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Abstract

Three searches are presented for signatures of physics beyond the standard model
(SM) in ττ final states in proton-proton collisions at the LHC, using a data sample
collected with the CMS detector at

√
s = 13 TeV, corresponding to an integrated lumi-

nosity of 138 fb−1. Upper limits at 95% confidence level (CL) are set on the products
of the branching fraction for the decay into τ leptons and the cross sections for the
production of a new boson ϕ, in addition to the H(125) boson, via gluon fusion (ggϕ)
or in association with b quarks, ranging from O(10 pb) for a mass of 60 GeV to 0.3 fb
for a mass of 3.5 TeV each. The data reveal two excesses for ggϕ production with local
p-values equivalent to about three standard deviations at mϕ = 0.1 and 1.2 TeV. In a
search for t-channel exchange of a vector leptoquark U1, 95% CL upper limits are set
on the dimensionless U1 leptoquark coupling to quarks and τ leptons ranging from
1 for a mass of 1 TeV to 6 for a mass of 5 TeV, depending on the scenario. In the inter-
pretations of the M125

h and M125
h, EFT minimal supersymmetric SM benchmark scenarios,

additional Higgs bosons with masses below 350 GeV are excluded at 95% CL.
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1 Introduction
The discovery of a Higgs boson with a mass of around 125 GeV, H(125), at the LHC in 2012 [1–
3] has turned the standard model (SM) of particle physics into a theory that could be valid up
to the Planck scale. In the SM, H(125) emerges from the spontaneous breaking of the elec-
troweak SU(2)L symmetry. While the nature of the underlying mechanism leading to this sym-
metry breaking and the exact form of the required symmetry-breaking potential are still to be
explored, the measured couplings of H(125) to fermions and gauge bosons, with 5–20% ex-
perimental precision [4–7], are in good agreement with the expectation for an SM Higgs boson
with a mass of 125.38 ± 0.14 GeV [8]. The SM still leaves several fundamental questions re-
lated to particle physics unaddressed, including the presence of dark matter and the observed
baryon asymmetry in nature. Many extensions of the SM that address these questions require
a more complex structure of the part of the theory that is related to SU(2)L breaking, often re-
ferred to as the Higgs sector. Such models usually predict additional spin-0 states and modified
properties of H(125) with respect to the SM expectation. Models incorporating supersymme-
try (SUSY) [9, 10] are prominent examples. In the minimal extension of the SM, the minimal
supersymmetric SM (MSSM) [11, 12], the model predicts three neutral and two charged Higgs
bosons.

Searches for additional heavy neutral Higgs bosons in the context of the MSSM were carried
out in electron-positron collisions at the LEP collider at CERN [13] and in proton-antiproton
collisions at the Fermilab Tevatron [14–17]. At the LHC such searches have been carried out by
the ATLAS and CMS Collaborations in the b quark [18–21], dimuon [22–25], and ττ [22, 26–
33] final states. The ττ final state has a leading role in these searches, since τ leptons can be
identified with higher purity than b quarks and backgrounds from genuine ττ events can be
estimated with higher accuracy, while the branching fractions for the decay into τ leptons are
typically larger than those for the decay into muons because of the larger τ lepton mass. There
are several other examples of extended Higgs sectors, which are summarized in Ref. [34], that
could give appreciable resonant ττ production rates in addition to the known SM processes
at the LHC. Furthermore, models that include additional coloured states carrying both baryon
and lepton quantum numbers, known as leptoquarks [35, 36], can lead to an enhancement
in the nonresonant production rates of ττ pairs with large invariant masses via the leptoquark
t-channel exchange. Searches for resonant and nonresonant ττ signatures are thus complemen-
tary in the exploration of physics beyond the SM (BSM) at the LHC. Recent searches for single-
and pair-production of third-generation leptoquarks at the LHC are reported in Refs. [37–45].

In this paper the results of three searches for both resonant and nonresonant ττ signatures are
presented:

i) The first search, which is meant to be as model independent as possible, targets the pro-
duction of a single narrow spin-0 resonance ϕ, in addition to H(125), via gluon fusion
(ggϕ) or in association with b quarks (bbϕ). Assumptions that have been made for this
search are that the width of ϕ is small compared with the experimental resolution, and
that the ϕ transverse momentum (pT) spectrum for ggϕ production as well as the rela-
tive contributions of t- and b-quarks to ggϕ production are as expected for an SM Higgs
boson at the tested mass value.

ii) The second search targets the t-channel exchange of a vector leptoquark U1.

iii) The third search exploits selected benchmark scenarios of the MSSM that rely on the
signal from three neutral Higgs bosons, one of which is associated with H(125).
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The results are based on the proton-proton (pp) collision data collected at the LHC during the
years 2016–2018, at

√
s = 13 TeV, by the CMS experiment. The data correspond to an integrated

luminosity of 138 fb−1. The analysis is performed in four ττ final states: eµ, eτh, µτh, and
τhτh, where e, µ, and τh indicate τ decays into electrons, muons, and hadrons, respectively.
For this analysis the most significant backgrounds are estimated from data, which includes
all SM processes with two genuine τ leptons in the final state, and processes where quark- or
gluon-induced jets are misidentified as τh, denoted as jet → τh.

The paper is organized as follows. Section 2 gives an overview of the phenomenology of the
BSM physics scenarios under consideration. Section 3 describes the CMS detector, and Section 4
describes the event reconstruction. Section 5 summarizes the event selection and categorization
used for the extraction of the signal. The data model and systematic uncertainties are described
in Sections 6 and 7. Section 8 contains the results of the analysis. Section 9 briefly summarizes
the paper. A complete set of tabulated results of this search for all tested mass hypotheses is
available in the HEPData database [46].

2 Signal models
Neutral (pseudo)scalar bosons ϕ appear in many extensions of the SM. They may have different
couplings to the upper and lower components of the SU(2)L fermion fields (associated with
up- and down-type fermions) and gauge bosons. In several models, like the MSSM models
discussed in Section 2.2, the ϕ couplings to down-type fermions are enhanced with respect
to the expectation for an SM Higgs boson of the same mass, while the couplings to up-type
fermions and vector bosons are suppressed. This makes down-type fermion final states, such
as ττ , particularly interesting for searches for neutral Higgs bosons in addition to H(125). An
enhancement in the couplings to down-type fermions also increases the bbϕ production cross
section relative to ggϕ, which is another characteristic signature of these models and motivates
the search for enhanced production cross sections in this production mode with respect to the
SM expectation. In a first interpretation of the data, which is meant to be as model independent
as possible, we search for ϕ production via the ggϕ and bbϕ processes in a range of 60 ≤ mϕ ≤
3500 GeV, where mϕ denotes the hypothesized ϕ mass. Diagrams for these processes are shown
in Fig. 1. In a second, more specific interpretation of the data, we search for nonresonant ττ
production in a model with vector leptoquarks. Finally, in a third interpretation of the data,
we survey the parameter space of two indicative benchmark scenarios of the MSSM, which
predict multiresonance signatures, one of which is associated with H(125). The most important
characteristics of the vector leptoquark model and the MSSM are described in the following.

g

g

φ

g

g

φ
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b

b

b

φ

g

Figure 1: Diagrams for the production of neutral Higgs bosons ϕ (left) via gluon fusion, labelled
as ggϕ, and (middle and right) in association with b quarks, labelled as bbϕ in the text. In the
middle diagram, a pair of b quarks is produced from the fusion of two gluons, one from each
proton. In the right diagram, a b quark from one proton scatters from a gluon from the other
proton. In both cases ϕ is radiated off one of the b quarks.
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2.1 Vector leptoquarks

Leptoquarks are hypothetical particles that carry both baryon and lepton numbers [47], and
are predicted by various BSM theories, such as grand unified theories [48–51], technicolour
models [52–55], compositeness scenarios [56, 57], and R-parity violating SUSY [9–11, 58–64].
In recent years there has been a renewed interest in leptoquark models as a means of explain-
ing various anomalies observed by a number of b physics measurements performed in differ-
ent experiments [65–72], most notably the apparent violation of lepton flavour universality in
neutral-current [73] and charged-current [74–80] B meson decays. Models that contain a TeV-
scale vector leptoquark (U1), characterized by its quantum numbers (SU(3)C, SU(2)L, U(1)Y) =
(3, 1, 2/3), are particularly appealing because they can explain both neutral- and charged-
current anomalies at the same time [66–72].

The Lagrangian for the U1 coupling to SM fermions is given by [72]

LU =
gU√

2
Uµ
[

βiα
L (q

i
Lγµlα

L) + βiα
R (d

i
Rγµeα

R)
]
+ h.c., (1)

with the coupling constant gU, where qL and dR (lL and eR) denote the left- and right-handed
quark (lepton) doublets, and βL and βR are left- and right-handed coupling matrices, which are
assumed to have the structures:

βL =

0 0 βdτ
L

0 β
sµ
L βsτ

L

0 β
bµ
L β

bτ
L

 , βR =

0 0 0
0 0 0
0 0 βbτ

R

 . (2)

The motivations for the assumed structures of these matrices are given in Ref. [72]. The normal-
ization of gU is chosen to give β

bτ
L = 1. Two benchmark scenarios are considered, with different

assumptions made about the value of βbτ
R . In the first benchmark scenario (“VLQ BM 1”), βbτ

R
is assumed to be zero. In the second benchmark scenario (“VLQ BM 2”), βbτ

R is assumed to be
−1, which corresponds to a Pati–Salam-like [49, 68] U1 leptoquark. The βsτ

L couplings are set to
their preferred values from global fits to the low-energy observables presented in Ref. [72], as
summarized in Table 1. The βdτ

L , β
sµ
L , and β

bµ
L couplings are small and have negligible influence

on the ττ signature, and therefore have been set to zero.

If the U1 leptoquark mass (mU) is sufficiently small, the U1 particle will contribute to the ττ
spectrum via pair production with each U1 subsequently decaying to a qτ pair. For larger
mU, the pair production cross section is suppressed because of the decreasing probability that
the initial-state partons possess sufficiently large momentum fractions of the corresponding
protons to produce on-shell U1 pairs. In this case the dominant contribution to the ττ spectrum
is via U1 t-channel exchange in the bb initial-state as illustrated in Fig. 2, with subdominant
contributions from the equivalent bs, sb, and ss initiated processes. In our analysis we target
the kinematic region of mU ≳ 1 TeV, motivated by the experimental exclusion limits on mU by
direct searches, e.g. in Ref. [42]. The contribution to the ττ spectrum from U1 pair production
is negligible in this case, and we therefore consider only production through the t-channel
exchange.

