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Abstract

The CMS experiment at the LHC has measured the differential cross sections of Z
bosons decaying to pairs of leptons, as functions of transverse momentum and ra-
pidity, in lead-lead collisions at a nucleon-nucleon center-of-mass energy of 5.02 TeV.
The measured Z boson elliptic azimuthal anisotropy coefficient is compatible with
zero, showing that Z bosons do not experience significant final-state interactions in
the medium produced in the collision. Yields of Z bosons are compared to Glauber
model predictions and are found to deviate from these expectations in peripheral col-
lisions, indicating the presence of initial collision geometry and centrality selection
effects. The precision of the measurement allows, for the first time, for a data-driven
determination of the nucleon-nucleon integrated luminosity as a function of lead-lead
centrality, thereby eliminating the need for its estimation based on a Glauber model.
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Ultrarelativistic heavy ion collisions produce a hot partonic medium, known as the quark-
gluon plasma (QGP) [1]. Energetic partons produced in the collision lose energy traversing the
QGP, resulting in a phenomenon known as “jet quenching” [2, 3]. The magnitude of parton
energy loss is frequently quantified with the nuclear modification factor (RAA) defined as the
ratio of a given particle’s yield in nucleus-nucleus collisions (NAA) with the corresponding
proton-proton cross section (σpp), scaled to account for the number of binary nucleon-nucleon
interactions in the heavy ion collision [3]. For a collision impact parameter (or centrality) b,
RAA(b) = NAA(b)/[σpp TAA(b)], where TAA is the transverse overlap function representing
the collision’s effective integrated nucleon-nucleon luminosity. Head-on (central) collisions
have larger TAA than glancing (peripheral) collisions. A Monte Carlo (MC) Glauber model
is typically used to determine TAA(b) from transverse profiles of colliding nuclei [4]. If the
nucleus-nucleus collision is a superposition of independent nucleon-nucleon collisions, RAA is
unity. Deviations from unity typically indicate the presence of initial- and/or final-state effects.

Since Z bosons and their leptonic daughters carry no color charge, they are unaffected by final-
state QGP effects and provide a clean test of both TAA Glauber scaling and modifications of
the nuclear parton distribution functions (nPDFs) compared to the free proton case [5–8]. Be-
cause of their large mass and clean final state, Z boson yields can be both precisely measured
and accurately calculated using perturbative quantum chromodynamics (QCD). Previous mea-
surements by the ALICE, ATLAS, and CMS Collaborations found Z boson yields to be uniform
in azimuth and consistent with pp cross sections scaled by Glauber model expectations [5–8].
Measurements involving W bosons [9, 10] and photons [11–13] give similar results. However,
the precision of these studies was statistically limited for peripheral collisions. Measurements
of RAA for colored hard probes such as high transverse momentum (pT) hadrons, jets, and
quarkonia, showed a suppression, with respect to Glauber scaling expectations, in peripheral
events where limited QGP production is expected, presenting a challenge to theoretical inter-
pretations [14]. In this region, the Glauber model has large uncertainties from nucleon fluctua-
tions and other sub-nucleon and nuclear structure effects [15]. Thus, understanding the onset
of jet quenching as a function of centrality remains a key open question. Furthermore, the ob-
servation of QGP-like phenomena in the small systems produced in pp and proton-lead (pPb)
collisions [16–20] indicates the possibility of final-state effects in such systems. A precision
measurement of Z bosons in peripheral nucleus-nucleus collisions can provide an experimen-
tal reference for the expected yields of hard probes in the absence of final-state effects, which
may lead to an improved understanding of the onset of jet quenching in small systems.

In this Letter, the yields of Z bosons decaying to pairs of muons or electrons are measured using
the 2018 data set of PbPb collisions recorded by the CMS experiment at a nucleon-nucleon
center-of-mass energy of

√
s

NN
= 5.02 TeV. Contributions from virtual photons decaying to

lepton pairs (γ∗ → `+`−, where ` = µ, e), over the invariant mass range 60 < m`` < 120 GeV,
are included in the Z boson signal. The results are compared with Glauber model predictions
for TAA scaling of hard, colorless probes. A measurement of the Z boson elliptic azimuthal
anisotropy coefficient (v2) is also presented. The observable v2 is defined as the average of
cos[2(φZ − Ψ2)], where φZ is the Z boson azimuthal angle and Ψ2 is the angle of maximum

azimuthal particle density [21]. Finally, the Z boson transverse momentum (pZ
T ) and rapidity

(yZ) distributions are measured.

