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Биографија кандидаткиње 

 

 
 

Александра Димитриевска рођена je 1984. године у Бору, Република Србија. Основне студије 

уписала је 2003. године на Природно-математичком факултету, Универзитета у Новом Саду, 

на смеру дипломирани физичар, а дипломирала је 2010. са просечном оценом 9.96 и оценом 

10 на дипломским радом на тему: „Временска спектроскопија нуклеарних реакција 

космичких миона“. Мастер студије завршила је на истом факултету 2011. године са 

просечном оценом 9.94 и мастер радом на тему: „Расподела космичких миона по брзинама“. 

Од децембра 2011. године уписана је на Докторскe академскe студијe Физичког факултета 

Универзитета у Београду, смер: Физика језгара и честица, тренутно је на трећој години и 

положила је све испите.  

 

У току школовања била је стипендиста Републичке фондације за развој научног и уметничког 

подмлатка (2002–2009), добитник школарине EFG Eurobank за најбоље студенте државних 

факултета у Србији (2010), као и стипендиста Фонда за младе таленте Републике Србије 

(2010/11). 

 

Од 1. децембра 2011. године запослена je у Лабораторији за физику високих енергија 

Института за физику као истраживач-приправник, са ангажовањем на пројекту Министарства 

просвете, науке и технолошког развоја ОИ171004 „АТЛАС експеримент и физика честица на 

ЛХЦ енергијама“. 

 

Учествовала је на следећим школама из физике честица: 

 - 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 

 

Од 2012. године учествује и ради на АТЛАС експерименту на Великом хадронском сударачу 

(ЛХЦ) у ЦЕРН-у. Од септембра 2012. до септембра 2013. године радила је  на квалификацији 

за ауторство на АТЛАС експерименту. Задатак је био рад на ефективној калибрацији 

мионског спектрометра АТЛАС детектора помоћу распада J/ψ резонанце на два миона. Од 1. 

септембара 2013. године, квалификовани је аутор радова АТЛАС колаборације. 

 

 

 



Научном већу Института за физику 

Београд, 

23. април 2014. 
 

 

Мишљење руководиоца пројекта за избор Александре Димитриевске у 

звање истраживач-сарадник 

 

Колегиница Александра Димитриевска испуњава све услове предвиђене Правилником за 

стицање истраживачких звања за избор у звање истраживач-сарадник и сматрам да Научно 

веће Института за физику треба да покрене поступак за њен избор у ово звање. 

 

Александра Димитриевска je oд 1. децембра 2011. године запослена у Лабораторији за 

физику високих енергија Института за физику као истраживач-приправник, и учествује на 

пројекту Министарства просвете, науке и технолошког развоја ОИ171004 „АТЛАС 

експеримент и физика честица на ЛХЦ енергијама“. Од 2011. године уписана на је на 

докторске студије на Физичком факултету, Универзитета у Београду и сада је студент треће 

године, положила је све испите. Учествује и ради на АТЛАС експерименту на Великом 

хадронском сударачу (ЛХЦ) у ЦЕРН-у и у септембру 2013. године, успешно је завршила 

квалификацију за аутора АТЛАС колаборације. Током 2012. и 2013. године око тридесетак 

пута представила је резултате свог рада на интерним састанцима радних група АТЛАС 

колаборације (Muon Combined Performance Working Group и W mass group у оквиру Standard 

Model Working group) као и на интерним скуповима АТЛАС колаборације: Muon Week и 

Physics and Performance Week (који се одржавају 2-3 пута годишње и на којима се даје преглед 

добијених резултата у оквиру радних група), као и на једном интерном Workshop-u ATLAS 

колаборације. Коаутор је на три интерне публикације АТЛАС колаборације, које представљају 

„back up“ публикације објављених у референтним часописима. Посебно признање за њен 

досадашњи рад био је позив да  представи резулатате Muon Combined Performance Working 

Group-е на „LHC students poster session“ у марту 2014. године у оквиру 117
th

 LHCC састанка 

(Large Hadron Collider Committee Meeting). Колегиница Димитриевска је била једна од 25 

доктораната који су представљали резултате АТЛАС колаборације. 

 

Истраживачким радом Александре Димитриевске на АТЛАС експерименту, непосредно 

руководи др Ненад Врањеш који се налази на постдокторском усавршавању у CEA Saclay.  

 

За чланове Комисије за писање извештаја за избор Александре Димитриевске у звање 

истраживач-сарадник предлажем: 

 

1. др Ненада Врањеша, научног сарадника Института за физику (као првог референта), 

2. др Љиљану Симић, научног саветника Института за физику,  

3. проф. Петра Аџића, редовног професора Физичког факултета. 

 

 

Руководилац пројекта, 

 

 

  др Драган Поповић 

научни саветник, 

Институт за физику Београд 



 

 

Списак научних радова и саопштења са конференција 

 

Радови у врхунским међународним часописима (М21) 
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 ATLAS detector“, Phys. Lett. 

B732 (2014) 8-27, [arXiv:1402.3051[hep-ex]]. (рад приказан у прилогу) 

 

 

Остале референтне публикације АТЛАС колаборације доступне  на CERN CDS серверу 

(cds.cern.ch) 

 
1. T. Adye, C. Amelung, …, A. Dimitrievska, et 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. (рад 

приказан у прилогу) 

 

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 I ATLAS data“, ATL-COM-MUON-2014-001. 

 

 

Саопштења на међународним конференцијама (М34) 
 

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. (приказан у прилогу) 

 

 

Саопштења на националним конференцијама (М63) 
 

1. А. Димитриевска, М. Димитриевска, „Секунда – основна јединица за време у СИ систему“, 

Календарско знање и допринос Милутина Миланковића, 14 – 15 септембар 2011. Београд, 

Србија, Усмена презентација, стр. 84 – 91. 

 

2. А. Димитриевска, Н. Врањеш, „Карактеристике реконструкције миона ниског импулса на 

АТЛАС детектору“, XII Конгрес физичара Србије, Зборник радова, 28. април – 2. мај 2013. 

Врњачка бања, Србија, Постер у секцији: 2. Физика језгра, елементарних честица и основних 

интеракција, стр. 185 – 188. (рад приказан у прилогу) 

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.091804
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.091804
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.091804
http://arxiv.org/abs/arXiv:1401.7610
http://arxiv.org/abs/arXiv:1401.7610
http://arxiv.org/abs/arXiv:1401.7610
http://www.sciencedirect.com/science/article/pii/S0370269314001713?via=ihub
http://www.sciencedirect.com/science/article/pii/S0370269314001713?via=ihub
http://www.sciencedirect.com/science/article/pii/S0370269314001713?via=ihub
http://www.sciencedirect.com/science/article/pii/S0370269314001713?via=ihub
http://www.sciencedirect.com/science/article/pii/S0370269314001713?via=ihub
http://www.sciencedirect.com/science/article/pii/S0370269314001713?via=ihub
https://cds.cern.ch/record/1498240/files/ATL-COM-PHYS-2012-1774.pdf
https://cds.cern.ch/record/1498240/files/ATL-COM-PHYS-2012-1774.pdf
https://cds.cern.ch/record/1498240/files/ATL-COM-PHYS-2012-1774.pdf
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-088/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-088/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-088/
https://cds.cern.ch/record/1643495?ln=en
https://cds.cern.ch/record/1643495?ln=en
https://cds.cern.ch/record/1665682?ln=en
https://cds.cern.ch/record/1665682?ln=en
https://indico.cern.ch/event/302432/


 

Презентације на састанцима АТЛАС колаборације 

 

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 data12“ 

 

4. Muon Week 12.11.2012.  (https://indico.cern.ch/event/215927),  

L. Chevalier, A. Dimitrievska, N. Vranjes, „J/psi in data11 and data12“ 

 

