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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 rapidity, 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 collisions, 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.

DOI: 10.1103/PhysRevLett.127.102002

Ultrarelativistic heavy ion collisions produce a hot par-
tonic 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
(Ryy) defined as the ratio of a given particle’s yield in
nucleus-nucleus collisions (N,,) with the corresponding
proton-proton cross section (c,,,), 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, Rys(b) = Npa(D)/[0,,Tsa(b)], where T,
is the transverse overlap function representing the collision’s
effective integrated nucleon-nucleon luminosity. Head-on
(central) collisions have larger 7' 4 than glancing (peripheral)
collisions. A Monte Carlo (MC) Glauber model is typically
used to determine T 44(b) from transverse profiles of
colliding nuclei [4]. If the nucleus-nucleus collision is a
superposition of independent nucleon-nucleon collisions,
R,, 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 T7,, Glauber scaling and
modifications of the nuclear parton distribution functions
(nPDFs) compared to the free proton case [5—8]. Because of
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their large mass and clean final state, Z boson yields can be
both precisely measured and accurately calculated using per-
turbative 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 R 44 for colored hard
probes such as high transverse momentum (p7) 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 interpretations [ 14]. In this region, the Glauber
model has large uncertainties from nucleon fluctuations and
other subnucleon and nuclear structure effects [15]. Thus,
understanding the onset of jet quenching as a function of
centrality remains a key open question. Furthermore, the
observation 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 experimental 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 dataset of
Pb-Pb collisions recorded by the CMS experiment at a
nucleon-nucleon center-of-mass energy of /syy =
5.02 TeV. Contributions from virtual photons decaying
to lepton pairs (y* — £Y¢~, where £ = u, e), over the
invariant mass range 60 < m,, < 120 GeV, are included
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in the Z boson signal. The results are compared with
Glauber model predictions for 74, scaling of hard,
colorless probes. A measurement of the Z-boson elliptic
azimuthal anisotropy coefficient (»,) is also presented. The
observable v, is defined as the average of cos[2(¢, — ¥,)].
where ¢, is the Z boson azimuthal angle and ¥, is the
angle of maximum azimuthal particle density [21]. Finally,
the Z-boson transverse momentum (p#%) and rapidity (y,)
distributions are measured.

The central feature of the CMS apparatus is a super-
conducting solenoid of 6 m internal diameter, 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 end cap sections. Forward hadron (HF) calorim-
eters extend the pseudorapidity (1) coverage provided by
the barrel and end cap detectors. 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 descrip-
tion of the CMS detector, together with a definition of the
coordinate system used and the relevant kinematic varia-
bles, can be found in Ref. [24].

The analyzed data correspond to an integrated luminos-
ity of 1.696 & 0.032 nb~!. Events containing at least one
muon (electron) with p% > 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 corresponding to central colli-
sions and larger values to peripheral collisions. The
selected data correspond to 11.78 4-0.15 x 10° sampled
minimum-bias (MB) events in the 0%-90% centrality
range. The T4, values listed in Supplemental Material
[25] are used to normalize different centrality selections for
comparison and are calculated with TGlauberMC v3.2 [26].

Detector acceptance and response effects are cor-
rected using simulated MC events. The signal sample
consists of Z/y* — £t¢~ 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 underlying event produc-
tion. 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
account 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 Pb-Pb
events produced with HYDJET vi.9 [33]. Those events are
then passed to GEANT4 [34] to emulate detector response.

Leptons are reconstructed using the CMS particle flow
algorithm [35]. This algorithm applies loose isolation
criteria to muons, but not for electrons. Muon (electron)

candidates must have || < 2.4(2.1) and p% > 20 GeV.
Selection criteria are required to reject low-quality muons
[36], resulting in x~98% identification efficiency. The
effects of misreconstructed muons are negligible. A multi-
variate discriminant optimized using the TMVA package
[37] selects electrons [38] with a working point corre-
sponding to 90% identification efficiency and 80% rejec-
tion 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?, n’, 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 oppo-
sitely charged lepton pairs with 60 < m,, < 120 GeV and
|yz| < 2.1. This results in 19 104 (9863) candidates in the
dimuon (dielectron) channel. The Z-boson reconstruction
efficiency (e) is calculated using the MC sample as
functions of p%, y,, and centrality. The efficiency is around
70-95 (30-65)% from central to peripheral events in the
dimuon (dielectron) channel. Candidates are weighted by
1/€ to correct for lepton selection and detector inefficien-
cies. A similar correction for detector acceptance is applied
to account for Z bosons produced within |y,| < 2.1, but
having decays outside the p% or i selections. The average
acceptance is 0.68 in the dimuon channel, but only 0.58 in
the dielectron channel because of the smaller 5° range
allowed.