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator
hadron calorimeter, each composed of a barrel and two endcap sections. Forward hadron (HF)
calorimeters extend the pseudorapidity (η) coverage provided by the barrel and endcap detec-
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tors. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke
outside the solenoid. Events of interest are selected using a two-tiered trigger system [22, 23].
A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [24].

The analyzed data corresponds to an integrated luminosity of 1.696± 0.032 nb−1. Events con-
taining at least one muon (electron) with p`T > 12 (20)GeV are selected by the trigger. Collision
centrality is determined from the total transverse energy deposited in both HF calorimeters. It
is expressed as a percentage of the total hadronic cross section, with lower values correspond-
ing to central collisions and larger values to peripheral collisions. The selected data correspond
to 11.78± 0.15 billion sampled minimum-bias (MB) events in the 0–90% centrality range. The
TAA values listed in Appendix A are used to normalize different centrality selections for com-
parison and are calculated with TGLAUBERMC v3.2 [26].

Detector acceptance and response effects are corrected using simulated MC events. The sig-
nal sample consists of Z/γ∗ → `+`− production generated with MADGRAPH5 aMC@NLO

(v2.4.2) [27] at next-to-leading order (NLO) in QCD. These events are interfaced with
“tuned” [28] PYTHIA 8 (v2.3.0) [29] to simulate parton showering, hadronization, and underly-
ing event production. Simulations account for the lead nucleus isospin content and use EPPS16
NLO nPDFs [30] combined with free-nucleon CT14 NLO PDFs [31]. This setup does not ac-
count for potential neutron skin effects, but such effects are expected to be small for neutral
electroweak bosons [32]. The Z boson events are then overlaid onto PbPb events produced
with HYDJET v1.9 [33]. Those events are then passed to GEANT4 [34] to emulate detector re-
sponse.

Leptons are reconstructed using the CMS particle flow algorithm [35]. This algorithm ap-
plies loose isolation criteria to muons, but not for electrons. Muon (electron) candidates must
have |η`| < 2.4 (2.1) and p`T > 20 GeV. Selection criteria are required to reject low-quality
muons [36], resulting in ≈98% identification efficiency. The effects of misreconstructed muons
are negligible. A multivariate discriminant optimized using the TMVA package [37] selects
electrons [38] with a working point corresponding to 90% identification efficiency and 80% re-
jection of misreconstructed electrons. Efficiencies of various stages of lepton reconstruction are
measured using the “tag-and-probe” method [39] in data and simulation, as functions of p`T, η`,
and centrality. This includes lepton trigger efficiency, the efficiency of reconstructing a muon
(electron) track that matches a muon detector plane (ECAL tower), and the probability that
the lepton passes all selections. Discrepancies between data and simulation are corrected by
weighting the simulation lepton efficiency by the ratio of the data and MC efficiencies.

The Z boson candidates are reconstructed from oppositely charged lepton pairs with 60 <
m`` < 120 GeV and |yZ | < 2.1. This results in 19 104 (9863) candidates in the dimuon (dielec-
tron) channel. The Z boson reconstruction efficiency (ε) is calculated using the MC sample as
functions of pZ

T , yZ , and centrality. The efficiency is around 70–95 (30–65)% from central to pe-
ripheral events in the dimuon (dielectron) channel. Candidates are weighted by 1/ε to correct
for lepton selection and detector inefficiencies. A similar correction for detector acceptance is
applied to account for Z bosons produced within |yZ | < 2.1 but having decays outside the p`T
or η` selections. The average acceptance is 0.68 in the dimuon channel, but only 0.58 in the
dielectron channel because of the smaller η` range allowed.