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“ 

 

https://indico.cern.ch/event/205292
https://indico.cern.ch/event/205292/material/slides/0?contribId=1
https://indico.cern.ch/event/205292/material/slides/0?contribId=1
https://indico.cern.ch/event/207903
https://indico.cern.ch/event/207903/material/slides/0?contribId=4
https://indico.cern.ch/event/213091
https://indico.cern.ch/event/213091/material/slides/0?contribId=4
https://indico.cern.ch/event/215927
https://indico.cern.ch/event/215927/session/0/contribution/45/material/1/0.pdf
https://indico.cern.ch/event/220934
https://indico.cern.ch/event/220934/material/slides/0?contribId=1
https://indico.cern.ch/event/221858
https://indico.cern.ch/event/221858/material/slides/0?contribId=4
https://indico.cern.ch/event/223197
https://indico.cern.ch/event/223197/material/slides/0?contribId=4
https://indico.cern.ch/event/228678
https://indico.cern.ch/event/228678/material/slides/0?contribId=4
https://indico.cern.ch/event/242777
https://indico.cern.ch/event/242777/material/slides/0?contribId=5
https://indico.cern.ch/event/243992
https://indico.cern.ch/event/243992/material/slides/0?contribId=4
https://indico.cern.ch/event/247976
https://indico.cern.ch/event/247976/material/slides/0?contribId=5
https://indico.cern.ch/event/251178
https://indico.cern.ch/event/251178/material/slides/0?contribId=4
https://indico.cern.ch/event/252338
https://indico.cern.ch/event/252338/material/slides/0?contribId=3


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. године (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“ 

https://indico.cern.ch/event/247389
https://indico.cern.ch/event/247389/session/7/material/slides/0?contribId=19
https://indico.cern.ch/event/247389/session/7/material/slides/0?contribId=19
https://indico.cern.ch/event/247389/session/7/material/slides/0?contribId=19
https://indico.cern.ch/event/258263
https://indico.cern.ch/event/258263/material/slides/0?contribId=1
https://indico.cern.ch/event/260338
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https://indico.cern.ch/event/289036
https://indico.cern.ch/event/289036/material/slides/1?contribId=0
https://indico.cern.ch/event/289550
https://indico.cern.ch/event/289550/material/slides/0?contribId=0
https://indico.cern.ch/event/296672
https://indico.cern.ch/event/296672/contribution/0/material/slides/2.pdf
https://indico.cern.ch/event/298323
https://indico.cern.ch/event/298323/contribution/0/material/slides/5.pdf
https://indico.cern.ch/event/305246
https://indico.cern.ch/event/305246/contribution/3/material/slides/0.pdf
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Submitted to: Physics Letters B

Search for Higgs boson decays to a photon and a Z boson in pp
collisions at

√

s = 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 → Zγ, Z → ℓ+ℓ− (ℓ = e, µ),
using 4.5 fb−1 of pp collisions at

√
s = 7 TeV and 20.3 fb−1 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, mℓℓγ, 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.

c© 2014 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.
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Search for Higgs boson decays to a photon and aZ boson inpp collisions at
√

s= 7 and 8
TeV with the ATLAS detector

ATLAS Collaboration, G. Aadet 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 decay channelH → Zγ, Z→ ℓ+ℓ− (ℓ = e, µ), using 4.5 fb−1 of ppcollisions
at
√

s = 7 TeV and 20.3 fb−1 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,mℓℓγ, 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.

1. Introduction

In July 2012 a new particle decaying to dibosons (γγ, ZZ,
WW) was discovered by the ATLAS [1] and CMS [2] ex-
periments at the CERN Large Hadron Collider (LHC). The
observed properties of this particle, such as its couplingsto
fermions and bosons [3, 4] and its spin and parity [5, 6], are
consistent with those of a Standard Model (SM) Higgs boson
with a mass near 125.5 GeV [3].

This Letter presents a search for a Higgs bosonH decaying
to Zγ, Z → ℓ+ℓ− (ℓ = e, µ),1 usingpp collisions at

√
s= 7 and

8 TeV recorded with the ATLAS detector at the LHC during
2011 and 2012. The Higgs boson is assumed to have SM-like
spin and production properties and a mass between 120 and 150
GeV. The integrated luminosity presently available enables the
exclusion of large anomalous couplings toZγ, compared with
the SM prediction. The signal is expected to yield a narrow
peak in the reconstructedℓℓγ invariant-mass distribution over
a smooth background dominated by continuumZ+γ produc-
tion, Z→ ℓℓγ radiative decays andZ+jets events where a jet is
misidentified as a photon. A similar search was recently pub-
lished by the CMS Collaboration [7], which set an upper limit
of 9.5 times the SM expectation, at 95% confidence level (CL),
on thepp→ H → Zγ cross section formH = 125 GeV.

In the SM, the Higgs boson is produced mainly through five
production processes: gluon fusion (ggF), vector-boson fusion
(VBF), and associated production with either aW boson (WH),
a Z boson (ZH) or a tt̄ pair (tt̄H) [8–10]. For a mass of 125.5
GeV the SMpp→ H cross section isσ = 22 (17) pb at

√
s= 8

(7) TeV. Higgs boson decays toZγ in the SM proceed through
loop diagrams mostly mediated byW bosons, similar toH →
γγ. TheH → Zγ branching ratio of a SM Higgs boson with a

1In the following ℓ denotes either an electron or a muon, and the charge of
the leptons is omitted for simplicity.

mass of 125.5 GeV isB(H → Zγ) = 1.6 × 10−3 compared to
B(H → γγ) = 2.3× 10−3. The branching fractions of the Z to
leptons leads to app→ H → ℓℓγ cross section of 2.3 (1.8) fb
at 8 (7) TeV, similar to that ofpp→ H → ZZ∗ → 4ℓ and only
5% of that ofpp→ H → γγ.

Modifications of theH → Zγ coupling with respect to the
SM prediction are expected ifH is a neutral scalar of a dif-
ferent origin [11, 12] or a composite state [13], as well as in
models with additional colourless charged scalars, leptons or
vector bosons coupled to the Higgs boson and exchanged in the
H → Zγ loop [14–16]. A determination of both theH → γγ

and H → Zγ decay rates can help to determine whether the
newly discovered Higgs boson is indeed the one predicted in
the SM, or provide information on the quantum numbers of the
new particles exchanged in the loops or on the compositeness
scale. While constraints from the observed rates in the other fi-
nal states, particularly the diphoton channel, typically limit the
expectedH → Zγ decay rate in the models mentioned above to
be within a factor of two of the SM expectation, larger enhance-
ments can be obtained in some scenarios by careful parameter
choices [13, 14].

2. Experimental setup and dataset

The ATLAS detector [17] is a multi-purpose particle detec-
tor with approximately forward-backward symmetric cylindri-
cal geometry.2 The inner tracking detector (ID) covers|η| < 2.5
and consists of a silicon pixel detector, a silicon microstrip

2ATLAS uses a right-handed coordinate system with its originat the nom-
inal interaction point (IP) in the centre of the detector andthez-axis along the
beam pipe. Thex-axis points from the IP to the centre of the LHC ring, and the
y-axis points upward. Cylindrical coordinates (r, φ) are used in the transverse
plane,φ being the azimuthal angle around the beam pipe. The pseudorapidity
is defined in terms of the polar angleθ asη = − ln tan(θ/2).
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detector, and a transition radiation tracker. The ID is sur-
rounded by a thin superconducting solenoid providing a 2 T
axial magnetic field and by a high-granularity lead/liquid-argon
(LAr) sampling electromagnetic calorimeter. The electromag-
netic calorimeter measures the energy and the position of elec-
tromagnetic showers with|η| < 3.2. It includes a presampler
(for |η| < 1.8) and three sampling layers, longitudinal in shower
depth, up to|η| < 2.5. LAr sampling calorimeters are also used
to measure hadronic showers in the end-cap (1.5 < |η| < 3.2)
and forward (3.1 < |η| < 4.9) regions, while an iron/scintillator
tile calorimeter measures hadronic showers in the central re-
gion (|η| < 1.7). The muon spectrometer (MS) surrounds the
calorimeters and consists of three large superconducting air-
core toroid magnets, each with eight coils, a system of preci-
sion tracking chambers (|η| < 2.7), and fast tracking chambers
(|η| < 2.4) for triggering. A three-level trigger system selects
events to be recorded for offline analysis.