2.2 The MSSM

In the MSSM, which is a concrete example of the more general class of two Higgs doublet
models (2HDMs) [81, 82], the Higgs sector requires two SU(2) doublets, Φu and Φd, to provide
masses for up- and down-type fermions. In CP-conserving 2HDMs, this leads to the prediction
of two charged (H±) and three neutral ϕ bosons (h, H, and A), where h and H (with masses
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Figure 2: Diagram for the production of a pair of τ leptons via the t-channel exchange of a
vector leptoquark U1.

mh < mH) are scalars, and A (with mass mA) is a pseudoscalar. The physical states h and H
arise as mixtures of the pure gauge fields with a mixing angle α.

At tree level in the MSSM, the masses of these five Higgs bosons and α can be expressed in
terms of the known gauge boson masses and two additional parameters, which can be chosen
as mA and the ratio of the vacuum expectation values of the neutral components of Φu and Φd,

tan β =
⟨Φ0

u⟩
⟨Φ0

d⟩
. (3)

Dependencies on additional parameters of the soft SUSY breaking mechanism enter via higher-
order corrections in perturbation theory. In the exploration of the MSSM Higgs sector these
additional parameters are usually set to fixed values in the form of indicative benchmark sce-
narios to illustrate certain properties of the theory. The most recent set of MSSM benchmark
scenarios provided by the LHC Higgs Working Group has been introduced in Refs. [83–85] and
summarized in Ref. [86]. The corresponding predictions of masses, cross sections, and branch-
ing fractions can be obtained from Ref. [87]. With one exception (the M125

H scenario), in these
scenarios h takes the role of H(125), and H and A are nearly degenerate in mass (mH ≈ mA) in
a large fraction of the provided parameter space.

For values of mA much larger than the mass of the Z boson, the coupling of H and A to down-
type fermions is enhanced by tan β with respect to the expectation for an SM Higgs boson of
the same mass, while the coupling to vector bosons and up-type fermions is suppressed. For
increasing values of tan β, bbϕ (with ϕ = H, A) is enhanced relative to ggϕ production. The
larger contribution of b quarks to the loop in Fig. 1 (left) in addition leads to softer spectra of
the H and A transverse momentum. Extra SUSY particles influence the production and decay
via higher-order contributions to the interaction vertices that belong to b quark lines. They also
contribute directly to the loop in Fig. 1 (left).

Table 1: Summary of the preferred values and uncertainties of βsτ
L in the two considered U1

benchmark scenarios from Ref. [72].

Benchmark βsτ
L

VLQ BM 1 0.19+0.06
−0.09

VLQ BM 2 0.21+0.05
−0.09
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3 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal di-
ameter, 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 endcap sections. Forward
calorimeters extend the pseudorapidity (η) coverage provided by the barrel and endcap detec-
tors. 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 (L1), composed of custom hardware processors, uses information from the calorime-
ters and muon detectors to select events at a rate of around 100 kHz within a fixed latency of
about 4 µs [88]. The second level, known as the high-level trigger (HLT), consists of a farm of
processors running a version of the full event reconstruction software optimized for fast pro-
cessing, and reduces the event rate to around 1 kHz before data storage [89]. 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. [90].

4 Event reconstruction
The reconstruction of the pp collision products is based on the particle-flow (PF) algorithm [91],
which combines the information from all CMS subdetectors to reconstruct a set of particle can-
didates (PF candidates), identified as charged and neutral hadrons, electrons, photons, and
muons. In the 2016 (2017–2018) data sets the average number of interactions per bunch cross-
ing was 23 (32). The primary vertex (PV) is taken to be the vertex corresponding to the hardest
scattering in the event, evaluated using tracking information alone, as described in Ref. [92].
Secondary vertices, which are displaced from the PV, might be associated with decays of long-
lived particles emerging from the PV. Any other collision vertices in the event are associated
with additional, mostly soft, inelastic pp collisions, referred to as pileup (PU).

Electrons are reconstructed using tracks from hits in the tracking system and energy deposits
in the ECAL [93, 94]. To increase their purity, reconstructed electrons are required to pass a
multivariate electron identification discriminant, which combines information on track quality,
shower shape, and kinematic quantities. For this analysis, a working point with an identifi-
cation efficiency of 90% is used, for a rate of jets misidentified as electrons of ≈1%. Muons
in the event are reconstructed by combining the information from the tracker and the muon
detectors [95]. The presence of hits in the muon detectors already leads to a strong suppres-
sion of particles misidentified as muons. Additional identification requirements on the track
fit quality and the compatibility of individual track segments with the fitted track can reduce
the misidentification rate further. For this analysis, muon identification requirements with an
efficiency of ≈99% are chosen, with a misidentification rate below 0.2% for pions.

The contributions from backgrounds to the electron and muon selections are further reduced
by requiring the corresponding lepton to be isolated from any hadronic activity in the detector.
This property is quantified by an isolation variable

Ie(µ)
rel =

1

pe(µ)
T

(
∑ pcharged

T + max
(

0, ∑ Eneutral
T + ∑ Eγ

T − pPU
T

))
, (4)

where pe(µ)
T corresponds to the electron (muon) pT and ∑ pcharged

T , ∑ Eneutral
T , and ∑ Eγ

T to the
pT (or transverse energy ET) sum of all charged particles, neutral hadrons, and photons, in a

predefined cone of radius ∆R =
√
(∆η)2 + (∆φ)2 around the lepton direction at the PV, where
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∆η and ∆φ (measured in radians) correspond to the angular distances of the particle to the
lepton in the η and azimuthal φ directions. The chosen cone size is ∆R = 0.3 (0.4) for electrons
(muons). The lepton itself is excluded from the calculation. To mitigate any distortions from
PU, only those charged particles whose tracks are associated with the PV are included. Since
an unambiguous association with the PV is not possible for neutral hadrons and photons, an
estimate of the contribution from PU (pPU

T ) is subtracted from the sum of ∑ Eneutral
T and ∑ Eγ

T .
This estimate is obtained from tracks not associated with the PV in the case of Iµ

rel and the mean

energy flow per area unit in the case of Ie
rel. For negative values, the Ie(µ)

rel is set to zero.

For further characterization of the event, all reconstructed PF candidates are clustered into jets
using the anti-kT algorithm with a distance parameter of 0.4, as implemented in the FASTJET

software package [96, 97]. To identify jets resulting from the hadronization of b quarks (b jets)
the DEEPJET algorithm is used, as described in Refs. [98, 99]. In this analysis a working point
of this algorithm is chosen that corresponds to a b jet identification efficiency of ≈80% for a
misidentification rate for jets originating from light-flavour quarks or gluons of O(1%) [100].
Jets with pT > 30 GeV and |η| < 4.7 and b jets with pT > 20 GeV and |η| < 2.4 are used in 2016.
From 2017 onwards, after the upgrade of the silicon pixel detector, the b jet η range is extended
to |η| < 2.5.

Jets are also used as seeds for the reconstruction of τh candidates. This is done by exploit-
ing the substructure of the jets using the “hadrons-plus-strips” algorithm, as described in
Refs. [101, 102]. Decays into one or three charged hadrons with up to two neutral pions with
pT > 2.5 GeV are used. Neutral pions are reconstructed as strips with dynamic size in η-φ from
reconstructed photons and electrons contained in the seeding jet, where the latter originate
from photon conversions. The strip size varies as a function of the pT of the electron or photon
candidates. The τh decay mode is then obtained by combining the charged hadrons with the
strips. To distinguish τh candidates from jets originating from the hadronization of quarks or
gluons, and from electrons or muons, the DEEPTAU (DT) algorithm is used, as described in
Ref. [102]. This algorithm exploits the information of the reconstructed event record (compris-
ing tracking, impact parameter, and calorimeter cluster information), the kinematic and object
identification properties of the PF candidates in the vicinity of the τh candidate and those of
the τh candidate itself, and quantities that estimate the PU density of the event. It results in
a multiclassification output yDT

α (α = τ , e, µ, jet) equivalent to a Bayesian probability of the
τh candidate to originate from a genuine τ lepton, the hadronization of a quark or gluon, an
electron, or a muon. From this output three discriminants are built according to

Dα =
yDT

τ

yDT
τ + yDT

α

, α = e, µ, jet. (5)

For the analysis presented here, predefined working points of De , Dµ , and Djet [102] are chosen
depending on the ττ final state, for which the τh selection efficiencies and misidentification
rates are given in Table 2. Since the jet → τh misidentification rate strongly depends on the pT
and initiating parton type of the misidentified jet, it should be viewed as approximate.

The missing transverse momentum vector p⃗miss
T is also used for further categorization of the

events. It is calculated as the negative vector pT sum of all PF candidates, weighted by their
probability to originate from the PV [103], and exploits the pileup-per-particle identification
algorithm [104] to reduce the PU dependence. With pmiss

T we refer to the magnitude of this
quantity.
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Table 2: Efficiencies for the identification of τh decays and corresponding misidentification
rates (given in parentheses) for the working points of De , Dµ , and Djet, chosen for the ττ
selection, depending on the ττ final state. The numbers are given as percentages.

De (%) Dµ (%) Djet (%)
eτh 54 (0.05) 71.1 (0.13)
µτh 70 (2.60)

70.3 (0.03) 49 (0.43)
τhτh 71.1 (0.13)

5 Event selection and categorization
5.1 Selection of ττ candidates

Depending on the final state, the online selection in the HLT step is based either on the presence
of a single electron, muon, or τh candidate, or an eµ, eτh, µτh, or τhτh pair in an event. In the
offline selection further requirements on pT, η, and Ie(µ)

rel are applied in addition to the object
identification requirements described in Section 4, as summarized in Table 3.

In the eµ final state an electron and a muon with pT > 15 GeV and |η| < 2.4 are required.
Depending on the trigger path that has led to the online selection of an event, a stricter require-
ment of pT > 24 GeV is imposed on one of the two leptons to ensure a sufficiently high trigger
efficiency of the HLT selection. Both leptons are required to be isolated from any hadronic
activity in the detector according to Ie(µ)

rel < 0.15 (0.2).

