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Abstract

Results are presented for a test of the compositeness of the heaviest charged lepton,
T, using data collected by the CMS experiment in proton-proton collisions at a center-
of-mass energy of 13 TeV at the CERN LHC. The data were collected in 2016-2018
and correspond to an integrated luminosity of 138 fb~*. This analysis searches for tau
lepton pair production in which one of the tau leptons is produced in an excited state
and decays to a ground state tau lepton and a photon. The event selection consists
of two isolated tau lepton decay candidates and a high-energy photon. The mass
of the excited tau lepton is reconstructed using the missing transverse momentum
in the event, assuming the momentum of the neutrinos from each tau lepton decay
are aligned with the visible decay products. No excess of events above the standard
model background prediction is observed. This null result is used to set lower bounds
on the excited tau lepton mass. For a compositeness scale A equal to the excited tau
lepton mass, excited tau leptons with masses below 4700 GeV are excluded at 95%
confidence level; for A = 10TeV this exclusion is set at 2800 GeV. This is the first
experimental result covering this production and decay process in the excited tau
mass range above 175 GeV.
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1 Introduction

Ever-increasing energy frontiers have allowed probing the compositeness of various particles
at smaller and smaller length scales. The standard model (SM) of particle physics describes
the interactions between what are assumed to be fundamental particles without substructure,
the leptons and quarks, via gauge bosons which transmit the electroweak and strong forces.
The SM has been extensively tested through decades of experiments. To date all experimental
tests of the compositeness of the leptons and quarks have indicated that they are pointlike
fundamental particles.

Theoretical compositeness models [1-9] aim to explain why quarks and leptons have a similar
generational structure and why a mass hierarchy exists amongst these particles. These models
most commonly introduce a unifying building block, called a preon, as a component of all
fermions. For lepton compositeness not to have been observed, the compositeness scale (in
terms of energy) must be quite large, and thus preon exchange would be seen at LHC effective
energies as a contact interaction. One of the possible results of this contact interaction is an
excited state of a lepton or a quark. This exhibits itself as a high-mass resonance that decays
into a normal lepton and a gauge boson via a gauge interaction, or into three fermions via
another contact interaction.

This paper describes the results of an experimental test of the compositeness of the heaviest
lepton, the T, using data collected by the CMS experiment from proton-proton (pp) collisions
at a center-of-mass energy of 13 TeV at the CERN LHC. The data were collected in 20162018
and correspond to an integrated luminosity of 138 fb* [10-12]. A search is performed seeking
a tau lepton pair where one of the pair is produced in an excited state (denoted 7*), which
decays to a ground state tau lepton and a photon, as depicted in Fig. 1. This analysis uses the
formalism presented in Ref. [8].

Figure 1: Diagram representing the contact-interaction production of a single excited tau lepton
(T*) in association with a tau lepton. The excited tau lepton decays to the ground state via the
emission of a photon.

The Lagrangian term for 7* production via a contact interaction is given by

4 .
Lep = m]”]u (1)

where A is the compositeness scale and j, = q.v,q; + E’yyﬁ 1 + h.c. contains left chiral quark,
excited lepton, and lepton fields, respectively. The T* may then undergo a gauge-mediated



decay governed by
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where £ and ¢* represent SM leptons and their excited states, W,,, and B,,, represent the SU(2)
and U(1) gauge fields, T and Y are the SU(2) and U(1) generators, and g and g’ represent the
SU(2) and U(1) gauge couplings. The excited lepton is magnetically coupled to the lepton and
the SM gauge bosons where the SU(2) and U(1) couplings are modified by the factors f and
f!, respectively, and the scale of the effective coupling is assumed to be A. For simplicity and
to be consistent with other searches for excited leptons, we assume f = f' = 1. Combining
production via a contact interaction and decay via photon emission, we arrive at the focus of
this analysis, a possible final state with a photon and two tau leptons, as can be seen in Fig. 1.

Analogous e*(eevy) and u*(puu<y) searches have been performed by CMS at /s = 7, 8, and
13 TeV and shown no evidence of compositeness resulting in the emission of a photon [13—
15]. The most recent CMS result at 13 TeV excludes excited electrons and muons, under the
assumption that the compositeness scale is equal to the excited lepton mass, below masses of
3.9 and 3.8 TeV, respectively.

