, Poster at 117th LHCC Meeting, 5 — 6 March 2014. CERN,
Switzerland, ATL-COM-PHYS-2014-163. (nmpuka3aH y npuiory)

Caonmrema Ha HANMOHAJTHUM KOH(pepenunjama (M63)

1. A. Iumutpuescka, M. JlumMutpuescka, ,,Cekynoa — ochosna jeounuya 3a epeme y CH cucmemy,
Kanennapcko 3Hame u ponpuHoc Munyruna MunankoBuha, 14 — 15 centem6ap 2011. beorpan,
Cpbuja, Yemena mpe3eHTanyja, ctp. 84 — 91.

2. A. lumutpuescka, H. Bpamwer, ,, Kapakmepucmuke pekoncmpyKyuje MUoHa HUCKOZ UMNYICA HA
ATJIAC oemexmopy*, XII Konrpec ¢uzuvapa Cpouje, 300pHuK paaosa, 28. anpwi — 2. maj 2013.
Bpmauka 6ama, Cpouja, [Toctep y cexumju: 2. Pusnka jesrpa, eIeMEHTapHUX YECTHIIA U OCHOBHHUX
WHTepakmuja, ctp. 185 — 188. (pan npukazan y mpuiory)
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IIpesentauuje Ha cacranuuma ATJIAC konadopanuje

1.Wmass meeting, 03.09.2012. (https://indico.cern.ch/event/205292),

L. Chevalier, A. Dimitrievska, N. Vranjes, ,,Effective Calibration of Muon Spectrometer using J/psi-
>mumu

2. Muon Combined Performance Working Group 12.09.2012. (https://indico.cern.ch/event/207903),
L. Chevalier, A. Dimitrievska, N. Vranjes, ,,Muon Performance using J/psi->mumu *

3. Muon Combined Performance Working Group, 17.10.2012.(https://indico.cern.ch/event/213091),
L. Chevalier, A. Dimitrievska, N. Vranjes, ,,J/psi in datal2

4. Muon Week 12.11.2012. (https://indico.cern.ch/event/215927),
L. Chevalier, A. Dimitrievska, N. Vranjes, ,, J/psi in datall and datal2 *

5. Muon Combined Performance, Working Group, 05.12.2012,
(https://indico.cern.ch/event/220934),

L. Chevalier, A. Dimitrievska, N. Vranjes, ,, J/psi studies

6. Wmass meeting, 11.12.2012., (https://indico.cern.ch/event/221858),
A. Dimitrievska, ,, W and Z pt distributions

7. Wmass meeting, 18.12.2012., (https://indico.cern.ch/event/223197),
A. Dimitrievska, ,, W and Z pt distributions

8. Wmass meeting, 05.01.2013. (https://indico.cern.ch/event/228678),
A. Dimitrievska, ,, W and Z pt distributions

9. Muon Week, 26.03.2013,. (https://indico.cern.ch/event/242777),
L. Chevalier, A. Dimitrievska, N. Vranjes, ,, Calorimeter energy loss corrections using J/Psi “

10. Wmass meeting, 29.03.2013. (https://indico.cern.ch/event/243992),
A. Dimitrievska, ,, W and Z pt distributions “

11. Wmass meeting, 19.04.2013. (https://indico.cern.ch/event/247976),
A. Dimitrievska, ,, Parametrization of pt W distribution “

12. Wmass meeting, 10.05.2013. (https://indico.cern.ch/event/251178),
A. Dimitrievska, ,, W pt distributions and recoil upper cut “

13. Muon Week, 15.05.2013. (https://indico.cern.ch/event/252338),
L. Chevalier, A. Dimitrievska, N. Vranjes, ,, Energy loss studies with J/psi “
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14. Wmass Workshop, 14.06.2013., (https://indico.cern.ch/event/247389),
M. Boonekamp, A. Dimitrievska, N. Vranjes, ,, Studies towards a direct measurement of the PtW

distribution “

15. Muon Combined Performance Working, 18.06.2013. (https://indico.cern.ch/event/258263),
L. Chevalier, A. Dimitrievska, N. Vranjes, ,, Momentum scale with J/psi

16. Wmass meeting, 28.06.2013. (https://indico.cern.ch/event/260338),
M. Boonekamp, A. Dimitrievska, N. Vranjes, ,, Direct measurement of W pt

17. Wmass meeting 23.08.2013. ronune (https://indico.cern.ch/event/268873),
A. Dimitrievska, ,, Recoil studies “

18. Wmass, 25.10.2013. (https://indico.cern.ch/event/280206),
A. Dimitrievska, ,, Direct measurement of W pt distribution “

19. Muon Combined Performance Working Group, 06.11.2013.
(https://indico.cern.ch/event/282091),

L. Chevalier, A. Dimitrievska, N. Vranjes, ,, Momentum scale validation with J/psi

20. Physics and Performance Week, 19.11.2013. (https://indico.cern.ch/event/284010),
L. Chevalier, A. Dimitrievska, N. Vranjes, ,, Momentum correction validation with J/psi “

21. Muon Combined Performance Working Group, 04.12.2013.
(https://indico.cern.ch/event/286789),

L. Chevalier, A. Dimitrievska, N. Vranjes, ,, Update on scale correction “

22. Muon Combined Performance Working Group, 16.12.2013.
(https://indico.cern.ch/event/289036),

L. Chevalier, A. Dimitrievska, N. Vranjes, ,, Momentum correction validation with J/psi “

23. Muon Combined Performance Working Group, 18.12.2013.
(https://indico.cern.ch/event/289550),

L. Chevalier, A. Dimitrievska, N. Vranjes, ,, Momentum correction validation with J/psi

24. Muon Combined Performance Working Group, 22.01.2014.
(https://indico.cern.ch/event/296672),

L. Chevalier, A. Dimitrievska, N. Vranjes, ,, Discussion on performance paper and notes

25. Muon Combined Performance Working Group, 29.01.2014.,
(https://indico.cern.ch/event/298323),

L. Chevalier, A. Dimitrievska, N. Vranjes, ,, Angular distribution in J/psi “

26. Wmass meeting, 28.02.2014. (https://indico.cern.ch/event/305246),
M. Boonekamp, A. Dimitrievska, N. Vranjes, ,, Recoil corrections
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Search for Higgs boson decays to a photon and a Z boson in pp
collisions at Ys= 7 and 8 TeV with the ATLAS detector

The ATLAS Collaboration

Abstract

A search is reported for a neutral Higgs boson in the decay channel H — Zy, Z — ¢~ (€ = e, ),
using 4.5 fo~! of pp collisions at /s = 7 TeV and 20.3 fb~! of pp collisions at +/s = 8 TeV, recorded
by the ATLAS detector at the CERN Large Hadron Collider. The observed distribution of the invariant
mass of the three final-state particles, my,, is consistent with the Standard Model hypothesis in the
investigated mass range of 120-150 GeV. For a Higgs boson with a mass of 125.5 GeV, the observed
upper limit at the 95% confidence level is 11 times the Standard Model expectation. Upper limits
are set on the cross section times branching ratio of a neutral Higgs boson with mass in the range
120-150 GeV between 0.13 and 0.5 pb for /s =8 TeV at 95% confidence level.

arxiv:1402.3051v1 [hep-ex] 13 Feb 2014
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Search for Higgs boson decays to a photon addason inpp collisions aty/s= 7 and 8
TeV with the ATLAS detector

ATLAS Collaboration, G. Aackt al. (full author list given at the end of the article in Appendix)

Abstract

A search is reported for a neutral Higgs boson in the decayresiéd — Zy, Z — ¢~ (¢ = e, 1), using 4.5 fo of ppcollisions
at /s = 7 TeV and 20.3 fb! of pp collisions at+/s = 8 TeV, recorded by the ATLAS detector at the CERN Large Hadron
Collider. The observed distribution of the invariant magshe three final-state particlesyy,, is consistent with the Standard
Model hypothesis in the investigated mass range of 120-180 ESor a Higgs boson with a mass of 125.5 GeV, the observed
upper limit at the 95% confidence level is 11 times the Stasht&del expectation. Upper limits are set on the cross sedtitioes
branching ratio of a neutral Higgs boson with mass in the eal20-150 GeV between 0.13 and 0.5 pb {8 = 8 TeV at 95%
confidence level.

1. Introduction mass of 125.5 GeV i8(H — Zy) = 1.6 x 10~ compared to
B(H — yy) = 2.3 x 1073. The branching fractions of the Z to

In July 2012 a new particle decaying to dibosons,(ZZ,  |eptons leads to ap — H — £y cross section of 2.3 (1.8) fb
WW) was discovered by the ATLASI] and CMS P] ex-  at 8 (7) TeV, similar to that opp » H — ZZ* — 4¢ and only
periments at the CERN Large Hadron Collider (LHC). Theso of that ofpp— H = yy.
observed properties of this particle, such as its coupliogs  \odifications of theH — Zy coupling with respect to the
fermions and bosons3[ 4] and its spin and parityq, 6], are  gM prediction are expected H is a neutral scalar of a dif-
consistent with those of a Standard Model (SM) Higgs bosoRerent origin [L1, 12] or a composite statelp], as well as in
with a mass near 125.5 Ge'g|[ models with additional colourless charged scalars, leptun

This Letter presents a search for a Higgs bosodecaying  vector bosons coupled to the Higgs boson and exchanged in the
t0Zy,Z — {*(" (¢ = e p)," usingppcollisions atys=7and  H _, 7y loop [14-16]. A determination of both thé&i — yy
8 TeV recorded with the ATLAS detector at the LHC during gngH — Zy decay rates can help to determine whether the
2011 and 2012. The Higgs boson is assumed to have SM-likgewly discovered Higgs boson is indeed the one predicted in
spin and production properties and a mass between 120 and 1§{ SM, or provide information on the quantum numbers of the
GeV. The integrated luminosity presently available enalitle  new particles exchanged in the loops or on the compositeness
exclusion of large anomalous couplingszg, compared with  scale. While constraints from the observed rates in ther dithe
the SM prediction. The signal is expected to yield a narrowhy| states, particularly the diphoton channel, typicatiyi the
peak in the reconstructelfy invariant-mass distribution over expectedH — Zy decay rate in the models mentioned above to
a smooth background dominated by continudmry produc-  pe within a factor of two of the SM expectation, larger entenc

tion, Z — ¢ty radiative decays and+jets events where a jetis ments can be obtained in some scenarios by careful parameter
misidentified as a photon. A similar search was recently pubghoices L3, 14).

lished by the CMS Collaboratior?], which set an upper limit
of 9.5 times the SM expectation, at 95% confidence level (CL),

on thepp — H — Zy cross section fomy = 125 GeV. 2. Experimental setup and dataset
In the SM, the Higgs boson is produced mainly through five _ _ _
production processes: gluon fusion (ggF), vector-bossiofu The ATLAS detector 17] is a multi-purpose particle detec-

(VBF), and associated production with eithafsboson WH), tor with approximately forward-backward Symmetl’ic Cy|IlHd
aZ boson ZH) or ati pair ({fH) [8-10]. For a mass of 125.5 cal geometry. The inner tracking detector (ID) coverg < 2.5
GeV the SMpp — H cross section is- = 22 (17) pb atys = 8 and consists of a silicon pixel detector, a silicon micripstr
(7) TeV. Higgs boson decays #y in the SM proceed through
loop diagrams mostly mediated My bosons, similar tdd —
vy. TheH — Zy branching ratio of a SM Higgs boson with a