In the eτh (µτh) final state, an electron (muon) with pT > 25 (20)GeV is required if the event
was selected by a trigger based on the presence of the eτh (µτh) pair in the event. From 2017
onwards, the threshold on the muon is raised to 21 GeV. If the event was selected by a single-
electron trigger, the pT requirement on the electron is increased to 26, 28, or 33 GeV for the years
2016, 2017, or 2018, respectively. For muons, the pT requirement is increased to 23 (25) GeV for
2016 (2017–2018), if selected by a single-muon trigger. The electron (muon) is required to be
contained in the central part of the detector with |η| < 2.1, and to be isolated according to
Ie(µ)
rel < 0.15. The τh candidate is required to have |η| < 2.3 and pT > 35 (32)GeV if selected by

an eτh (µτh) pair trigger, or pT > 30 GeV if selected by a single-electron (single-muon) trigger.
In the τhτh final state, both τh candidates are required to have |η| < 2.1 and pT > 40 GeV.
For events only selected by a single τh trigger, the τh candidate that has been identified with
the triggering object is required to have pT > 120 (180)GeV for events recorded in 2016 (2017–
2018).

The selected τ lepton decay candidates are required to be of opposite charge and to be sep-
arated by more than ∆R = 0.3 in the η-φ plane in the eµ final state and by more than 0.5
otherwise. The closest distance of their tracks to the PV is required to be dz < 0.2 cm along the
beam axis. For electrons and muons, an additional requirement of dxy < 0.045 cm in the trans-
verse plane is applied. In rare cases, where more than the required number of τh candidates
fulfilling all selection requirements is found, the candidate with the highest Djet score is chosen.
For electrons and muons, the most isolated candidate is chosen.

To avoid the assignment of single events to more than one final state, events with additional
electrons or muons, fulfilling looser selection requirements than those given for each corre-
sponding ττ final state above, are rejected from the selection. These requirements also help
with the suppression of background processes, such as Z/γ∗ → ee or Z/γ∗ → µµ.
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Table 3: Offline selection requirements applied to the electron, muon, and τh candidates used
for the selection of the τ pair. The expressions first and second lepton refer to the label of the
final state in the first column. The pT requirements are given in GeV. For the eµ final state
two lepton pair trigger paths, with a stronger requirement on the pT of the electron (muon), are
used for the online selection of the event. For the eτh, µτh, and τhτh final states, the values (in
parentheses) correspond to the lepton pair (single lepton) trigger paths that have been used in
the online selection. A detailed discussion is given in the text.

Final state Obs. First lepton Second lepton
2016 2017 2018 2016 2017 2018

eµ pT > 15 (24) > 24 (15)
|η| < 2.4 < 2.4
Ie
rel < 0.15 < 0.20

eτh pT > 25 (26) > 25 (28) > 25 (33) > 35 (30)
|η| < 2.1 < 2.3
Ie
rel < 0.15 –

µτh pT > 20 (23) > 21 (25) > 21 (25) > 32 (30)
|η| < 2.1 < 2.3
Iµ
rel < 0.15 –

τhτh pT > 40 (120) > 40 (180) > 40
|η| < 2.1 < 2.1

5.2 Event categorization

5.2.1 Standard categories and signal extraction

To increase the sensitivity of the searches, all selected events are further split into categories.
Events with at least one b jet, according to the selection requirements given in Section 4, are
combined into a global “b tag” category, used to target bbϕ production and to control the
background from top quark pair (tt) production. All other events are subsumed into a global
“no b tag” category. The events in the τhτh final state are not further categorized beyond that
point. In the eτh and µτh final states, more categories are introduced in the global “b tag” and
“no b tag” categories, based on the transverse mass of the e (µ)-⃗pmiss

T system defined as

me(µ)
T = mT( p⃗e(µ)

T , p⃗miss
T ), with mT( p⃗ i

T, p⃗ j
T) =

√
2 p i

T p j
T (1 − cos ∆φ), (6)

where ∆φ refers to the azimuthal angular difference between p⃗ i
T and p⃗ j

T. Events are divided into

a tight-mT (me(µ)
T < 40 GeV) and a loose-mT (40 < me(µ)

T < 70 GeV) category. The ϕ signal is
expected to be concentrated in the tight-mT category. However, the loose-mT category increases
the acceptance for mϕ ≳ 700 GeV.

In the eµ final state, events are categorized based on the observable Dζ [105] defined as

Dζ = pmiss
ζ − 0.85 pvis

ζ ; pmiss
ζ = p⃗miss

T · ζ̂; pvis
ζ =

(
p⃗e

T + p⃗ µ
T

)
· ζ̂, (7)

where ζ̂ corresponds to the bisectional direction between p⃗e
T and p⃗ µ

T . The scalar products pmiss
ζ

and pvis
ζ can take positive or negative values. Their linear combination has been optimized

to maximize the sensitivity of the search. For events originating from W boson production
in association with jets (W+ jets) or tt production, the p⃗e

T , p⃗ µ
T , and p⃗miss

T directions are more
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Figure 3: Inputs to the reconstruction of the event observable Dζ in the eµ final state, as de-
scribed in the text.

isotropically distributed leading to nonpeaking distributions in Dζ . For ττ events from reso-
nant decays, p⃗miss

T is expected to roughly coincide with ζ̂, and a stronger correlation between
pmiss

ζ and pvis
ζ is expected to lead to a peaking distribution about Dζ ≈ 0 GeV. The inputs to the

reconstruction of Dζ are illustrated in Fig. 3. Three further categories are introduced as high-Dζ

(Dζ > 30 GeV), medium-Dζ (−10 < Dζ < 30 GeV), and low-Dζ (−35 < Dζ < −10 GeV). A
ϕ signal is expected to be concentrated in the medium-Dζ category. However, the low- and
high-Dζ categories still contribute to an increase of the sensitivity of the model-independent ϕ
search in the eµ final state by ≈10%. A control category in the eµ final state with at least one
b jet and Dζ < −35 GeV is used to constrain the normalization of tt events in the fit used for
signal extraction.

In summary, this leads to 17 event categories per data-taking year. Figure 4 shows the Dζ and
mµ

T distributions in the eµ and µτh final states, before splitting the events into the categories
described above. The category definitions are indicated by the vertical dashed lines in the
figures. An overview of the categories described above is given in Fig. 5.

In all cases the signal is extracted from distributions of the total transverse mass [26] defined as

mtot
T =

√
m2

T( p⃗ τ1
T , p⃗ τ2

T ) + m2
T( p⃗ τ1

T , p⃗miss
T ) + m2

T( p⃗ τ2
T , p⃗miss

T ), (8)

where τ1(2) refers to the first (second) τ final state indicated in the eµ, eτh, µτh, and τhτh final
state labels, and mT between two objects with transverse momenta p⃗ τ1

T and p⃗ τ2
T is defined in

Eq. (6). This quantity is expected to provide superior discriminating power between resonant
signals with mϕ ≳ 250 GeV and nonpeaking backgrounds, such as W+ jets or tt production in
the high-mass tails of the distribution.

This strategy is used for the model-independent ϕ search, to extract the expected signal for
hypothesized values of mϕ ≥ 250 GeV. It is also used for the extraction of the A and H signal
(for mA, mH ≳ 250 GeV), when interpreting the data in MSSM benchmark scenarios, and for the
vector leptoquark search, which is most sensitive to an excess over the background expectation
for mtot

T ≳ 250 GeV as will be discussed in Section 6.4.2.

To increase the sensitivity of the analyses for the model-independent ϕ search for hypothe-
sized values of mϕ < 250 GeV and the low-mass resonance h for the interpretation of the data
in MSSM benchmark scenarios, this signal extraction strategy is modified as discussed in the
following sections.
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Figure 4: Observed and expected distributions of (left) Dζ in the eµ final state and (right) mµ
T

in the µτh final state. The distributions are shown in the global “no b tag” category before any
further event categorization and after an individual background-only fit to the data in each
corresponding variable. The grey shaded band represents the complete set of uncertainties
used for signal extraction, after the fit. A detailed discussion of the data modelling is given in
Section 6. The vertical dashed lines indicate the category definitions in each of the final states,
as described in the text. In the lower panels of each figure the ratio of the observed numbers of
events per bin to the background expectation is shown.

Dζ<−35GeV

Figure 5: Overview of the categories used for the extraction of the signal for the model-
independent ϕ search for hypothesized values of mϕ ≥ 250 GeV, the vector leptoquark search,
and the interpretation of the data in MSSM benchmark scenarios.
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5.2.2 Modifications for the low-mass model-independent ϕ search

For hypothesized values of mϕ < 250 GeV, the background from Z/γ∗ → ττ production,
which features a peaking mass distribution in a region close to the signal mass, starts to ex-
ceed the nonpeaking backgrounds. The mtot

T distribution loses discrimination power and some
of the categories that were introduced to increase the acceptance for high-mass signals are not
useful anymore. Therefore, the signal extraction strategy is modified in the following way. The
low-Dζ and loose-mT categories are removed. The remaining “no b tag” categories are further
split by pττ

T , obtained from the vectorial sum pT of the visible τ decay products and p⃗miss
T , ac-

cording to pττ
T < 50 GeV, 50 < pττ

T < 100 GeV, 100 < pττ
T < 200 GeV, and pττ

T < 200 GeV,
where pττ

T is used as an estimate for the ϕ pT (pϕ
T) in data. No further splitting based on pττ

T is
applied to the “b tag” categories because of the lower event populations in these categories. In
summary, this leads to 26 event categories per data-taking year. An overview of this modified
set of categories is given in Fig. 6.

pT
τ τ<50GeV

50< pT
τ τ<100GeV

100< pT
τ τ<200GeV

pT
τ τ>200GeV

pT
τ τ<50GeV

50< pT
τ τ<100GeV

100< pT
τ τ<200GeV

pT
τ τ>200GeV

pT
τ τ<50GeV

50< pT
τ τ<100GeV

100< pT
τ τ<200GeV

pT
τ τ>200GeV

pT
τ τ<50GeV
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τ τ<100GeV

100< pT
τ τ<200GeV

pT
τ τ>200GeV

pT
τ τ<50GeV

50< pT
τ τ<100GeV

100< pT
τ τ<200GeV

pT
τ τ>200GeV

Dζ<−35GeV

Figure 6: Overview of the categories used for the extraction of the signal for the model-
independent ϕ search for 60 ≤ mϕ < 250 GeV.
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In these categories, the signal is extracted from a likelihood-based fit of the invariant mass
of the ττ system, mττ , before the decay of the τ leptons [106]. This estimate combines the
measurement of p⃗miss

T and its covariance matrix with the measurements of the visible ττ decay
products, utilizing the matrix elements for unpolarized τ decays [107] for the decay into leptons
and the two-body phase space [108] for the decay into hadrons. On average the resolution of
mττ amounts to about 10–25%, depending on the kinematic properties of the ττ system and the
ττ final states, where the latter is related to the number of neutrinos that escape detection. This
approach exploits the better mϕ resolution of mττ compared to mtot

T , together with the usually

harder pϕ
T, compared to the Z/γ∗ → ττ pT spectrum.