Events are collected using the lowest threshold unprescaled
single-lepton or dilepton triggers [18]. For the single-muon
trigger the transverse momentum,pT, threshold is 24 (18) GeV
for
√

s = 8 (7) TeV, while for the single-electron trigger the
transverse energy,ET, threshold is 25 (20) GeV. For the dimuon
triggers the thresholds arepT > 13 (10) GeV for each muon,
while for the dielectron triggers the thresholds areET > 12
GeV for each electron. At

√
s= 8 TeV a dimuon trigger is also

used with asymmetric thresholdspT1 > 18 GeV andpT2 > 8
GeV. The trigger efficiency with respect to events satisfying the
selection criteria is 99% in theeeγ channel and 92% in theµµγ
channel due to the reduced geometric acceptance of the muon
trigger system in the|η| < 1.05 and|η| > 2.4 region. Events with
data quality problems are discarded. The integrated luminosity
after the trigger and data quality requirements corresponds to
20.3 fb−1 (4.5 fb−1) [19] at

√
s= 8 (7) TeV.

3. Simulated samples

The event generators used to model SM signal and back-
ground processes in samples of Monte Carlo (MC) simulated
events are listed in Table1.

Table 1
Event generators used to model the signal (first two rows) andback-
ground (last four rows) processes.

Process Generator
ggF, VBF POWHEG [20–22]+PYTHIA8 [23]

WH, ZH, tt̄H PYTHIA8
Z+γ andZ→ ℓℓγ SHERPA [24, 25]

Z+jets SHERPA, ALPGEN [26]+HERWIG [27]
tt̄ MC@NLO [28, 29]+HERWIG

WZ SHERPA, POWHEG+PYTHIA8

The H → Zγ signal from the dominant ggF and VBF
processes, corresponding to 95% of the SM production cross
section, is generated with POWHEG, interfaced to PYTHIA

8.170 for showering and hadronisation, using the CT10 par-
ton distribution functions (PDFs) [30]. Gluon-fusion events
are reweighted to match the Higgs bosonpT distribution pre-
dicted by HRES2 [31]. The signal from associated production
(WH, ZH or tt̄H) is generated with PYTHIA 8.170 using the
CTEQ6L1 PDFs [32]. Signal events are generated for Higgs
boson massesmH between 120 and 150 GeV, in intervals of 5
GeV, at both

√
s= 7 TeV and

√
s= 8 TeV. For the same value

of the mass, events corresponding to different Higgs boson pro-
duction modes are combined according to their respective SM
cross sections.

The predicted SM cross sections and branching ratios are
compiled in Refs. [8–10]. The production cross sections are
computed at next-to-next-to-leading order in the strong cou-
pling constantαs and at next-to-leading order (NLO) in the
electroweak coupling constantα, except for thett̄H cross sec-
tion, which is calculated at NLO inαs [33–43]. Theoretical un-
certainties on the production cross section arise from the choice
of renormalisation and factorisation scales in the fixed-order
calculations as well as the uncertainties on the PDFs and the
value ofαs used in the perturbative expansion. They depend
only mildly on the centre-of-mass energy and on the Higgs bo-
son mass in the range 120< mH < 150 GeV. The scale uncer-
tainties are uncorrelated among the five Higgs boson production
modes that are considered; formH = 125.5 GeV at

√
s= 8 TeV,

they amount to+7
−8% for ggF,±0.2% for VBF, ±1% for WH,

±3% forZH and+4
−9% for tt̄H. PDF+αs uncertainties are corre-

lated among the gluon-fusion andtt̄H processes, which are ini-
tiated by gluons, and among the VBF andWH/ZH processes,
which are initiated by quarks; formH = 125.5 GeV at

√
s = 8

TeV, the uncertainties are around±8% for gg → H and tt̄H
and around±2.5% for the other three Higgs boson production
modes. The Higgs boson branching ratios are computed using
the HDECAY and Prophecy4f programs [44–46]. The relative
uncertainty on theH → Zγ branching ratio varies between±9%
for mH = 120 GeV and±6% formH = 150 GeV. An additional
±5% [47] accounts for the effect, in the selected phase space
of theℓℓγ final state, of the interferingH → ℓℓγ decay ampli-
tudes that are neglected in the calculation of Refs. [8–10]. They
originate from internal photon conversion in Higgs boson de-
cays to diphotons (H → γ∗γ → ℓℓγ) or from radiative Higgs
boson decays to dileptons (H → ℓℓ∗ → ℓℓγ in theZ mass win-
dow) [48, 49].

Various background samples are also generated: they are
used to study the background parameterisation and possible
systematic biases in the fit described in Section6 and not to
extract the final result. The samples produced with ALPGEN
or MC@NLO are interfaced to HERWIG 6.510 [27] for par-
ton showering, fragmentation into particles and to model the
underlying event, using JIMMY 4.31 [50] to generate multiple-
parton interactions. The SHERPA, MC@NLO and POWHEG
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-
plete simulation of the ATLAS detector response [51] using
Geant4 [52]. Additional pp interactions in the same and nearby
bunch crossings (pile-up) are included in the simulation. The
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MC samples are reweighted to reproduce the distribution of the
mean number of interactions per bunch crossing (9 and 21 on
average in the data taken at

√
s = 7 and 8 TeV, respectively)

and the length of the luminous region observed in data.

4. Event selection and backgrounds

4.1. Event selection
Events are required to contain at least one primary vertex,

determined from a fit to the tracks reconstructed in the innerde-
tector and consistent with a common origin. The primary vertex
with the largest sum of the squared transverse momenta of the
tracks associated with it is considered as the primary vertex of
the hard interaction.

The selection of leptons and photons is similar to that used
for the H → γγ and H → 4ℓ measurements [1], the main
difference being the minimum transverse momentum thresh-
old. Events are required to contain at least one photon and two
opposite-sign same-flavour leptons.

Muon candidates are formed from tracks reconstructed ei-
ther in the ID or in the MS [53]. They are required to have
transverse momentumpT > 10 GeV and|η| < 2.7. In the cen-
tral barrel region|η| < 0.1, which lacks MS coverage, ID tracks
are identified as muons based on the associated energy deposits
in the calorimeter. These candidates must havepT > 15 GeV.
The inner detector tracks associated with muons that are iden-
tified inside the ID acceptance are required to have a minimum
number of associated hits in each of the ID sub-detectors (to
ensure good track reconstruction) and to have transverse (lon-
gitudinal) impact parameterd0 (z0), with respect to the primary
vertex, smaller than 1 mm (10 mm).

Electrons and photons are reconstructed from clusters of en-
ergy deposits in the electromagnetic calorimeter [54]. Tracks
matched to electron candidates (and, for 8 TeV data, from pho-
ton conversions) and having enough associated hits in the sili-
con detectors are fitted using a Gaussian-Sum Filter, which ac-
counts for bremsstrahlung energy loss [55].

Electron candidates are required to have a transverse en-
ergy greater than 10 GeV, pseudorapidity|η| < 2.47, and
a well-reconstructed ID track pointing to the electromagnetic
calorimeter cluster. The cluster should satisfy a set of identifica-
tion criteria that require the longitudinal and transverseshower
profiles to be consistent with those expected for electromag-
netic showers [56]. The electron track is required to have a hit
in the innermost pixel layer of the ID when passing through an
active module and is also required to have a longitudinal impact
parameter, with respect to the primary vertex, smaller than10
mm.

Photon candidates are required to have a transverse energy
greater than 15 GeV and pseudorapidity within the regions
|η| < 1.37 or 1.52 < |η| < 2.37, where the first calorime-
ter layer has high granularity. Photons reconstructed in or
near regions of the calorimeter affected by read-out or high-
voltage failures are not accepted. The identification of photons
is performed through a cut-based selection based on shower
shapes measured in the first two longitudinal layers of the elec-
tromagnetic calorimeter and on the leakage into the hadronic

calorimeter [57]. To further suppress hadronic background, the
calorimeter isolation transverse energyEiso

T [1] in a cone of size

∆R =
√

(∆η)2 + (∆φ)2 = 0.4 around the photon candidate is
required to be lower than 4 GeV, after subtracting the contribu-
tions from the photon itself and from the underlying event and
pile-up.

Removal of overlapping electrons and muons that satisfy all
selection criteria and share the same inner detector track is per-
formed: if the muon is identified by the MS, then the elec-
tron candidate is discarded; otherwise the muon candidate is re-
jected. Photon candidates within a∆R = 0.3 cone of a selected
electron or muon candidate are also rejected, thus suppressing
background fromZ → ℓℓγ events and signal from radiative
Higgs boson decays to dileptons.