A recent result from ATLAS in the 7T + 2 jet final state has set exclusions on the mass of a
potential T* [16]; their results are complementary to ours as they assume a contact interaction
decay. The ATLAS experment has also produced results with at least three charged leptons
in the final state [17]. The CERN LEP experiments produced reported null searches of excited
leptons including T leptons [18-21], with beam energies up to a maximum /s = 209 GeV.

The search for excited taus is more challenging than that for electrons or muons as the neutrinos
from the tau decays are not detectable, making it difficult to reconstruct the T* invariant mass
peak. This analysis uses the approximation that the neutrino momentum is directed along the
visible T decay product direction. This allows an accurate reconstruction of the 7* mass, as
explained in Section 4.

Tabulated results are provided in the HEPData record for this analysis [22].

2 The CMS Experiment

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T in the direction of the proton beam axis. Within the
solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic
calorimeter, and a brass and scintillator hadron calorimeter, each composed of a barrel and two
endcap sections. Forward calorimeters extend the pseudorapidity (17) coverage provided by the
barrel and endcap detectors. Muons are measured in gas-ionization detectors embedded in the
steel flux-return yoke outside the solenoid. Events of interest are selected using a two-tiered
trigger system. The first level, composed of custom hardware processors, uses information
from the calorimeters and muon detectors to select events at a rate of around 100 kHz within
a fixed latency of about 4 ys [23]. The second level, known as the high-level trigger, consists of
a farm of processors running a version of the full event reconstruction software optimized for
fast processing and reduces the event rate to around 1 kHz before data storage [24]. 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. [25].



3 Monte Carlo simulation

Our signal model is based on a PYTHIA 8.230 simulation [26] using a compositeness scale of
A = 10TeV and 7" masses ranging from 175 to 5000 GeV. Other small data sets were also
generated for a compositenes scale A equal to the mass of the 7%, and for values of f and f’
other than 1, that showed no significant deviations in the observables described in this paper.
Therefore, all results at different compositeness scales are calculated from the limits found at
A =10TeV. For T* masses close to A the effective 4-fermion contact interaction may not be an
adequate description of the underlying physics, depending on the details of a given model for
constituent interactions. Nevertheless, excited states should not have masses much less than
A [8].

Samples of Drell-Yan and W +jets are generated using MADGRAPH5_aMC@NLO [27] 2.6.5 gen-
erator at leading order LO using the MLM [28] jet matching scheme. Samples of Zv events
are generated using MADGRAPH5_aMC@NLO at next-to-leading order and using the FxFx [29]
jet matching scheme. Samples of tt and single top quark events produced through s-channel
are generated using POWHEG 2.0 [30-32]. Single top quark events produced through t-channel
samples are produced using POWHEG 2.0 in combination with MADSPIN [33], a package pro-
vided as part of the MADGRAPH5_aMC@NLO framework. The WW, ZZ, and WZ samples are
produced at LO using PYTHIA 8.240.

The NNPDE3.1 next-to-next-to-leading order parton distribution function (PDF) set [34] is used
for simulation of all background and signal samples. Parton showering, fragmentation, and
hadronization in all simulated samples is performed with PYTHIA 8.240 with the CP5 [35] un-
derlying event tune. The simulation of the response of the CMS detector to incoming particles
is performed using the GEANT4 toolkit [36]. Additional inelastic pp interactions from the same
or nearby bunch crossings (pileup) matching the observed distributions are simulated and in-
corporated in the Monte Carlo (MC) samples.

4 Signal selection and reconstruction

We seek pp collisions that have two reconstructed T decay candidates plus an isolated high-
energy photon. As a T lepton may decay to an electron, muon, or hadrons, there are a total
of six different final states one could potentially reconstruct. Our signal regions (SR) comprise
the three channels containing at least one hadronic T decay (7,) and are denoted ety y, u7y7,
and 1,,7},7; final states with e and y only are background dominated and have small branch-
ing fractions. The three final states with zero T, are used as control regions (CR) to correct
the normalization and the background simulation and associated nuisance parameters and are
denoted eevy, pu<y, and euy. In all final states, events with additional electrons or muons are
vetoed.