5.2.3 Modifications for the MSSM interpretation

The MSSM predicts three neutral Higgs bosons ϕ, one of which is identified with H(125). Each
benchmark scenario has to match the observed H(125) properties. To exploit the best possible
experimental knowledge about H(125) all events in the global “no b tag” category are split by
mττ . For events with mττ > 250 GeV, the categories described in Section 5.2.1 are used. For
events with mττ < 250 GeV, the neural-network-based (NN) analysis, which was used for the
stage-0 simplified template cross section measurements of Ref. [109], is used to obtain the most
precise estimates from data for H(125) production via gluon fusion (ggh), vector boson fusion
(VBF), and vector boson associated production (Vh). Although the NN is trained specifically
to target events with an SM-like ϕ with mϕ = 125 GeV, signal events for the additional Higgs
bosons can also enter the NN categories for mϕ ≲ 250 GeV, and the yl discriminators contribute
to the separation of such events from the background.

This modification adds 18 background and 8 signal categories from the NN-analysis per data-
taking year. We will refer to these as the ”NN categories” throughout this paper. In these
categories, the H(125) signal is extracted from distributions of the NN output functions yl in
each signal and background category l. For the NN-analysis in Ref. [109], meµ

T calculated from
p⃗e

T + p⃗ µ
T and p⃗miss

T is required to be less than 60 GeV in the eµ final state, to prevent event
overlap with analyses of other H(125) decay modes in the SM interpretation. For the analysis
presented here, this requirement is replaced by Dζ > −35 GeV.

A summary of the categories and discriminating variables used for signal extraction for each
of the analyses presented in this paper is given in Table 4.

Table 4: Event categories and discriminants used for the extraction of the signals, for the
searches described in this paper. We note that mϕ refers to the hypothesized mass of the model-
independent ϕ search, while mττ refers to the reconstructed mass of the ττ system before the
decays of the τ leptons, and thus to an estimate of mϕ in data. The variable yl refers to the
output functions of the NNs used for signal extraction in Ref. [109].

Search Categories Additional Discr.
selections variable

Model-independent (ϕ)
mϕ < 250 GeV Fig. 6 — mττ

mϕ ≥ 250 GeV Fig. 5 — mtot
T

Vector leptoquark (U1) Fig. 5 — mtot
T

MSSM benchmark scenarios (A, H, h)
NN-analysis

mττ < 250 GeV, ylDζ > −35 GeV (in eµ)

Fig. 5 mττ > 250 GeV mtot
T
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Table 5: Background processes contributing to the event selection, as discussed in Section 5.
The symbol ℓ corresponds to an electron or muon. The second column refers to the experi-
mental signature in the analysis, the last four columns indicate the estimation methods used
to model each corresponding signature, as described in Sections 6.1–6.4. Diboson and single
t production are part of the process group iv) discussed in Section 6. QCD(eµ) refers to QCD
multijet production with an eµ pair in the final state.

Estimation method
Background process Final-state signature τ-emb. FF SS Sim.

Z/γ∗
ττ ✓ — — —

Jet→τh — ✓ — —
ℓℓ — — — ✓

tt
ττ ✓ — — —

Jet→τh — ✓ — —
ℓ + X — — — ✓

Diboson+single t
ττ ✓ — — —

Jet→τh — ✓ — —
ℓ + X — — — ✓

W+ jets
Jet→τh — ✓ — —
Jet→ℓ — — — ✓

QCD multijet
Jet→τh — ✓ — —

QCD(eµ) — — ✓ —

H(125) ττ — — — ✓

6 Background and signal modelling
All SM background sources that are relevant after the event selection described in Section 5
are listed in Table 5. The expected background composition depends on the ττ final state,
event category, and the tested signal mass hypothesis. The most abundant source of back-
ground in the “b tag” categories is tt production. In the “no b tag” categories Z/γ∗ → ττ
forms the largest fraction of background processes, followed by W+ jets production and events
containing purely quantum chromodynamics (QCD) induced gluon and light-flavour quark
jets, referred to as QCD multijet production. These backgrounds are grouped according to
their experimental signatures into:

i) events containing genuine τ lepton pairs (ττ);

ii) events with quark- or gluon-induced jets misidentified as τh candidates (jet → τh) or
light leptons (jet → ℓ) in the eµ final state;

iii) tt events where an intermediate W boson decays into an electron, muon, or τ lepton,
which do not fall into the previous groups (labelled as “tt” in later figures);

iv) remaining background processes that are of minor importance for the analysis and not
yet included in any of the previous event groups (labelled as “others” in later figures).

Event group (i) mostly contains Z/γ∗ → ττ events, with smaller contributions from tt, di-
boson, and single t quark production. These events are modelled using the τ-embedding
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method [110], labelled ”τ-emb.” in Table 5, and discussed in Section 6.1. Event group (ii) con-
tains events from QCD multijet, W+ jets, Z+ jets, tt , diboson and single t quark production with
jet → τh misidentification, and QCD multijet production with jet → ℓ misidentification in the
eµ final state. The events with jet → τh misidentification are estimated from the “fake factor”
(FF) method, labelled ”FF ” in Table 5, and discussed in Section 6.2. The events with jet → ℓ
misidentification in the eµ final state are estimated from the “same-sign” (SS) method, labelled
”SS” in Table 5, and discussed in Section 6.3. Event group (iv) comprises diboson and single t
quark production (labelled as “electroweak” in Fig. 4 left), H(125) production, Z/γ∗ → µµ
and Z/γ∗ → ee events, and W+ jets events with jet → ℓ misidentification. Events from event
groups iii) and iv), and all signal processes are estimated from full event simulation, labelled
”Sim.” in Table 5, and discussed in Section 6.4.

6.1 Backgrounds with genuine τ lepton pairs (ττ)

For all events where the decay of a Z boson results in two genuine τ leptons, the τ-embedding
method, as described in Ref. [110], is used. For this purpose, µµ events are selected in data.
All energy deposits of the muons are removed from the event record and replaced by simu-
lated τ lepton decays with the same kinematic properties as the selected muons. In this way
the method relies only on the simulation of the well-understood τ lepton decay and its energy
deposits in the detector, while all other parts of the event, such as the identification and re-
construction of jets, including b jets, or the non-τ related parts of p⃗miss

T are obtained from data.
This results in an improved modelling of the data compared with the simulation of the full pro-
cess. In turn, several simulation-to-data corrections, as detailed in Section 6.5, are not needed.
The selected muons predominantly originate from Z/γ∗ → µµ events. However, contributions
from other processes resulting in two genuine τ leptons, like tt or diboson production, are also
covered by this model. For a selection with no (at least one) b jet in the event, as described in
Section 5, 97% (84%) of the µµ events selected for the τ-embedding method are expected to
originate from Z/γ∗ → µµ and <1% (14%) from tt production. A detailed discussion of the
selection of the original µµ events, the exact procedure itself, its range of validity, and related
uncertainties is reported in Ref. [110].

6.2 Backgrounds with jets misidentified as hadronically decaying τ leptons
(jet → τh)

The main processes contributing to jet → τh events in the eτh, µτh, and τhτh final states are
QCD multijet, W+ jets, and tt production. These events are estimated using the FF method
described in Refs. [32, 111], and adapted to the analyses described in this paper.

For this purpose, the signal region (SR), defined by the event selection given in Section 5, is
complemented by three additional regions: the application region (AR) and two determination
regions DRi, where i stands for QCD or W+ jets. For the AR a looser working point for the
identification of the τh candidate is chosen and the events from the SR are excluded, which is
the only selection difference with respect to the SR. In this way the AR forms an orthogonal,
though still adjacent, sideband to the SR that is enriched in jet → τh events. The events in the
AR are then multiplied with a transfer function, which is obtained from each corresponding
DRi or simulation, to estimate the contribution of jet → τh events in the SR. The background
processes in the AR and each corresponding DRi that are not targeted by this method are esti-
mated either from simulation or the τ-embedding method and subtracted from the data.

In the τhτh final state, where QCD multijet production contributes ≳95% of the events in the
AR, the transfer function is determined from DRQCD only, for which the charges of the two
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selected τh candidates are required to be of same sign. This function is assumed to be appli-
cable also for the small fraction of W+ jets and tt events in the AR. In this final state, both τh
candidates usually originate from jet → τh misidentification. We require only the τh candidate
with the larger pT to fulfil the AR requirements, which provides an estimate for events where
only this τh candidate is misidentified. Events in which the τh candidate with the larger pT is
a genuine τ lepton and the one with the lower pT is misidentified, which constitute ≈2% of the
total jet → τh background, are modelled from simulation.

In the eτh (µτh) final state, where the sharing of processes contributing to the AR is more equal,
separate contributions to the transfer function Fi

F are used, where the index i runs over the pro-
cesses of QCD multijet, W+ jets, and tt production. For QCD multijet and W+ jets production
each Fi

F is derived in its corresponding DRi. For DRQCD we require 0.05 < Ie(µ)
rel < 0.15 and the

charges of the selected e(µ) and the τh candidate to be of same sign. For DRW+ jets we require
me(µ)

T > 70 GeV and the absence of b jets. The estimate of Ftt
F is obtained from simulation. Each

Fi
F is then used to estimate the yield NSR and kinematic properties of the combination of the

main contributing backgrounds i in the SR from the number of events NAR in the AR according
to

NSR =

(
∑

i
wiF

i
F

)
NAR, i = QCD, W+jets, tt . (9)

Each Fi
F is combined into a weighted sum, using the simulation-based estimate of the fractions

wi of each process in the AR. A template fit to the data in the AR yields a similar result for the
wi.

Each Fi
F is computed on an event-by-event basis. It mainly depends on the pT of the τh candi-

date with the larger pT, pτh
T , the ratio pjet

T /pτh
T where pjet

T corresponds to the pT of the jet seeding
the τh reconstruction, and the jet multiplicity NJets. Each Fi

F is further subject to a number of
residual corrections derived from both control regions in data and simulation to take sublead-
ing dependencies of the Fi

F into account. Depending on the transfer function Fi
F and the ττ final

state these are dependencies on pℓT, the invariant mass of the visible decay products of the ττ

system, Iℓrel, or pτh
T of the second-leading τh candidate.

