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Abstract

This document presents the measurement of Z bosons in the di-muon channel in Pb-
Pb collisions at

√
sNN = 2.76 TeV made by the CMS experiment at the LHC. The

analysis is based on a data sample collected during the PbPb run in 2011, which cor-
responds to an integrated luminosity of 150 µb−1. The Z boson yield is investigated
as a function of its rapidity and transverse momentum, as well as collision centrality.
The results are compared to and agree with next-to-leading order theoretical predic-
tions, scaled by the number of binary collisions.
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1 Introduction
The W and Z bosons were first observed by the UA1 and UA2 experiments at CERN nearly
thirty years ago in proton-antiproton collisions at

√
s = 540 GeV [1, 2]. Since then, their proper-

ties have been characterised in detail by a succession of collider experiments. Their properties,
such as their mass and their width (as well as their inclusive and differential cross sections)
have been well measured at different centre-of-mass energies in electron-positron, proton-
proton and proton-antiproton collisions. Thanks to its large centre-of-mass energy and de-
livered luminosities, the LHC offers the new opportunity to study W and Z boson production
in nucleus-nucleus collisions. Based on the first lead-lead collisions corresponding to 7.2 µb−1

integrated luminosity, the CMS collaboration has reported first results on the Z → µµ [3] and
W → µν [4] processes, showing that electroweak bosons are essentially unmodified by the hot
and dense medium created in heavy-ion collisions, often referred to as the quark-gluon plasma.

Once produced, electroweak bosons decay within the medium with a typical lifetime of 0.1 fm/c.
Leptonic decays are thus of particular interest since leptons pass freely through the medium be-
ing probed, regardless of its nature (be it partonic or hadronic) or its properties. At first order,
dileptons from Z bosons can thus serve as a reference to the processes expected to be heavily
modified in the QGP, such as quarkonium production, or the production of an opposite-side
jet in Z+jet processes [5]. However, in heavy-ion collisions, Z boson production can be slightly
affected by initial-state effects. This modification is expected to be about 3% due to isospin
effects [6], energy loss and multiple scattering of the initial partons [7]. In addition, parton
distribution functions can be depleted (due to shadowing) and could modify the Z boson yield
by at most 20% [6].

In this analysis, the study of Z production is reported with the second set of PbPb collisions that
occurred in late 2011 and accounts for 150 µb−1 integrated luminosity. This 20-fold increase
in statistics allows more detailed study of the transverse momentum (pT), rapidity (y) and
collision centrality dependencies of the Z boson yields.

2 The CMS detector
A detailed description of the CMS detector can be found in [8]. It is a general purpose apparatus
with a silicon tracker detector, a lead tungstate crystal electromagnetic calorimeter (ECAL) and
a brass scintillator hadron calorimeter (HCAL), all enclosed in a 3.8 T solenoidal magnetic field.
The magnet is surrounded by an instrumented iron return yoke which encompasses gaseous
detectors made of three technologies: Drift Tubes (DT), Cathode Strip Chambers (CSC), and
Resistive Plate Chambers (RPC). In addition, CMS has hadron forward (HF) calorimeters which
cover the pseudo–rapidity range 2.9 < |η| < 5.2 and are used for triggering on minimum-bias
PbPb collisions and defining collision centrality.

3 Event selection and trigger
In order to select a sample of pure inelastic hadronic collisions for analysis, the contamination
from ultra-peripheral collisions and non-collision beam background are removed, as first ex-
plained in [9]. Events are preselected if they contain a reconstructed primary vertex made of
at least two tracks, and an offline HF coincidence of at least three towers on each side of the
interaction point with 3 GeV energy deposited in each tower. To further suppress the beam-gas
and beam-scraping events, the length of pixel clusters along the beam direction is required to
be compatible with particles originating from the event vertex.
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These criteria select (97± 3)% of hadronic collisions, corresponding to a number of minimum
bias events NMB = 1.161 billion for the sample analysed here. Assuming a PbPb cross-section
of 7.65 barns, this translates into an integrated luminosity of 150 µb−1. Only a fraction of these
NMB events is recorded by CMS, which uses a two-level trigger system to only select those
events that are of particular interest. For the Z study presented here a trigger requiring two
muons with pT above 3 GeV/c is used.

The centrality of heavy-ion collisions, i.e. the geometrical overlap of the incoming nuclei, is
related to the energy released in the collisions. In CMS, centrality is defined as percentiles of
the distribution of the energy deposited in the HFs. The centrality classes used in this analysis
are 50–100%, 40–50%, 40–30%, 30–20%, 20–10% and 0–10% (most central), ordered from the
lowest to the highest HF energy deposit.

