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Abstract

Measurements of the anomalous magnetic moment of leptons provide stringent tests
of the standard model and potential hints of physics beyond the standard model.
These measurements for electrons and muons are among the most precisely measured
quantities in physics. However, due to the short lifetime of the tau lepton, its anoma-
lous magnetic moment cannot be determined through precession measurements. We
report the latest measurement of the anomalous magnetic moment of the tau lepton
based on a data sample of ultraperipheral PbPb collisions with an integrated lumi-
nosity of up to 1.70 nb ™!, depending on the decay channel, collected by the CMS
experiment at a center-of-mass energy per nucleon pair of \/ﬁ = 5.02 TeV. The
dependence on Z* (Z = 82 for lead) enhances the cross section for photoproduction
with respect to proton-proton and electron-positron collisions. This measurement is
improved with respect to the previous CMS measurement via the addition of three
tau pair decay modes, a factor of four in luminosity, and the incorporation of both
cross section and kinematic distributions in the determination of ¢ — 2. The mea-
sured value of the vy — 777~ fiducial cross section is the most precise to date, while
the ¢ — 2 measurement is one of the most precise both in PbPb and e*e™ collisions.
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1 Introduction

In numerous, stringent measurements of quantum observables, the standard model (SM) has
been remarkably successful in its predictions. For example, the anomalous magnetic moment
of the electron (4, := (¢ —2)./2) represents the sum of higher order corrections to that expected
from this spin-1/2 particle due to its interaction with electromagnetic, weak, and hadronic
fields. The experimental measurement [1] and theoretical calculations [2, 3] of 4, agree to a
precision of 10 significant figures, making it the most accurate prediction verified in the history
of physics.

Although the SM has been remarkably successful, there are both theoretical and experimental
reasons that it cannot be the ultimate fundamental theory of nature. This includes its failure
to provide a candidate for the dark matter in the universe. Recently, precise measurements of
the anomalous magnetic moment of the muon have shown evidence of deviations from the SM
prediction by up to 5.1 standard deviations, depending on the chosen theoretical calculation of
the SM prediction [4]. Should a deviation in the anomalous magnetic moment be observed, it
would mean that unknown interactions beyond the SM are modifying the expected value. The
tau lepton is more sensitive to modifications from the SM to its anomalous magnetic moment
(a;) due to its larger mass. Given the short lifetime of tau particles, a2, cannot be measured di-
rectly through its precession. The best current measurement of a, by the CMS Collaboration [5]
is many orders of magnitude less precise than that of the electron and muon. However, most
theories of beyond-SM physics expect orders of magnitude larger deviations of the anomalous
magnetic moment for tau leptons than for electrons and muons. This motivates methods to
improve the a2, measurement, as presented here.

The measurement of a, from photo-produced tau-lepton pairs benefits from the factor of Z*
cross section enhancement in PbPb interactions (Z = 82 for Pb ions) as compared to proton-
proton or electron-positron collisions. Photoproduction is prominent in ultraperipheral colli-
sions (UPCs), which occur when the impact parameter of the passing Pb ions is larger than
twice their radius. Figure 1 shows the Feynman diagram of PbPb — Pb™) (yy — 7+~ )Pb™*),
in which quasireal photons (4> — 0) emitted from the Pb ions produce a pair of almost back-
to-back tau leptons. Variations of 4, in the Y777~ vertices modify both the rate of ditau pro-
duction and the kinematics of the tau leptons, and can therefore be used to constrain a.
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Figure 1: Feynman diagram of the PbPb — Pb(*) (7 — t777)Pb(*). The star in Pb* indicates
the possible excitation of the lead ion.

The first observation of this process [6] by CMS was achieved using a 0.4nb ! dataset of PbPb
collisions at the center-of-mass energy of 5.02TeV per nucleon recorded in 2015, and in the
decay channel shown in Fig. 1, and its charge conjugate, referred to as p+3prong, in which
“prong” refers to the charged pions in the hadronic tau-lepton decay. The analysis presented



here also includes additional 77~ decay modes with final states of y+1prong, e+3prong, and
pi+e, and utilizes the 2018 dataset with an integrated luminosity of 1.61nb ™" for the y+1prong
channel and 1.70nb ! for the other three channels.