6.3 Backgrounds with jets misidentified as electron-muon pairs (QCD(eµ))

The background from QCD multijet production where two quark- or gluon-induced jets are
misidentified as an eµ pair is estimated using the SS method. In this case, an AR is distin-
guished from the SR by requiring the charges of the electron and muon to have the same sign.
A sideband region DR is defined requiring the muon to be nonisolated (0.2 < Iµ

rel < 0.5). From
this DR an SS to opposite-sign (OS) transfer function FT is obtained to extrapolate the number
NAR of events in the AR to the number NSR of events in the SR according to

NSR = FT NAR. (10)

The function FT primarily depends on the distance ∆R(e, µ) between the e and µ trajectories in
η-φ and NJets. Additional dependencies on the electron and muon pT enter via a bias correction,
ranging from 0.85–0.9. To validate the method, a second transfer function F′

T is calculated from
a modified DR′ with an isolated muon (Iµ

rel < 0.2) and nonisolated electron (0.15 < Ie
rel < 0.5),

which is applied to the SS selection of the DR. The resulting event yield and shapes of the mtot
T

and mττ distributions are compared to the OS selection of the DR. This test reveals a consistent
result within the statistical uncertainties of the estimate, for events with Nb-jets = 0. For events
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with Nb-jets ≥ 1, a global correction factor rb is required, with a value of 0.71–0.75 depending
on the year of data-taking.

A potential bias from requiring the muon to be nonisolated in the definition of DR is checked
from a third definition of the transfer function F′′

T , in a DR′′ with a nonisolated muon (0.2 <
Iµ
rel < 0.5) and electron (0.15 < Ie

rel < 0.5). This test reveals another correction of 0.94–0.95,
depending on the year of data-taking, to correct for the fact that rb , with an isolated muon, is
systematically smaller by ≈5% than in the case of a nonisolated muon.

6.4 Simulated backgrounds and signal

In the τhτh final state, the τ-embedding and FF methods cover 97% of all expected background
events. The fractions of expected background events described by these two methods are 83%
in the eτh and 90% in the µτh final states. In the eµ final state, 53% of all events are obtained by
either the τ-embedding or SS method. All remaining events originate from processes such as
Z boson, tt , or diboson production, where at least one decay of a vector boson into an electron
or muon is not covered by any of the previously discussed methods. These backgrounds and
the signal processes are modelled using the simulation of the full processes.

6.4.1 Background processes

The W+ jets and Z/γ∗ → ℓℓ processes are simulated at leading order (LO) accuracy in the
strong coupling αS, using the MADGRAPH5 aMC@NLO 2.2.2 (2.4.2) event generator [112, 113]
for the simulation of the data taken in 2016 (2017–2018). To increase the number of simulated
events in regions of high signal purity, supplementary samples are generated with up to four
outgoing partons in the hard interaction. For diboson production, MADGRAPH5 aMC@NLO is
used at next-to-LO (NLO) precision in αS. In each case, the FxFx [114] (MLM [115]) prescription
is used to match the NLO (LO) matrix element calculation with the parton shower model.
For tt [116] and (t-channel) single t quark production [117], samples are generated at NLO
precision in αS using POWHEG 2.0 [118–121]. The POWHEG version 1.0 at NLO precision is used
for single t quark production in association with a W boson (tW channel) [122].

When compared with data, W+ jets, Z/γ∗ → ℓℓ, tt , and single t quark events in the tW channel
are normalized to their cross sections at next-to-NLO (NNLO) precision in αS [123–125]. Single t
quark (t-channel) and diboson events are normalized to their cross sections at NLO precision
in αS or higher [125–127].

6.4.2 Signal processes

The kinematic properties of single h production are simulated at NLO precision in αS using
POWHEG 2.0 separately for the production via ggh [128], VBF [129], or in association with a
Z (Zh) or W (Wh) boson [130, 131]. For ggh production, the distributions of the h boson pT
and the jet multiplicity in the simulation are tuned to match the NNLO accuracy obtained from
full phase space calculations with the NNLOPS event generator [132, 133]. For this purpose,
h is assumed to behave as expected from the SM. This applies to the modelling of H(125) as
part of the background for the model-independent ϕ search, as well as for the SM and the
MSSM hypotheses for the interpretation of the data in MSSM benchmark scenarios, where h is
associated with H(125) with properties as expected from the SM.

The production of ϕ, H, and A bosons via gluon fusion is simulated at NLO precision in αS
using the 2HDM implementation of POWHEG 2.0 [128]. To account for the multiscale nature
of the process in the NLO plus parton shower prediction, the pT spectra corresponding to the
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Figure 7: Composition of the signal for the MSSM interpretation of the data and the vector
leptoquark search. The left figure shows the generator level A boson pT density for the MSSM
M125

h scenario for mA = 1.6 TeV and tan β = 30, split by the contributions from the t quark
only, the b quark only, and the tb-interference term. The right figure shows the distribution of
mtot

T at reconstruction level in the τhτh final state for U1 t-channel exchange with mU = 1 TeV
and gU = 1.5, for the signal with and without the interference term for the VLQ BM 1 scenario.
The τhτh final state is shown, since it is the most sensitive one for this search. The bins of
the distributions are divided by their width and the distribution is normalized to the expected
signal yield for 138 fb−1.

contributions from the t quark only, b quark only, and tb-interference are each calculated sep-
arately. The POWHEG damping factor hdamp, which controls the matching between the matrix
element calculation and the parton shower, is set specifically for each contribution as proposed
in Refs. [134–136].

For the model-independent ϕ search, the individual distributions are combined according to
their contribution to the total cross section as expected for an SM-like Higgs boson with given
mass. For the tests of MSSM benchmark scenarios, where the contributions of the individual
distributions also depend on the model parameters, these distributions are scaled using the
effective Yukawa couplings as predicted by the corresponding benchmark model [87], before
combining them into one single prediction. In this context, the tan β-enhanced SUSY correc-
tions to the ϕbb couplings are also included via the corresponding effective Yukawa couplings,
where appropriate. Other SUSY contributions have been checked to amount to less than a few
percent and are neglected. An example of the A boson pT spectrum for mA = 1.6 TeV and
tan β = 30 is shown in Fig. 7 (left). The bbϕ production is simulated at NLO precision in αS
using the corresponding POWHEG 2.0 implementation [137] in the four-flavour scheme (4FS).

The signal process of the U1 t-channel exchange is simulated in the five-flavour scheme (5FS)
at LO precision in αS using the MADGRAPH5 aMC@NLO event generator, v2.6.5 [138]. Events
are generated with up to one additional outgoing parton from the matrix element calculation
and matched following the MLM prescription, with the matching scale Qmatch set to 40 GeV.
The contribution from on-shell U1 → qτ production and decay is excluded during the event
generation. Samples are produced with gU = 1, for several values of mU between 1 and 5 TeV.
We observe no large dependence, neither of the templates used for signal extraction nor of the
overall cross section, on the assumed U1 decay width Γ, even after variations of factors of 0.5
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and 2 and therefore, for each considered value of mU, we choose Γ to approximately match the
value predicted for U1 production with couplings as obtained from the global fit presented in
Ref. [72].

We expect a sizeable effect of destructive interference between the U1 signal and Z/γ∗ → ττ
production, where the relative sizes of the interference and noninterference contributions de-
pend on gU. To include this dependence we generate separate samples for each contribution
to form signal templates, which are negative in case of the interference contribution. These
are scaled by g4

U (for the noninterference contribution) and g2
U (for the interference contribu-

tion), respectively, and combined to form the overall signal distributions for any value of gU.
Finally, the resulting signal event yields are normalized to the cross sections for the inclusive
U1 mediated pp → ττ process, computed at LO precision in αS. The contribution of the U1
t-channel exchange to the mtot

T distribution in the τhτh final state for mU = 1 TeV and gU = 1.5
for the VLQ BM 1 scenario is shown in Fig. 7 (right). As visible from the figure, a complex
contribution of the signal to the overall ττ event yield in mtot

T is expected, with a reduction for
mtot

T ≲ 250 GeV and an enhancement otherwise. Both features may contribute to the signal in-
ference, while the sensitivity of the analysis relies on the yield enhancement for mtot

T ≳ 250 GeV,
as will be discussed in more detail in Section 8.2. We note that for the ϕ searches presented in
this paper interference effects with ττ backgrounds, e.g., from Z/γ∗ → ττ production are not
an issue due to the different spin configurations of the ττ final states.

6.4.3 Common processing

The PDF4LHC15 [139] (NNPDF3.1 [140]) parton distribution functions (PDFs) are used for the
simulation of the ggϕ and bbϕ (U1) signal processes. For all other processes, the NNPDF3.0 [141]
(NNPDF3.1) PDFs are used for the simulation of the data taken in 2016 (2017–2018). The
description of the underlying event is parameterized according to the CUETP8M1 [142] and
CP5 [143] tunes for the simulation of the data taken in 2016 and 2017–2018, respectively.

Parton showering and hadronization, as well as the τ lepton decays, are modelled using the
PYTHIA event generator [144], where versions 8.212 and 8.226 are used for the simulation of the
data taken in 2016, and version 8.230 is used for the data taken in 2017–2018. For all simulated
events, additional inclusive inelastic pp collisions generated with PYTHIA are added accord-
ing to the expected PU profile in data. All events generated are passed through a GEANT4-
based [145] simulation of the CMS detector and reconstructed using the same version of the
CMS event reconstruction software used for the data.

6.5 Corrections to the model

The capability of the model to describe the data is monitored in various control regions orthog-
onal to the signal and background classes, and corrections and corresponding uncertainties are
derived where necessary. All corrections that have been applied to the model are described in
the following. Their uncertainties are discussed in Section 7.

The following corrections apply equally to simulated and τ-embedded events, where the τ de-
cay is also simulated. Since the simulation part of τ-embedded events happens under detector
conditions that are different from the case of fully simulated events, corrections and related
uncertainties may differ, as detailed in Ref. [110]. Corrections are derived for residual differ-
ences in the efficiencies of the selected triggers, differences in the electron and muon tracking
efficiencies, and in the efficiencies of the identification and isolation requirements for electrons
and muons. These corrections are obtained in bins of pT and η of the corresponding lepton, us-
ing the “tag-and-probe” method, as described in Ref. [146], with Z/γ∗ → ee and Z/γ∗ → µµ
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events. They usually do not amount to more than a few percent. The electron energy scale is
adjusted to the scale measured in data using the Z boson mass peak in Z/γ∗ → ee events.