2ATLAS uses a right-handed coordinate system with its origithe nom-
inal interaction point (IP) in the centre of the detector #melz-axis along the
beam pipe. The-axis points from the IP to the centre of the LHC ring, and the
y-axis points upward. Cylindrical coordinatasd#) are used in the transverse

1In the following ¢ denotes either an electron or a muon, and the charge oplane,¢ being the azimuthal angle around the beam pipe. The pseuiditya
the leptons is omitted for simplicity. is defined in terms of the polar anglesn = — Intan@/2).
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detector, and a transition radiation tracker. The ID is sur8.170 for showering and hadronisation, using the CT10 par-
rounded by a thin superconducting solenoid providing a 2 Tton distribution functions (PDFs)3p]. Gluon-fusion events
axial magnetic field and by a high-granularity ldagliid-argon  are reweighted to match the Higgs bosmndistribution pre-
(LAr) sampling electromagnetic calorimeter. The electagm  dicted by HRES231]. The signal from associated production
netic calorimeter measures the energy and the positioreof el (WH, ZH or ttH) is generated with PYTHIA 8.170 using the
tromagnetic showers witly| < 3.2. It includes a presampler CTEQ6L1 PDFs 32]. Signal events are generated for Higgs
(for || < 1.8) and three sampling layers, longitudinal in showerboson massesy; between 120 and 150 GeV, in intervals of 5
depth, up tdn| < 2.5. LAr sampling calorimeters are also used GeV, at both+/s = 7 TeV and+/s = 8 TeV. For the same value
to measure hadronic showers in the end-cap €| < 3.2)  of the mass, events corresponding tfietient Higgs boson pro-
and forward (3L < |n| < 4.9) regions, while an irgfscintillator ~ duction modes are combined according to their respective SM
tile calorimeter measures hadronic showers in the cergral r cross sections.
gion (5 < 1.7). The muon spectrometer (MS) surrounds the The predicted SM cross sections and branching ratios are
calorimeters and consists of three large superconducting a compiled in Refs. $-10]. The production cross sections are
core toroid magnets, each with eight coils, a system of precicomputed at next-to-next-to-leading order in the strong-co
sion tracking chamber$y( < 2.7), and fast tracking chambers pling constantas and at next-to-leading order (NLO) in the
(Inl < 2.4) for triggering. A three-level trigger system selects electroweak coupling constaat except for thetH cross sec-
events to be recorded foffbne analysis. tion, which is calculated at NLO ins [33-43]. Theoretical un-
Events are collected using the lowest threshold unprescalecertainties on the production cross section arise fromltioéce
single-lepton or dilepton triggersl§]. For the single-muon of renormalisation and factorisation scales in the fixedieor
trigger the transverse momentupy, threshold is 24 (18) GeV calculations as well as the uncertainties on the PDFs and the
for 4/s = 8 (7) TeV, while for the single-electron trigger the value ofas used in the perturbative expansion. They depend
transverse energir, threshold is 25 (20) GeV. For the dimuon only mildly on the centre-of-mass energy and on the Higgs bo-
triggers the thresholds ag > 13 (10) GeV for each muon, son mass in the range 120my < 150 GeV. The scale uncer-
while for the dielectron triggers the thresholds &g > 12  tainties are uncorrelated among the five Higgs boson praxfuct
GeV for each electron. Ai/s = 8 TeV a dimuon trigger is also modes that are considered; fog = 1255 GeV aty/s= 8 TeV,
used with asymmetric thresholgs; > 18 GeV andpr, > 8  they amount to';% for ggF, +0.2% for VBF, +1% for WH,
GeV. The trigger #iciency with respect to events satisfying the +3% for ZH and*g% for ttH. PDF+a uncertainties are corre-
selection criteria is 99% in theey channel and 92% in theuy  lated among the gluon-fusion attti processes, which are ini-
channel due to the reduced geometric acceptance of the mutiated by gluons, and among the VBF antH/ZH processes,
trigger system in thig| < 1.05 andy| > 2.4 region. Eventswith  which are initiated by quarks; fony = 1255 GeV at+/s = 8
data quality problems are discarded. The integrated lusitjo  TeV, the uncertainties are aroua®% for gg — H andttH
after the trigger and data quality requirements correspdnd and around:2.5% for the other three Higgs boson production
20.3fo! (4.5f0 1) [19 at /S= 8 (7) TeV. modes. The Higgs boson branching ratios are computed using
the HDECAY and Prophecy4f progran®4-46]. The relative
uncertainty on thél — Zy branching ratio varies betweeai9%
3. Simulated samples for my = 120 GeV and:6% formy = 150 GeV. An additional
+5% [47] accounts for the féect, in the selected phase space
The event generators used to model SM signal and bacloef the £y final state, of the interferingl — ¢y decay ampli-
ground processes in samples of Monte Carlo (MC) simulatetudes that are neglected in the calculation of R&s1{]. They
events are listed in Table originate from internal photon conversion in Higgs boson de
cays to diphotonsH{ — y*y — £fy) or from radiative Higgs
boson decays to dileptonkl (— ¢¢* — ¢¢y in theZ mass win-
dow) [48, 49.
Various background samples are also generated: they are
used to study the background parameterisation and possible

Table1
Event generators used to model the signal (first two rows)beodt-
ground (last four rows) processes.

Process Generator L . . . )
systematic biases in the fit described in Sectioand not to
ng—?FZ,I\—|/BtItiH POWHEG %&??%TAPJTHIAS [23 extract the final result. The samples produced with ALPGEN
= : dZ, 77 SHERPA DA 3 or MC@NLO are interfaced to HERWIG 6.51@7] for par-
+yazn oy SHERPA ALPGEN P4, H5]ERW|G 5 ton showering, fragmentation into particles and to model th
+tJt§tS MC@NLO 28 ;{g}]:HERWIG [27] underlying event, using JIMMY 4.35B[] to generate multiple-
’ i i . The SHERPA, M NL POWHE
W2 SHERPA, POWHEGPYTHIAS parton interactions esS , MC@NLO and PO G

samples are generated using the CT10 PDFs, while the ALP-
GEN samples use the CTEQ6L1 ones.
All Monte Carlo samples are processed through a com-
The H — Zy signal from the dominant ggF and VBF plete simulation of the ATLAS detector respongd][using
processes, corresponding to 95% of the SM production crosSeant4 [52]. Additional ppinteractions in the same and nearby
section, is generated with POWHEG, interfaced to PYTHIAbunch crossings (pile-up) are included in the simulatiohe T
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MC samples are reweighted to reproduce the distributioheft calorimeter §7]. To further suppress hadronic background, the
mean number of interactions per bunch crossing (9 and 21 ocalorimeter isolation transverse enefg§f [1] in a cone of size

average in the data taken &fs = 7 and 8 TeV, respectively) AR = +/(A)2 + (A¢)2 = 0.4 around the photon candidate is

and the length of the luminous region observed in data. required to be lower than 4 GeV, after subtracting the cbutri
tions from the photon itself and from the underlying everd an
4. Event selection and backgrounds pile-up.

4.1 Event selecti Removal of overlapping electrons and muons that satisfy all
L. EVentselec |o_n . . selection criteria and share the same inner detector tsguéri
Events are requred to contain at least one primary Verte)?ormed: if the muon is identified by the MS, then the elec-
determined from a fit to the tracks reconstructed in the ideer tron candidate is discarded: otherwise the muon candigate i
tector and consistent with a common origin. The primaryesert jected. Photon candidates withim& = 0.3 cone of a selected

with the Iarggst sum of.the squqred transverse momenta of tr'é%ctron or muon candidate are also rejected, thus suppgess
tracks associated with it is considered as the primary xafte background fromZ — ¢y events and signal from radiative

the hard interaction. Higgs boson decays to dileptons.

The selection of leptons and photons is similar to that used . .
: Z boson candidates are reconstructed from pairs of same-
for theH — yy andH — 4¢ measurementsl], the main o . . .
: ; - flavour, opposite-sign leptons passing the previous sefext
difference being the minimum transverse momentum thresh:
: . At least one of the two muons fro@d — uu must be recon-
old. Events are required to contain at least one photon aad tw

o structed both in the ID and the MS.
opposite-sign same-flavour leptons. _ . i
Muon candidates are formed from tracks reconstructed ei- 1199S boson candidates are reconstructed from the combina-
ther in the ID or in the MS53). They are required to have tion of aZ boson and a photon candidate. In each event only the

transverse momentupr > 10 GeV andy| < 2.7. In the cen- Z candidate \_Nith invariant mass closest to Ihpole_mass and
tral barrel regiory| < 0.1, which lacks MS coverage, ID tracks the photonwith largest transverse energy are retainetielsd-
are identified as muons based on the associated energygepo&fCted events, the triggering leptons are required to maien
in the calorimeter. These candidates must hawve- 15 Gev,  (Or in the case of dilepton-triggered events, both) offean-
The inner detector tracks associated with muons that are ide didate’s leptons. Track and calorimeter isolation requiats,
tified inside the ID acceptance are required to have a minimurftS Well s additional track impact parameter selectioesaiso
number of associated hits in each of the ID sub-detectors (tBPPlied to the leptons forming theboson candidatel]. The
ensure good track reconstruction) and to have transvese (I rack isolationy. pr, inside aAR = 0.2 cone around the lep-
gitudinal) impact parametek (zo), with respect to the primary 0N excluding the lepton track, divided by the lepion must
vertex, smaller than 1 mm (10 mm). be smaller t_ha_n 0.15. The calorimeter |so!at|0n for elefﬁ_*.ro
Electrons and photons are reconstructed from clusters-of eff®Mputed similarly t=p® for photons but withAR = 0.2, di-
ergy deposits in the electromagnetic calorimef][ Tracks ~ Vided by the electroifty, must be lower than 0.2. Muons are
matched to electron candidates (and, for 8 TeV data, from phd€duired to have a normalised calorimeter isolatigfi"/ pr
ton conversions) and having enough associated hits in line si /€SS than 0.3 (0.15 in the case of muons without an ID track)

con detectors are fitted using a Gaussian-Sum Filter, which aNSide @AR = 0.2 cone around the muon direction. For both
counts for bremsstrahlung energy 1055][

the track- and calorimeter-based isolation any contrimgtidue

Electron candidates are required to have a transverse eff2 the other lepton from the candidatedecay are subtracted.
ergy greater than 10 GeV, pseudorapidity < 2.47, and The transve_rse |mp_act paramete_r S!gnlflcdd@l(éado of the ID _
a well-reconstructed ID track pointing to the electromaigne track associated with a lepton within the acceptance ofrthe i

calorimeter cluster. The cluster should satisfy a set oftifiea- ~ N€r detector is required to be less than 3.5 and 6.5 for muons
tion criteria that require the longitudinal and transvesisewer ~ 2nd €lectrons, respectively. The electron impact paraniete

