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Abstract

The differential yields of Z bosons decaying to a pair of leptons are measured in PbPb
collisions collected by the CMS experiment at the LHC. The measurements are per-
formed for collisions at 5.02 TeV, using both the muon and electron decay channels.
The yields in various centrality bins are compared to Glauber model predictions of
the production rates of hard probes not modified by the presence of a hot medium.
For the first time, Z boson yields in peripheral collisions are found to deviate from the
canonical scaling expected for colorless hard probes, indicating the presence of initial
collision geometry and centrality selection biases. Because the measurement uncer-
tainties are comparable to the uncertainties of a Glauber-scaled reference, Z boson
yields can now be used as an experimental measure of the effective nucleon-nucleon
luminosity without loss of precision. A high precision measurement of the Z boson
azimuthal anisotropy (v,) is also found to be compatible with zero, showing that Z
bosons do not experience significant final-state modification in heavy ion collisions.
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In high energy heavy ion collisions, a hot medium known as the quark-gluon plasma (QGP)
can cause high-energy partons to lose energy. This is known as “jet quenching” [1, 2]. The
strength of quenching is frequently quantified using the nuclear modification factor [2]. To
have a meaningful physical interpretation, this observable assumes that the production rate of
hard processes scales with the number of binary nucleon-nucleon collisions (N_;) present in a
collision with a given initial geometry. The Monte Carlo (MC) Glauber model is typically used
to calculate N as a function of impact parameter (or “centrality”) [3].

The Zboson has a relatively large mass and decays before the QGP has a sufficient time to cause
quenching effects. Additionally, Z bosons and their leptonic daughters carry no color charge
and are not expected to interact strongly with the QGP medium. Thus, they provide a clean
probe of the N, scaling assumption [4-6] because they are not strongly affected by final-state
effects. Previous measurements by the ATLAS, ALICE, and CMS Collaborations found that Z
boson yields were consistent with the MC Glauber model expectation [4-7]. Measurements of
W bosons [8, 9] and direct photons [10-12] have also found similar results. However, these
studies were statistically limited for glancing, or “peripheral,” collisions. In measurements of
nuclear modification factors for colored hard probes such as charged hadrons, jets, and quarko-
nia, significant apparent suppression persists in even very peripheral events, presenting a chal-
lenge to theoretical interpretations. In this region, the Glauber model has large uncertainties
in determining N_,;. Thus, understanding the onset of jet quenching from peripheral to cen-
tral events remains a key open question in the field. Furthermore, the discovery of QGP-like
behavior in small-system collisions (e.g, pp, pPb) [13, 14] indicates the possibility of final-state
effects that may also lead to jet quenching. Current efforts in searching for quenching in small
systems are hindered by uncertainties in N. A high precision measurement of Z boson yield
in the peripheral region will provide a data-driven reference to hard probes in absence of final-
state effects, which may lead to a breakthrough in understanding the onset of jet quenching in
peripheral and/or small-system collisions.

In this note, the yields of Z bosons decaying to a pair of electrons or muons are measured using
the 2018 dataset of PbPb collisions recorded by CMS at \/ﬁ = 5.02 TeV, and compared to
Glauber model predictions for N scaling of hard, colorless probes. A precision measurement
of the Z boson elliptic azimuthal anisotropy coefficient (v,) is also presented. The v, is defined
as (cos[2(¢;, —¥,)]), where ¢, is a Z boson’s azimuthal angle and ¥, is the angle of maximum
azimuthal particle density [15]. Finally, the Z boson transverse momentum (p) and rapidity
(y) distributions are examined. The contribution of virtual photon production (y* — £7¢7) is
included in the Z boson signal in this work.

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 scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
(HF) calorimeters extend the pseudorapidity coverage provided by the barrel and endcap de-
tectors. 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 [16]. 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. [17].