Multiple background sources can create high-mass lepton pairs. The first is from QCD-initiated
hard processes, such as the production of two leptons inside jets. Because this background
arises largely from random lepton combinations, it is assumed that the production rates of
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same-sign and opposite-sign lepton pairs are equal. A total of 44 (167) same-sign lepton pairs
are observed in the dimuon (dielectron) channel. In the electron channel, misreconstruction
of the electron charge slightly enhances the same-sign yield. After correcting for this effect,
this background is 0.2 (1.0)% of the opposite-sign yield in the dimuon (dielectron) channel. A
second background is generated by electromagnetic (EM) processes (e.g., γγ → `+`−) [40].
Here, the photons are emitted by the incoming nuclei and tend to have very low pT [41]. Thus,
the lepton pair pT strongly peaks near zero, and the daughter leptons are back-to-back in az-
imuth (φ). Based on simulated STARLIGHT v2.2 [42] events, any dimuon (dielectron) candidates
having pT < 1.25 (2.50)GeV and acoplanarity, defined as Aφ = 1− ∆φ/π, less than 0.001 are
identified as products of EM background. The pT threshold for the dielectron channel is larger
because of the worse energy resolution of electrons compared to muons. In simulated events
these selections correspond to 90% background rejection, and result in a small efficiency loss
for Z bosons, which is taken care of with the applied corrections. Candidates resulting from
this background account for 0.6 (0.7)% of the dimuon (dielectron) yield before subtraction. The
other backgrounds considered are Z → τ+τ−, tt production, and the production of W bosons
decaying to a lepton that is combined with another lepton originating from a hadron decay.
The expected yields are calculated as functions of centrality, pZ

T , or yZ using appropriate MC
samples. These backgrounds contribute less than 0.3% to the total yield in each channel.

The pZ
T resolution is around 6.5 (7.7)% in the dimuon (dielectron) channel. When measuring the

pZ
T spectrum, this results in the migration of Z candidates between bins. This is corrected using

an unregularized matrix inversion unfolding procedure implemented with the ROOUNFOLD

framework [43]. A cross-check using a regularized Bayesian method was found to give consis-
tent results [44]. Systematic uncertainties related to mismodeling of the pZ

T distribution’s shape
are negligible. However, the statistical uncertainty of the MC response matrix is propagated to
the final spectrum as a systematic uncertainty. This uncertainty is up to 2 (4)% for the dimuon
(dielectron) channel in the lowest pZ

T bin, but is <1 (2)% at higher pZ
T .

To measure v2, the 3-subevent scalar product method of Refs. [21, 45] is used. This technique
compares φZ to the global event azimuthal shape measured using the HF calorimeters and
midrapidity charged particles.

The centrality calibration is affected by the MB event selection efficiency of the HF calorime-
ters, which is 97.5+1.0

−0.5% for the 0–100% centrality range. The uncertainty in this efficiency is
propagated to the final observables, resulting in a final uncertainty of 0.1 (8.4)% in central
(peripheral) events. Uncertainties in the single-lepton trigger, reconstruction, and selection
efficiencies are the dominant sources of uncertainty and are calculated with the tag-and-probe
procedure. After accounting for each Z boson decay daughter, this effect propagates into a
3.0 (5.9)% uncertainty in the cross sections measured in the dimuon (dielectron) channel. An
additional uncertainty of less than 1% accounts for the statistical uncertainty of the MC sample
used to calculate the Z boson efficiency. The model dependence of the acceptance correction is
calculated to be 0.6% by examining the impact of using different nPDF Hessian error sets [46].
The effect of electron charge misreconstruction is 0.5% in simulation. Differences between the
electric charge sign-flip probability in data and simulation are estimated to be less than a factor
of two, so an absolute uncertainty of 0.5% is assigned for this effect. The Aφ and pT selection
criteria for removing EM backgrounds are varied between working points corresponding to 80
and 95% background rejection to gauge the sensitivity of the analysis to these selections. This
results in an uncertainty of up to 1.5% in the 70–90% centrality range but is negligible else-
where. When evaluated as a function of pZ

T , this uncertainty is 4% in the lowest pZ
T bin, but de-

creases for higher pZ
T values. Uncertainties related to backgrounds estimated from simulation
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Fi g u r e 1: T h e v 2 of Z b o s o n s i n P b P b c olli si o n s f o r v a ri o u s c e nt r alit y bi n s. T h e e r r o r b a r s
r e p r e s e nt st ati sti c al u n c e rt ai nti e s. T h e b o x e s r e p r e s e nt s y st e m ati c u n c e rt ai nti e s a n d m a y b e
s m all e r t h a n t h e m a r k e r s. A m e a s u r e m e nt f r o m t h e A T L A S C oll a b o r ati o n at

√
s

N N
= 2. 7 6 Te V

i s al s o s h o w n [ 5].

a r e n e gli gi bl e. B ot h d e c a y c h a n n el s a r e c o m bi n e d i nt o a si n gl e m e a s u r e m e nt u si n g t h e B L U E
m et h o d [ 4 7]. C o r r el ati o n s b et w e e n c h a n n el s r e s ulti n g f r o m t h e c e nt r alit y c ali b r ati o n, n u m b e r
of M B e v e nt s, T A A , a n d t h e a c c e pt a n c e c o r r e cti o n a r e a c c o u nt e d f o r. F o r all o b s e r v a bl e s, b ot h
c h a n n el s a r e wit hi n 1. 5 st a n d a r d d e vi ati o n s ( σ ) of e a c h ot h e r.