profiles to be consistent with those expected for electremagfected by bremsstrahlung and it thus has a broader distribu-
netic showersg6]. The electron track is required to have a hit 1ON-
in the innermost pixel layer of the ID when passing through an Finally, the dilepton invariant massn() and the invariant
active module and is also required to have a longitudinabichp mass of thé(y final-state particlesi,) are required to satisfy
parameter, with respect to the primary vertex, smaller thn M > Mz — 10 GeV and 115 my, < 170 GeV, respectively.
mm. These criteria further suppress events frém- ((y, as well
Photon candidates are required to have a transverse energ§ reducing the contribution to the signal from internaltpho
greater than 15 GeV and pseudorapidity within the regiongonversionsird — yy and radiation from leptons inl — ¢¢
Il < 1.37 or 152 < || < 2.37, where the first calorime- t0 @ negligible level 47]. The number of events satisfying all
ter layer has high granularity. Photons reconstructed in othe selection criteriain/s = 8 TeV (v/s= 7 TeV) datais 7798
near regions of the calorimeteffected by read-out or high- (1041) in theZ — eechannel and 9530 (1400) in tZe— uu
voltage failures are not accepted. The identification otphe  channel.
is performed through a cut-based selection based on showerThe same reconstruction algorithms and selection criteria
shapes measured in the first two longitudinal layers of tee-el are used for simulated events. The simulation is corrected
tromagnetic calorimeter and on the leakage into the hadronito take into account measured data-M@@efiences in photon
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and lepton #iciencies and energy or momentum resolution.(ii) pr,° the component of the Higgs boson candidatehat is
The acceptance of the kinematic requirements for simulatedrthogonal to theZy thrust axis in the transverse plane. Signal
H — Zy — ¢y signal events aimy = 1255 GeV is 54% events are typically characterised by a larggrand a smaller
for £ = eand 57% forl = u, due to the larger acceptance in Anz, compared to background events, which are mostly due
muon pseudorapidity. The average photon reconstructidn arto qq — Z + y events in which th& boson and the photon
selection éiciency is 68% (61%) while thé — ¢¢ reconstruc-  are back-to-back in the transverse plane. Signal gluoiofius
tion and selectionficiency is 74% (67%) and 88% (88%) for events have on average smalgf and largerrz, than signal

¢ = eand( = u, respectively, aty/s = 8 (7) TeV. The larger events in which the Higgs boson is produced either by VBF or
photon and electronfiéciencies in 8 TeV data are due to a re- in association withW, Z or tt and thus is more boosted.
optimisation of the photon and electron identificationenia Higgs boson candidates are classifietiia$- (low-) pr; can-
prior to the 8 TeV data taking. Including the acceptance andlidates if theirpr; is greater (smaller) than 30 GeV. In the anal-
the reconstruction, selection and triggéigencies, the overall ysis of 4/s = 8 TeV data, lowpr; candidates are further split
signal dficiency forH — Zy — (fy events atmy = 1255GeV  into two classeshigh- and low-Anz,, depending on whether

is 27% (22%) for¢ = e and 33% (27%) fot = pat Vs =8  |Ayz, | is greater or less than 2.0, yielding a total of ten event
(7) TeV. The relative ficiency is about 5% higher in the VBF categories.

process and 5-10% lower in th¥¢, Z, tt-associated production  As an example, the expected number of signal and back-
modes, compared to signal events produced in the dominagtound events in each category with invariant mass within a
gluon-fusion process. Fony increasing between 120 and 150 +5 GeV window arounany = 125 GeV, the observed number
GeV the overall signalfciency varies from 87 to 125times  of events in data in the same region, and the full-width &t hal

the dficiency atmy = 1255 GeV. maximum (FWHM) of the signal invariant-mass distribution,
are summarised in Tab2 Using this classification improves
4.2. Invariant-mass calculation the signal sensitivity of this analysis by 33% for a Higgsdios

In order to improve the three-body invariant-mass resofuti MaSS of 125.5 GeV compared to a classification based only on

of the Higgs boson candidate events and thus improve discrinf€ centre-of-mass energy and lepton flavour categories.
ination against non-resonant background events, threewor

tions are applled to th? three-body masg,. First, the photon Expected signalNs) and backgroundNg) yields in a+5 GeV mass
pseudorapidity;” an_d Its transve_r_se en_erdf;?F = E7/coshy’ window aroundmy = 125 GeV for each of the event categories un-
are recalculated using the identified primary vertex as e p  ger study. In addition, the observed number of events in (g
ton’s origin, rather than the nominal interaction point {@h  and the FWHM of the signal invariant-mass distribution, eiteti as
is used in the standard ATLAS photon reconstruction). SecCdescribed in Sectios.2, are given. The signal is assumed to have SM-
ond, the muon momenta are corrected for collinear finaéstat like properties, including the production cross sectione branch-
radiation (FSR) by including any reconstructed electromaging ratio. The background yield is extrapolated from thestd data
netic cluster withEt above 1.5 GeV lying close (typically with ~event yield in the invariant-mass region outside #%GeV window
AR < 0.15) to a muon track. Third, the lepton four-momenta@roundmy = 125 GeV, using an analytic background model described
are recomputed by means oZanass-constrained kinematic fit in Se_ct|0n6. The uncertainty on the_F_\NH_I\/I from th_e limited size of
previously used in the ATLAS! — 4¢ search ]. The photon thg S|mulatgd §|gnal sample§ is negligible in comparisdheasystem-

. . - . . . atic uncertainties described in Secti&n
direction and FSR corrections improve the invariant-masse+
lution by about 1% each, while tli®mass constraint brings an

imp_rovement of about 1_5—2.0%.. . Vs ( Category Ns No No \'/\‘_Ni EWHM
Fig. 1 illustrates the distributions af,,, andmee, for sim- 5

Table 2

. [Tev] [GeV]

ulated signal events fromgg — H atmy = 125 GeV after 8 7 high pr, 53 310 324 013 38
all corrections. Thenee, resolution is about 8% worse dueto g 4 low pr, low Ay 3.7 1600 1587 0.09 38
bremsstrahlung. They,, distribution is modelled with the sum 8 u low pr, highAp 0.8 600 602 0.03 4.1
of a Crystal Ball function (a Gaussian with a power-law tail) "8 e high pr 1.9 260 270 0.12 3.9
representing the core of well-reconstructed events, anbd,s 8 e lowpr, lowAy 2.9 1300 1304 0.08 4.2
wider Gaussian component describing the tails of the Bistri 8 e low py, highAp 0.6 430 421 0.03 4.5
tion. Formy = 1255 GeV the typical mass resolutier:g of 7 p high pr 04 40 40 0.06 3.9
the core component of thg,,, distribution is 1.6 GeV. 7 p_low pr 06 340 335 0.3 3.9

7 e high pr 03 25 21 0.06 3.9

7 e low pr 0.5 240 234 0.03 4.0

4.3. Event classification

The selected events are classified into four categoriesdbas
on thepp centre-of-mass energy and the lepton flavour. To en-
hance the sensitivity of the analysis, each event classtiseiu
divided into categories with ferent signal-to-background ra- Spre = (5, + 2)  f wheref = () — p)/1, — 2] denotes the thrust axis

tiQS_ an(_j invariant-mass resolutions, based on (i) the @s@dd i, the transverse plane, al, B are the transverse momenta of the photon
pidity differenceArz, between the photon and t@eboson and  and thez boson.
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0.4 e e e background-fitting functions and the associated systenati

Y certainties. Since the amplitudes ¢y, Z — ¢€ andZ — ¢ty
interfere, only the totat¢y background from the sum of the two
processes is considered, and denoted ¥jtlin the following.
A data-driven estimation of the background compositioreis p
formed, based on a two-dimensional sideband metb@d5g]
exploiting the distribution of the photon identificationcaiso-
lation variables in control regions enriched Z-jets events,
to estimate the relativéy andZ+jets fractions in the selected
sample. Th&Zy andZ+jets contributions are estimatéu situ
by applying this technique to the data after subtractingléte
contribution from thét andw Z backgrounds. Simulated events
are used to estimate the small backgrounds ftomnd WZ
production (normalised to the data luminosity using the NLO

0.22

0.2E- ATLAS Simulation
E  Le.rawmy,

Egg-H-2y,Z-pu
F m, =125 GeV
E Vs=8 TeV

FWHM = 4.8 GeV

—- corrected m,,,,

1/N dN/dm,, [GeV]
o
=
[o¢]

FWHM = 3.8 GeV

0.12 =

My [GeV] MC cross sections), on which a conservative uncertainty of
— +50% accounts for observed data-MGtdiences in the rates
'% 0.2F 3 of fake photons and leptons from misidentified jets as well as
o, 0.18E ATLAS Simulation 3 for th_e uncertainties on the MC cross sectlon_due to the miss-
E§ 0165 ceraWm E ing hlgher_ order_s of the perturbative expansion and the_ PDF
5 F 99-H-2Zy, Z-ee _ E uncertainties. Simulated events are also used to deterimne
E 0-14Tm ~125 GeV FWHM =55 GeV - X A . X A
£ E M ~+ corrected m E Zy contammatlon in th&+jet bagkgrogpd gontrol regions z_ind
z 0125 /s=g Tev eey ] the correlation between photon identification and phototais
0.1 FWHM =4.1GeV tion for Z+jet events. The contribution to the control regions
0.08 = from theH — Zy signal is expected to be small compared to
0.06 = the background and is neglected in this study. The fractions
0.04 3 of Zy, Z+jets and othert{ + W2) backgrounds are estimated
0.02 = to be around 82%, 17% and 1% at botfs = 7 and 8 TeV.
N The relative uncertainty on th&y purity is around 5%, domi-

AR IR PR
905 110 115 120 125 130 135 14 145

0 nated by the uncertainty on the correlation between thegohot
Meey [GeV] identification and isolation iZ+jet events, which is estimated
by comparing the ALPGEN and SHERPA predictions. Good
Fig. 1. Three-body invariant-mass distribution fr — Zy, Z — uu agreement between data and simulation is observed in the dis
(top) orZ — ee(bottom) selected events in the 8 TeW, = 125 GeV  triputions ofmy,,, as well as in the distributions of several other
gluon-fusion signal simulation, after applying all anadysuts, before  Linematic quantities that were also studied, includingditep-

(filled circles) and after (open diamonds) the correctioescdbed in ton invariant mass and the lepton and photon transverse mo-
Sectiond4.2 The solid and dashed lines represent the fits of the points b P

to the sum of a Crystal Ball and a Gaussian function. enta, pseudorapidity and azimuth.

5. Experimental systematic uncertainties

4.4. Sample composition The following sources of experimental systematic uncertai
ties on the expected signal yields in each category werdd:ons

The main backgrounds originate from continudray, Z — ered:

¢¢ production, from radiativ€ — ¢¢y decays, and frord+jet,
Z — (( events in which a jet is misidentified as a photon. e The luminosity uncertainty is 1.8% for the 2011 dat8][
Small contributions arise frortt andWZ events. Continuum and 2.8% for the 2012 dafa.