Z boson candidates are reconstructed from pairs of same-
flavour, opposite-sign leptons passing the previous selections.
At least one of the two muons fromZ → µµ must be recon-
structed both in the ID and the MS.

Higgs boson candidates are reconstructed from the combina-
tion of aZ boson and a photon candidate. In each event only the
Z candidate with invariant mass closest to theZ pole mass and
the photon with largest transverse energy are retained. In the se-
lected events, the triggering leptons are required to matchone
(or in the case of dilepton-triggered events, both) of theZ can-
didate’s leptons. Track and calorimeter isolation requirements,
as well as additional track impact parameter selections, are also
applied to the leptons forming theZ boson candidate [1]. The
track isolation

∑

pT, inside a∆R = 0.2 cone around the lep-
ton, excluding the lepton track, divided by the leptonpT, must
be smaller than 0.15. The calorimeter isolation for electrons,
computed similarly toEiso

T for photons but with∆R = 0.2, di-
vided by the electronET, must be lower than 0.2. Muons are
required to have a normalised calorimeter isolationEcone

T /pT

less than 0.3 (0.15 in the case of muons without an ID track)
inside a∆R = 0.2 cone around the muon direction. For both
the track- and calorimeter-based isolation any contributions due
to the other lepton from the candidateZ decay are subtracted.
The transverse impact parameter significance|d0|/σd0 of the ID
track associated with a lepton within the acceptance of the in-
ner detector is required to be less than 3.5 and 6.5 for muons
and electrons, respectively. The electron impact parameter is
affected by bremsstrahlung and it thus has a broader distribu-
tion.

Finally, the dilepton invariant mass (mℓℓ) and the invariant
mass of theℓℓγ final-state particles (mℓℓγ) are required to satisfy
mℓℓ > mZ − 10 GeV and 115< mℓℓγ < 170 GeV, respectively.
These criteria further suppress events fromZ → ℓℓγ, as well
as reducing the contribution to the signal from internal photon
conversions inH → γγ and radiation from leptons inH → ℓℓ

to a negligible level [47]. The number of events satisfying all
the selection criteria in

√
s= 8 TeV (

√
s= 7 TeV) data is 7798

(1041) in theZ → eechannel and 9530 (1400) in theZ → µµ

channel.

The same reconstruction algorithms and selection criteria
are used for simulated events. The simulation is corrected
to take into account measured data-MC differences in photon
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and lepton efficiencies and energy or momentum resolution.
The acceptance of the kinematic requirements for simulated
H → Zγ → ℓℓγ signal events atmH = 125.5 GeV is 54%
for ℓ = e and 57% forℓ = µ, due to the larger acceptance in
muon pseudorapidity. The average photon reconstruction and
selection efficiency is 68% (61%) while theZ→ ℓℓ reconstruc-
tion and selection efficiency is 74% (67%) and 88% (88%) for
ℓ = e andℓ = µ, respectively, at

√
s = 8 (7) TeV. The larger

photon and electron efficiencies in 8 TeV data are due to a re-
optimisation of the photon and electron identification criteria
prior to the 8 TeV data taking. Including the acceptance and
the reconstruction, selection and trigger efficiencies, the overall
signal efficiency forH → Zγ→ ℓℓγ events atmH = 125.5 GeV
is 27% (22%) forℓ = e and 33% (27%) forℓ = µ at

√
s = 8

(7) TeV. The relative efficiency is about 5% higher in the VBF
process and 5–10% lower in theW, Z, tt̄-associated production
modes, compared to signal events produced in the dominant
gluon-fusion process. FormH increasing between 120 and 150
GeV the overall signal efficiency varies from 0.87 to 1.25 times
the efficiency atmH = 125.5 GeV.

4.2. Invariant-mass calculation

In order to improve the three-body invariant-mass resolution
of the Higgs boson candidate events and thus improve discrim-
ination against non-resonant background events, three correc-
tions are applied to the three-body massmℓℓγ. First, the photon
pseudorapidityηγ and its transverse energyEγ

T = Eγ/ coshηγ

are recalculated using the identified primary vertex as the pho-
ton’s origin, rather than the nominal interaction point (which
is used in the standard ATLAS photon reconstruction). Sec-
ond, the muon momenta are corrected for collinear final-state-
radiation (FSR) by including any reconstructed electromag-
netic cluster withET above 1.5 GeV lying close (typically with
∆R < 0.15) to a muon track. Third, the lepton four-momenta
are recomputed by means of aZ-mass-constrained kinematic fit
previously used in the ATLASH → 4ℓ search [1]. The photon
direction and FSR corrections improve the invariant-mass reso-
lution by about 1% each, while theZ-mass constraint brings an
improvement of about 15–20%.

Fig. 1 illustrates the distributions ofmµµγ andmeeγ for sim-
ulated signal events fromgg → H at mH = 125 GeV after
all corrections. Themeeγ resolution is about 8% worse due to
bremsstrahlung. Themℓℓγ distribution is modelled with the sum
of a Crystal Ball function (a Gaussian with a power-law tail),
representing the core of well-reconstructed events, and a small,
wider Gaussian component describing the tails of the distribu-
tion. FormH = 125.5 GeV the typical mass resolutionσCB of
the core component of themµµγ distribution is 1.6 GeV.

4.3. Event classification

The selected events are classified into four categories, based
on thepp centre-of-mass energy and the lepton flavour. To en-
hance the sensitivity of the analysis, each event class is further
divided into categories with different signal-to-background ra-
tios and invariant-mass resolutions, based on (i) the pseudora-
pidity difference∆ηZγ between the photon and theZ boson and

(ii) pTt,3 the component of the Higgs boson candidatepT that is
orthogonal to theZγ thrust axis in the transverse plane. Signal
events are typically characterised by a largerpTt and a smaller
∆ηZγ compared to background events, which are mostly due
to qq̄ → Z + γ events in which theZ boson and the photon
are back-to-back in the transverse plane. Signal gluon-fusion
events have on average smallerpTt and larger∆ηZγ than signal
events in which the Higgs boson is produced either by VBF or
in association withW, Z or tt̄ and thus is more boosted.

Higgs boson candidates are classified ashigh-(low-) pTt can-
didates if theirpTt is greater (smaller) than 30 GeV. In the anal-
ysis of

√
s = 8 TeV data, low-pTt candidates are further split

into two classes,high- and low-∆ηZγ, depending on whether
|∆ηZγ| is greater or less than 2.0, yielding a total of ten event
categories.

As an example, the expected number of signal and back-
ground events in each category with invariant mass within a
±5 GeV window aroundmH = 125 GeV, the observed number
of events in data in the same region, and the full-width at half-
maximum (FWHM) of the signal invariant-mass distribution,
are summarised in Table2. Using this classification improves
the signal sensitivity of this analysis by 33% for a Higgs boson
mass of 125.5 GeV compared to a classification based only on
the centre-of-mass energy and lepton flavour categories.

Table 2
Expected signal (NS) and background (NB) yields in a±5 GeV mass
window aroundmH = 125 GeV for each of the event categories un-
der study. In addition, the observed number of events in data(ND)
and the FWHM of the signal invariant-mass distribution, modelled as
described in Section4.2, are given. The signal is assumed to have SM-
like properties, including the production cross section times branch-
ing ratio. The background yield is extrapolated from the selected data
event yield in the invariant-mass region outside the±5 GeV window
aroundmH = 125 GeV, using an analytic background model described
in Section6. The uncertainty on the FWHM from the limited size of
the simulated signal samples is negligible in comparison tothe system-
atic uncertainties described in Section5.