The reconstruction and identification of individual particles in an event is based on a particle-
flow (PF) algorithm [37], which combines information from the various elements of the CMS
detector. The primary vertex (PV) is taken to be the vertex corresponding to the hardest scat-
tering in the event, evaluated using tracking information alone, as described in Section 9.4.1 of
Ref. [38]. The missing transverse momentum vector g is computed as the negative vector
sum of the transverse momenta of all the PF candidates in an event, and its magnitude is de-
noted as pis® [39]. The pIss is modified to account for corrections to the energy scale of the
reconstructed jets in the event.

The reconstruction of T leptons makes use of the “hadrons-plus-strips” algorithm, which aims



to reconstruct 1 and 3-prong 7,, decays with up to two neutral pion candidates. Identification
then proceeds via a neural network named DeepTau with classifiers to discriminate hadroni-
cally decaying T leptons from jets, electrons, or muons [40]. For discrimination against hadronic
jets, working points with selection efficiencies of 60, 60, and 70% for e, uTy,, and 7}, T}, final
states are used, respectively. For discrimination against electrons, working points with selec-
tion efficiencies of 80, 99, and 99% for ey, 1 Ty,7, and T}, 7}, final states are used, respectively.
For discrimination against muons, working points with selection efficiencies of 99.5% are used
for all final states. These quoted efficiencies are derived in H — 77 events for 7}, pr in the
range 30-70 GeV. If there are more reconstructed 7}, in the event than required by the final state
we select those which have the greatest DeepTau score.

Photon identification relies on a multivariate approach that combines multiple parameters re-
lated to the photon reconstruction into a single variable to discriminate signal from background
[41]. Selected photons are those that pass a cut value corresponding to 90% signal efficiency.
Additional selection criteria are applied to the photon candidate to discriminate against elec-
trons. In the final states that do not contain an electron, we require that there is no charged
particle track that points towards the calorimeter cluster and that the tracks under considera-
tion must not be matched to a reconstructed conversion vertex (97% efficiency in Z+ events). In
the final states containing at least one electron, we require that there is no pixel detector track
seed pointing towards the calorimeter cluster and that the seed must consist of hits in at least
two of the pixel detector layers (84% efficiency in Z+y events).

Candidate signal events must have been selected online by one or more triggers. Events in
the eey and ety final state are selected by requiring the presence of an isolated electron with
7| < 2.5 and pr > 27,32,32GeV in 2016, 2017, 2018, respectively. Events in the puvy and
1Ty final states are selected by requiring the presence of an isolated muon with |y| < 2.4 and
pr > 24,27,24GeV in 2016, 2017, 2018, respectively. Events in the 7, 7}y final state are selected
by requiring the presence of two T, with pp > 40GeV and |y| < 2.1. Events in the ey final
states are selected with a logical OR of a set of triggers requiring the presence of an isolated
electron, isolated muon, or both an electron and muon. In simulation, the remaining yields are
corrected using scale factors to correct for any differences in the trigger efficiency compared to
that observed in data (see Section 6).

In the ety and u1,7y final states we require at least one 7, candidate with py > 20GeV
and || < 2.3, and photon with || < 2.5 and pr > 100GeV. In the 7,7,y final state we
require at least two 7, candidates with pr > 40GeV and || < 2.1, and photon with || < 2.5
and pr > 75GeV. Events in the eev, puvy, and ey CRs are required to have a photon with
ln| <2.5and pr > 20GeV.

In the et},y and u T4,y final states, events having an identified b quark jet with pt > 20 GeV and
|7| < 2.5 are rejected to suppress events with top quarks. The b quark jet identification uses a
neural-network named “Deep]et” [42—44]; we select b quark jets according to a tight working
point. In the 7,7,y final state, the expected top quark background is small and no veto on b
quark jets is applied. Events in the ety 7y, u7,,7, and 7,7}, final states are required to have
the dilepton visible mass be larger than 100 GeV in order to reduce the Drell-Yan background.
Events in the eey and puvy CRs are required to have the di-lepton (or ££+) visible mass be
within 25 GeV of the Z mass to select SM Z events, which additionally ensures neglible signal
contamination. Events in the eyy CR are required to have the dilepton visible mass be larger
than 100 GeV in order to decrease the Drell-Yan contribution. Less than 3% of the T* signal
would appear in the ey CR and this amount is negligible compared to the SM background.