4 Muon reconstruction
The muon offline reconstruction algorithm starts by reconstructing tracks in the muon detec-
tors, called stand-alone muons. These tracks are then matched to tracks reconstructed in the
silicon tracker by means of an algorithm optimised for the heavy-ion environment [10, 11]. For
muons from Z decays the tracking efficiency is ' 85%, which is less than in the pp case. This is
due to the fact that the track reconstruction in the heavy-ion environment requires more pixel
hits to lower the number of combinations, due to the high multiplicity. Global fits of the muon
and tracker tracks, called global muons, are used to obtain the results presented here. Back-
ground muons from cosmic rays and heavy-quark semileptonic decays are rejected by requir-
ing a transverse (longitudinal) impact parameter of less than 0.3 (1.5) mm from the measured
vertex. Other muon selection criteria are applied and are identical to the lower-luminosity
publication [3].

5 Signal extraction
Figure 1 shows the dimuon invariant mass spectrum after the above mentioned criteria have
been applied, and for opposite-charge muons (red full circles) in the 60–120 GeV/c2 mass
range. The individual muon pseudo–rapidity is required to be less than 2.4 and their pT above
20 GeV/c, to ensure low background and high reconstruction efficiency. The dimuon rapidity is
limited to |y| < 2. In the 60–120 GeV/c2 mass range, 616 events are found with opposite-charge
muons, and none with same-charge muons. The uncorrelated combinatorial background is
thus much lower than 1%. The curve is a fit of the data to a Voigtian function representing the
signal.

6 Acceptance and efficiency
In order to correct for the acceptance and efficiency, the electroweak process Z → µ+µ− has
been simulated using the PYTHIA 6.424 [12] generator with isospin effects taken into account.
The detector response to each PYTHIA signal event is simulated with GEANT4 [13] and then
embedded in a realistic heavy-ion background event. These background events are produced
with the HYDJET event generator [14] and then simulated with GEANT4 as well. The HYD-
JET parameters were tuned to reproduce the particle multiplicity for different centralities. The
embedding is done at the level of detector hits and the signal and background event share the
same generated vertex location. The embedded event is then processed through the trigger em-
ulation and the full event reconstruction chain. Finally, the generated Z transverse momentum
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Figure 1: Dimuon invariant mass spectra. Full red circles are opposite-charge muon pairs, no
same-charge muon pairs are observed in this range.

and the longitudinal vertex position are reweighted to match the one observed in data.

Though computed in one step, the acceptance (α) and efficiency (ε) correction can be split in
two contributions as follow:

α× ε =
Ngen(|yZ| < 2.0, |ηµ| < 2.4, pµ

T ≥ 20)
Ngen(|yZ| < 2.0)

×
Nrec(|yZ| < 2.0, |ηµ| < 2.4, pµ

T ≥ 20)
Ngen(|yZ| < 2.0, |ηµ| < 2.4, pµ

T ≥ 20)

where Ngen is the number of generated Z applying the kinematical selection on the Z generated
quantities and Nrec is the number of reconstructed dimuon applying the kinematical selection
on the dimuon reconstructed quantities. It therefore corrects for resolution effects and final
state radiation. When the data is binned in rapidity or pT, the corresponding selection is applied
on both the numerator and denominator. When integrated over pT and rapidity, the acceptance
and efficiency are approximately 70% and 60%, respectively. The centrality dependence of the
efficiency is of the order of 10%.

7 Systematic uncertainties
The total systematic uncertainty on the Z yield is estimated by summing in quadrature dif-
ferent contributions. The most significant uncertainty is from the efficiency correction, and is
calculated by comparing the agreement between simulation and data. The degree of agreement
between simulation and data is estimated via the tag-and-probe technique in a similar way as
in [15]. Three single-muon efficiencies are estimated (trigger, inner tracking and stand-alone
muon identification) in both data and simulation and their degree of agreement are summed in
quadrature and doubled to derive the uncertainty on dimuons. This results in an uncertainty
of 8.7%. The uncertainty coming from the acceptance corrections are less than 2%, as estimated
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by applying to the generated Z pT and y distributions a weight that varies linearly from 0.7
to 1.3 (or from 1.3 to 0.7) over the ranges 0 < pT < 100 GeV/c and 0 < |y| < 2.0. The sys-
tematic uncertainty due to remaining background is estimated by fitting and extrapolating the
lower di-muon mass range. Since a large part of the dimuon mass spectrum is composed of
virtual photons, the virtual photon contribution is not subtracted and a conservative system-
atic uncertainty of 3% from remaining background is used as a systematic uncertainty on the
yield.