√
s ℓ Category NS NB ND

NS√
NB

FWHM
[TeV] [GeV]
8 µ high pTt 2.3 310 324 0.13 3.8
8 µ low pTt, low ∆η 3.7 1600 1587 0.09 3.8
8 µ low pTt, high∆η 0.8 600 602 0.03 4.1
8 e high pTt 1.9 260 270 0.12 3.9
8 e low pTt, low ∆η 2.9 1300 1304 0.08 4.2
8 e low pTt, high∆η 0.6 430 421 0.03 4.5
7 µ high pTt 0.4 40 40 0.06 3.9
7 µ low pTt 0.6 340 335 0.03 3.9
7 e high pTt 0.3 25 21 0.06 3.9
7 e low pTt 0.5 240 234 0.03 4.0

3pTt = |(~pγT + ~p
Z
T) × t̂| wheret̂ = (~pγT − ~p

Z
T)/|~pγT − ~p

Z
T| denotes the thrust axis

in the transverse plane, and~pγT, ~pZ
T are the transverse momenta of the photon

and theZ boson.
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Fig. 1. Three-body invariant-mass distribution forH → Zγ, Z → µµ

(top) orZ→ ee(bottom) selected events in the 8 TeV,mH = 125 GeV
gluon-fusion signal simulation, after applying all analysis cuts, before
(filled circles) and after (open diamonds) the corrections described in
Section4.2. The solid and dashed lines represent the fits of the points
to the sum of a Crystal Ball and a Gaussian function.

4.4. Sample composition

The main backgrounds originate from continuumZ+γ, Z →
ℓℓ production, from radiativeZ→ ℓℓγ decays, and fromZ+jet,
Z → ℓℓ events in which a jet is misidentified as a photon.
Small contributions arise fromtt̄ andWZ events. Continuum
Z+γ events are either produced byqq in the t- or u- chan-
nels, or from parton-to-photon fragmentation. The require-
mentsmℓℓ > mZ−10 GeV,mℓℓγ > 115 GeV and∆Rℓγ > 0.3 sup-
press the contribution fromZ→ ℓℓγ, while the photon isolation
requirement reduces the importance of theZ+γ fragmentation
component. The latter, together with the photon identification
requirements, is also effective in reducingZ+jets events.

In this analysis, the estimated background composition is not
used to determine the amount of expected background, which
is directly fitted to the data mass spectrum, but is used to nor-
malise the background Monte Carlo samples used for the opti-
misation of the selection criteria and the choice of mass spectra

background-fitting functions and the associated systematic un-
certainties. Since the amplitudes forZ+γ, Z→ ℓℓ andZ→ ℓℓγ

interfere, only the totalℓℓγ background from the sum of the two
processes is considered, and denoted withZγ in the following.
A data-driven estimation of the background composition is per-
formed, based on a two-dimensional sideband method [57, 58]
exploiting the distribution of the photon identification and iso-
lation variables in control regions enriched inZ+jets events,
to estimate the relativeZγ andZ+jets fractions in the selected
sample. TheZγ andZ+jets contributions are estimatedin situ
by applying this technique to the data after subtracting the1%
contribution from thett̄ andWZbackgrounds. Simulated events
are used to estimate the small backgrounds fromtt̄ and WZ
production (normalised to the data luminosity using the NLO
MC cross sections), on which a conservative uncertainty of
±50% accounts for observed data-MC differences in the rates
of fake photons and leptons from misidentified jets as well as
for the uncertainties on the MC cross section due to the miss-
ing higher orders of the perturbative expansion and the PDF
uncertainties. Simulated events are also used to determinethe
Zγ contamination in theZ+jet background control regions and
the correlation between photon identification and photon isola-
tion for Z+jet events. The contribution to the control regions
from theH → Zγ signal is expected to be small compared to
the background and is neglected in this study. The fractions
of Zγ, Z+jets and other (tt̄ + WZ) backgrounds are estimated
to be around 82%, 17% and 1% at both

√
s = 7 and 8 TeV.

The relative uncertainty on theZγ purity is around 5%, domi-
nated by the uncertainty on the correlation between the photon
identification and isolation inZ+jet events, which is estimated
by comparing the ALPGEN and SHERPA predictions. Good
agreement between data and simulation is observed in the dis-
tributions ofmℓℓγ, as well as in the distributions of several other
kinematic quantities that were also studied, including thedilep-
ton invariant mass and the lepton and photon transverse mo-
menta, pseudorapidity and azimuth.

5. Experimental systematic uncertainties

The following sources of experimental systematic uncertain-
ties on the expected signal yields in each category were consid-
ered:

• The luminosity uncertainty is 1.8% for the 2011 data [19]
and 2.8% for the 2012 data.4

• The uncertainty from the photon identification efficiency is
obtained from a comparison between data-driven measure-
ments and the simulated efficiencies in various photon and
electron control samples [59] and varies between 2.6% and
3.1% depending on the category. The uncertainty from the
photon reconstruction efficiency is negligible compared to
that from the identification efficiency.

4The luminosity of the 2012 data is derived, following the same methodol-
ogy as that detailed in Ref. [19], from a preliminary calibration of the luminos-
ity scale derived from beam-separation scans performed in November 2012.
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• The uncertainty from the electron trigger, reconstruction
and identification efficiencies is estimated by varying the
efficiency corrections applied to the simulation within the
uncertainties of data-driven efficiency measurements. The
total uncertainty, for events in which theZ boson candidate
decays to electrons, varies between 2.5% and 3% depend-
ing on the category. The lepton reconstruction, identifi-
cation and trigger efficiencies, as well as their energy and
momentum scales and resolutions, are determined using
large control samples ofZ → ℓℓ, W → ℓν andJ/ψ → ℓℓ

events [53, 56].

Other sources of uncertainty (muon trigger, reconstruction and
identification efficiencies, lepton energy scale, resolution, and
impact parameter selection efficiencies, lepton and photon iso-
lation efficiencies) were investigated and found to have a neg-
ligible impact on the signal yield compared to the mentioned
sources of uncertainty. The total relative uncertainty on the
signal efficiency in each category is less than 5%, more than
twice as small as the corresponding theoretical systematicun-
certainty on the SM production cross section times branching
ratio, described in Section3. The uncertainty in the popula-
tion of the pTt categories due to the description of the Higgs
bosonpT spectrum is determined by varying the QCD scales
and PDFs used in the HRES2 program. It is estimated to vary
between 1.8% and 3.6% depending on the category.

The following sources of experimental systematic uncertain-
ties on the signalmℓℓγ distribution were considered:

• The uncertainty on the peak position (0.2 GeV) is domi-
nated by the photon energy scale uncertainty, which arises
from the following sources: the calibration of the electron
energy scale fromZ → eeevents, the uncertainty on its
extrapolation to the energy scale of photons, dominated
by the description of the detector material, and imperfect
knowledge of the energy scale of the presampler detector
located in front of the electromagnetic calorimeter.

• The uncertainty from the photon and electron energy res-
olution is estimated as the relative variation of the width
of the signalmℓℓγ distribution after varying the corrections
to the resolution of the electromagnetic particle response
in the simulation within their uncertainties. It amounts to
3% for events in which theZ boson candidate decays to
muons and to 10% for events in which theZ boson candi-
date decays to electrons.

• The uncertainty from the muon momentum resolution is
estimated as the relative variation of the width of the
signal mℓℓγ distribution after varying the muon momen-
tum smearing corrections within their uncertainties. It is
smaller than 1.5%.

To extract the signal, the background is estimated from the
observedmℓℓγ distribution by assuming an analytical model,
chosen from several alternatives to provide the best sensitiv-
ity to the signal while limiting the possible bias in the fitted
signal to be within±20% of the statistical uncertainty on the
signal yield due to background fluctuations. The models are

tested by performing signal+background fits of themℓℓγ distri-
bution of large simulated background-only samples scaled to
the luminosity of the data and evaluating the ratio of the fitted
signal yield to the statistical uncertainty on the fitted signal it-
self. The largest observed bias in the fitted signal for any Higgs
boson mass in the range 120–150 GeV is taken as an additional
systematic uncertainty; it varies between 0.5 events in poorly
populated categories and 8.3 events in highly populated ones.

All systematic uncertainties, except that on the luminosity,
are taken as fully correlated between the

√
s = 7 TeV and the√

s= 8 TeV analyses.