For a T produced at high energy, the decay products tend to all lie in a narrow cone around
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Figure 2: Left, 2-dimensional collinear mass distributions for example signal mass points.
Right, a diagram showing the regions contributing to the two bins in the statistical fit.

the T direction, including both the detected and undetected decay components. If all missing
transverse momentum pFiss is assumed to come from the tau lepton decay neutrinos, then we
might approximate the momentum of the neutrinos by projecting the p7"'** vector onto the di-
rections of each visible e, y, or 7}, in the event. This “collinear approximation” gives us an
estimate of the initial tau lepton momentum, which we then use to reconstruct the 7* mass,
in combination with the selected high-energy photon. This approximation is highly accurate
given the large boost factor of the taus considered. As there are two tau leptons in the event,
there is a twofold ambiguity as to which makes the correct pairing with the photon. We cal-
culate the mass of each pairing denoting them as the minimum and maximum values within
an event. The two-dimensional distribution of these masses is then used to discriminate signal
from background events. Example signal distributions are shown in Fig. 2. The correct combi-
nations lie in an “L”-shaped region of this distribution. For each 7* mass hypothesis, we create
a two-bin scheme in this plane corresponding to background and signal dominated regions.
The overall sensitivity of the analysis is optimized by choosing boundaries that depend on the
mass of the T* being sought and are defined by a strip centered at the hypothesis mass with
a width such that the signal region contains 90% of the given signal mass reconstructed. Sig-
nal region boundaries are listed in Table 1. An independent fit is performed for each 7* mass
hypothesis.

Table 1: Boundaries of the signal region for each 7* mass considered. All units are in GeV.

T* Mass Boundaries T* Mass Boundaries
175 [91.0, 259.0] 250 [162.5, 337.5]
375 [277.5,472.5] 500 [395.0, 605.0]
625 [506.25, 743.75] 750 [622.5, 877.5]
1000 [850.0, 1150.0] 1250 [1087.5,1412.5]
1500 [1305.0, 1695.0] 1750 [1540.0, 1960.0]
2000 [1780.0, 2220.0] 2500 [2250.0, 2750.0]
3000 [2670.0, 3330.0] 3500 [3150.0, 3850.0]

4000 [3560.0, 4440.0] 4500 [3915.0, 5085.0]
5000 [4300.0, 5700.0]




5 Backgrounds

The SM background events that are selected can be classified according to whether the 7, can-
didates come from hadronicjets, genuine T leptons, or (very rarely) electrons or muons. We use
MC simulation to estimate the backgrounds coming from genuine tau leptons or from electrons
or muons misidentified as tau leptons. A factorization method (“ABCD”) is used to estimate
backgrounds coming from jets misreconstructed as 7,, candidates. The primary SM processes
leading to backgrounds with genuine T leptons include Z boson production, tt production,
and diboson production (WW, ZZ, and WZ). The number of events where photon, electron, or
muon candidates arise from misidentification of other objects are taken from MC simulation.

In order to estimate the background from jets misidentified as 7}, candidates, the ABCD
method relies on two event quantities that are nominally uncorrelated: the relative charge
of the two T candidates and the isolation of the 7, candidate(s). We denote the SR (isolated
Ty, opposite-charge) in these two quantities as A. An isolated T, is one that passes the cho-
sen DeepTau working point, which depends on the additional energy in a cone of radius

AR = V(A5)? + (A¢)? = 0.5 centered on the T, candidate.