In a similar way, corrections are obtained for the efficiency of triggering on the τh decay sig-
nature and for the τh identification efficiency. The trigger efficiency corrections are obtained
from parametric fits to the trigger efficiency, as a function of pT, derived for simulated events
and data. The identification efficiency corrections are also derived as a function of the pT of
the τh candidate. For pτh

T > 40 GeV, a correction is moreover derived for each τh decay mode
individually, which is used only in the τhτh final state. For each data-taking year and each τh
decay mode, corrections to the energy scale of the τh candidates and of electrons misidentified
as τh candidates are derived from likelihood scans of discriminating observables, such as the
reconstructed τh candidate mass. For muons misidentified as τh candidates, the energy scale
correction has been checked to be negligible.

Corrections are applied to the magnitude and resolution of p⃗miss
T in τ-embedded events to

account for rare cases of an incomplete removal of the energy deposits from the muons that
are replaced by simulated τ decays during the embedding procedure. These corrections are
derived by comparing pmiss

T in τ-embedded events with fully simulated events.

The following corrections only apply to fully simulated events. During the 2016 and 2017
data taking, a gradual shift in the timing of the inputs of the ECAL L1 trigger in the region at
|η| > 2.0 caused a specific trigger inefficiency [88]. For events containing an electron (a jet) with
pT larger than ≈50 (≈100)GeV, in the region of 2.5 < |η| < 3.0 the efficiency loss is 10–20%,
depending on pT, η, and time. Corresponding corrections have been derived from data and
applied to the simulation, where this effect is not present.

The energies of jets are corrected to the expected response of the jet at the stable hadron level,
using corrections measured in bins of the jet pT and η. These corrections are usually less than
10–15%. Residual data-to-simulation corrections are applied to the simulated event samples.
They usually range from subpercent level at high jet pT in the central part of the detector to a
few percent in the forward region. The energy resolution of simulated jets is also adjusted to
match the resolution in data. A correction is applied to the direction and magnitude of p⃗miss

T
based on differences between estimates of the hadronic recoil in Z/γ∗ → µµ events in data
and simulation. This correction is applied to the simulated Z/γ∗ → ℓℓ, W+ jets, h, and ϕ sig-
nal events, where a hadronic recoil against a single particle is well defined. The efficiencies
for genuine and misidentified b jets to pass the working points of the b jet identification dis-
criminant, as given in Section 5, are determined from data, using tt events for genuine b jets
and jet-associated Z boson production for jets originating from light-flavour quarks. Data-to-
simulation corrections are obtained for these efficiencies and used to correct the number of b
jets in the simulation.

Data-to-simulation corrections are further applied to simulated events where an electron (muon)
is reconstructed as a τh candidate, to account for residual differences in the e(µ) → τh misiden-
tification rate between data and simulation. In a similar way, a correction is applied to account
for residual differences in the µ → e misidentification rate between data and simulation.

The dilepton mass and pT spectra in simulated Z/γ∗ → ℓℓ events are corrected to better match
the data. To do this, the dilepton mass and pT are measured in data and simulation in µµ
events, and the simulated events are corrected to match the spectra in data. In addition, all
simulated tt events are weighted to better match the top quark pT distribution observed in
data [147]. The overall normalization of tt events is constrained using the tt control region
described in Section 5.
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7 Systematic uncertainties
The uncertainty model used for the analysis comprises theoretical and experimental uncertain-
ties, and uncertainties due to the limited population of template distributions available for the
background model. The last group of uncertainties is incorporated for each bin of each corre-
sponding template individually following the approach proposed in Refs. [148, 149]. All other
uncertainties lead to correlated changes across bins either in the form of normalization changes
or as general nontrivial shape-altering variations. Depending on the way they are derived,
correlations may also arise across data-taking years, samples, or individual uncertainties.

7.1 Uncertainties related to the τ-embedding method or the simulation

The following uncertainties, related to the reconstruction of electrons, muons, and τh candi-
dates after selection, apply to simulated and τ-embedded events. Unless stated otherwise,
they are partially correlated across τ-embedded and simulated events.

7.1.1 Uncertainties common to signal and background events

Uncertainties in the identification efficiency of electrons and muons amount to 2%, correlated
across all years. Since no significant dependence on the pT or η of each corresponding lepton is
observed, these uncertainties are introduced as normalization uncertainties. A similar reason-
ing applies to uncertainties in the electron and muon trigger efficiencies, which also amount
to 2% each. Because of differences in the online selections they are treated as uncorrelated
for single-lepton and dilepton triggers. This may result in shape-altering effects in the overall
model, since the two trigger types act on different ranges of lepton pT.

For fully simulated events, an uncertainty in the electron energy scale is derived from the cal-
ibration of ECAL crystals, and applied on an event-by-event basis. For τ-embedded events,
uncertainties of 0.5–1.25%, determined separately for the ECAL barrel and endcap regions, are
derived for the corrections described in Section 6.5. Because of the varying detector conditions,
and the different ways the uncertainties are determined, they are treated as uncorrelated across
simulated and τ-embedded events. They lead to shape-altering variations and are treated as
correlated across data-taking years. The muon momentum is precisely known, and a variation
within the expected uncertainties was verified to have no effect on the analysis.

Uncertainties in the τh identification efficiency are between 3–9% in bins of τh lepton pT. These
are dominated by statistical uncertainties and are, therefore, treated as uncorrelated across de-
cay modes, pT bins, and data-taking years. The same is true for the uncertainties in the τh
energy scale, which amount to 0.2–1.1%, depending on the τh lepton pT and decay mode. For
the energy scale of electrons misidentified as τh candidates, the uncertainties are 1–6.5%. All
τh energy scale uncertainties are also treated as uncorrelated across data-taking years as they
are predominantly statistical in nature. The uncertainty in the energy scale of muons misiden-
tified as τh is 1%. Uncertainties in the τh trigger efficiencies are typically O(10%), depending
on the τh lepton pT. They are obtained from parametric fits to data and simulation, and are
treated as uncorrelated across triggers and data-taking years. All uncertainties discussed in
this paragraph lead to shape-altering variations.

Four further sources of uncertainty are considered for τ-embedded events. A 4% normaliza-
tion uncertainty arises from the efficiency of the µµ selection in data, which is unfolded during
the τ-embedding procedure. Most of this uncertainty originates from the triggers used for
selection. Since the trigger configurations changed over time, this uncertainty is treated as un-
correlated across data-taking years. An additional shape uncertainty is introduced to quantify
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the consistency of the embedding method in a sample of µµ events. For this purpose, dedi-
cated event samples are produced where the muons selected in data are replaced by simulated
muons instead of τ lepton decays. These events are compared with the originally selected
µµ events in data and residual differences in the µµ mass and pT spectra are used as uncer-
tainties. Another shape- and normalization-altering uncertainty in the yield of tt → µµ + X
decays, which are part of the τ-embedded event samples, ranges from subpercent level to 8%,
depending on the event composition of the model. For this uncertainty, the number and shape
of tt events contained in the τ-embedded event samples are estimated from simulation, where
the corresponding decay has been selected at the parton level. This estimate is then varied by
±10% to account for the tt cross section and acceptance uncertainties. Finally, an uncertainty
in the pmiss

T correction for the τ-embedded events described in Section 6.5 is applied. Since this
correction is derived from a comparison with fully simulated events, this uncertainty is related
to the imperfect p⃗miss

T reconstruction in the simulation.

For fully simulated events, the following additional uncertainties arise. Uncertainties in the
e(µ) → τh misidentification rate are 18–40% for electrons and 7–65% for muons, depending
on the η of the τh candidate. These uncertainties apply only to simulated Z/γ∗ → ee and
Z/γ∗ → µµ events, which are of marginal importance for the analysis. The same is true for
the uncertainty in the reweighting in the Z/γ∗ → ℓℓ dilepton mass and pT, discussed in Sec-
tion 6.5, which is typically smaller than 1%. A normalization uncertainty due to the timing shift
of the inputs of the ECAL L1 trigger described in Section 6.5 amounts to 2–3%.

Uncertainties in the energy calibration and resolution of jets are applied with different corre-
lations depending on their sources, which arise from the statistical limitations of the measure-
ments used for calibration, the time-dependence of the energy measurements in data due to
detector ageing, and bias corrections introduced to cover residual differences between simu-
lation and data. They range from subpercent level to O(10%), depending on the kinematic
properties of the jets in the event. Similar uncertainties, with similar ranges, are applied for the
identification rates for b jets and for the misidentification rates for light-flavour quark or gluon
jets.

Depending on the process under consideration, two independent uncertainties in pmiss
T are ap-

plied. For processes that are subject to recoil corrections, i.e. Z/γ∗ → ℓℓ, W+ jets, h, or ϕ pro-
duction, uncertainties in the calibration and resolution of the hadronic recoil are applied; they
typically result in changes to the event yields ranging from 0–5%. For all other processes, an
uncertainty in p⃗miss

T is derived from the amount of energy carried by unclustered particle can-
didates, which are not contained in jets, in the event [103]. This uncertainty typically results in
changes to the event yields ranging from 0–10%.

The integrated luminosities of the 2016, 2017, and 2018 data-taking periods are individually
known with uncertainties in the 1.2–2.5% range [150–152], while the total integrated luminos-
ity for the years 2016–2018 has an uncertainty of 1.6%; the improvement in precision reflects
the (uncorrelated) time evolution of some systematic effects. Uncertainties in the predictions
of the normalizations of all simulated processes amount to 4% for Z/γ∗ → ℓℓ and W+ jets
production [123], 6% for tt production [124, 125], and 5% for diboson and single t quark pro-
duction [125–127], where used in the analyses. These uncertainties are correlated across data-
taking years. A shape-altering uncertainty is derived in the reweighting of the top quark pT
described in Section 6.5 by applying the correction twice or not applying it at all. This uncer-
tainty has only a very small effect on the final discriminant.
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7.1.2 Uncertainties in the signal modelling

Theoretical uncertainties in the acceptance of bbϕ signal events are obtained from variations of
the renormalization (µR) and factorization (µF) scales, the hdamp factor, and the PDFs. The scale
uncertainty is obtained from the envelope of the six variations of µR and µF by factors of 0.5
and 2, omitting the variations where one scale is multiplied by 2 and the corresponding other
scale by 0.5, as recommended in Ref. [153]. The scale hdamp is varied by factors of 1/

√
2 and√

2. The uncertainty from the variation of µR and µF, and the uncertainty from the variation
of hdamp are added linearly, following the recommendation in Ref. [153], resulting in an overall
uncertainty that ranges from 1–8% (1–5%) for the b tag (“no b tag”) categories depending on
the tested mass. The uncertainties due to PDF variations and the uncertainty in αS are obtained
following the PDF4LHC recommendations, taking the root mean square of the variation of
the results when using different replicas of the default PDF4LHC sets as described, e.g., in
Ref. [139]. They range from 1–2%.