The dataset in this analysis corresponds to an integrated luminosity of 1.696 4+ 0.032nb .
Events containing at least one muon (electron) with pr > 12GeV (20 GeV) are selected by the
trigger system. Each event must have at least one reconstructed primary vertex. The data is
filtered to remove background contributions such as cosmic-ray muons and beam-gas inter-



Table 1: Ty values for /sy = 5.02 TeV PbPb collisions. The uncertainties result from uncer-
tainties in the model parameters and the HF detector energy resolution.
Centrality Ty, [mb~!] | Centrality Taa [mb~1]
0-5% 25.70+0.47 | 40-50% 2.78 £0.11
5-10%  20.40£0.40 | 50-70% 0.996 + 0.050
10-20%  14.39+0.30 | 70-90%  0.1650 = 0.0077
20-30%  8.80+0.22 0-90% 6.27 £0.14
30-40% 5.12+0.16 0-100% 5.65+0.12

actions. Collision centrality is determined from the total transverse energy deposited in both
HF calorimeters. The centrality is expressed as a percentage of the total hadronic cross section,
with the 0-5% range corresponding to head-on (central) collisions and 70-90% for peripheral
collisions. After these selections the dataset corresponds to an effective number of sampled
minimum-bias (MB) events (Ny) of 11.54 = 0.14 x 10” in the 0-90% range.

Central collisions involve a larger number of binary nucleon-nucleon collisions than peripheral
events, resulting in more hard scatterings. The nuclear overlap function, Ty, is a measure of
the average effective nucleon-nucleon luminosity delivered by a single heavy ion collision at
a given centrality [3] and can be used to normalize different centrality selections for a direct
comparison. Itis calculated using the Glauber model [3], as implemented in the TGLAUBERMC
v3.2 software package [18]. The T, values used in this analysis are given in Table 1. The total
hadronic PbPb cross section ((711\3,[%%) is 7.644 4+ 0.008 b in this model.

Simulated Monte Carlo (MC) events are used to study detector performance. The signal sample
consists of Drell-Yan production (Z/y* — (7¢7) generated with MADGRAPH5_AMC@NLO
(v2.4.2) at next-to-leading order (NLO) [19]. Up to two extra partons are included at the matrix-
element (ME) level. The FXFX merging procedure is employed to prevent double counting of
partons [20]. The same generator and settings are used to model the production of background
tt and W boson production. Simulations account for the isospin content of the lead nuclei
and use the EPPS16 NLO nuclear parton distribution function (nPDF) [21] applied on top of
the free-nucleon CT14 NLO PDF [22]. The ME level events are interfaced with the PYTHIA 8
(v2.3.0) generator [23, 24] to simulate parton showering, hadronization, and underlying event
production using the “CMS PYTHIAS8 CP5” tune [25]. These processes are then overlaid onto
a heavy ion event produced with the HYDJET v1.9 event generator [26]. The final generated
events are input into the GEANT4 [27] program to emulate detector response. The MC samples
are weighted to reproduce the z position of the primary vertex, the centrality distribution, and
the p spectrum of Z boson candidates seen in data.

Leptons are reconstructed using the CMS particle flow algorithm [28] and are not required to
be isolated. Muon (electron) candidates must have || < 2.4 (2.1) and pr > 20GeV. A series
of selection criteria are applied to reject poor quality muons [29], resulting in an identification
efficiency of ~ 98%. The effects of misreconstructed muons are negligible. The selection criteria
applied to electrons [30] were optimized using the TMVA software package [31]. A working
point corresponding to a 90% identification efficiency and 80% rejection of misreconstructed
electrons is used. The efficiencies of various stages of the lepton reconstruction are measured
using the tag-and-probe method [32] in both data and MC as a function of lepton pr, #, and
event centrality. This includes lepton trigger efficiency, the efficiency of reconstructing a muon
(electron) track that matches a muon station (ECAL tower), and the probability that the lepton
candidate passes all selection criteria. Discrepancies between data and MC are corrected by
weighting the MC leptons by the ratio of the data to the MC efficiencies. The electron energy
scale is systematically overestimated in central events because of underlying event contribu-



tions. A data-driven residual calibration is applied by scaling the electron energy by a constant
factor to recenter the Z mass peak at its accepted value [30, 33].