T h e Z b o s o n v 2 a s a f u n cti o n of c e nt r alit y i s s h o w n i n Fi g. 1. A p r e vi o u s m e a s u r e m e nt f r o m
t h e A T L A S C oll a b o r ati o n at

√
s

N N
= 2. 7 6 Te V i s al s o s h o w n [ 5]. T h e n e w m e a s u r e m e nt i n

t h e 0 – 9 0 % r a n g e i s c o m p ati bl e wit h z e r o a n d i s si g ni fi c a ntl y m o r e p r e ci s e t h a n t h e p r e vi o u s
m e a s u r e m e nt. T hi s c o n fi r m s t h e e x p e ct ati o n t h at Z b o s o n s, b ei n g p r o d u c e d a n d d e c a yi n g v e r y
e a rl y i n t h e c olli si o n p r o c e s s, a r e l a r g el y u n aff e ct e d b y fi n al- st at e eff e ct s s u c h a s h y d r o d y n a mi c
fl o w a n d e n e r g y l o s s.

T h e diff e r e nti al c r o s s s e cti o n of Z b o s o n p r o d u cti o n a s a f u n cti o n of |y Z | f o r 0 – 1 0 0 % c e nt r alit y
e v e nt s i s s h o w n i n Fi g. 2. P r e di cti o n s f r o m t h e M A D G R A P H 5 a M C @ N L O M C g e n e r at o r i nt e r-
f a c e d wit h t h e C T 1 4 f r e e p r ot o n P D F [ 3 1], a s w ell a s t h e C T 1 4 + E P P S 1 6 [ 3 0] a n d n C T E Q 1 5 [ 4 8]
n P D F s et s a r e al s o s h o w n. T h e m o d el s p r e di cti o n s a r e s c al e d u p b y t h e s q u a r e of t h e at o mi c
m a s s n u m b e r A 2 , w h e r e A = 2 0 8 f o r l e a d. T h e wi dt h of t h e m o d el b a n d i n di c at e s t h e P D F a n d
Q C D s c al e u n c e rt ai nti e s a d d e d i n q u a d r at u r e. T h e d at a li e o n t h e u p p e r e d g e of t h e m o d el s. I n-
cl u si o n of mi s si n g hi g h e r- o r d e r ( n e xt-t o- N L O) c o r r e cti o n s i n t h e t h e o r eti c al p r e di cti o n s w o ul d
i n c r e a s e t h e t ot al Z b o s o n c r o s s s e cti o n b y a f e w p e r c e nt [ 4 9]. T h e p r e di cti o n s d e ri v e d wit h t h e
E P P S 1 6 n P D F a r e cl o s e r t o t h e d at a t h a n t h o s e c o m p ut e d wit h t h e n C T E Q 1 5 s et. Diff e r e nti al

c r o s s s e cti o n s a s a f u n cti o n of p
Z
T a r e s h o w n i n Fi g. 3. T h e p

Z
T di st ri b uti o n p e a k s a r o u n d 5 G e V

b ef o r e f alli n g s h a r pl y. T h e s p e ct r u m i s c o m p a r e d t o t h e M A D G R A P H 5 a M C @ N L O c al c ul ati o n s
wit h diff e r e nt ( n) P D F s et s. Alt h o u g h t h e g e n e r al t r e n d of t h e d at a i s c o r r e ctl y r e p r o d u c e d b y

t h e si m ul ati o n, s o m e di s c r e p a n ci e s a r e a p p a r e nt i n diff e r e nt p
Z
T r e gi o n s. At l o w p

Z
T , t hi s c o ul d

b e r el at e d t o t h e l a c k of s oft gl u o n r e s u m m ati o n i n t h e m o d el, a s di s c r e p a n ci e s h a v e al s o b e e n
o b s e r v e d i n p p c olli si o n s [ 5 0]. T h e n P D F s et s a r e a r o u n d 1 0 % l o w e r t h a n t h e f r e e p r ot o n P D F at

l o w p
Z
T , b ut t hi s t r e n d i s r e v e r s e d f o r p

Z
T > 5 0 G e V. H o w e v e r, t h e diff e r e n c e s b et w e e n t h e t w o

n P D F s et s a r e s m all e r t h a n t h e d e vi ati o n of t h e m o d el s f r o m t h e d at a, i n di c ati n g t h at m o d eli n g
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Z
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m o di fi c ati o n s.