Z+y events are either produced log in the t- or u- chan- , ) e .
nels, or from parton-to-photon fragmentation. The reguire The uncertainty from the photon identificatioffieiency is

mentsmy; > my—10 GeV,my, > 115 GeV andiRy, > 0.3 sup- obtained from a comparison between data-driven measure-
press the contribution fro@ — ££y, while the photon isolation ments and the simulatedieiencies in various photoon and
requirement reduces the importance of ¥y fragmentation electron control sample§§ and varies between 2.6% and
component. The latter, together with the photon identificat 3.1% depending on the category. The uncertainty from the
requirements, is alsdfective in reducing+jets events. photon reconstructionfiéciency is negligible compared to

In this analysis, the estimated background compositiontis n that from the identificationféiciency.

used to determine the amount of expected background, which

IS dl.reCtly fitted to the data mass spectrum, but is used te no', 4The luminosity of the 2012 data is derived, following the samethodol-
mgllsg the backgrour)d Mo_me_ Carlo sample_s used for the optisgy as that detailed in RefLg], from a preliminary calibration of the luminos-
misation of the selection criteria and the choice of masstspe ity scale derived from beam-separation scans performediefiber 2012.
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e The uncertainty from the electron trigger, reconstructiontested by performing signabackground fits of then, distri-
and identification fficiencies is estimated by varying the bution of large simulated background-only samples scaded t
efficiency corrections applied to the simulation within the the luminosity of the data and evaluating the ratio of theditt
uncertainties of data-driverffeciency measurements. The signal yield to the statistical uncertainty on the fittednsibit-
total uncertainty, for events in which t@eboson candidate self. The largest observed bias in the fitted signal for amgghsli
decays to electrons, varies between 2.5% and 3% depentbeson mass in the range 120-150 GeV is taken as an additional
ing on the category. The lepton reconstruction, identifi-systematic uncertainty; it varies between 0.5 events irrlpoo
cation and trigger ficiencies, as well as their energy and populated categories and 8.3 events in highly populated.one
momentum scales and resolutions, are determined using All systematic uncertainties, except that on the lumingsit
large control samples & — (¢, W — ¢v andJ/y — ¢£  are taken as fully correlated between tils = 7 TeV and the
events b3, 56]. v/s =8 TeV analyses.

Other sources of uncertainty (muon trigger, reconstraciod

identification dficiencies, lepton energy scale, resolution, and®- Results

impact parameter selectiolffieiencies, lepton and photon iso- 6.1. Likelihood function
lation dficiencies) were investigated and found to have a neg- The final discrimination between signal and background
ligible impact on the signal yield compared to the mentioned

) . . events is based on a likelihood fit to t spectra in the
sources of uncertainty. The total relative uncertainty loa t . . : e, Sp .
signal dficiency in each category is less than 5%, more tha invariant-mass region 11& my,, < 170 GeV. The likelihood
9 y gory . o ham nction depends on a single parameter of interest, the Higg
twice as small as the corresponding theoretical systernatic

. ; o . n pr ion signal strength defin he signal yiel
certainty on the SM production cross section times brarg:hmbOSO P oduction signal stre N defined as the signal yield .
. . ; . o normalised to the SM expectation, as well as on several nui-
ratio, described in SectioB. The uncertainty in the popula- . o
. . e .~ sance parameters that describe the shape and normaligtion
tion of the pr; categories due to the description of the Higgs

. . . the background distribution in each event category andytse s
gﬁzogg:ssﬂigtéuirr?tﬁed:géglzne?ob{a\r{r?“ﬁr:g (tar:tain?actgd iga\llgftematic uncertainties. Results for the inclusive crossi@ec
program. times branching ratio are also provided. In that case, e li

0, 0, I
between 1'8./0 and 3.6% dependl_ng on the category. . lihood function depends on two parameters of interest, igre s
The following sources of experimental systematic uncestai . : : i
nal cross sections times branching ratiosya = 7 TeV and

ties on the signat,, distribution were considered: v/s = 8 TeV, and the systematic uncertainties on the SM cross
e The uncertainty on the peak position (0.2 GeV) is domi-sections and branching ratios.
nated by the photon energy scale uncertainty, which arises The background model in each event category is chosen
from the following sources: the calibration of the electronbased on the studies of sensitivity versus bias describ#ein
energy scale fronZ — eeevents, the uncertainty on its previous section. For 2012 data, fifth- and fourth-ordeypot
extrapolation to the energy scale of photons, dominate@hials are chosen to model the background in the favweate-
by the description of the detector material, and imperfecgories while an exponentiated second-order polynomidiés ¢
knowledge of the energy scale of the presampler detectgien for the highgr, categories. For 2011 data, a fourth-order
located in front of the electromagnetic calorimeter. polynomial is used for the lowpr; categories and an exponen-
. tial function is chosen for the higpr; ones. The signal res-
e The uncertainty from the photon and electron energy resp|ytion functions in each category are described by the iode
olution is estimated as the relative variation of the widthjystrated in Sectiont.2, fixing the fraction of events in each
of the signaln,, distribution after varying the corrections ¢ategory to the MC predictions. For each fixed value of the
to the resolution of the electromagnetic particle responsgjiggs boson mass between 120 and 150 GeV, in steps of 0.5
in the smulaﬂo_n wnhm their uncertalntle_s. It amounts t0 Gev/. the parameters of the signal model are obtained, sepa-
3% for events in which th& boson candidate decays to rately for each event category, through interpolation efftily
muons and to 10% for events in which thdoson candi-  gjmulated MC samples.

date decays to electrons. For each of the nuisance parameters describing systematic
e The uncertainty from the muon momentum resolution isuncertainties the Iikglihood is multipligd by a cqn;tratiantm
estimated as the relative variation of the width of thefor each ,Of th‘? exper!mental systematlp uncertalptlgsmad
signal my,, distribution after varying the muon momen- as described in Secudﬁ For ;ystematm_ uncertaintiefect-
tum smearing corrections within their uncertainties. It is™9 the expected total signal yields foffigirent centre-of-mass
smaller than 1.5%. or lepton flavour, a log-normal constraint is used while for
the uncertainties on the fractions of signal events ftfedent
To extract the signal, the background is estimated from theyr — Arz, categories and on the sigrmal, resolution a Gaus-
observedmy, distribution by assuming an analytical model, sian constraint is use@(.
chosen from several alternatives to provide the best $ensit
ity to the signal while limiting the possible bias in the fitte 6.2. Statistical analysis
signal to be within+20% of the statistical uncertainty on the The data are compared to background and signal-plus-
signal yield due to background fluctuations. The models ar®ackground hypotheses using a profile likelihood test sstati

6



tic [60]. Higgs boson decays to final states other thiénare Observed and expected 98%. upper limits on the value of
expected to contribute negligibly to the background in the s the signal strength are derived and shown in Fi§. The ex-
lected sample. For each fixed value of the Higgs boson mass bpected limit ranges between 5 and 15 and the observed limit
tween 120 and 150 GeV fits are performed in steps of 0.5 GeVaries between 3.5 and 18 for a Higgs boson mass between
to determine the best value pf(i) or to maximise the likeli- 120 and 150 GeV. In particular, for a mass of 125.5 GeV, the
hood with respect to all the nuisance parameters for aligena observed and expected limits are equal to 11 and 9 times the
values ofy, includingu = 0 (background-only hypothesis) and Standard Model prediction, respectively. At the same niaess t

1 = 1 (background plus Higgs boson of that mass, with SM-likeexpected limit ornu assuming the existence of a SM € 1)
production cross section times branching ratio). The cdimpa Higgs boson wittmy = 1255 GeV is 10. The results are dom-
bility between the data and the background-only hypothssis inated by the statistical uncertainties: neglecting agtasgnatic
quantified by thep-value of theuy = 0 hypothesispy, which  uncertainties, the observed and expected @%imits on the
provides an estimate of the significance of a possible observ cross section at 125.5 GeV decrease by about 5%.

tion. Upper limits on the signal strength at 95%4. are set
using a modified frequentis€(Ls) method p1], by identifying

the valueu,, for which theCL is equal to 5. Closed-form &  F ‘J"Lat‘:4'5fb—g‘\@‘=‘7};v‘ ' —observed |
asymptotic formulaeq2] are used to derive the results. Fitsto 1 25 Ldte203h" GesTev Expected 1
the data are performed to obtain observed results. Fitsito As 3 I TRh R 1o ;
mov pseudo-dat&p)], generated either according to the= 1 % 20 t20 I
oru = 0 hypotheses, are performed to compute expegiehd N ATLAS ]
CLs upper limits, respectively. \15 15 -
S 1
> i I L L B ] E b
s _ f —— Data ] 3
I-'>J500:_ H-Zy (m =125 GeV, 0, x50) ] ? s —
R AL ) H TS 120 125 130 135 140 145 150
400:_ B m,, [GeV]
300 — . . . . .
C ] Fig. 3. Observed 95%L limits (solid black line) on the production
200:_ B cross section of a SM Higgs boson decayingadivided by the SM
u _ 4= . expectation. The limits are computed as a function of theysligoson
100 ILdt_4'5 o, (s=7 TeV ] mass. The median expected 98%exclusion limits (dashed red line),
u ) Judt=203 " s=8 Tev ] in the case of no expected signal, are also shown. The grelyeiow
o PP A Y S I R A bands correspond to thelo- and+20- intervals.
120 130 140 150 160 170

m,, [GeV] o . .
Upper limits on thepp —» H — Zy cross section times
Fig. 2. Distribution of the reconstructeffy invariant mass in data, branching ratio are also de.rlv.ed at 980A, for /s = 7 and
after combining all the event categories (points with etrars). The 8 TeV. For Vs=8 TeV, the limit ranges between 0.13 and 0.5
solid blue line shows the sum of background-only fits to theger- ~ PD; for v/s= 7 TeV, it ranges between 0.20 and 0.8 pb.
formed in each category. The dashed histogram corresponttet
signal expectation for a Higgs boson mass of 125 GeV decadygidg

at 50 times the SM-predicted rate. )
7. Conclusions

Figure 2 shows themy, distribution of all events selected
in data, compared to the sum of the background-only fits to A search for a Higgs boson in the decay chartiteb Zy,
the data in each of the ten event categories. No significard — ¢¢ (¢ = e, u), in the mass range 120-150 GeV, was per-
excess with respect to the background is visible, and the olfermed using 4.5 fot of proton—proton collisions at/s =
servedpo is compatible with the data being composed of back-7 TeV and 20.3 fb of proton—proton collisions ai/s = 8 TeV
ground only. The smallegiy (0.05), corresponding to a signif- recorded with the ATLAS detector at the LHC. No excess with
icance of 1.60-, occurs for a mass of 141 GeV. The expectedrespect to the background is found in th@& invariant-mass
po ranges between 0.34 and 0.44 for a Higgs boson with a mashstribution and 95% L upper limits on the cross section times
120 < my < 150 GeV and SM-like cross section and branch-branching ratio are derived. Fays = 8 TeV, the limit ranges
ing ratio, corresponding to significances around®.Zhe ex- between 0.13 and 0.5 pb. Combinirgs = 7 and 8 TeV data
pectedpo atmy = 1255 GeV is 0.42, corresponding to a sig- and dividing the cross section by the Standard Model expec-
nificance of 0.2, while the observeg, at the same mass is tation, for a mass of 125.5 GeV, the observed 95% confidence
0.27 (0.60). limitis 11 times the SM prediction.
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1 Introduction

Efficient and accurate muon identification and reconstruction is of primary importance for the physics
program of the ATLAS experiment [[1]. This note describes preliminary results on the muon reconstruc-
tion efficiency, momentum resolution, and momentum scale derived from the dataset corresponding to an
integrated luminosity of 20.4 fb~! of 8 TeV pp collisions delivered by the Large Hadron Collider (LHC)
during the 2012 run.