Uncertainties in the acceptance of the ggϕ process are also obtained from variations of µR, µF,
and hdamp. The µR and µF scales are varied as described above for the bbϕ process, whereas
the hdamp scale is varied by factors of 0.5 and 2 as suggested in Ref. [135]. The influence of
the former (latter) variation on the signal acceptance amounts to 20% (35%) for the smallest
mϕ values. For larger mϕ values, the variation is at the subpercent level. In both cases the
uncertainties also result in shape-altering effects in the overall model.

For the parameter scan in the MSSM interpretations, theoretical uncertainties in the ggϕ and
bbϕ cross sections are included, as described in Ref. [86]. This includes uncertainties in the µR
and µF scales, PDFs, and αS. The uncertainties are evaluated separately for each mA-tan β point
under consideration. They are typically 5–20% (10–25%) for ggϕ (bbϕ) production.

Several sources of theoretical uncertainty in the U1 signal prediction are included. The uncer-
tainty due to the µR and µF scale variations is about 15%. The uncertainties due to the PDFs
and αS variations are about 15 and 4%, respectively. The Qmatch and parton shower uncertain-
ties affect the signal acceptances in the “b tag” categories, with magnitudes of about 11 and
1% respectively, and in the “no b tag” categories, with magnitudes of 5 and 6% respectively.
The uncertainty in the βsτ

L parameter is estimated by varying the coupling strength by the un-
certainties obtained in the fit presented in Ref. [72] and summarized in Table 1. The resulting
uncertainty varies the signal yields by 4–12%. The uncertainty in the signal acceptance due
to the choice of flavour scheme is estimated by comparing the predictions in the 4FS and 5FS
calculations, which mainly affect the Nb-jets distribution. The resulting uncertainty has a mag-
nitude of 25% (18%) for the “b tag” (“no b tag”) categories.

For all results shown in the following, the expectation for SM Higgs boson production is in-
cluded in the model used for the statistical inference of the signal. Uncertainties due to dif-
ferent choices of µR and µF for the calculation of the production cross section of the SM Higgs
boson amount to 3.9% for ggh, 0.4% for VBF, 2.8% for Zh, and 0.5% for Wh production [128–
130, 154, 155]; uncertainties due to different choices for the PDFs and αS amount to 3.2%, 2.1%,
1.6%, and 1.9% for these four production modes, respectively.

7.2 Uncertainties related to jets misidentified as an electron, muon, or τh can-
didate

For the FF method, the following uncertainties apply. The Fi
F and their corrections are subject

to statistical fluctuations in each corresponding DRi and simulation. The corresponding uncer-
tainties are split into a normalization and a shape-altering part and propagated into the final
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discriminant. They are typically 1–10% and are treated as uncorrelated across the kinematic
and topological bins where they are derived. An additional uncertainty is defined by varying
the choice of the functional form for the parametric fits.

Uncertainties are also applied to cover residual corrections and extrapolation factors, varying
from a few percent to O(10%), depending on the kinematic properties of the τh candidate and
the topology of the event. These are both normalization and shape-altering uncertainties.

An additional source of uncertainty concerns the subtraction of processes other than the en-
riched process in each corresponding DRi. These are subtracted from the data using simulated
or τ-embedded events. The combined shape of the events to be removed is varied by 10%,
and the measurements are repeated. The impacts of these variations are then propagated to the
final discriminant as shape-altering uncertainties.

An uncertainty in the estimation of the three main background fractions in the AR is estimated
from a variation of each individual contribution by 10%, increasing or decreasing the remaining
fractions such that the sum of all contributions remains unchanged. The amount of variation is
motivated by the uncertainty in the production cross sections and acceptances of the involved
processes and the constraint on the process composition that can be clearly obtained from the
AR. The effect of this variation is found to be very small, since usually one of the contributions
dominates the event composition in the AR.

Since the background from QCD multijet events in the eµ final state is also determined from
a DR, uncertainties that account for the statistical uncertainty in the data and the subtracted
backgrounds in this DR are applied in a similar way. These uncertainties amount to 2–4%. In
addition, this background is subject to uncertainties related to the extrapolations from the DR
to the corresponding SRs. These uncertainties are O(10%) depending on pe

T, pµ
T , and Nb-jets.

Because of their mostly statistical nature, all uncertainties related to the FF and SS methods are
treated as uncorrelated across data-taking years.

In the eµ final state, the subdominant contribution to the jet → ℓ and µ → e backgrounds is
estimated from simulation. Uncertainties in the simulated jet → e and jet → µ misidentifica-
tion rates are 10 and 12%, respectively. They are treated as correlated across data-taking years.
The uncertainty in the µ → e misidentification rate is 15–45%, and is treated as uncorrelated
across data-taking years since it is mostly statistical in nature. A summary of all systematic
uncertainties that have been discussed in this section is given in Table 6, in which we also state
the correlations between the data-taking years.

8 Results
The statistical model used to infer the signal from the data is defined by an extended binned
likelihood of the form

L
(
{ki}, {µs}, {θj}

)
= ∏

i
P
(

ki|∑
s

µs Ssi({θj}) + ∑
b

Bbi({θj})
)

∏
j
C(θ̃j|θj), (11)

where i labels the bins of the discriminating distributions of all categories, split by ττ final
state and data-taking year. The function P(ki|∑ µs Ssi({θj}) + ∑ Bbi({θj})) corresponds to the
Poisson probability to observe ki events in bin i for a prediction of ∑ µs Ssi signal and ∑ Bbi back-
ground events. The predictions for Ssi and Bbi are obtained from the signal and background
models discussed in Section 6. The parameters µs act as linear scaling parameters of the cor-
responding signal yields Ss. Systematic uncertainties are incorporated in the form of penalty
terms for additional nuisance parameters {θj} in the likelihood, appearing as a product with
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Table 6: Summary of systematic uncertainties discussed in the text. The columns indicate the
source of uncertainty, the variation, and how it is correlated between data-taking years. A
checkmark is given also for partial correlations. More details are given in the text.

Uncertainty Variation Correlated across years

τ-emb.

Acceptance 4%
µµ closure See text ✓
tt fraction 0.1–8% —
pmiss

T See text —

µ
Identification 2% ✓
Trigger 2% —

e
Identification 2% ✓
Trigger 2% —
Energy scale See text ✓

τh

Identification 3–8% —
Trigger 5–10% —
Energy scale 0.2–1.1% —

µ → τh
Misidentification 7–67% —
Energy scale 1% —

e → τh
Misidentification 18–41% —
Energy scale 1–6.5% —

Jet → e misidentification 10% ✓
Jet → µ misidentification 10% ✓
µ → e misidentification 15–45% —
Z/γ∗ mass and pT reweighting <1%
Jet energy scale & resolution 0.1–10% ✓
b-jet (mis)identification 1–10% —
pmiss

T calibration See text ✓
ECAL timing shift 2–3% ✓
t quark pT reweighting See text ✓
Integrated luminosity 1.2–2.5% ✓
Background cross sections 2–5% ✓
Signal theoretical uncertainties See text ✓

FF

Event count O(1–10%) —
Corrections O(10%) —
Non-FF processes 10% —
FF proc. composition 10% —

QCD (eµ)
Event count 2–4% —
AR to SR extrapolations O(10%) —
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predefined probability density functions C(θ̃j|θj), where θ̃j corresponds to the nominal value
for θj. The predefined uncertainties in the θ̃j, as discussed in Section 7, may be constrained by
the fit to the data.

The test statistic used for the inference of the signal is the profile likelihood ratio, as discussed
in Refs. [156, 157]:

qµs
= −2 ln

L({ki}|∑
s

µs Ssi({θ̂j,µs
}) + ∑

b
Bbi({θ̂j,µs

}))

L({ki}|∑
s

µ̂s Ssi({θ̂j,µ̂s
}) + ∑

b
Bbi({θ̂j,µ̂s

}))

 , 0 ≤ µ̂s ≤ µs, (12)

where one or more parameters µs are the parameters of interest (POIs) and µ̂s, θ̂j,µs
, and θ̂j,µ̂s

are the values of the given parameters that maximize the corresponding likelihood. The index
of qµs

indicates that the test statistic is evaluated for a fixed value of µs. In the large number
limit, the sampling distribution of qµs

can be approximated by analytic functions, from which
the expected median and central intervals can be obtained as described in Ref. [158]. The signal
is inferred from the data in three different ways:

i) the model-independent ϕ search features a signal model for a single narrow resonance ϕ;

ii) for the search for vector leptoquarks, the data are interpreted in terms of the nonresonant
U1 t-channel exchange;

iii) the interpretation of the data in terms of MSSM benchmark scenarios relies on three res-
onances in the ττ mass spectrum with mass values and rates determined by the parame-
ters of the corresponding scenario.

In all cases the tt control region, as defined in Section 5 and shown in Figs. 5–6 is used to con-
strain the normalization of tt events and all tt related uncertainties. Detailed descriptions of the
specific statistical procedures and the results obtained in each case are given in the following
sections.