T h e T A A - n o r m ali z e d Z b o s o n yi el d s a r e s h o w n i n Fi g. 4 v e r s u s c e nt r alit y. P r e vi o u s a n al y s e s
of Z b o s o n p r o d u cti o n [ 5 – 7] h a v e i n di c at e d t h at t h e T A A - s c ali n g a s s u m pti o n w o r k s w ell i n
c e nt r al e v e nt s a n d al s o f o r i n cl u si v e s el e cti o n s. C o m p a ri s o n of t h e d at a f o r c e nt r aliti e s l e s s
t h a n 4 0 % wit h t h e i n cl u si v e 0 – 9 0 % d at a p oi nt, s h o w n b y t h e d a s h e d m a g e nt a li n e, c o n fi r m s
t h e s e p r e vi o u s r e s ult s. H o w e v e r, a d e c r e a si n g t r e n d f o r t h e 4 0 – 9 0 % c e nt r alit y r a n g e c a n b e
s e e n, w hi c h w a s n ot o b s e r v e d wit h l e s s p r e ci s e m e a s u r e m e nt s [ 5, 6]. T h e si g ni fi c a n c e of t hi s
d e vi ati o n f r o m t h e 0 – 9 0 % d at a p oi nt i s 1. 6 σ ( 2. 2σ ) i n t h e 4 0 – 9 0 ( 7 0 – 9 0) % r a n g e. T hi s d e pl eti o n i s
n ot e x p e ct e d t o b e c a u s e d b y a n y fi n al- st at e eff e ct, b e c a u s e it w o ul d s h o w u p m o r e p r o mi n e ntl y
i n c e nt r al e v e nt s.

O n e p ot e nti al e x pl a n ati o n f o r t hi s t r e n d i s t h e p r e s e n c e of i niti al- st at e g e o m et r y a n d c e nt r alit y
s el e cti o n eff e ct s i n p e ri p h e r al e v e nt s [ 5 1]. I niti al- st at e g e o m et r y eff e ct s c a n a ri s e b e c a u s e b o u n d
n u cl e o n s h a v e a s p ati al di st ri b uti o n t h at c a n s hift t h e a v e r a g e n u cl e o n- n u cl e o n i m p a ct p a r a m-
et e r a w a y f r o m t h at of p p c olli si o n s. Li k e wi s e, c o r r el ati o n s b et w e e n t h e h a r d p r o c e s s a n d t h e
s oft- p a rti cl e p r o d u cti o n yi el d, w hi c h i s u s e d f o r e sti m ati n g c e nt r alit y, c a n s hift t h e a v e r a g e T A A

i n a gi v e n c e nt r alit y r a n g e a w a y f r o m t h e Gl a u b e r e x p e ct ati o n. S u c h eff e ct s h a v e b e e n st u di e d
f o r hi g h- p T c h a r g e d- h a d r o n p r o d u cti o n b y t h e A LI C E a n d C M S C oll a b o r ati o n s [ 5 2, 5 3]. T h e
H G- P Y T HI A m o d el [ 5 1] att e m pt s t o d e s c ri b e t h e s e g e o m et ri c a n d s el e cti o n eff e ct s b y u si n g
t h e H I J I N G ( v 1. 3 5) [ 5 4] e v e nt g e n e r at o r t o si m ul at e t h e i niti al g e o m et r y of a h e a v y i o n e v e nt. I n
t h e H G- P Y T HI A m o d el, p a rti cl e p r o d u cti o n i s m o d el e d b y o v e rl a yi n g a P Y T H I A 8 ( v 2. 4. 3) [ 2 9]
e v e nt f o r e a c h n u cl e o n- n u cl e o n s c att e ri n g. T h e s e “ h e a v y i o n ” e v e nt s c o nt ai n n o Q G P- r el at e d
p h y si c s. T o c o m p a r e t hi s m o d el t o t h e d at a, t h e R A A f o r h a r d s c att e ri n g s w a s c al c ul at e d u si n g
t h e m o d el, b ef o r e b ei n g s c al e d b y t h e 0 – 9 0 % d at a p oi nt t o s et t h e o v e r all n o r m ali z ati o n. T h e
H G- P Y T HI A e x p e ct ati o n i s pl ott e d a s t h e h at c h e d g r e e n b o x e s i n Fi g. 4, w hi c h a r e c o n si st e nt
wit h t h e d at a, i n di c ati n g t h at t h e d o w n w a r d t r e n d i n p e ri p h e r al e v e nt s c a n b e l a r g el y e x pl ai n e d
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by a combination of geometric and selection effects. This result does not support the apparent
increasing trend of the TAA-scaled Z boson yields measured in peripheral PbPb collisions by
the ATLAS experiment [7], which was interpreted as an indication of a possible “shadowed”
value of the nucleon-nucleon inelastic cross section in Ref. [55].