Section 2| briefly describes the algorithms used for muon identification and reconstruction in the AT-
LAS experiment. They use the independent track reconstruction provided by two sub-detector systems:
the Inner Detector [2]] (ID) and the Muon Spectrometer [3]] (MS). The combination of the ID and MS
information increases the purity of the muon sample and ensures good momentum resolution over three
orders of magnitude of muon energy: from a few GeV up to a few TeV.

Section [3| summarizes the characteristics of the selected datasets and of the Monte Carlo samples
(MC) used for data-simulation comparisons.

Sections [ and [5] report the measurements of the muon reconstruction efficiency and momentum
resolution. The methodologies used in these measurements, documented in detail in previous publica-
tions [4} 5], are based on the reconstruction of Z — pu decays in simulated events and in experimental
data. The decays of J/¢ — pu and Y — pu are also used for validation and for the study of systematic
uncertainties.

Finally, Section[6|describes a method that uses the muon track fit uncertainty to evaluate the momen-
tum uncertainties in an independent way.

2 Muon identification and reconstruction

The ATLAS experiment uses the information of the MS and ID sub-detectors, and to a lesser extent, of
the calorimeter, to identify and precisely reconstruct muons produced in the pp collisions.

The MS is the largest of all ATLAS sub-detectors: it is designed to detect charged particles in the
pseudorapidityﬂ region up to || = 2.7 and to provide momentum measurement with a relative resolution
better than 3% over a wide pr range and up to 10% at pr ~ 1 TeV. The MS consists of one barrel
part (for |7| < 1.05) and two end-cap sections. A system of magnet coils provides a toroidal magnetic
field with a bending integral of about 2.5 Tm in the barrel and up to 6 Tm in the end-caps. Triggering
and 7, ¢ position measurements, with typical resolution of 5 — 10 mm, are provided by the Resistive
Plate Chambers (RPC, three layers for || < 1.05) and by the Thin Gap Chambers (TGC, three layers
for 1.0 < |n| < 2.4). Precision muon momentum measurement in the plane transverse to the beam-pipe
is possible up to || = 2.7 and it is provided by three layers of Monitored Drift Tube Chambers (MDT)
everywhere except for || > 2 where the innermost MDT layer is replaced by one layer of Catode Strip
Chambers (CSC). The single hit resolution in the bending plane for the MDT and the CSC is about 80 um
and 60 um, respectively.

An independent determination of the muon momentum is provided by the ID. It consists of three sub-
detectors: the inner Silicon Pixels and the Semi-Conductor Tracker (SCT) detectors for || < 2.5, and the
outer Transition Radiation Tracker (TRT) covering || < 2.0. They provide high-resolution coordinate
measurements for track reconstruction inside a solenoidal magnetic field of 2 T.

'ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the
detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r, ¢) are used in the transverse plane, ¢ being the azimuthal angle around the beam pipe. The
pseudorapidity and the transverse momentum are defined in terms of the polar angle 6 as n = —Intan(6/2) and pr = psin6,
respectively. The n — ¢ distance between two particles is defined as AR = /An? + A¢?.



Muon identification is performed according to several reconstruction criteria (leading to different
muon “types”), according to the available information from the ID, the MS, and the calorimeter sub-
detector systems. The different types are:

o Stand-alone (SA) muons: the muon trajectory is reconstructed only in the MS. The direction of
flight and the impact parameter of the muon at the interaction point are determined by extrapolating
the MS track back to the point of closest approach to the beam line, taking into account the energy
loss of the muon in the calorimeters;

e Combined (CB) muon: track reconstruction is performed independently in the ID and MS, and a
combined track is formed from the successful combination of a SA track with an ID track;

o Segment-tagged (ST) muons: a track in the ID is identified as a muon if the track extrapolated to
the MS is associated with at least one track segment in the MDT or CSC.

o Calorimeter-tagged (CaloTag) muons: a track in the ID is identified as a muon if the track can be
associated to an energy deposit in the calorimeter as expected from a minimum ionizing particle.
This type has the lowest purity of all the muon types but it recovers acceptance in the uninstru-
mented region of the MS. The identification criteria of this muon type are optimized for a region
of |n| < 0.1 and a momentum range of 25 < pr < 100 GeV.

CB candidates have the highest muon purity. The CB muon reconstruction efficiency is strongly affected
by acceptance losses in the MS, mainly in two regions:

e at p = 0, the MS is only partially equipped with muon chambers in order to provide space for
services for the ID and the calorimeters;

e intheregion (1.1 < 1 < 1.3) between the barrel and the end-caps, there are regions in ¢ where only
one layer of chambers is traversed by muons in the MS, due to the fact that some of the chambers
of that region were not yet installecﬂ Therefore, no SA momentum measurement is available and
the CB muon efficiency is decreased.

The reconstruction of the first three muon types (all using the MS information) is performed using
two independent and complementary strategies [6] (named “Chains”): the first chain (or “Chain 1) per-
forms a statistical combination of the track parameters of the SA and ID muon tracks using the covariance
matrices of both track parameter measurements. The second chain (or “Chain 2”) performs a global refit
of the muon track using the hits from both the ID and MS sub-detectors. All the figures presented in
Sections ] 5] of this note refer to the Chain 1 reconstruction while the corresponding figures for Chain 2
are shown in Appendix [A]

3 Data and Monte Carlo Samples

The results presented in this note are obtained from the analysis of /s = 8 TeV pp collision events
corresponding to an integrated luminosity of 20.4 fb~! and collected by the ATLAS detector in 2012.
Online event selection is performed by a three-level trigger system described in Ref. [7]. Events are
accepted for the analyses documented in this note only if the ID and MS detectors were in good data-
taking conditions and both solenoidal and toroidal magnet systems were on. The Z — uu candidates
are selected online by requiring at least one muon candidate with py > 24 GeV and isolated from other
activity in the tracker, while lower di-muon mass candidates are selected online by requiring at least two

2The installation of all the muon chambers in this region has been completed during the 2013-2014 LHC shutdown.



muon candidates with pt > 6 GeV and with a reconstructed di-muon invariant mass in a window around
the J/y or the Y resonance mass.

In the following, experimental data are compared to MC simulations of signal and background pro-
cesses. The J/yy — pu and ¥ — uu signal MCs are generated with PYTHIA [8], while the Z — uu
signal MC is generated with POWHEG [9]. The generated signal events are passed through the full
Geant4 [10] simulation of the ATLAS detector, the trigger simulation and the same reconstruction chain
used for data. The samples used for background simulation are described in detail in Refs. [4] 5], they
include, depending on the case, Z —» 177, W — uv, W — 1v, bb, c¢, and 17 production and decays.

The simulation includes a realistic evaluation of the MS detector misalignment obtained by studying
straight muon tracks from cosmic ray events [[11] and from special runs performed with the toroidal
magnetic field off [12]. When the effect of the realistic misalignment is taken into account the momentum
resolution for muons of 1 TeV of energy reaches approximately 13% in the barrel region of the MS, 17%
in the end-cap region of the MS, and 15% in the region covered by the CSC sub-detector.

4 Muon reconstruction efficiency

As the track reconstruction in the ID and MS are performed independently, the reconstruction efficiency
of the different muon types can be decomposed in the product of the reconstruction efficiency in the 1D,
the reconstruction efficiency in the MS, and the matching efficiency between the ID and MS measure-
ments (which includes the refit efficiency in the case of Chain 2).

A tag-and-probe method, described in detail in Ref. [4]], is employed to measure the reconstruction
eﬂicienciesﬂ of all muon types within the acceptance of the ID (|| < 2.5). As discussed below, the method
is sensitive to the quantities of interest, i.e. the ID reconstruction efficiency, and the MS reconstruction
efficiency together with the matching efficiency. For Z — uu decays, events are selected by requiring
two oppositely charged isolated muonﬂ with p7 > 20 GeV and a di-muon invariant mass within 10 GeV
from the Z-boson mass. One of the muons is required to be a CB muon, and to have triggered the readout
of the event. This muon is called the “tag”. The other muon, the so-called “probe”, is required to be a
“MS track” (i.e. a SA or a CB muon) when the ID or CaloTag muon efficiencies are to be measured.
CaloTag muons are used as probes when the MS reconstruction efficiency together with the matching
efficiency is to be measured. The use of CaloTag muons instead of ID track probes as done in Ref. [4]
reduces the background in the Z — pu sample by an order of magnitude without biasing the efficiency
measurement. A total of more than 107 data events are selected for the tag-and-probe studies.

After selecting all tag-and-probe pairs an attempt is made to match the probe to the reconstructed
muons in the event: a match is successful when the muon and the probe have the same measured charge
and they are close in the n — ¢ plane (AR < 0.01 for ID probes, AR < 0.05 for MS probes). For each
muon reconstruction type the equation of the reconstruction efficiency is:

e(Type) = e(Type|ID) - e(ID) with Type = CB, ST, (D)

where £(Type|ID) is the MS reconstruction and the matching efficiency for a specific muon type measured
with CaloTag probes, and £(ID) is the ID reconstruction efficiency which is the fraction of MS track
probes associated to an ID track.

The level of agreement of the measured muon efficiencies & with the efficiencies £M€ predicted
by the MC simulation is expressed as the ratio between these two numbers, further on called “efficiency

Data

3Efficiencies determined with the tag-and-probe method, and with an alternate method based on MC truth, were found to
agree within statistical uncertainty [6, p.221]. This also shows that any possible correlations between the tag and the probe
muons are negligible.

“In the rest of this note a muon is considered to be isolated when the sum of the momenta of the tracks with py > 1 GeV
detected in a cone of AR = 0.4 around the muon track is less than 0.1 times the muon momentum itself.



scale factor” or SF:
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The sample of selected tag-and-probe pairs has a very high purity and consists of Z — uu decays
to a level of more than 99.9%. Previous studies [13| 4] showed that a systematic uncertainty of 0.2%
on the efficiency SF value is associated to the uncertainty on the evaluation of the residual background
contamination and to the comparison of the SF extraction using CaloTag or ID track probes. Another
source of systematic uncertainty derives from the measurement of the muon reconstruction efficiency
for muons with lower momenta. This was studied in 2010 with J/iy — uu decays [14]]. The efficiency
measurements of muons with pt > 10 GeV from J/y decays were found to agree (within uncertainties)
with the efficiency measurements of muons from Z — uu decays. A deviation of the SFs up to 2%
was found for lower momenta. Hence, as done in Ref. [4]], the SF derived from Z — pu decays is used
also for lower momenta but a systematic uncertainty of 1% is used for 7 < pt < 10 GeV whereas 2%
uncertainty is assigned for pr < 7 GeV.

The third source of systematic uncertainty is related to the use of the SFs for muons with transverse
momenta beyond the range covered by this efficiency measurement. As shown in the rest of the section,
the measured SFs do not depend on the transverse momentum of the muons in the range considered.
An upper limit on the SF variation for muon momentum of 1 TeV has been extracted by using a MC
simulation with built-in imperfections, like a realistic residual misalignment of the detector components
or a 10% variation of the muon energy loss. On the basis of this analysis a systematic uncertainty of
1% x p, with p in TeV, is added for pt > 100 GeV.