Z boson candidates are constructed by forming pairs of oppositely-charged leptons having an
invariant mass within 60 < m,, < 120GeV and rapidity |y| < 2.1. This results in 19104 (9863)
opposite-sign pairs in the muon (electron) channel. Applying the same procedure for same-
sign lepton pairs results in 44 (167) dimuon (dielectron) candidates.

The Z boson reconstruction efficiency (€) is calculated using a signal MC sample as a function
of the Z pr, y, and event centrality. The overall efficiency is around 70 to 95% (30 to 65%) from
central to peripheral events in the dimuon (dielectron) channel. Candidates are weighted by
1/€ to correct for lepton quality selection and detector inefficiencies. A similar correction for
detector acceptance is applied to account for Z bosons having rapidity |y| < 2.1 with daughters
outside the lepton pr or 7 selections. The average acceptance is 0.68 (0.58) in the dimuon
(dielectron) channel.

Multiple backgrounds can create a pair of high-mass leptons. The first is from quantum chro-
modynamics (QCD) initiated hard processes, such as the production of two leptons inside of
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. In the electron
channel, misreconstruction of an electron’s charge results in a small enhancement of the same-
sign yield. After correcting for this effect, this background is 0.2% (1.0%) of the total opposite
sign yield in the dimuon (dielectron) channel.

A second background results from electromagnetic (EM) processes (e.g., vy — ¢7£7). Here,
the photons are emitted by the incoming nuclei and tend to have very low pr [34]. Thus, the
lepton pair pr is strongly peaked near zero, and the daughter leptons are back-to-back in az-
imuth. Based on studies using STARLIGHT v2.2 [35] events, the dimuon (dielectron) candidates
that have pr < 1.25GeV (2.5GeV) and acoplanarity, defined as A, = 1 — A¢/ 7, less than 0.001,
are identified as products of EM backgrounds. The pt threshold for the dielectron channel is
larger because of the worse energy resolution of electrons compared to muons. These selections
correspond to 90% background rejection, and result in a small efficiency loss for legitimate Z
bosons, which is accounted for using the efficiency correction. Candidates identified as re-
sulting from this background account for 0.6% (0.7%) of the dimuon (dielectron) yield before
subtraction.

The other backgrounds considered are Z — 777, tt production, and the production of W
bosons decaying to a single lepton that is combined with another random lepton. For these
three backgrounds, the expected yield is calculated as a function of centrality, Z boson pr, or
y using appropriate MC samples. These backgrounds are less than 0.3% contributions to the
total yield.

The Z boson pt resolution is around 6.5% (7.7)% in the dimuon (dielectron) channel. When
measuring the Z pr spectrum, this finite resolution results in the migration of Z candidates
between bins. This is corrected using a matrix inversion unfolding procedure, as implemented
by the RooUnfold framework [36]. 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 py bin, but is less than 1% (2%) at higher pr.

To measure the azimuthal anisotropy coefficient v,, the 3-subevent scalar product method is
used [15, 37]. In this method, the Z candidate Q-vector (defined as ¢’297) is compared against a



reference Q-vector using the equation

(QzQx%)

(QaQp)(QaQ0)
(QpQe)

~ D

Here, Q4 and Qp are measured using the HF calorimeters, and Q is determined using tracks
having || < 0.75. A pseudorapidity gap of at least 3 units is required between the candidate
and the Q 4 reference calorimeter. Detector inefficiencies and acceptance are accounted for by
recentering the reference Q-vectors [38, 39].

The centrality calibration is affected by the MB event selection efficiency of the HF calorimeters,
which is (97.51}2)% for the 0-100% centrality range. The uncertainty in this efficiency is prop-
agated to the final results, resulting in a final uncertainty of 0.1% (8.4%) in central (peripheral)
events.

The single lepton reconstruction efficiencies have uncertainties calculated from the tag-and-
probe procedure. After accounting for each daughter of the Z boson decay, this uncertainty is
3.0% (5.9%) in the dimuon (dielectron) channel. A small additional uncertainty of less than 1%
is included to account 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 [40].