6. Results

6.1. Likelihood function
The final discrimination between signal and background

events is based on a likelihood fit to themℓℓγ spectra in the
invariant-mass region 115< mℓℓγ < 170 GeV. The likelihood
function depends on a single parameter of interest, the Higgs
boson production signal strengthµ, defined as the signal yield
normalised to the SM expectation, as well as on several nui-
sance parameters that describe the shape and normalisationof
the background distribution in each event category and the sys-
tematic uncertainties. Results for the inclusive cross section
times branching ratio are also provided. In that case, the like-
lihood function depends on two parameters of interest, the sig-
nal cross sections times branching ratios at

√
s = 7 TeV and√

s = 8 TeV, and the systematic uncertainties on the SM cross
sections and branching ratios.

The background model in each event category is chosen
based on the studies of sensitivity versus bias described inthe
previous section. For 2012 data, fifth- and fourth-order polyno-
mials are chosen to model the background in the low-pTt cate-
gories while an exponentiated second-order polynomial is cho-
sen for the high-pTt categories. For 2011 data, a fourth-order
polynomial is used for the low-pTt categories and an exponen-
tial function is chosen for the high-pTt ones. The signal res-
olution functions in each category are described by the model
illustrated in Section4.2, fixing the fraction of events in each
category to the MC predictions. For each fixed value of the
Higgs boson mass between 120 and 150 GeV, in steps of 0.5
GeV, the parameters of the signal model are obtained, sepa-
rately for each event category, through interpolation of the fully
simulated MC samples.

For each of the nuisance parameters describing systematic
uncertainties the likelihood is multiplied by a constraintterm
for each of the experimental systematic uncertainties evaluated
as described in Section5. For systematic uncertainties affect-
ing the expected total signal yields for different centre-of-mass
or lepton flavour, a log-normal constraint is used while for
the uncertainties on the fractions of signal events in different
pTt − ∆ηZγ categories and on the signalmℓℓγ resolution a Gaus-
sian constraint is used [60].

6.2. Statistical analysis
The data are compared to background and signal-plus-

background hypotheses using a profile likelihood test statis-
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tic [60]. Higgs boson decays to final states other thanℓℓγ are
expected to contribute negligibly to the background in the se-
lected sample. For each fixed value of the Higgs boson mass be-
tween 120 and 150 GeV fits are performed in steps of 0.5 GeV
to determine the best value ofµ (µ̂) or to maximise the likeli-
hood with respect to all the nuisance parameters for alternative
values ofµ, includingµ = 0 (background-only hypothesis) and
µ = 1 (background plus Higgs boson of that mass, with SM-like
production cross section times branching ratio). The compati-
bility between the data and the background-only hypothesisis
quantified by thep-value of theµ = 0 hypothesis,p0, which
provides an estimate of the significance of a possible observa-
tion. Upper limits on the signal strength at 95%CL are set
using a modified frequentist (CLs) method [61], by identifying
the valueµup for which theCLs is equal to 0.05. Closed-form
asymptotic formulae [62] are used to derive the results. Fits to
the data are performed to obtain observed results. Fits to Asi-
mov pseudo-data [62], generated either according to theµ = 1
orµ = 0 hypotheses, are performed to compute expectedp0 and
CLs upper limits, respectively.
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Fig. 2. Distribution of the reconstructedℓℓγ invariant mass in data,
after combining all the event categories (points with errorbars). The
solid blue line shows the sum of background-only fits to the data per-
formed in each category. The dashed histogram corresponds to the
signal expectation for a Higgs boson mass of 125 GeV decayingto Zγ
at 50 times the SM-predicted rate.

Figure 2 shows themℓℓγ distribution of all events selected
in data, compared to the sum of the background-only fits to
the data in each of the ten event categories. No significant
excess with respect to the background is visible, and the ob-
servedp0 is compatible with the data being composed of back-
ground only. The smallestp0 (0.05), corresponding to a signif-
icance of 1.6σ, occurs for a mass of 141 GeV. The expected
p0 ranges between 0.34 and 0.44 for a Higgs boson with a mass
120 < mH < 150 GeV and SM-like cross section and branch-
ing ratio, corresponding to significances around 0.2σ. The ex-
pectedp0 at mH = 125.5 GeV is 0.42, corresponding to a sig-
nificance of 0.2σ, while the observedp0 at the same mass is
0.27 (0.6σ).

Observed and expected 95%CL upper limits on the value of
the signal strengthµ are derived and shown in Fig.3. The ex-
pected limit ranges between 5 and 15 and the observed limit
varies between 3.5 and 18 for a Higgs boson mass between
120 and 150 GeV. In particular, for a mass of 125.5 GeV, the
observed and expected limits are equal to 11 and 9 times the
Standard Model prediction, respectively. At the same mass the
expected limit onµ assuming the existence of a SM (µ = 1)
Higgs boson withmH = 125.5 GeV is 10. The results are dom-
inated by the statistical uncertainties: neglecting all systematic
uncertainties, the observed and expected 95%CL limits on the
cross section at 125.5 GeV decrease by about 5%.
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Fig. 3. Observed 95%CL limits (solid black line) on the production
cross section of a SM Higgs boson decaying toZγ divided by the SM
expectation. The limits are computed as a function of the Higgs boson
mass. The median expected 95%CLexclusion limits (dashed red line),
in the case of no expected signal, are also shown. The green and yellow
bands correspond to the±1σ and±2σ intervals.

Upper limits on thepp → H → Zγ cross section times
branching ratio are also derived at 95%CL, for

√
s = 7 and

8 TeV. For
√

s = 8 TeV, the limit ranges between 0.13 and 0.5
pb; for

√
s= 7 TeV, it ranges between 0.20 and 0.8 pb.

7. Conclusions

A search for a Higgs boson in the decay channelH → Zγ,
Z → ℓℓ (ℓ = e, µ), in the mass range 120-150 GeV, was per-
formed using 4.5 fb−1 of proton–proton collisions at

√
s =

7 TeV and 20.3 fb−1 of proton–proton collisions at
√

s= 8 TeV
recorded with the ATLAS detector at the LHC. No excess with
respect to the background is found in theℓℓγ invariant-mass
distribution and 95%CL upper limits on the cross section times
branching ratio are derived. For

√
s = 8 TeV, the limit ranges

between 0.13 and 0.5 pb. Combining
√

s = 7 and 8 TeV data
and dividing the cross section by the Standard Model expec-
tation, for a mass of 125.5 GeV, the observed 95% confidence
limit is 11 times the SM prediction.
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G. Gonzalez Parra12, M.L. Gonzalez Silva27, S. Gonzalez-Sevilla49, L. Goossens30, P.A. Gorbounov96, H.A. Gordon25,
I. Gorelov104, G. Gorfine176, B. Gorini30, E. Gorini72a,72b, A. Gorišek74, E. Gornicki39, A.T. Goshaw6, C. Gössling43,
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T. Javůrek48, L. Jeanty15, G.-Y. Jeng151, D. Jennens87, P. Jenni48,n, J. Jentzsch43, C. Jeske171, S. Jézéquel5, H. Ji174, W. Ji82,
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E. Paganis140, C. Pahl100, F. Paige25, P. Pais85, K. Pajchel118, G. Palacino160b, S. Palestini30, D. Pallin34, A. Palma125a,125b,
J.D. Palmer18, Y.B. Pan174, E. Panagiotopoulou10, J.G. Panduro Vazquez76, P. Pani106, N. Panikashvili88, S. Panitkin25,
D. Pantea26a, L. Paolozzi134a,134b, Th.D. Papadopoulou10, K. Papageorgiou155,k, A. Paramonov6, D. Paredes Hernandez34,
M.A. Parker28, F. Parodi50a,50b, J.A. Parsons35, U. Parzefall48, E. Pasqualucci133a, S. Passaggio50a, A. Passeri135a,
F. Pastore135a,135b,∗, Fr. Pastore76, G. Pásztor49,aa, S. Pataraia176, N.D. Patel151, J.R. Pater83, S. Patricelli103a,103b, T. Pauly30,
J. Pearce170, M. Pedersen118, S. Pedraza Lopez168, R. Pedro125a,125b, S.V. Peleganchuk108, D. Pelikan167, H. Peng33b, B. Penning31,
J. Penwell60, D.V. Perepelitsa25, E. Perez Codina160a, M.T. Pérez Garcı́a-Estañ168, V. Perez Reale35, L. Perini90a,90b,
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74 Department of Physics, Jožef Stefan Institute and University of Ljubljana, Ljubljana, Slovenia
75 School of Physics and Astronomy, Queen Mary University of London, London, United Kingdom
76 Department of Physics, Royal Holloway University of London, Surrey, United Kingdom
77 Department of Physics and Astronomy, University College London, London, United Kingdom
78 Louisiana Tech University, Ruston LA, United States of America
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179 Centre de Calcul de l’Institut National de Physique Nucléaire et de Physique des Particules (IN2P3), Villeurbanne, France
a Also at Department of Physics, King’s College London, London, United Kingdom
b Also at Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan
c Also at Particle Physics Department, Rutherford Appleton Laboratory, Didcot, United Kingdom
d Also at TRIUMF, Vancouver BC, Canada
e Also at Department of Physics, California State University, Fresno CA, United States of America
f Also at Novosibirsk State University, Novosibirsk, Russia
g Also at CPPM, Aix-Marseille Université and CNRS/IN2P3, Marseille, France
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Abstract