As the experimental uncertainties are comparable to the Glauber model uncertainties, the quan-
tity NZ/(σZ

NNNevt) provides a new experimental proxy for TAA. Here, σ
Z
NN is the Z boson pro-

duction cross section in a nucleon-nucleon collision, which can be estimated using precise pp
measurements [56]. This proxy would eliminate the need for Glauber modeling and related
assumptions about nuclear structure. Furthermore, such a quantity would have centrality and
selection effects incorporated, thereby allowing for the cancellation of these effects when mea-
suring quantities such as RAA. Such cancellations are crucial for studies of the onset of jet
quenching in peripheral heavy ion collisions and other small systems, such as pp and pPb.

In summary, Z boson yields and the elliptic flow coefficient (v2) have been measured with high
precision as functions of centrality in lead-lead collisions at a nucleon-nucleon center-of-mass
energy of 5.02 TeV. The Z boson v2 is compatible with zero, consistent with the expectation of
no significant final-state interactions in the quark-gluon plasma (QGP). The differential cross
section of Z boson production as a function of rapidity is found to lie on the upper edge of
theoretical next-to-leading order (NLO) predictions derived with two different nuclear parton
distribution functions. Discrepancies between data and NLO calculations are also observed
in various regions of Z boson transverse momentum, indicative of missing higher-order theo-
retical corrections. Appropriately scaled Z boson yields are constant versus impact parameter
for central and semi-central collisions, but a decreasing trend is seen for the first time for more
peripheral events. This is compatible with the HG-PYTHIA model prediction, which accounts
for initial collision geometry and centrality selection effects. These results provide a new exper-
imental proxy for estimating the average nucleon-nucleon integrated luminosity as a function
of centrality in heavy ion collisions. The ratio of Z boson yields in PbPb over pp collisions can
be used as an alternative to Glauber-model-based scaling for hard scattering processes, which
also automatically accounts for potential effects related to event selection and centrality cali-
bration. Such a method provides a useful tool for future searches for the onset of QGP effects
on colored hard probes in the medium produced in peripheral heavy ion collisions and small
colliding systems.
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A Supplemental material

Table A.1: The average TAA values for
√

s
NN

= 5.02 TeV PbPb collisions. The uncertainties
result from the model parameters and the HF detector energy resolution.

Centrality 〈TAA〉 ( mb−1)
0–5% 25.70± 0.47
5–10% 20.40± 0.40
10–20% 14.39± 0.30
20–30% 8.80± 0.22
30–40% 5.12± 0.16
40–50% 2.78± 0.11
50–70% 0.996± 0.050
70–90% 0.1650± 0.0077
0–90% 6.27± 0.14



14



15

B The CMS Collaboration
Yerevan Physics Institute, Yerevan, Armenia
A.M. Sirunyan†, A. Tumasyan

Institut für Hochenergiephysik, Wien, Austria
W. Adam, F. Ambrogi, T. Bergauer, M. Dragicevic, J. Erö, A. Escalante Del Valle, R. Frühwirth1,
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S. Buontempoa, N. Cavalloa ,c, A. De Iorioa,b, F. Fabozzia ,c, F. Fiengaa, A.O.M. Iorioa ,b, L. Listaa ,b,
S. Meolaa ,d ,19, P. Paoluccia,19, B. Rossia, C. Sciaccaa ,b, E. Voevodinaa,b
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V. Mariania ,b, M. Menichellia, F. Moscatellia, A. Piccinellia ,b, A. Rossia ,b, A. Santocchiaa ,b,
D. Spigaa, T. Tedeschia,b
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