The very large sample of Z — uu decays recorded in the 2012 data taking period allows also the
study of the reconstruction efficiency with very fine binning in several variables of interest in order to
derive corrections for small discrepancies between data and simulation.
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Figure 1: Muon reconstruction efficiency as a function of 7 for muons with pt > 20 GeV and different
muon reconstruction types. CB and ST muon types are reconstructed using the Chain 1 reconstruction
algorithm. CaloTag muons are used only in the region |r7] < 0.1. The panel at the bottom shows the ratio
between the measured and predicted efficiencies.



Figure (1| shows the muon reconstruction efficiency as a function of 1. The combination of all the
muon reconstruction types (for CB, ST, and CaloTag muons) gives a uniform muon reconstruction ef-
ficiency of about 0.98 over all the detector regions. The inefficiency of the CB+ST muons at n = 0 is
almost fully recovered by the use of CaloTag muons. The efficiencies measured in experimental and sim-
ulated data are in good agreement (within 0.5%) apart from the region at 1.5 < n < 2.2. This behaviour
originates from a mis-modeling of the ID reconstruction efficiency that will be discussed below.

The ID muon reconstruction efficiency for pr > 20 GeV as a function of 7 is analysed in Figure [2}
the left part of the figure shows an efficiency greater than 0.99, apart from the regions around r = 0 and
Inl = 1.7. Figure 2] on the right, shows the ID muon reconstruction efficiency when only minimal ID
track identification requirements (described in Ref. [[15]]) are applied on the muon track. The additional
requirement of one hit in the innermost pixel detector layer is applied to muons passing through a sensi-
tive area of this detector in order to ensure an accurate impact parameter measurement. The fact that not
all non-operating pixel modules were treated as insensitive regions at the time of the muon reconstruction
causes an inefficiency in experimental data at 1.5 < n < 2.2 not modeled in simulation.
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Figure 2: Measured ID muon reconstruction efficiency as a function of i for muons with pt > 20 GeV.
On the left plot the efficiency is calculated with the standard selection requirements on the hit multiplicity
in the ID while the requirements are relaxed on the right plot. The panel at the bottom shows the ratio
between the measured and predicted efficiencies.

A further break down of the results into the CB and CB+ST categories is shown in Figure [3] The
CB efficiencies are significantly lower than 0.95 in the partially instrumented regions of the MS at = 0
and in the poorly instrumented MS region at 5 ~ 1.2. The origin of the deviation of the SFs from 1 at
|7l =~ 1.2 and |n7| ~ 1.0 is under investigation. A higher efficiency is achieved when ST muons are added
to CB muons.

The CB and CB+ST reconstruction efficiencies are predicted to be independent of the transverse
momentum of the muon in the pt range under consideration which is confirmed by the experimental
results as shown in Figure[d The CaloTag muon efficiency is also well predicted by the MC simulation
reaching a plateau efficiency of approximately 0.97 for pt > 30 GeV.

Figure [5|shows the reconstruction efficiency for CB+ST muons as a function of the average number
of inelastic pp interactions per bunch crossing (the (i) parameter) displaying a high value (on average
above 0.97) and remarkable stability. A small efficiency drop of about 2% is only observed for (u) > 35
mainly caused by a decrease in the ID reconstruction efficiency. The discrepancy in the data/MC ratio
is due to the additional requirement of one hit in the innermost pixel detector layer (for muons passing
through a sensitive area of this detector) as discussed above.
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Figure 3: Reconstruction efficiency for Chain 1 CB only muons (left) and CB+ST muons (right) as
a function of n for muons with pr > 20 GeV. The panel at the bottom shows the ratio between the
measured and predicted efficiencies.
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Figure 4: Reconstruction efficiency for Chain 1 CB only muons (top left) and CB+ST muons (top right)
as well as CaloTag muons (bottom) as a function of the pt of the muon for muons with 0.1 < || < 2.5
for Chain 1 and 0 < || < 0.1 for CaloTag muons. The panel at the bottom shows the ratio between the
measured and predicted efficiencies.
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Figure 5: Measured CB+ST (Chain 1) muon reconstruction efficiency for muons with pt > 20 GeV as
a function of the average number of inelastic pp collisions per bunch crossing (the (u) parameter). The
panel at the bottom shows the ratio between the measured and predicted efficiencies.

5 Muon momentum scale and resolution

The momentum resolution and scale are additional important parameters used in the evaluation of the
muon reconstruction performance. Di-muon decays of the Z, J/y, and Y resonances are used to deter-
mine the muon momentum resolution and scale. This allows a validation of the MC prediction for these
quantities.

The basic algorithm used in this measurement is described in detail in Ref. [5]. Due to the very large
data sample collected in 2012, several improvements of the original method have been made during the
analysis of this dataset. A Z — pu sample of more than 5 - 10° data events is selected by requiring
two isolated CB muons of opposite charge, pr > 25 GeV, and with a reconstructed invariant mass in a
window of +15 GeV around the Z-boson mass. This gives a very pure sample where the background
fraction, estimated using MC simulation, is of the order of 0.1%. The left part of Figure[6|shows that the
measured Z — pu mass spectrum for the experimental data has a slight shift and a larger spread with
respect to the simulated one, obtained with Z — pu POWHEG [9] event simulation plus MC background
for non-Z — uu events.

As reported in Ref. [5], the muon fractional momentum resolution %, for pr > 20 GeV, can be
parametrized to good approximation by the quadratic sum of two terms:

a(pr)
pr

where the first term, constant in pt, describes the multiple scattering contribution whilst the second term,
proportional to prt, describes the intrinsic resolution caused by the spatial resolution of the detector com-
ponents, and any residual misalignment. Consequently, the correction to the simulated resolution can
also be parametrized by two terms: the first, constant in pt, corrects the multiple scattering contribution
while the second, linear in pr, corrects the intrinsic resolution. Finally, if also a momentum scale cor-
rection, s, i1s considered, one arrives to an equatiorﬂ that can be used to derive a corrected momentum

=ad®b-pr, 3)

5Equationis an approximation, valid in the typical pr range of muons originating from Z — uu decays, of the momentum
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Figure 6: Di-muon invariant mass for Chain 1, CB muons, isolated and with pt > 25 GeV. The plot
shows the invariant mass for 2012 data and for the POWHEG [9]] simulation of Z — py plus background
events. No corrections are applied on the left plot while smearing and scale corrections are applied to the
plot on the right. The corrections have been derived from the full 2012 dataset.

measurement, pg"’, from the simulated momentum measurement, p%”c, with an improved agreement
with the one measured in data in the ID and in the MS sub-detectors:

pgor,det — pI}/IC,det . Sdet(n) (l + Aadet(n) G(O, 1) + Abdet G(O’ 1) pTMC,dEI) with det = MS’ ID’ (4)

G(0,1) is a normally distributed random variable with mean 0 and width 1, and the correction factors
s%(n), Aa®! (1) and Ab?(ny) are derived in 16 different 7 regions of the detector. The correction of the
CB muon momentum is computed as the average of the ID and MS momentum correction weighted by
the inverse square of the ID and MS muon momentum resolutions.

The correction parameters are obtained using a MC template fitting technique: a series of mass spec-
trum distributions is derived from the Z — pu simulation by applying Equation ] with varied correction
parameters. Then a binned likelihood fit is used to match the best template to the data mass spectrum.
The procedure is iterated across 16 i bins of the detector: the first fit is performed with Z — puu events
reconstructed with both muons in the same 7 bin, while the following fits allow also one of the muons in
a previously analysed 7 bin. After all the detector 77 bins have been analysed, the fit is iterated twice in
order to improve the stability of the results.

Figure [7|shows the derived Aa™® and Ab'P resolution correction terms. The main systematic uncer-
tainty derives from the extraction of the corrections from a template fit with a varied window around the
Z-boson mass. The two remaining resolution correction terms, i.e. Aa'® and AbMS | are not extracted
from the fit but they are set to zero and varied within the range allowed by systematic uncertainties, as
described in Ref. [5]]. This procedure is possible because independent measurements constrain Aa'? and
AbMS to be small. The measurement of the material budget in the ID, studied in Ref. [[16,[17], is used to
predict precisely the contribution of the multiple scattering of muons in the ID, therefore a small Aa'P

resolution correction to be applied to Equation [3] The correction available for physics analyses, which can also probe higher
momentum ranges, allows the direct correction of the 1/pt quantity.



term is expected. The effect of the residual misalignment of MS detector components, giving an effective
AbMS term, has been included in the simulation thanks to the studies reported in Section
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Figure 8: MS (left plot) and ID (right plot) momentum scale correction, for MC, derived from Z — uu
data for the Chain 1 reconstruction. The systematic uncertainty on the correction is shown in yellow.

Figure [8| shows the derived scale corrections s¥5 and s/”. Here, the main systematic uncertainties

of 0.1% and 0.2% (the second in the forward region of the detector) were introduced to cover a possible
momentum dependence of the correction. Figure [0 shows the comparison of the scale obtained at the
Z resonance with the Data/MC ratio of the reconstructed mass for lower mass di-muon resonances, J/
selected with pt > 6 GeV and Y selected with pr > 6.5 GeV. The data to MC mass ratio for the Z — uu
events is obtained with the method described in Section [6| while for J/y — pp and Y — pu events the
mass ratio is obtained with a Gaussian fit of the peak position in data and in MC.

The study shows that there is only a small dependence of the muon momentum scale on the muon
momentum. This is caused by the residual inaccuracy of the energy loss correction applied to the MS
stand-alone muon momentum measurement. The effect, visible only at small momenta, is covered by
the applied systematic uncertainty. A charge dependent effect on the scale corrections has been also
investigated and it was found to be covered by the present systematic uncertainty.

The right part of Figure [6] shows the improved agreement between data and MC in the Z — uu
mass spectrum reconstructed with CB, Chain 1 muons, after the application of the smearing and scale
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Figure 9: Comparison of the data to MC mass ratio as a function of 7 for the di-muon decays of Z, J/i,
and T resonances. Selected Z events require two CB muons with pt > 25 GeV and same 7 bin, selected
T events require two CB muons of pt > 6.5 GeV and same 7 bin, selected J/i events require two CB
muons of pr > 6 GeV and the 7 of the leading muon is shown. The data to MC mass ratio for the Z — uu
events is obtained with the method described in Section [6| while for J/y — up and Y — pu events the
mass ratio is obtained with a Gaussian fit of the peak position in data and in MC.

corrections. The di-muon mass resolution for data and for the uncorrected and corrected simulation is
shown in Figure [I0} at the Z mass the total Chain 1 CB resolution ranges from 1.5 to 3 GeV in the
different detector regions.

6 Validation of the momentum uncertainty estimate of the track fit

In this section we describe an alternative method for addressing the muon momentum resolution and
scale that uses the muon track fit uncertainty, o/, as a per-muon momentum uncertainty function.

The muon momentum resolution can be estimated from the shape of the minimum of the y? mini-
mized by the track fit for each individual muon track. In the y? of the track fit the uncertainties in the
positions of the individual components of ID and MS tracking detectors are only treated in an approxi-
mate way. This approximate treatment of alignment uncertainties makes it necessary to apply uncertainty
scale factors to the momentum uncertainties from the track fit to obtain the correct momentum resolution.