The effect of electron charge misreconstruction is 0.5% in MC. Differences between the charge
swapping probability in data and MC are estimated to be less than a factor of two, so an abso-
lute uncertainty of 0.5% is quoted for this effect.

The A, and pr selection criteria used to remove EM backgrounds are varied to working points
corresponding to 80% and 95% background rejection to gauge the sensitivity of the analysis to
these selections. This variation results in an uncertainty of up to 1.5% in the 70-90% centrality
range but is negligible elsewhere. For the measurement of the py spectrum, this results in a
4% uncertainty in the lowest py bin but is small for higher pr bins. Uncertainties related to
MC-based backgrounds are negligible.

Both decay channels are combined into a single measurement using the best linear unbiased
estimation method [41]. Correlations between channels resulting from the centrality calibra-
tion, Nyg, Taa, and the acceptance correction are accounted for. In all cases the measurements
from each channel are within 1.5 standard deviations (¢) of each other.

The Z boson v, as a function of PbPb centrality is shown in Fig. 1. A previous measurement
from the ATLAS Collaboration at \/% = 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 finding reaffirms the expectation that Z bosons are produced early in a
collision and are largely unaffected by final-state effects such as hydrodynamic flow and jet
quenching.

The differential cross section of Z bosons as a function of |y| for 0-100% events is shown in
Fig. 2. Predictions from the aMC@NLO MC generator [19] interfaced with the CT14 free proton
PDF [22], as well as the CT14+EPPS16 [21] and nCTEQ15 [42] nPDF sets are also shown. The
models have been scaled by the 0-100% Tyx0ipr? value to account for increased production
in PbPb collisions. The two nPDF sets do not significantly differ from each other, and both of
them are compatible with the data. Differential cross sections as a function of pr are shown
in Fig. 3. The pt distribution peaks around 5 GeV before sharply falling. Comparisons to the

same aMC@NLO model with different (n)PDF sets are also shown. Although the general trend
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Figure 1: The v, of Z bosons in PbPb collisions for various centrality bins. The error bars rep-
resent statistical uncertainties, while the boxes represent systematic uncertainties. A previous
measurement by the ATLAS Collaboration at VS, = 276 TeV is also shown [5].
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Figure 2: The Z boson differential cross section as a function of |y|. The error bars represent
statistical uncertainties, while the boxes represent systematic uncertainties. Predictions using
one PDF and two nPDF sets are also shown. The width of the model bands represents the
contribution from PDF uncertainties, as well as the T, , uncertainty.
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Figure 3: The Z boson differential cross section as a function of pr. The error bars represent
statistical uncertainties, while the boxes represent systematic uncertainties. Predictions using
one PDF and two nPDF sets are also shown. The bottom panel shows a ratio of the predictions
to data. The width of the model bands represents the contribution from PDF uncertainties, as
well as the Ty 5 uncertainty.

of the data is correctly reproduced by the MC, some discrepancy is observed. The different
(n)PDF sets do not differ at low pr, but a slight splitting of ~10% can be seen for pt > 50 GeV.
In this kinematic region, contributions involving the scattering of an initial-state gluon cause
the spectrum to be sensitive to the gluon nPDFE. Studies in MC indicate that the Bjorken x of
the gluon tends to be in the antishadowing kinematic region [43], where CT14+EPPS16 and
nCTEQ15 differ by up to 20%. Thus, the high pr Z boson spectrum could potentially be used to
constrain the gluon nPDFE. However, the differences between the two nPDF sets are still smaller
than the overall deviation of the MC model from the data, indicating that improvements in the
modeling of the overall spectrum might be needed before considering nPDF modifications.