The structure of this note is as follows. After a short description of the CMS experiment in
Section 2, background processes and their modeling are discussed in Section 3. Event selection
criteria to efficiently reject these backgrounds and target signal events are discussed in Sec-
tion 4. Finally, signal extraction and limits on the signal cross section and a, are discussed in
Section 5.

2 The CMS experiment

The CMS apparatus [7] is a multipurpose, nearly hermetic detector, designed to trigger on [8, 9]
and identify electrons, photons, muons, T leptons, jets, and missing pt [10-12]. A global recon-
struction “particle-flow” algorithm [13] combines the information provided by the all-silicon
inner tracker, the crystal electromagnetic calorimeter, and the brass and scintillator hadron
calorimeter, operating inside a 3.8 T superconducting solenoid, with data from gas-ionization
muon detectors embedded in the flux-return yoke outside the solenoid, to build 7 lepton candi-
dates and jets, and to measure the missing pr [14-16]. Forward hadron (HF) calorimeters [17],
made of steel and quartz-fibers, extend the |#| coverage from 3.0, provided by the barrel and
endcap detectors, to 5.2. The HF calorimeters are segmented to form Ay x A¢ “towers” of width
0.175x0.175, with ¢ being the azimuthal angle. Two zero degree calorimeters (ZDC), made of
quartz fibers and plates embedded in tungsten absorbers, are used to detect neutrons from
nuclear dissociation events in the range || > 8.3. Events are selected online using a two-
tiered trigger system. The first level, composed of custom hardware processors, uses informa-
tion from the calorimeters and muon detectors [8]. The second level, known as the high-level
trigger [9], consists of a farm of processors running a version of the full event reconstruction
software.

3 Backgrounds

Photoproduction in UPC events is distinguished from nuclear interactions by the low number
of measured tracks and no activity above noise level in the forward detectors. The Pb ions
most often stay intact, although Pb ions excited by the exchange of additional photons may
emit neutrons in the forward region instrumented by the ZDC. If the noise level in the detec-
tor increases, rejection of non-exclusive photo-produced backgrounds becomes less efficient,
leading to one of the main sources of background in this analysis.

In the u+lprong, pu+3prong, and e+3prong decay modes, the non-exclusive background is
modeled by a data-based “ABCD” method, in which two uncorrelated observables define four
regions of phase space, in order to predict the background expected in one region based on a
scaling from the other three. Four regions of the phase space are defined with a low or high
number of tracks and low or high activity in the HF detector. The background distributions
in the signal region with a low number of tracks and low HF activity are estimated bin-by-bin
from distributions in the control regions.

Exclusive photoproduction of electron and muon pairs is also considered as a source of back-
ground. As with the 77~ signal, the two leptons are produced from two quasireal photons
emitted from the Pb ions. Since these photons have a negligible transverse momentum (pr)
of below 30MeV in LHC conditions, the pair of muons are expected to be back-to-back in the
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transverse plane with a total pr below 60 MeV, making them easy to reject using the selections
described in Section 4, given that the presence of neutrinos in the decay of taus generates a
likely imbalance of charged decay products. However, final-state-radiation (FSR) from one of
the muons generates an imbalance, and therefore the vy — p™u ™y process is a considerable
source of background in the y+1prong channel. This is because a muon without enough trans-
verse momentum to reach the muon chambers is reconstructed as a charged pion. Additionally,
a small contribution from the vy — e*e™ process is expected in the e+3prong channel, in the
case of bremsstrahlung radiation of the electron when interacting with the detector material,
generating an additional pair of tracks.

4 Signal selection

Events are selected online by requiring a single muon for the three channels with a muon in
the final state and an electron for the e+3prong decay channel. Offline, events are selected to
have exactly the number of muons, electrons, and charged pions expected for each decay chan-
nel, each having a “high-purity” [12] track, and all within the acceptance of the CMS detector.
Muons are required to pass “soft” quality [11] criteria and have a py above 3.5GeV for || < 1.2
or 1.5GeV for 1.2 < |5| < 2.4. These thresholds are set based on the geometrical acceptance
of the CMS muon system. The electron pr is required to be above 2.5GeV in the pu+e chan-
nel to reduce backgrounds due to electromagnetic calorimeter noise and above 4 GeV in the
e+3prong channel due to a higher electron pr threshold of the online selection. The minimum
pr of the charged pion in the p+1prong channel is 0.3 GeV. The minimum leading, second lead-
ing, and third leading pr of the three charged pions in the y+3prong and e+3prong channels is
0.5, 0.3, and 0.3 GeV, respectively. The visible hadronic tau decay in the 3-prong final states is
reconstructed from a vector sum of the three charged pions, and its transverse momentum is
required to be above 1GeV in the e+3prong channel, with an invariant mass below 1.5GeV in
both the e+3prong and p+3prong channels.