8 Results
The yield of Z bosons (dNPbPb/dy) is measured in PbPb collisions as a function of event cen-
trality, and Z rapidity and pT, and then compared to the pp cross section provided by a next-to-
leading-order generator, scaled by the proper NN collision factor (dσpp/dy× TAA, as described
below and discussed in [16]).

The data is divided in different independent ranges: 6 in event centrality, 8 in rapidity, and 7
in pT. the results are presented in figures 2, 3, and 4, respectively. The yields of Z → µ+µ− per
minimum bias event and per unit of rapidity (and pT) is computed as:

dN
dy

=
N(Z → µ+µ−)

αεNMB∆y
or

d2N
dydpT

=
N(Z → µ+µ−)

αεNMB∆y∆pT
(1)

where N(Z → µ+µ−) is the number of counts found in the di-muon invariant mass range of
60–120 GeV/c2, NMB is the number of corresponding minimum bias events corrected for trig-
ger efficiency (namely 1.161 billion events), α and ε are acceptance and efficiency corrections,
and ∆y and ∆pT are the bin range in consideration. When the Z yield is sliced according to
centrality, NMB is divided by the centrality fraction in consideration.

Figure 2 shows the centrality dependence of Z boson production in heavy-ion collisions. The
obtained dN/dy yields per event are divided by the nuclear overlap function TAA. This quan-
tity is proportional to the number of elementary nucleon-nucleon binary collisions Ncoll =
TAA × σNN where the latter is an assumed elementary NN cross section that cancels to first
order in TAA. At a given centrality, TAA can be interpreted as the NN-equivalent integrated
luminosity per AA collision, and TAA-normalized yields can thus be directly compared to pp
cross sections. In units of mb−1, the average TAA goes from 0.47 ± 0.07 to 23.2 ± 1.0, from
the peripheral 50–100% to the central 0–10% centrality ranges. These numbers, as well as all
centrality-related quantities summarized in table 1, are computed with a Glauber model [16].
It assumes the same parameters as in [17], namely standard parameters for the Woods-Saxon
function that distributes the nucleons in the Pb nuclei, and a nucleon-nucleon inelastic cross
section of σNN = (64.5± 5.0) mb, based on a fit of the existing data for total and elastic cross-
sections in proton-proton and proton-antiproton collisions [18]. The TAA uncertainties are de-
rived by varying within uncertainties the Glauber parameters and the MB trigger and selection
efficiency. They are included in the systematic uncertainties in figure 2. On the horizontal axis,
the event centrality is translated in the average number of participants (Npart), through the
same Glauber model.

No strong dependence of the dNPbPb/dy× 1/TAA quantity is observed. The centrality-integrated
value is displayed as an empty blue square and amounts to dNPbPb/dy × 1/TAA = (56.9 ±
2.0(stat.)± 6.7(syst.)) pb. For comparison, the black line shows the cross-section of the pp →
Z → µ+µ− process provided by the POWHEG generator [19] interfaced with the PYTHIA
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Table 1: The average numbers of participating nucleons Npart, average number of binary
nucleon-nucleon collisions Ncoll, and the average nuclear overlap function TAA corresponding
to the centrality ranges used in this analysis.

Centrality Npart Ncoll TAA (mb−1)
[50, 100]% 22± 2 30± 5 0.47± 0.07
[40, 50]% 86± 4 176± 21 2.75± 0.30
[30, 40]% 130± 5 326± 34 5.09± 0.43
[20, 30]% 187± 4 563± 53 8.80± 0.58
[10, 20]% 261± 4 927± 81 14.5± 0.8
[0, 10]% 355± 3 1484± 120 23.2± 1.0
[0, 100]% 113.1± 2.9 363± 32 5.67± 0.32

parton-shower generator using CTEQ66 parton distribution functions [20]. Higher order cor-
rections to this next-to-leading-order generator amount to 3% [21]. Typical next-to-next-to-
leading-order calculations suffer themselves from another 3% uncertainty and are found to
agree with high-precision 7 TeV pp data, as reported for instance in [22]. Therefore, a typical
uncertainty of 5% is to be considered on this POWHEG reference curve, which thus amounts
to dσpp/dy(|y| < 2.0) = (59.6 ± 3.0) pb. It is found to agree with the PbPb yields divided
by TAA. This shows that the Z production scales with the number of binary NN collisions
and that nuclear effects such as isospin or shadowing are small compared to the experimental
uncertainties.