MC simulation studies show that the inverse of the reconstructed muon momentum 1/ p,.. is Gaussian
distributed around the true inverse muon momentum 1/p,., to good approximation. In order to correct
for systematic shifts of p,.. with respect to p,., and for an underestimation of the inverse momentum
resolution o/,, a momentum scale factor a(n) and a resolution scale factor 5(n) are introduced. This
leads to a response function of the form:

(7 )

Prec (1)Pgen

—_— —— |- (5)
V2mB(n)o qlp o 2 (ﬂ(n)(rq / p)z

T (1/Prec: 1/ pgen)
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Figure 10: Di-muon mass resolution measured as described in Section [6] for data (black points) and for
the uncorrected (left, red points) and corrected (right, red points) simulation for Chain 1 CB reconstructed
muons at the Z mass. The two muons are required to be in the same 7 interval which is indicated in the
plot by the horizontal error bars.

where a(7) and B(n) are derived from data and parametrized in pseudorapidity bins.

Due to the good momentum resolution, also the measured mass of a given muon pair m,,, is Gaussian
distributed around its true Valueﬂ Mgen, 10 good approximation. As the muon momentum resolution
depends on 7, ¢, and pr of a muon, the mass resolution Ty is not a constant, but varies from event
to event according to the configuration of the muons in  — ¢ — pr space. Therefore the di-muon mass
resolution is a superposition of Gaussian distributions with different variances o2, . Assuming the two

171‘“#
muons to be in the same pseudorapidity interval, the mass response function can be written as

(my,u -« (n)mgen)z )

0 1
T on) = 2. —
(7 e fo 1) g, | 2| ©

where o, is the di-muon mass resolution computed with the track fit uncertainties and f (O-'%w) the
probability density function of the mass variances.

A fit of the di-muon mass spectrum in Z — pu events with a convolution of the generated mass
spectrum and the di-muon resolution of Equation[6]allows the extraction of the a(1) and () parameters
and the calibration of the response function. The fit is performed in bins of pseudorapidity by requiring
the reconstruction of two CB muons in the same 7 bin and with a di-muon invariant mass in a window
of [85 GeV,97 GeV]. Studies on simulated data show that the mass scale factor a(1) of Equation (6]
provided by the fit agrees with the muon momentum scale factor a(n) of Equation (5)) at the level of
0.05% which is significantly larger than the statistical uncertainty on a(7). According to these studies
the mass resolution scale factor S(17) of Equation (6] agrees with the muon momentum resolution scale
factor B(7) of Equation (3)) at the level of 3% which is also significantly larger than the statistical error
on S(r7). From now on a relative error of 0.05% is assigned to the fit result for @(n) and a relative error
of 3% to the fit results for B(n). Repeating the fits in alternative mass windows of [87 GeV, 96 GeV] and

6mye, is computed from the four-momenta of the muon pair after final state radiation.
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[83 GeV,99 GeV] leads to values of a(n) and S(17) matching the values from the initial fit within these
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Figure 11: Dependence of the momentum scale factor @ (on the left) and of the momentum resolution
scale factor S (on the right) on the pseudorapidity of the muon as obtained with the fit described in
Section[6] The horizontal error bars represent the size of the pseudorapidity intervals; the vertical error
bars shows the total uncertainties on the scale factors. The values have been derived from experimental
Z — pu data (black points) and for the Z — gy POWHEG [9] simulation (red points). The errors
of the SB(n) values for the corrected MC sample include the uncertainties of the momentum corrections
described in Section [5] they are the dominant contribution to the error bars for || > 2.0.

Figure @ shows the comparison of the correction factors a(rn) and S(n) extracted from experimental
data and from the simulation after the application of the corrections of Section[5} The errors of the 5(1))
values for the corrected MC sample include the uncertainties of the momentum corrections described
in Section [3] they are the dominant contribution to the error bars for || > 2.0. The experimental and
simulated data agree within the quoted uncertainties providing an independent validation of both the
correction parameters derived in Section [5| and the assumptions of the per-muon momentum error cali-
brations.

The calibration of the track fit uncertainty o, due to the B(r7) parameter, allows the derivation of the
di-muon mass resolution in a straightforward way. For each event the corrected o/, is used to compute
a di-muon mass resolution o, the average di-muon mass resolution is defined as the square root of the
mean of 0'5 Iy Figure [10[ shows the average di-muon mass resolution as a function of the 7 of the decay
muons for experimental and simulated data. It illustrates the need for muon momentum corrections to
match the simulated di-muon mass resolution with the experimentally measured resolution.

7 Summary

This note summarizes the performance of muon identification and reconstruction algorithms used in the
ATLAS experiment, the reconstruction efficiency and muon momentum resolution and scale achieved in
the 20.4 fb~! dataset of 8 TeV pp collisions recorded during 2012.

The muon reconstruction efficiency is measured to be greater than 0.98, stable against the average
number of interactions per bunch crossing and uniform across the detector. The comparison of the
reconstruction efficiency in data and in simulation shows good agreement and provides the possibility to
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derive efficiency corrections to the simulated muon efficiency in regions of small data/MC disagreement.

The analysis of the Z — pu decay mass spectrum is used to measure the muon momentum resolution
and scale. The di-muon mass resolution ranges from 1.5 to 3 GeV at the Z mass in the different detector
regions. A smearing correction is derived to match the simulated resolution to the data. The muon
momentum scale measured in the ID and in the MS is corrected by approximately 0.1%.

A Appendix

This section reports the values of muon reconstruction efficiency and muon momentum corrections for
the Chain 2 muon reconstruction algorithm introduced in Section[2] The techniques used in the extraction
of the values have been described in Sections []and [3] only the noticeable differences are reported in the
following.

In particular the comparison of Figure [3| (Ieft plot) with the top right plot of Figure (12| shows that
there is no efficiency loss at = 1.2 for the Chain 2 CB muon reconstruction. This is caused by the fact
that the CB muon reconstruction in Chain 2 also accepts MS tracks with poor momentum measurements.

The comparison of the left plot in Figure [I3]| shows slightly larger correction values for the Aa res-
olution term of the MS for the Chain 2 muons if compared to the left part of Figure [/} however no
appreciable resolution difference appears. Figure [I4] shows the Z — pu mass spectrum reconstructed
with CB, Chain 2 muons (isolated and with pt > 25 GeV), for data and simulation before and after the
smearing and scale corrections.
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LHCC Poster Session - CERN, 5 March 2014

| /  Muon reconstruction efficiency, momentum scale

and resolution In pp collisions at 8TeV with ATLAS

The ATLAS experiment identifies and reconstructs muons with two high precision tracking systems, the Inner Detector and the
A Muon Spectrometer, which provide independent measurements of the muon momentum. This poster summarizes the performance
of the combined muon reconstruction in terms of reconstruction efficiency, momentum scale and resolution. Data-driven
techniques are used to derive corrections to be applied to simulation in order to reproduce the reconstruction efficiency,
momentum scale and resolution as observed in experimental data, and to asses systematic uncertainties on these quantities.
The analysed dataset corresponds to an integrated luminosity of 20.4 fb~7 from Js =8TeV pp collisions recorded in 2012.

MUON SPECTROMETER INNER DETECTOR

The Muon Spectrometer is designed for efficient muon detection in the range The Inner Detector task is to track charged particles and determine their charge,
In|<2.7 using three large air core toroidal magnets with mean magnetic field of momentum, direction and their vertex location up to |n[<2.5
0.5 T to measure momentum. in a 2 T solenoidal magnetic field.

Four different detector techno-

Thin-gap chambers (TGC)

Cathode strip chambers (CSC)

Barrel toroid

logies:
* Precision chambers
Monitored Drift Tubes Chambers
— three layers for |n|<2.0 and two
layers for 2.0<|n|<2.7

| Cathode Strip Chambers
— one layer for 2.0<|n|<2.7
« Trigger chambers
Resistive Plate Chambers
— three layers for |n|<1.05
Thin Gap Chambers

Tree complementary sub-
detectors:

Silicon Pixel Detector — three
layers in barrel and three disks
in each endcap provide precise
vertex reconstruction
Semi-Conductor Tracker —
four layers in barrel and nine in
endcaps provide accurate
momentum measurement
Transition Radiation Tracker

Resistive-plate
chambers (RPC)

— three layers for 1.05<|n|<2.7 _ essential for pattern

recognition and particle

/ End-cap toroid .
_ _ Chambers are monitored by an
Monitored drift tubes (MDT) . .
oEtlcaI allgnment system. /

End-cap semiconductor tracker

MUON RECONSTRUCTION AND IDENTIFICATION IN ATLAS

ATLAS software implements different strategies for muon reconstruction and identification, there are four different types of reconstructed muons:

STAND-ALONE (SA)

Muon tracks are reconstructed only in Muon
Spectrometer. The track is extrapolated to
the interaction point taking into account
muon energy loss in the calorimeters.
Recommended for region 2.5<|n|<2.7.

COMBINED (CB)

Muon tracks are reconstructed
independently in Inner Detector and Muon
Spectrometer and a combined track is
formed using a statistical combination or a
global refit of the two tracks, for region
|n|<2.5 (|n|<2.65 with ID tracklets).

SEGMENT-TAGGED (ST)

Muon track in Inner Detector whose
extrapolation to Muon Spectrometer is
associated with at least one track segment
in the MDT or CSC, used for increasing
acceptance of low p; muons.

CALORIMETER-TAGGED
Muon track in Inner Detector which has an
energy deposit in the calorimeter compatible
with @ minimum ionizing particle. These
tracks have low purity and are used for
the region |n|<0.1.

MUON RECONSTRUCTION EFFICIENCY

MUON MOMENTUM SCALE AND RESOLUTION

Reconstruction efficiency is measured using the tag-and-probe method based on
Z->uu. Muon efficiency is measured in both, data and simulation, and a scale factor is
derived as the ratio between measured efficiency in data and simulation. These scale
factors are applied to the simulation in order to correct for the mis-modeling of muon
reconstruction efficiency.

Muon momentum scale and resolution corrections are extracted separately for ID and
MS tracks with a maximum likelihood template fit method using Z->uu decays in 16
bins of n. Corrections for combined muons are computed as the average of the ID and
MS momentum correction weighted by the inverse square of the ID and MS muon
momentum resolution. Systematic uncertainties on the corrections are estimated by
varying the extraction procedure and comparing the results with the scale from Z
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KAPAKTEPUCTHUKE PEKOHCTPYKIIMJE MUOHA HUCKOI'
HMITYJCA HA ATJIAC JETEKTOPY

A. ﬂHMHTpHeBCRa” u H. Bpaﬂaemz}

1) Yuueepszumem y Beozpady — Huemumym 3a gusuky, lpezpesuya 118, 11000 Beozpad
2) CEA-Saclay
e-mail: adimitrievska@ipb.ac.rs

Anerpakr. HcnuTusade Cy KAPAKTEPHCTHKE PEKOHCTPYKLHj@ MHOHA HHCKOI MMIYJCA Ha
ATIIAC nerextopy kopumihemem muona u3 pacrmazga J/y mesona. Kako je maca Jiy mesona
BEOMA MPELHZHO H3MEPEHa Ha MPETXOIHHM EKCHePHMMEHTHMA, H KAKO je NPHPOAHA LIHMPHHA
3aHeMapHBa MPEMa MHCTPYMEHTAIHO] IIHPHHH, T€ Kako ce Jy Me3oHH oOHIHO NpoM3Boje HA
BenskoM XaJPpoHCKOM Cyjaapady, OHH IpeAcTaBibajy ofmuyHo opyhe 3a kanuGpaumjy ummnyca
MHOHA ¥ OIICEry KOMIaTHOHIHOM ca ONCeroM MMITy/ca MHOHA H3 pacnana Z 6030Ha.