The ATLAS experiment identifies and reconstructs muons with two high precision track-
ing systems, the Inner Detector and the Muon Spectrometer which provide independent
measurements of the muon momentum. This note summarizes the performance of the muon
reconstruction algorithms and the data-driven techniques used for the measurements as de-
rived from a dataset corresponding to an integrated luminosity of 20.4 fb−1 of 8 TeV pp
collisions recorded in 2012. We also describe the corrections to be applied to simulation to
reproduce the efficiency, momentum resolution and scale observed in experimental data. Fi-
nally, we introduce a method to determine the momentum uncertainty using the muon track
fit uncertainty.
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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−1 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 4 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 → µµ decays in simulated events and in experimental
data. The decays of J/ψ → µµ and Υ → µµ 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
pseudorapidity1 region up to |η| = 2.7 and to provide momentum measurement with a relative resolution
better than 3% over a wide pT range and up to 10% at pT ≈ 1 TeV. The MS consists of one barrel
part (for |η| < 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 η, φ position measurements, with typical resolution of 5 − 10 mm, are provided by the Resistive
Plate Chambers (RPC, three layers for |η| < 1.05) and by the Thin Gap Chambers (TGC, three layers
for 1.0 < |η| < 2.4). Precision muon momentum measurement in the plane transverse to the beam-pipe
is possible up to |η| = 2.7 and it is provided by three layers of Monitored Drift Tube Chambers (MDT)
everywhere except for |η| > 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 µm
and 60 µm, 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 |η| < 2.5, and the
outer Transition Radiation Tracker (TRT) covering |η| < 2.0. They provide high-resolution coordinate
measurements for track reconstruction inside a solenoidal magnetic field of 2 T.

1ATLAS 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, φ) are used in the transverse plane, φ being the azimuthal angle around the beam pipe. The
pseudorapidity and the transverse momentum are defined in terms of the polar angle θ as η = − ln tan(θ/2) and pT = p sin θ,
respectively. The η − φ distance between two particles is defined as ∆R =

√
∆η2 + ∆φ2.
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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:

• 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;

• 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;

• 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.

• 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 |η| < 0.1 and a momentum range of 25 . pT . 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:

• at η ≈ 0, the MS is only partially equipped with muon chambers in order to provide space for
services for the ID and the calorimeters;

• in the region (1.1 < η < 1.3) between the barrel and the end-caps, there are regions in φwhere 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 installed2. 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 4, 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−1 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 → µµ candidates
are selected online by requiring at least one muon candidate with pT > 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.
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muon candidates with pT > 6 GeV and with a reconstructed di-muon invariant mass in a window around
the J/ψ or the Υ resonance mass.

In the following, experimental data are compared to MC simulations of signal and background pro-
cesses. The J/ψ → µµ and Υ → µµ signal MCs are generated with PYTHIA [8], while the Z → µµ

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 → ττ, W → µν, W → τν, bb̄, cc̄, and tt̄ 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 ID,
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
efficiencies3 of all muon types within the acceptance of the ID (|η| < 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 → µµ decays, events are selected by requiring
two oppositely charged isolated muons4 with pT > 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 → µµ 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 η − φ plane (∆R < 0.01 for ID probes, ∆R < 0.05 for MS probes). For each
muon reconstruction type the equation of the reconstruction efficiency is:

ε(Type) = ε(Type|ID) · ε(ID) with Type = CB, ST, (1)

where ε(Type|ID) is the MS reconstruction and the matching efficiency for a specific muon type measured
with CaloTag probes, and ε(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 εData with the efficiencies εMC predicted
by the MC simulation is expressed as the ratio between these two numbers, further on called “efficiency

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.

4In the rest of this note a muon is considered to be isolated when the sum of the momenta of the tracks with pT > 1 GeV
detected in a cone of ∆R = 0.4 around the muon track is less than 0.1 times the muon momentum itself.
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scale factor” or SF:

S F =
εData

εMC . (2)

The sample of selected tag-and-probe pairs has a very high purity and consists of Z → µµ 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/ψ → µµ decays [14]. The efficiency
measurements of muons with pT > 10 GeV from J/ψ decays were found to agree (within uncertainties)
with the efficiency measurements of muons from Z → µµ 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 → µµ 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 pT < 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% × p, with p in TeV, is added for pT > 100 GeV.

The very large sample of Z → µµ 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 η 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 |η| < 0.1. The panel at the bottom shows the ratio
between the measured and predicted efficiencies.
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Figure 1 shows the muon reconstruction efficiency as a function of η. 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 η ≈ 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 . η . 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 pT > 20 GeV as a function of η is analysed in Figure 2:
the left part of the figure shows an efficiency greater than 0.99, apart from the regions around η = 0 and
|η| = 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 . η . 2.2 not modeled in simulation.
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Figure 2: Measured ID muon reconstruction efficiency as a function of η 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 η ≈ 0
and in the poorly instrumented MS region at η ≈ 1.2. The origin of the deviation of the SFs from 1 at
|η| ≈ 1.2 and |η| ≈ 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 4. 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 〈µ〉 parameter) displaying a high value (on average
above 0.97) and remarkable stability. A small efficiency drop of about 2% is only observed for 〈µ〉 & 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 η for muons with pT > 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 < |η| < 2.5
for Chain 1 and 0 < |η| < 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 〈µ〉 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/ψ, and Υ 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 → µµ sample of more than 5 · 106 data events is selected by requiring
two isolated CB muons of opposite charge, pT > 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 → µµ mass spectrum for the experimental data has a slight shift and a larger spread with
respect to the simulated one, obtained with Z → µµ POWHEG [9] event simulation plus MC background
for non-Z → µµ events.

As reported in Ref. [5], the muon fractional momentum resolution σ(pT)
pT

, for pT > 20 GeV, can be
parametrized to good approximation by the quadratic sum of two terms:

σ(pT)
pT

= a ⊕ b · pT, (3)

where the first term, constant in pT, describes the multiple scattering contribution whilst the second term,
proportional to pT, 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 pT, corrects the intrinsic resolution. Finally, if also a momentum scale cor-
rection, s, is considered, one arrives to an equation5 that can be used to derive a corrected momentum

5Equation 4 is an approximation, valid in the typical pT range of muons originating from Z → µµ 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 → µµ 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, pCor
T , from the simulated momentum measurement, pMC

T , with an improved agreement
with the one measured in data in the ID and in the MS sub-detectors:

pCor,det
T = pMC,det

T · sdet(η)
(
1 + ∆adet(η) G(0, 1) + ∆bdet G(0, 1) pMC,det

T

)
with det = MS, ID, (4)

G(0, 1) is a normally distributed random variable with mean 0 and width 1, and the correction factors
sdet(η), ∆adet(η) and ∆bdet(η) are derived in 16 different η 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 → µµ simulation by applying Equation 4 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 η bins of the detector: the first fit is performed with Z → µµ events
reconstructed with both muons in the same η bin, while the following fits allow also one of the muons in
a previously analysed η bin. After all the detector η bins have been analysed, the fit is iterated twice in
order to improve the stability of the results.