Region B has opposite-charge T candidates but anti-isolated 7, and is enriched in misidentified
T}, from hadronic jets. In regions C and D we require same-charge T candidates, where the
T}, candidates are isolated in region C and anti-isolated in region D. The expected number of
events in the SR A in which a jet is misidentified as a 7, is estimated from the number of
observed events in B, C, and D using the expression A = BC/D. This procedure is carried out
separately for both 1- and 3-prong decays of the 7. In the 7,7,y channel, at least 1 13, is
required to be anti-isolated. We have checked alternative definitions, requiring one and only
one T}, to be isolated or both, and the change in the background estimation is negligible. The
presence of a photon is required in all regions.

The A and B regions are binned according to the scheme discussed in Section 4, and thus the 1
and 3-prong B regions can be thought of as templates that are scaled by a transfer factor C/D
to form the background prediction.

The B, C, and D regions contain a small fraction of events that originate from genuine 7, de-
cays or e or y misidentified as T, (rather than misidentified hadronic jets). These events are
estimated using simulation and do not contribute to the yields used in the prediction of the jet
background.

The eey, upy, and epy CRs are fit simultaneously with all other regions and are used to correct
the normalization of the MC samples and constrain the nuisance parameters not related to 7y,
reconstruction. These CRs are binned according to the number of 30 GeV jets in the event.

Events with photons of pr < 75,75, and 60 GeV in the ety,y, 1,7, T, T channels, respec-
tively, are used as CRs to help correct for any observed disagreements between the predicted
yields in the signal-like region A calculated from BC/D and the observed yields. In these CRs,
we perform an ABCD estimation and derive a set of x values such that the observed jet back-
ground in the SR A is equal to kBC/D. Values are calculated for both 1- and 3-prong decays
of the 1}, candidates, and separately for each of the three final states, resulting in a total of six
numerical values. These CRs are fit simultaneously with the SRs and scale the jet background
prediction. The collinear mass variable is not used in this CR.



6 Systematic uncertainties

Various systematic uncertainties resulting from imperfectly measured or modeled parameters
affecting the predicted signal and/or background rates and distributions can influence the fi-
nal results. Systematic uncertainties are represented by nuisance parameters in the likelihood
used to extract the final results discussed below. These include nuisance parameters governing
shapes of distributions only or governing both shapes and rates.

Table 2 shows a summary of the various sources of systematic uncertainty, the magnitude of
their effect on the predicted background and signal yields in the various final state channels.
Although the analysis includes many other sources, mostly correcting for differences in recon-
struction or tagging efficiencies of final state particles in simulation compared to that in data,
for brevity we have included only those which have an effect of at least 1%. These all affect
both the expected signal and backgrounds taken from simulation. The relative 1-prong Deep-
Tau anti-jet and trigger uncertainties are larger than those for the 3-prong case because of the
larger branching fraction. The PDF uncertainties at high 7* masses, which are dominant, are
large due to the uncertainties in the antiquark parton densities. The relative photon identifica-
tion uncertainties are larger for signal yields than for background yields because, on average,
signal photons have momenta beyond the range for which the multivariate photon identifica-
tion [41] was optimized.

Table 2: Summary of systematic uncertainties that affect the expected signal and background
yields by at least 1%. Values are in % of the inclusive yield. For the columns containing no T, it
is the size of the effect on the background. For the columns containing 7, the first number is the
value for the background and the second number is the value for the signal with m,+=1750 GeV
and A = 10TeV.

Source eey HEY eHY eTnY  HThY  ThThY
Integrated Luminosity 20 21 2.1 21,21 20,21 21,21
DeepTau anti-jet 1-prong — — — 35,94 37,87 90,19
DeepTau anti-jet 3-prong —  — — 14,15 12,11 28,26
Ty, Ty, trigger 1-prong —  — — — —— 82,11
Ty, Ty, trigger 3-prong —  — — —_  —— 22,12
T}, energy scale — — — 03,01 05,01 2.0,0.0
e identification 09 — 06 08,13 —— —_
v identification 55 57 46 21,14 21,13 28,14
ey trigger efficiency - — 11— - ——
b-tagging — — — 1.1,00 10,00 ——
PDF sets — — — — 23 —22 —,24

Additional uncertainty is added to the predictions of jets misidentified as 7, to account for two
potential effects: a) bias which may be introduced by our assumption that the x corrections
calculated in the low photon pt region are applicable to the nominal SR, and b) the observed
year-to-year variations in the x values. The size of each of the additional uncertainties is set
such that the post-fit (with the SRs masked) uncertainty on that particular source is just under
100%.