Multiple background sources can create high-mass
lepton pairs. The first is from QCD-initiated hard proc-
esses, 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
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.,
yy = £7¢7) [40]. Here, the photons are emitted by the
incoming nuclei and tend to have very low p; [41]. Thus,
the lepton pair py strongly peaks near zero, and the
daughter leptons are back-to-back in azimuth (¢). Based
on simulated STARLIGHT v2.2 [42] events, any dimuon
(dielectron) candidates having p; < 1.25(2.50) GeV and
acoplanarity, defined as Ay = 1 — A¢/x, less than 0.001
are identified as products of EM background. The pr
threshold for the dielectron channel is larger because of the
worse energy resolution of electrons compared to muons.
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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 — 7777, 11 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, p#% or y, using
appropriate MC samples. These backgrounds contribute
less than 0.3% to the total yield in each channel.

The p% resolution is around 6.5 (7.7)% in the dimuon
(dielectron) channel. When measuring the p% 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 frame-
work [43]. A cross-check using a regularized Bayesian
method was found to give consistent results [44].
Systematic uncertainties related to mismodeling of the
p% distribution’s shape are negligible. However, the stat-
istical 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 bin, but is <1 (2)% at higher p%.

To measure v,, the 3-subevent scalar product method of
Refs. [21,45] is used. This technique compares ¢, 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 calorimeters, which is
97.5:&?% for the 0%—-100% centrality range. The uncer-
tainty in this efficiency is propagated to the final observ-
ables, 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 calcu-
lated 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 2, so
an absolute uncertainty of 0.5% is assigned for this effect.
The A, and pr selection criteria for removing EM back-
grounds 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
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FIG. 1. The v, of Z bosons in Pb-Pb collisions for various

centrality bins. The error bars represent statistical uncertainties.
The boxes represent systematic uncertainties and may be smaller
than the markers. A measurement from the ATLAS Collaboration
at \/syy = 2.76 TeV is also shown [5].

range but is negligible elsewhere. When evaluated as a
function of p#%, this uncertainty is 4% in the lowest p% bin,
but decreases for higher p% values. Uncertainties related to
backgrounds estimated from simulation are negligible.
Both decay channels are combined into a single measure-
ment using the BLUE method [47]. Correlations between
channels resulting from the centrality calibration, number
of MB events, 7,4, and the acceptance correction are
accounted for. For all observables, both channels are within
1.5 standard deviations (o) of each other.

The Z boson v, as a function of centrality is shown in
Fig. 1. A previous measurement from the ATLAS
Collaboration at /syy = 2.76 TeV is also shown [5].
The new measurement in the 0%—90% range is compatible
with zero and is significantly more precise than the
previous measurement. This confirms the expectation that
Z bosons, being produced and decaying very early in the
collision process, are largely unaffected by final-state
effects such as hydrodynamic flow and energy loss.

The differential cross section of Z -boson production as a
function of |y,| for 0%—100% centrality events is shown in
Fig. 2. Predictions from the MadGraph5_aMC@NLO MC
generator interfaced with the CT14 free proton PDF
[31], as well as the CT14+EPPS16 [30] and nCTEQ15
[48] nPDF sets are also shown. The models predictions are
scaled up by the square of the atomic mass number A2,
where A = 208 for lead. The width of the model band
indicates the PDF and QCD scale uncertainties added in
quadrature. The data lie on the upper edge of the models.
Inclusion of missing higher-order (next-to-NLO) correc-
tions in the theoretical predictions would increase the
total Z -boson cross section by a few percent [49].
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FIG. 2. The Z boson differential cross section as a function of
|yz|- The error bars represent statistical uncertainties, while the
boxes represent systematic uncertainties. Predictions using one
PDF and two different nPDF sets are also shown.