The distributions dN/dy as a function of rapidity and d2N/dydpT as a function of pT are also
compared to POWHEG on figures 3 and 4. Since data is here integrated over centrality, the
POWHEG reference is multiplied by the minimum bias TAA = (5.67± 0.32) mb−1 as provided
by the Glauber model described above1. No strong deviations from this absolutely-normalized
reference are observed.

Table 2 summarizes all the observed yields.

9 Conclusions
The Z-boson yields in PbPb collisions at

√
sNN = 2.76 TeV have been measured as a func-

tion of transverse momentum, rapidity and event centrality in the dimuon channel with about
150 µb−1 integrated luminosity. Within uncertainties, no centrality dependence is observed
once the yields are normalized to the number of elementary collisions. Neither rapidity nor
transverse momentum modifications are observed with respect to theoretical next-to-leading
order pQCD nucleon-nucleon cross sections scaled by the number of elementary collisions.
The total Z yield per event and per unit of rapidity, divided by the pp-equivalent luminosity,
dNPbPb/dy × 1/TAA = (56.5± 2.0(stat.) ± 7.1(syst.)) pb, is found to agree with correspond-
ing next-to-leading order pp cross-section dσpp/dy = (59.6 ± 3.0) pb. The Z production is
thus proportional to the number of binary NN collisions and nuclear effects such as isospin or
shadowing are small compared to the experimental uncertainties.

1By construction, this minimum bias TAA is equal to A2/σPbPb, where A = 208 is the lead atomic number and
σPbPb = (7.65± 0.42) barns is the total PbPb inelastic cross section computed from the same Glauber model.
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Figure 2: Event centrality dependence of the Z→ µ µ yield per event divided by the expected
average nuclear overlap function TAA. The vertical scale equivalently corresponds to Z yields
per binary collision (Ncoll) times the nucleon-nucleon cross section, and is thus directly com-
parable to the pp cross section from the POWHEG generator displayed as a black line. On the
horizontal axis, event centrality is depicted as the average number of participating nucleons
Npart from 22 to 355, spanning an average Ncoll of 30 to 1484. Vertical lines (bands) correspond
to statistical (systematic) uncertainties.
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Figure 3: Z→ µ µ yields versus the Z boson rapidity. Theoretical predictions are described in
the text. The black solid line comes from the POWHEG pp generator, multiplied by TAA.
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respond to statistical (systematic) uncertainties. The black solid line comes from the POWHEG
pp generator, scaled by TAA.
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Table 2: For each |y|, pT and centrality interval, number of Z bosons NZ, associated yield per
event dN/dy, d2N/dydpT in units of (GeV/c)−1, and dN/dy ×1/TAA in units of pb. The first
uncertainty is statistical and the second systematic.

|y| NZ dN/dy (10−8)
[0, 0.25] 93 33.1± 3.4± 3.0
[0.25, 0.5] 93 32.0± 3.3± 2.9
[0.5, 0.75] 105 39.1± 3.8± 3.6
[0.75, 1.0] 82 30.3± 3.3± 2.7
[1.0, 1.25] 92 37.5± 3.9± 3.4
[1.25, 1.5] 83 36.8± 4.0± 3.4
[1.5, 1.75] 47 26.9± 3.9± 2.5
[1.75, 2.0] 21 17.5± 3.8± 1.6

pT(GeV/c) NZ d2N/dydpT (10−8 (GeV/c)−1 )
[0, 5] 192 1.89± 0.14± 0.18
[5, 10] 167 1.70± 0.13± 0.16
[10, 20] 131 0.71± 0.06± 0.06
[20, 30] 63 0.35± 0.04± 0.03
[30, 40] 30 0.17± 0.03± 0.01
[40, 50] 16 0.09± 0.02± 0.01
[50, 100] 15 0.018± 0.005± 0.002

Centrality NZ dN/dy(|y| < 2.0)/TAA (pb)
[50, 100]% 237 56.2± 3.6± 5.9
[40, 50]% 165 57.9± 4.5± 6.4
[30, 40]% 97 55.3± 5.6± 6.5
[20, 30]% 52 53.7± 7.4± 6.9
[10, 20]% 33 57.3± 10.0± 8.4
[0, 10]% 32 69.6± 12.3± 12.5
[0, 100]% 616 56.9± 2.0± 6.7
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