7 Results

Figure 3 shows the two-dimensional collinear mass distribution of events observed in the SR.
The statistical analysis is performed simultaneously on all signal and control regions discussed



above. Table 3 shows the values of « resulting from the fit that are used to predict the jet back-
ground. Table 4 shows the observed number of events and the expected background yields,
when the analysis is not binned according to the collinear mass distribution.

Table 3: Post-fit k values (used in the ABCD background estimation method) calculated in the
simultaneous background-only fit to all signal and control regions.

eThY HTnY ThThY
l-prong 1.11+0.13 1.22 +0.13 1.09+0.13
3-prong 1.35+£020 153+025 1.47+0.27

Table 4: Observed events and expected background yields. The expected background yields are
post-fit under the background-only hypothesis, inclusive in the collinear mass. The expected
T* yields are evaluated at A = 10 TeV and the uncertainties are statistical only.

Source eThY HThY T, Th Y
Jet (1-prong) 253+128 31.6+142 344+162
Jet (3-prong) 170+12.0 140+£131 164+133
DY/Zvy 6.9+0.6 16.1+11 321+£35
tt 85+0.3 151+06 40403
Diboson 34£05 6.0£0.8 0.2£0.0

Single top quark 0.5£0.0 09+0.1 0.4£0.0

Total background 61.6+9.7 837+114 875+117
Observed 63 84 88
Exp. m+=750GeV ~ 354+05 624+£07 90.5£09
Exp. m +=1750GeV 6.1 +£0.1 103+0.1 154402

To obtain the final results in terms of the product of the cross section and branching fraction for
any potential signal, we use the asymptotic approximation and the CLs criterion [45—48]. This
criterion is based on a binned Poisson likelihood that is a function of the signal cross section
times branching fraction and predicted backgrounds. Statistical uncertainties in the simulation
are implemented with a Barlow—Beeston type method [49, 50]. All nuisance parameters are
treated as Gaussian “template morphing” parameters governing either the shape, or shape and
normalization of the signal and background sources taken from simulation [48, 50]. Additional
studies have been performed in which the nuisance parameters, low photon pr CRs, and 0 7},
CRs are removed; this has a small effect on the overall limits because the SM backgrounds are
predominantly at low collinear masses, and quickly become negligible at larger T* mass.

No excess above the expected background is observed. Using these results, limits on the cross
section times branching fraction have been set as a function of 7* mass and are shown in Fig. 4.
At a compositeness scale A equal to the excited T* mass, we exclude at 95% confidence level
T* with masses less than 4700 GeV; for A = 10 TeV the lower limit is set at 2800 GeV.

8 Summary

Results have been presented for a search for excited tau leptons (7*) using events with two tau
leptons and a photon in the final state, produced in proton-proton collisions at a center-of-mass
energy of 13 TeV. It is assumed that the excited tau lepton is produced via a contact interaction
in association with a ground state tau lepton. The mass of the T* is reconstructed from the
missing transverse momentum, assuming the momenta of the neutrinos from the v decays lie
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Figure 3: Observed signal yields in the 2-D mass plane for the ety (upper), p7,y (middle)
and 7,7, (lower) final states. The three events at very high reconstructed collinear mass all
have sin A¢ near zero for the two T candidates, resulting in an overestimate of the mass.
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the cross section and branching fraction, as a function of the T* mass, for single T* production
via a contact interaction in association with an SM t. The inner (green) band and the outer
(yellow) band indicate the regions containing 68 and 95%, respectively, of the distribution of
limits expected under the background-only hypothesis.

along the directions of the visible T decay products. No excess of events is observed above
the expected SM backgrounds. This null result is used to set upper limits on the cross section
times branching fraction for this process. Assuming a compositeness scale A equal to the T*
mass, T* masses less than 4700 GeV are excluded at 95% confidence level; for A = 10TeV this
exclusion is set at 2800 GeV. This is the first experimental result covering this production and
decay process in the T* mass range above 175 GeV.
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