Photoproduction of the events is ensured by vetoing events with calorimeter activity above
certain thresholds, which reject 99% of the detector noise. In particular, events with an HF
tower with energy above 6 GeV are rejected in all decay modes. To further reject photonuclear
events in the y+1prong channel, events with activity above the noise level in any of the two
ZDC are rejected. The efficiency of this selection is estimated from the probability of neutron
emission in PbPb — Pb™)(yy — utu~)Pb™ events with the same event selection as the
signal, by measuring the number of neutrons on each side of ZDC as a function of the dimuon
invariant mass. These probabilities are then applied as weights to the events generated from
Monte Carlo simulations as a function of ditau or dimuon invariant mass. Figure 2 shows the
probability of having no neutron activity on either side of the ZDC (0nOn), activity on only one
side (OnXn), and activity on both sides (XnXn) as a function of the dimuon invariant mass for
events satisfying the exclusive photoproduction criteria. The use of the ZDC information in the
p+1prong channel limits the dataset to the events with functional ZDC detectors, lowering the
integrated luminosity to 1.61nb " for this channel.

To reject non-exclusive events in channels with hadronic tau decays, the acoplanarity of the
lepton and the visible reconstructed hadronic tau should be below 0.1. In the yu+e channel,
the exclusive dimuon background becomes negligible by requiring the acoplanarity of the two
tracks to be above 0.01. In the y+1prong channel, by requiring the vector sum of pt of the two
tracks to be above 1GeV, the vy — u*u~ background becomes negligible, and vy — utpu =7y
is highly suppressed.
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Figure 2: Neutron emission probability as a function of the dimuon invariant mass for each
category of neutron emission.

The exclusive vy — ut ™7y background present in y+1prong and p+e channels is simulated
at leading order with gamma-UPC [18], while the PbPb — Pb™* (79 — 7777 )Pb™) signal
is generated at leading order with gamma-UPC using the standard model value of 4., and
with Upcgen [19] for a, values between -0.1 and 0.1, in the fiducial phase space of tau pr <
1GeV and tau || < 3. These two generators show a good kinematic agreement in tau lepton
kinematics when using the same a, value and photon flux form factor, with a less than 4%
shape variation. The vy — e*e™ process is simulated using SuperChic [20]. The hadronization
and decay of tau leptons are performed using PYTHIAS (v2.1.2) [21], and GEANT4 [22] is used
to emulate the full CMS detector response.

Migration between reconstructed "7~ decay modes may occur, and is maximal in the y+1prong
category which consists of 67.6% real u+1prong decays and 28% fully leptonic decays. The
cross section of the vy — u™pu~ 7 sample is adjusted to the value obtained in a control region
in which the vector sum pt of the photon and the two tracks is close to zero.

To ensure that the excess of the observed data over the background is kinematically compatible
with the signal, kinematic distributions in each channel are investigated. In all distributions,
it is observed that the simulated signal distribution stacked on top of the background model
consisting of the data-driven ABCD background, the simulated vy — u ™~ exclusive back-
ground, and/or the 7y — ete™ exclusive backgrounds is in agreement with data, as seen in
Fig. 3 for the lepton pt distributions, which were determined to provide the most sensitivity to
a, variations.

The main sources of uncertainty in the signal efficiency can be presented as a percentage vari-
ation on the cross section measurement at 2, = 0. These are the understanding of the muon
trigger and reconstruction efficiency (2.7%), tracking efficiency of pions (2.0%), measurement of
the integrated luminosity (1.5%), choice of specific ABCD regions (1.4%), as well as sub-percent
level contributions from the limited MC size, tau branching ratio, electron reconstruction effi-
ciency, efficiency of exclusivity requirements, and the efficiency of the neutron multiplicity
categorization.
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Figure 3: Postfit distributions of lepton pr for the u+1prong (upper left), u+3prong (upper
right), u+e (lower left), and e+3prong (lower right) channels. Signal distributions are stacked
on top of the background model, consisting of yy — u*tpu~7y, vy — ete”, and/or the inclu-
sive background predicted by the ABCD method. The stacked distributions are compared with
data (black points).