Figure 7 shows the derived ∆aMS and ∆bID 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. ∆aID and ∆bMS , 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 ∆aID and
∆bMS 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 ∆aID

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.
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term is expected. The effect of the residual misalignment of MS detector components, giving an effective
∆bMS term, has been included in the simulation thanks to the studies reported in Section 3.
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Figure 8: MS (left plot) and ID (right plot) momentum scale correction, for MC, derived from Z → µµ

data for the Chain 1 reconstruction. The systematic uncertainty on the correction is shown in yellow.

Figure 8 shows the derived scale corrections sMS and sID. 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 9 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/ψ
selected with pT > 6 GeV and Υ selected with pT > 6.5 GeV. The data to MC mass ratio for the Z → µµ

events is obtained with the method described in Section 6 while for J/ψ → µµ and Υ → µµ 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 → µµ

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 η for the di-muon decays of Z, J/ψ,
and Υ resonances. Selected Z events require two CB muons with pT > 25 GeV and same η bin, selected
Υ events require two CB muons of pT > 6.5 GeV and same η bin, selected J/ψ events require two CB
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events is obtained with the method described in Section 6 while for J/ψ → µµ and Υ → µµ 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 10: 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, σq/p, as a per-muon momentum uncertainty function.

The muon momentum resolution can be estimated from the shape of the minimum of the χ2 mini-
mized by the track fit for each individual muon track. In the χ2 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/prec is Gaussian
distributed around the true inverse muon momentum 1/pgen to good approximation. In order to correct
for systematic shifts of prec with respect to pgen and for an underestimation of the inverse momentum
resolution σq/p, a momentum scale factor α(η) and a resolution scale factor β(η) are introduced. This
leads to a response function of the form:

T
(
1/prec, 1/pgen

)
≡

1
√

2πβ(η)σq/p
exp

−
(

1
prec
− 1

α(η)pgen

)2

2
(
β(η)σq/p

)2

 , (5)
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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 η interval which is indicated in the
plot by the horizontal error bars.

where α(η) and β(η) are derived from data and parametrized in pseudorapidity bins.
Due to the good momentum resolution, also the measured mass of a given muon pair mµµ is Gaussian

distributed around its true value6, mgen, to good approximation. As the muon momentum resolution
depends on η, φ, and pT of a muon, the mass resolution σmµµ is not a constant, but varies from event
to event according to the configuration of the muons in η − φ − pT space. Therefore the di-muon mass
resolution is a superposition of Gaussian distributions with different variances σ2

mµµ
. Assuming the two

muons to be in the same pseudorapidity interval, the mass response function can be written as

T
(
mµµ,mgen

)
≡

∫ ∞

0
f (σ2

mµµ
) ·

1
√

2πβ(η)σmµµ

exp

−
(
mµµ − α(η)mgen

)2

2σ2
mµµ
β(η)2

 dσ2
mµµ

(6)

where σmµµ is the di-muon mass resolution computed with the track fit uncertainties and f (σ2
mµµ

) the
probability density function of the mass variances.

A fit of the di-muon mass spectrum in Z → µµ events with a convolution of the generated mass
spectrum and the di-muon resolution of Equation 6 allows the extraction of the α(η) and β(η) 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 η 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 α(η) of Equation (6)
provided by the fit agrees with the muon momentum scale factor α(η) of Equation (5) at the level of
0.05% which is significantly larger than the statistical uncertainty on α(η). According to these studies
the mass resolution scale factor β(η) of Equation (6) agrees with the muon momentum resolution scale
factor β(η) of Equation (5) at the level of 3% which is also significantly larger than the statistical error
on β(η). From now on a relative error of 0.05% is assigned to the fit result for α(η) and a relative error
of 3% to the fit results for β(η). Repeating the fits in alternative mass windows of [87 GeV, 96 GeV] and

6mgen 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 α(η) and β(η) matching the values from the initial fit within these
errors.
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Figure 11: Dependence of the momentum scale factor α (on the left) and of the momentum resolution
scale factor β (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 → µµ data (black points) and for the Z → µµ POWHEG [9] simulation (red points). The errors
of the β(η) 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 |η| > 2.0.

Figure 11 shows the comparison of the correction factors α(η) and β(η) extracted from experimental
data and from the simulation after the application of the corrections of Section 5. The errors of the β(η)
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 |η| > 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 σq/p, due to the β(η) parameter, allows the derivation of the
di-muon mass resolution in a straightforward way. For each event the corrected σq/p is used to compute
a di-muon mass resolution σmµµ , the average di-muon mass resolution is defined as the square root of the
mean of σ2

q/p. Figure 10 shows the average di-muon mass resolution as a function of the η 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−1 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 → µµ 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 4 and 5, only the noticeable differences are reported in the
following.

In particular the comparison of Figure 3 (left plot) with the top right plot of Figure 12 shows that
there is no efficiency loss at η ≈ 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 13 shows slightly larger correction values for the ∆a res-
olution term of the MS for the Chain 2 muons if compared to the left part of Figure 7; however no
appreciable resolution difference appears. Figure 14 shows the Z → µµ 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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Aleksandra Dimitrievska (Institute of Physics Belgrade), for the ATLAS Collaboration

Muon reconstruction efficiency, momentum scale 

and resolution in pp collisions at 8TeV with ATLAS

LHCC Poster Session - CERN, 5 March 2014

The ATLAS experiment identifies and reconstructs muons with two high precision tracking systems, the Inner Detector and the 

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−1 from                     pp collisions recorded in 2012.

The Muon Spectrometer is designed for efficient muon detection in the range 

|η|<2.7 using three large air core toroidal magnets with mean magnetic field of 

0.5 T to measure momentum. 

The Inner Detector task is to track charged particles and determine their charge, 

momentum, direction and their vertex location up to |η|<2.5

in a 2 T solenoidal magnetic field.

MUON SPECTROMETER INNER DETECTOR

Four different detector techno-

logies:

• Precision chambers

Monitored Drift Tubes Chambers

– three layers for |η|<2.0 and two 

layers for 2.0<|η|<2.7 

Cathode Strip Chambers

– one layer for 2.0<|η|<2.7

• Trigger chambers

Resistive Plate Chambers

– three layers for |η|<1.05

Thin Gap Chambers

– three layers for 1.05<|η|<2.7 

Chambers are monitored by an 

optical alignment system.

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

– essential for pattern 

recognition and particle 

identification

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

MUON RECONSTRUCTION AND IDENTIFICATION IN ATLAS

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<|η|<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 

|η|<2.5 (|η|<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 pT muons.

CALORIMETER-TAGGED

Muon track in Inner Detector which has an 

energy deposit in the calorimeter compatible 

with a minimum ionizing particle. These 

tracks have low purity and are used for

the region |η|<0.1.

Reconstruction efficiency is measured using the tag-and-probe method based on

Z->μμ. 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 reconstruction efficiency as a function of η for muons with pT > 20 GeV (left) 

and as a function of pT for muons with 0.1<|η|<2.5 (right).

Bottom panel shows the ratio between measured and predicted efficiencies.

Measured muon reconstruction efficiency is greater than 0.97, except for the

region |η|<0.1. It is stable as a function of the average number of interactions

per bunch crossing and uniform across the detector. Good agreement between

reconstructed efficiencies in data and simulation.

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->μμ decays in 16

bins of η. 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

invariant mass distribution.

Invariant mass distribution for data and simulation of Z→μμ, before (left) and

after (right) correction. Uncorrected simulation has a slight shift and a

smaller width with respect to experimental data.

Validation of these corrections is done for J/ψ, ϒ and Z resonance. 

MUON MOMENTUM SCALE AND RESOLUTION

ATLAS-CONF-2013-088

Measured reconstruction 

efficiency for muons with 

pT > 20 GeV as a function of the 

average number of inelastic pp 

collisions per bunch crossing <μ>. 

Bottom panel shows the ratio 

between measured and predicted 

efficiencies. The green band is 

statistical uncertainty.

ATLAS-CONF-2013-088

Ratio of reconstructed mean 

mass of data and corrected 

simulation for J/ψ,Υ and Z 

resonance as a function of η

for combined muons. J/ψ

events are selected requiring 

two muons with pT>6 GeV

and are shown as a function 

of the highest-pt muon; Υ and 

Z events are selected 

requiring two muons in the

same η bin with

pT>6.5 GeV and pT>20 GeV, 

respectively. 
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