The Ths-scaled Z boson yields are shown in Fig. 4 as a function of centrality. The Z — ¢/
cross section per binary nucleon-nucleon collision (¢Zy) after accounting for isospin and nPDF
effects is shown by the dashed line. This quantity is calculated using the aMC@NLO MC gen-
erator [19] and the CT14+EPPS16 nPDF set [21, 22]. The 0-90% measurement is consistent with
this cross section. The measurements for centralities less than 40% are also compatible with it,
indicating that the N, scaling assumption works well for Z bosons in central events. This is
consistent with the conclusions from previous analyses of Z boson production [4-6]. However,
a decreasing trend for the 40-90% centrality range can be seen, which was not observed with
less precise measurements. The significance of this deviation from ¢%y is 2.10 (2.80) in the
40-90% (70-90%) range. This effect is not expected to be caused by a quenching effect, which
would be present in more central events. Additionally, any centrality-dependent modification
caused by nPDF effects is expected to be smaller.

One potential explanation for this trend is the presence of initial state geometry and centrality
selection biases in these peripheral events [44]. Initial state geometry biases can arise because
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Figure 4: The T -scaled yields of Z bosons as a function of centrality. The error bars, hollow
boxes, and solid gray boxes represent the statistical, systematic, and T, 5 uncertainties, respec-
tively. The value of 0'§N and the HG-PYTHIA model are shown for comparison, with the width
of the bands representing nPDF uncertainties.



bound nucleons have a spatial distribution which can bias the average nucleon-nucleon impact
parameter away from that of pp collisions. Likewise, correlations between hard processes and
the soft particle production used for estimating centrality can bias the average N, in a given
centrality range away from the Glauber expectation. Such effects have already been studied
in the context of charged-hadron production by the ALICE and CMS Collaborations [45, 46].
The HG-PYTHIA model [44] attempts to describe these geometric and selection biases by us-
ing the HIJING [47] event generator to simulate the initial geometry of a heavy ion event.
The particle production is then modeled by overlaying a PYTHIA 8 (v2.4.3) [23] event for each
nucleon-nucleon scattering. These “heavy ion” MC events contain no physics related to the
QGP. To compare this model to the data, the nuclear modification factor for hard scatterings
was calculated and scaled by ¢y This can be seen by the green boxes on Fig. 4, which are
consistent with the data. This indicates that the downward trend in peripheral events can be
largely explained by a combination of geometric and selection biases. The result is somewhat
different from recent results from the ATLAS Collaboration comparing the yields of Z and W
bosons to HG-PYTHIA, which indicated that the model did not seem to describe the data [6].

As uncertainties on the measurement are comparable to the Glauber uncertainties, the quantity
Ny /(04 Neyt) provides a new data-driven proxy for Ty. This would eliminate the need for
the Glauber modeling and the related assumptions about nuclear structure that are needed as
its inputs. Furthermore, such a quantity would have potential centrality and selection biases
built in, allowing for cancellation of these effects when measuring quantities such as the nuclear
modification factor. Such cancellations are crucial for studies of the onset of jet quenching in
peripheral collisions and other systems like pp and pPb.

In summary, high precision Z boson yields and elliptic flow coefficient (v,) have been mea-
sured as a function of centrality in lead-lead collisions at a center-of-mass energy per nucleon-
nucleon pair of 5.02TeV. The Z boson v, is compatible with zero, consistent with the expec-
tation of no significant final-state modifications experienced by Z bosons from the presence
of a quark-gluon plasma. The differential cross section of Z bosons is found to agree with a
model including two different nuclear parton distributions as a function of rapidity. However,
some discrepancies are observed as a function of transverse momentum. Appropriately scaled
Z boson yields have a flat trend as a function of centrality in the 0-40% range. A decreasing
trend is seen for the first time toward more peripheral events. This trend is compatible with
the HG-PYTHIA model which considers initial collision geometry and centrality selection bi-
ases. Results presented in this note provide a new data-driven proxy for estimating the average
nucleon-nucleon luminosity of a heavy ion collision. This quantity could avoid uncertainties
in Glauber modeling and account for potential biases related to event selection and centrality
calibration. Such a method paves the way for searching for the onset of hot medium effects on
colored hard probes in peripheral and small-system collision events in the future.
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