The predictions derived with the EPPS16 nPDF are closer
to the data than those computed with the nCTEQI15 set.
Differential cross sections as a function of p% are shown in
Fig. 3. The pZ distribution peaks around 5 GeV before
falling sharply. The spectrum is compared to the
MadGraph5_aMC@NLO calculations with different (n)PDF
sets. Although the general trend of the data is correctly
reproduced by the simulation, some discrepancies are
apparent in different p% regions. At low p%, this could
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FIG. 3. The Z boson differential cross section as a function of
p#%. The error bars represent statistical uncertainties, while the
boxes represent systematic uncertainties. Predictions using one
PDF and two different nPDF sets are also shown. The lower panel
shows the ratio of the predictions to data.

be related to the lack of soft gluon resummation in the
model, as discrepancies have also been observed in pp
collisions [50]. The nPDF sets are around 10% lower than
the free proton PDF at low p%, but this trend is reversed for
p% > 50 GeV. However, the differences between the two
nPDF sets are smaller than the deviation of the models from
the data, indicating that modeling improvements are needed
to reproduce the measured p% spectrum before considering
nPDF modifications.

The T 4, -normalized Z -boson yields are shown in Fig. 4
versus centrality. Previous analyses of Z -boson production
[5-7] have indicated that the T,, -scaling assumption
works well in central events and also for inclusive selec-
tions. Comparison of the data for centralities less than 40%
with the inclusive 0%-90% data point, shown by the
dashed magenta line, confirms these previous results.
However, a decreasing trend for the 40%—90% centrality
range can be seen, which was not observed with less precise
measurements [5,6]. The significance of this deviation
from the 0%-90% data point is 1.60 (2.2¢) in the 40-90
(70-90)% range. This depletion is not expected to be
caused by any final-state effect, because it would show up
more prominently in central events.

One potential explanation for this trend is the presence of
initial-state geometry and centrality selection effects in
peripheral events [51]. Initial-state geometry effects can
arise because bound nucleons have a spatial distribution
that can shift the average nucleon-nucleon impact param-
eter away from that of pp collisions. Likewise, correlations
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FIG. 4. The T 44-normalized yields of Z bosons as a function of
centrality. The error bars, hollow boxes, and solid gray boxes
represent the statistical, systematic, and T4, uncertainties, re-
spectively. The value of the 0%-90% data point, and the scaled
HG-PYTHIA model are shown for comparison, with the width of
the bands representing the contribution from the total 0%—-90%
data point uncertainty.
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between the hard process and the soft-particle production
yield, which is used for estimating centrality, can shift the
average T4, in a given centrality range away from the
Glauber expectation. Such effects have been studied for
high-p; charged-hadron production by the ALICE and
CMS Collaborations [52,53]. The HG-PYTHIA model [51]
attempts to describe these geometric and selection effects
by using the HUING (v1.35) [54] event generator to simulate
the initial geometry of a heavy ion event. In the HG-PYTHIA
model, particle production is modeled by overlaying a
PYTHIA 8 (v2.4.3) [29] event for each nucleon-nucleon
scattering. These “heavy ion” events contain no QGP-
related physics. To compare this model to the data, the R4,
for hard scatterings was calculated using the model, before
being scaled by the 0%-90% data point to set the overall
normalization. The HG-PYTHIA expectation is plotted as the
hatched green boxes in Fig. 4, which are consistent with the
data, indicating that the downward trend in peripheral
events can be largely explained by a combination of
geometric and selection effects. This result does not support
the apparent increasing trend of the 744 -scaled Z -boson
yields measured in peripheral Pb-Pb 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 quantity N;/(6%yNey)
provides a new experimental proxy for T,4. Here, 6%, is
the Z boson production cross section in a nucleon-nucleon
collision, which can be estimated using precise pp mea-
surements [56]. This proxy would eliminate the need for
Glauber modeling and related assumptions about nuclear
structure. Furthermore, such a quantity would have central-
ity and selection effects incorporated, thereby allowing for
the cancellation of these effects when measuring quantities
such as R,,. 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 (v,) 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 v, 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 theoretical corrections. Appropriately scaled
Z-boson yields are constant versus impact parameter for
central and semicentral 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 experimental
proxy for estimating the average nucleon-nucleon inte-
grated luminosity as a function of centrality in heavy ion
collisions. The ratio of Z -boson yields in Pb-Pb 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 calibration. 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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