5 Results

As both the cross section of the signal process and kinematics of the decay products of the
tau lepton are sensitive to a., the four lepton pt distributions in Fig. 3 are used to measure a.
and the cross section in the fiducial phase space defined by tau pr > 1GeV and tau |y| < 3.
Signal templates are smoothed, and then morphed between the 21 signal samples generated
for —0.1 < a; < 0.1 to provide finer granularity. The negative log likelihood of the fit of
the distribution of signal plus background to data is calculated in a range of a, values and
fiducial cross sections as shown in the upper plot of Fig. 4, while allowing for variation of the
systematic uncertainties. Black 2D contours mark 1 ¢ and 2 ¢ limits on 4, and the cross section.
The degeneracy in a, arises because both negative and positive a, variations lead to an increase
in events in the tail of the lepton pr distribution. This degeneracy is broken by simultaneously
measuring the total cross section, which increases monotonically as a, increases. The black



dashed line shows the variations of the cross section as a function of a., obtained from UPCgen
and normalized to the measured cross section at 2, = 0. The negative log likelihood variation
along this line, as shown in the middle and right plot, is used to set limits on both a2, and
the cross section simultaneously. The effect of the systematic uncertainties, as shown by the
difference between the dashed blue and solid black lines, is mainly due to the uncertainties
in the muon and pion reconstruction efficiencies, with a smaller effect from the luminosity
uncertainty.
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Figure 4: Left: Simultaneous limits on cross section of PbPb — Pb™*) (yy — 7777 )Pb™) and
a., using the sensitivity of lepton pt to a.. Middle and right: Limits on the signal cross section
and a., using the sensitivity of both cross section and lepton pr to a,.

Figure 5 shows a breakdown of the a2, measurements for each individual channel and com-
bined, compared to a set of previous best measurements. The current best limits on a, are ob-
tained by measuring photoproduction of T lepton pairs in proton-proton collisions recorded by
the CMS experiment that makes use of tau pairs with a higher invariant mass, yielding a greater
sensitivity to effects from a higher mass scale. This measurement of a, = —SSHS (stat+sys) x
103 provides similar sensitivity and compatible results with those from ATLAS and DELPHI,
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and more than a factor of four improvement over the previous CMS measurement using PbPb
collisions.
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Figure 5: Breakdown of the 68% and 95% limits on a, in the four considered decay channels
and the combined result, compared to a set of best previous measurements.

Moreover, this study provides the best measurement of the vy — 17~ cross section, with
o(yy — tht7) = 44711 (stat+sys) ub. The fiducial phase space used in this analysis is sig-
nificantly larger than the one from the previous CMS measurement [6] with the same colliding
system. Given the higher signal efficiency in this study due to more relaxed kinematic require-
ments, a larger fiducial phase space is needed to fully contain the signal events passing these
kinematic requirements.

6 Summary

We report the best measurement of the vy — v 7~ fiducial cross section, o(yy — 7777) =
44711 (stat+sys) ub, using a data sample of PbPb collisions at a center-of-mass energy per nu-
cleon pair of /s = 5.02TeV. The precision is partly made possible by the high signal ef-
ficiency obtained with relaxed requirements on the transverse momenta of the visible decay
products of the tau lepton with respect to other measurements. We also report a measurement
of a, = —35775 (stat+sys) x 1073. This result represents more than a factor of four decrease
in uncertainty on the limits of a4, as compared to the previous CMS measurement with the
same colliding system. This is due to a factor of four increase in luminosity, the inclusion of



the p+1prong, e+3prong, and p+e tau-tau decay modes, as well as a more sophisticated like-
lihood extraction using both the visible T lepton kinematics as well as the T+ 7~ cross section.
The measurement is made in a complementary phase space of 7" 7~ invariant mass as com-
pared to the CMS measurement in proton-proton collisions [5], is compatible with previous
measurements, and is of similar sensitivity to the best measurements from ATLAS [23] and
DELPHI [24].
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