1. YBOA

ATJIAC nerexrop [1] je jenan of 4eTHpH eKCTIEpHMEHATa KOJH Cy NMOCTABJbEHH Ha
LHC'-y. OH je, nmo nuMeHsujama, HajelM KOHCTPYHCAHH JETEKTOp, HMa
HHIHHAPHYHY CHMETPH]Y ayskune 44 m, ca npedHukoM 25 m u macom oko 7000 t.

ATJIAC pmeteKTOp MMa CNOJEeBHTY CTPYKTYPY M CACTOJH CE€ OJ] YETHPH CHCTEMA,
VHYTpallkber NeTeKTOpa, KaJlOPHMETapCKOI CHCTEMa, MHOHCKOr CHEKTPOMETpa H
MArHETHOI CHCTEMa. YHYTpAIlFbH JETCKTOp Ce Hanasze HajONrKe BaKyyMCKO)] LICBH
Kpo3 Kojy mnponasze npoToHd. OcHOBHa (QYHKIHM]ja YHYTpAlIber [AeTeKTopa je
oapehHBame TPajeKTOPHja HAETEKTPHCAHMX YECTHIA, MEPEHE UMITYJICA YeCTHIIa, Kao
M 3a PEKOHCTPYKLMjy Beprekca. Kanopumerepcku CHCTEM C€ CacToju  0f
eJIeKTPOMArHeTHOI' M XaJPOHCKHT Kalopumerpa. ENeKTpOMarHeTHH KanopuMerap je
[IOCTARJGEH OKO COJICHOMJA KOjH OKpYXKYyje YHyTpaummsu jAerekrop. OCHOBHH LHTb
KAJIOPHMETAPA j& MEPEHe CHEpruje eJIeKTPOHa, (POTOHA M XaJPOHCKUX IeTOBA.
MuoHckH crexkTpoMerap [2] OKpyXyje XaIpOHCKM KajlopuMerap M omoryhasa
TPUrepoBa¢ M BEOMAa MPELH3HO Mepeme HMMylica MHoHA. MarHeTHu cHcTeM
ATJIAC nietekTopa ce cacToju 0J CYIEPHpPOBOJHOT COICHOMAHOI MarHera KOJH ce
Ha/Ia3H Y CPeJMHH JETEKTOpa, Ja 61 ce CTBOPHIIO KOHCTAHTHO MarHeTHO T0Jbe, H TPH
CYNmeprnpoBOJHA MarHera y OQJHKY Topyca KOjU CTBapajy MarHeTHO IIOJbE Y
MHOHCKOM CIIEKTPOMETPY.

BenukH xajpoHCKH Cygapay
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2. PEKOHCTPYKIIHJA MHOHA

VY 3aBHCHOCTH 0J1 HAYMHA PEKOHCTPYKLH]E PAa3JIMKyjeMO HEKOIHKO THIIOBA MHOHA
na ATJIAC merexropy [3]:

e combined cy MHOHH KOjH CY PEKOHCTPYHCAaHH Ha OCHOBY CTaTHCTHYKE
KoMOMHaNMje UMITYJICa U IUI0Kaja U3 MHOHCKOT CIIEKTPOMETPa U YHYTpalImkher
nerekropa. EHeprerckd ryOHMIIM MHOHA TPHIMKOM TPOJIacKa  Kpo3
KaJIOpUMETpe Cy ypauyHaTH KopuimmhemeM mapaMeTpu3oBaHe (QyHKIHje Koja
y3uMa y 003up pacnojielly MaTepHjaia UCIpe]l MHOHCKOT CHCTEMa,

e stand-alone cy MHMOHHM KOJM CY PEKOHCTPYHCAHH CaM0O Y MHOHCKOM
CHIEKTPOMETPY, Y3 IpOIaralujy MoJokaja MHOHA J0 TadyKe HMHTepakuuje M
ypadyHaBambe eHepTercKuX rybuTaka Kpo3 Kajopumerap;

e segment-tagged Cy MHOHM YHJH ]J€ HMMIIYJIC MOTIYHO PEKOHCTPYHCaH Y
yHyTpallmkeHeM jgerekTopy. WinenTudmukanmja MHOHA  HM3BpIIEHa je
MOKJIANamkeM Tpara Yy YHyTpalllbeM IeTEKTOPY H CEreMEeHTa PEKOHCTPYHCaHOoT
Y MHOHCKO] KOMOPH Haj0JINKO] KAJIOPUMETPY;

e calo-tagged cy monyT segment-tagged TOTIYHO PEKOHCTPYHCaHH Y
YHYTPAlIEEM JETEKTOPY. ald C€ 32 HHXOBY HICHTHOHKAIH]Yy KOPHCTH
JIEMIOHOBaHa €HEPruja y KaJlopuMETpy.

Ha pexkoHCTpyKUMjy MHOHA YTHYY HEIIPEH3HO II03HABAHKE Malle MarHeTHOT 0Jba

y OETEeKTOpY, I'yOUTaK eHeprije MHOHA MPH MPONACcKy KpO3 KaIOPUMETPE, HEJ0BOJEHO
NO3HABAKE IMOPABHAKE MHOHCKMX KOMOpA, Kao M HeoJpeheHOCTH y MOJAEIOBaHY
BHILIECTPYKOT pacejaka MHOHA IPH MPOJACKY KPO3 IETEKTOP.

3. PE3VJITATH U JUCKYCHJA

Ha ocHOBY peKOHCTpYKIMje MHOHA KOjH Cy Hactaid pacrnagom J/y MesoHa,
onpehena je MHBapHjaHTHA Maca OBa /[Ba MHOHA Y 3aBHCHOCTH O]l PalHIHTETA. Y CIIOB
KOjU OBM MHMOHHM Tpeba Ja HCHyHE j€ Ja Ce Hajllase y MajJoM IPOCTOPHOM YIIIY Y
IETEKTOpY H Ja UMajy TpaHcBep3anHu umiyic Behu oj 6 GeV. CenexkroBanu cy camo
combined muonn., Ha ocHOBY nomataka npHukymbeHux Tokom 2012. roausHe Ha
enepruju ox 8 TeV pexoncrpyucano je oxko 30 muimMoHa kaHaummata J/y mes3oHa.
Benuku ©Opoj mnpukymubeHux J/y Me3oHa omoryhaBa IpenH3HO - HCIIHTHBAKbE
KapakTepUCTHKa MHOHCKOT CIIEKTpOMETpa.

Cn. 1. npuKa3syje HHBapHjaHTHY Macy /(Ba MHOHA PEKOHCTPYHCaHa Ha TPH HaYHHA Y
3aBHCHOCTH 01 panuauTeTa. MHBapWjaHTHa Maca je uzpayHaTa kopuctehu usmepene
UMITyJICE MHOHA H yrao u3Mehy mux:

M,, =p! pi(1-cos,).
MuBapujaHTHAa Maca je M3pauyyHaTa Ha TpU HadMHA: KOpHcTehM MMIYJIC M3MEpeH y
VHYTpallbeM AETEKTOPY, KOpUCTehH HMITYJIC U3MEPEH Y MHOHCKOM CIIEKTPOMETPY Cca
ypauyHaTHM CGHEPTErTCKHM TIyOMIMMa, Kao M KOMOWHOBaHH HMIyJc. ¥ cBa TpH
cllydaja yrao je U3MepeH y yHyTpallmbeM TeTEKOpY.
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Ca Cn.l. ce BuaM Ja je WHBapHjaHTHA Maca HoOMejeHa KopHINNemeM HMITyIIca
I3MEPEHOT Y YHYTpalllbHEM JETeKTOpy BeoMma OnMcka TaOIM4HO] BPEIHOCTH
3096.916+0.011 MeV, mTo ykasyje Ha go0py KanuOpalujy HMylca Y YHYTPALIHbeM
nerekropy. MuBapujaHTHa Maca M3padyHaTa KOpUIIhEmeM HMITYJICAa M3 MHOHCKOT
CIEKTPOMETPa OJICTYNa Of TabIu4He BPEJAHOCTH y UEHTpanHo] odmacTH (In|<l) y
cpemmbeM 3a oko 20 MeV, omHocHo ~0.6%. Bpemnocr wmace npobHjene us3
KoMOMHOBaHOT MMIIyJca je Giika TabIHYHO] BPEIHOCTH, MOIUTO Y CTATHCTHYKO]
KoMOHHAITHjH 32 MHOHE HHCKOT WMITyJca JOMHHHpa WH(popMaluja U3 yHyTpallmber
nerexropa. Wmak oncryname of TabiM4He BpeIHOCTH M3HOCH Oko ~0.1% mox
VTHLAjeM CIIEKTPOMETPA.

Kako je mpoBepeHo da OACTyName¢ HE 3aBHCH O] MMITYJCa MHOHA, y3eTO je Ja
eHEPrujcKH ryOHLM MHOHA y KallopuMeTpHMa BehH 071 mapaMeTpu30BaHHX BPEJHOCTH
Koje ce ypauyHaBajy TIPH PEKOHCTPYKIMJH MHOHA Y MHOHCKOM CIIEKTPOMETpY.
Kopexuuja 3a nojegunagne MuoHe je qoOHjeHa QUTOBAKEM PA3JIMKE HMITYJICA MHOHA
y CIIEKTPOMETPY M YHYTpaIlllbeM AeTeKTopy ¥ GyHKuHju panuauTera. [locie npumene
0BAKBHX KOPEKIH]a Ha HMIIYJIC MHOHA Yy CIEKTpOMeTpy ao0ujeHo je MHoro 6olbe
cnarame ca TabmmuyHoMm BpenHourhy Mace J/y xopHcTehH CHEKTpOMETpacKH M
MOC/IEIMYHO KOMOHHOBAHH UMITYJICA MHOHA.
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CJIMKA 1. WusapujaHTHa Maca JBa MHOHA Y 3aBHCHOCTH oJ panuauTera. MHpapHjanTHa Maca je
M3pauyyHaTa H TPM HauuHa: KopucTehd HMIYJIC M3MEpeH Yy YHYTpallibeM HIeTeKTopy, KopHcrehn
HMITYJIC M3MEpEH y MHOHCKOM CHEKTPOMETPY Ca ypauyHaTHM €MEpTerTCKMM TIyOMuuMa, Kao H
KOMOHHOBAHH HMITYTIC. Y CBa TPY CIydaja yrao je H3MepeH y YHYTPallbeM JETEKOpy

3AXBAJIHHUIIA

OBaj pam je cnpoBeieH y3 noapmky MmHHMcTapcTBa 3a NPOCBETY, HAYKY H
TeXHOJIOLIKK pa3Boj Pemybnuke Cpbuje, y okBupy npojexra OM171004.
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