8.1 Model-independent ϕ search

For the model-independent ϕ search, we investigate ggϕ and bbϕ production corresponding
to two independent POIs µggϕ and µbbϕ in the likelihood of Eq. (11). In the model, H(125) is
treated as background assuming the production cross sections and branching fraction for the
decay into τ leptons as expected from the SM. For mϕ ≥ 250 GeV, the signal extraction is based
on binned template distributions of mtot

T in the 17 categories per data-taking year shown in
Fig. 5, resulting in a total of 51 input distributions for signal extraction. For 60 ≤ mϕ < 250 GeV,
binned template distributions of mττ are used in the 26 categories shown in Fig. 6, resulting in
78 input distributions for signal extraction. A few examples of these input distributions in a
subset of the most sensitive categories per final state are shown in Figs. 8 and 9. In each fig-
ure the expected background distributions are represented by the stack of filled histograms in
the upper panel of each subfigure, where each filled histogram corresponds to a process as
discussed in Section 6. The grey shaded band associated with the sum of filled histograms
corresponds to the combination of all uncertainties discussed in Section 7, including all corre-
lations as obtained from the fit of the background model to the data. The lower panel of each
subfigure shows the ratio of the data points to the expectation from the background model in
each bin. The statistical uncertainty in the data is represented by the error bars and the uncer-
tainty in the sum of all background processes, after the fit to the data, by the shaded band. The
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Figure 8: Distributions of mtot
T in the global (left) “no b tag” and (right) “b tag” categories in

the (upper) eµ, (middle) eτh and µτh, and (lower) τhτh final states. For the eµ final state, the
medium-Dζ category is displayed; for the eτh and µτh final states the tight-mT categories are
shown. The solid histograms show the stacked background predictions after a background-
only fit to the data. The best fit ggϕ signal for mϕ = 1.2 TeV is shown by the red line. The bbϕ
and U1 signals are also shown for illustrative purposes. For all histograms, the bin contents
show the event yields divided by the bin widths. The lower panel shows the ratio of the data
to the background expectation after the background-only fit to the data.
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Figure 9: Distributions of mττ in the (left) 100 < pττ
T < 200 GeV and (right) pττ

T > 200 GeV
“no b tag” categories for the (upper) eµ, (middle) eτh and µτh, and (lower) τhτh final states.
The solid histograms show the stacked background predictions after a signal-plus-background
fit to the data for mϕ = 100 GeV. The best fit ggϕ signal is shown by the red line. The total
background prediction as estimated from a background-only fit to the data is shown by the
dashed blue line for comparison. For all histograms, the bin contents show the event yields
divided by the bin widths. The lower panel shows the ratio of the data to the background
expectation after the signal-plus-background fit to the data. The signal-plus-background and
background-only fit predictions are shown by the solid red and dashed blue lines, respectively,
which are also shown relative to the background expectation obtained from the signal-plus-
background fit to the data.
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expected mtot
T (mττ ) distributions for a ggϕ or bbϕ signal with mϕ = 1200 (100)GeV are also

shown.

Figure 10 shows the expected and observed 95% confidence level (CL) upper limits on the
product of the cross sections and branching fraction for the decay into τ leptons for ggϕ and
bbϕ production in a mass range of 60 ≤ mϕ ≤ 3500 GeV. These limits have been obtained
following the modified frequentist approach described in Refs. [159, 160]. When setting the
limit in one production mode the POI of the other production mode is profiled. The limits are
shown with a separation into the low-mass (mϕ < 250 GeV) and high-mass (mϕ ≥ 250 GeV)
regions of the search.

The expected limits in the absence of a signal span four orders of magnitude between ≈10 pb
(at mϕ = 60 GeV) and ≈0.3 fb (at mϕ = 3.5 TeV) for both production modes, with a falling slope
for increasing values of mϕ. In general, the observation falls within the central 95% interval of
the expectation. For the low-mass search, the largest deviation from the expectation is observed
for ggϕ production at mϕ = 100 GeV with a local (global) p-value equivalent to 3.1 (2.7) stan-
dard deviations (s.d.). To turn the local into a global p-value, a number Ntrial of pseudo-data
from the input distributions of the background model to the maximum likelihood fit is created.
For each mass hypothesis in consideration, a fit of the signal model to these pseudo-data is
performed and the fraction of cases, where the outcome of these fits with the maximal signifi-
cance exceeds the observed significance, with respect to Ntrial is determined. Finally, the local
p-value is reduced by this fraction. The best fit value of the product of the cross section with the
branching fraction for the decay into τ leptons is σggϕ B(ϕ → ττ) = (5.8± 2.5

2.0)pb. The excess at
mϕ = 100 GeV exhibits a p-value of 50% (58%) for the compatibility across ττ final states (data-
taking years). Within the resolution of mττ this coincides with a similar excess observed in a
previous search for low-mass resonances by the CMS Collaboration in the γγ final state, where
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Figure 10: Expected and observed 95% CL upper limits on the product of the cross sections
and branching fraction for the decay into τ leptons for (left) ggϕ and (right) bbϕ production
in a mass range of 60 ≤ mϕ ≤ 3500 GeV, in addition to H(125). The expected median of the
exclusion limit in the absence of signal is shown by the dashed line. The dark green and bright
yellow bands indicate the central 68% and 95% intervals for the expected exclusion limit. The
black dots correspond to the observed limits. The peak in the expected ggϕ limit emerges from
the loss of sensitivity around 90 GeV due to the background from Z/γ∗ → ττ events.
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Figure 11: Maximum likelihood estimates, and 68% and 95% CL contours obtained from scans
of the signal likelihood for the model-independent ϕ search. The scans are shown for selected
values of mϕ between 60 GeV and 3.5 TeV. In each figure the SM expectation is (0, 0).

the smallest local p-value corresponds to a significance of 2.8 s.d. for a mass of 95.3 GeV [161].
The local (global) significance for the ττ search evaluated at mϕ = 95 GeV is 2.6 (2.3) s.d. and
the best fit value of the product of the cross section with the branching fraction for the decay
into τ leptons is σggϕ B(ϕ → ττ) = (7.8 ± 3.9

3.1)pb. For the high-mass search, the largest devia-
tion from the expectation is observed for ggϕ production at mϕ = 1.2 TeV with a local (global)
p-value equivalent to 2.8 (2.2) s.d., where the best fit value of the product of the cross section
with the branching fraction for the decay into τ leptons is σggϕ B(ϕ → ττ) = (3.1 ± 1.0

1.1) fb.
The excess at mϕ = 1.2 TeV exhibits a p-value of 11% (63%) for the compatibility across ττ final
states (data-taking years). For bbϕ production, no deviation from the expectation beyond the
level of 2 s.d. is observed. Figure 11 shows the same results in the form of maximum likelihood
estimates with 68% and 95% CL contours obtained from scans of the signal likelihood along
the ggϕ and bbϕ cross sections, for selected values of mϕ between 60 GeV and 3.5 TeV.

8.2 Search for vector leptoquarks

The inputs for the search for vector leptoquarks are the binned template distributions of mtot
T

in the categories shown in Fig. 5 resulting in 51 input distributions for signal extraction, for the
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years 2016–2018. Based on these inputs a signal is searched for in the range of 1 < mU < 5 TeV.

Due to the destructive interference with the Z/γ∗ → ττ process discussed in Section 6.4, de-
pending on mtot

T , a signal from U1 t-channel exchange may result in an enhancement or a re-
duction of the yields as expected from the SM. A typical example of this effect for a signal with
mU = 1 TeV, gU = 1.5, for the VLQ BM 1 scenario is shown in Fig. 7 (right). There, a reduc-
tion in yield (with respect to the SM) is expected for mtot

T ≲ 250 GeV and an enhancement for
250 ≲ mtot

T ≲ 1000 GeV. In principle both effects contribute to the sensitivity of the analysis
to the signal. However, the region of mtot

T ≲ 250 GeV, which features the deficit, suffers from
large backgrounds, reducing the contribution of this effect to the overall sensitivity. Studies
confirm that the sensitivity of the analysis to the signal is driven by the high mtot

T region, which
consistently features an enhancement of the yields expected from the SM. Since the interference
reduces this enhancement it also reduces the sensitivity of the analysis, compared to a signal
without interference.

No statistically significant signal is observed and 95% CL upper limits on gU are derived for
the VLQ BM 1 and 2 scenarios, as shown in Fig. 12, again following the modified frequentist
approach as for the previously discussed search. The expected sensitivity of the analysis drops
for increasing values of mU following a linear progression with values from gU = 1.3 (0.8) to
5.6 (3.2) for the VLQ BM 1 (2) scenario. The observed limits fall within the central 95% intervals
for the expected limits in the absence of signal. The expected limits are also within the 95%
confidence interval of the best fit results reported by Ref. [72], indicating that the search is
sensitive to a portion of the parameter space that can explain the b physics anomalies.
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Figure 12: Expected and observed 95% CL upper limits on gU in the VLQ BM (left) 1 and (right)
2 scenarios, in a mass range of 1 < mU < 5 TeV. The expected median of the exclusion limit
in the absence of signal is shown by the dashed line. The dark and bright grey bands indicate
the central 68% and 95% intervals of the expected exclusion limit. The observed excluded
parameter space is indicated by the coloured blue area. For both scenarios, the 95% confidence
interval for the preferred region from the global fit presented in Ref. [72] is also shown by the
green shaded area.
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8.3 MSSM interpretation of the data

For the interpretation of the data in MSSM benchmark scenarios, the signal is based on the
binned distributions of mtot

T in the categories shown in Fig. 5, complemented by distributions of
the NN output function used for the stage-0 simplified template cross section measurement of
Ref. [109], as discussed in Section 5.2, resulting in 129 input distributions for signal extraction.

In the MSSM, the signal constitutes a multiresonance structure with contributions from h, H,
and A bosons. For the scenarios chosen for this paper h is associated with H(125). Any MSSM
prediction has to match the observed properties of H(125), in particular its mass, cross sections
for various production modes, and branching fraction for the decay into τ leptons. For the
benchmark scenarios summarized in Ref. [86], all model parameters have been chosen such
that mh is compatible with the observed H(125) mass of 125.38 GeV [8], within an uncertainty of
±3 GeV in most of the provided parameter space. The uncertainty of ±3 GeV in the prediction
of mh is supposed to reflect the unknown effect of higher-order corrections, as discussed in
Ref. [162]. The value of mh is allowed to vary within these boundaries, according to a flat
distribution. For the interpretation this is taken into account by simulating the h signal at
the observed H(125) mass. For h production, the modes via ggh, b associated production
(bbh), VBF, and Vh production are included, and all cross sections and the branching fraction
for the decay into τ leptons are scaled according to the MSSM predictions. To remove any
dependencies of these predictions on the exact value of mh , they are scaled to the expectation
for mh = 125.38 GeV, following the prescription of Ref. [86]. For A and H production, gluon
fusion (ggA, ggH) and b associated production (bbA, bbH) are included.

All kinematic distributions are modelled within the accuracies discussed in Section 6.4. In
particular, the H (A) boson pT spectra in ggH (ggA) production are modelled as a function of
tan β for each tested value of mA, resulting in a softer progression for increasing values of tan β.
In the “no b tag” categories for mττ > 250 GeV the h signal is expected to be negligible so it is
dropped from the signal templates. A summary of the association of signals to the templates
used for signal extraction is given in Table 7. To interpolate the simulated mass points to the
exact predicted values of mH , a linear template morphing algorithm, as described in Ref. [163],
is used.

The mA-tan β plane is scanned and for each tested point in (mA, tan β), the CLs [160] value
is calculated. Those points where CLs falls below 5% define the 95% CL exclusion contour
for the benchmark scenario under consideration. The underlying test compares the MSSM
hypothesis, with signal contributions for h (Sh), H (SH), and A (SA), with the SM hypothesis
(SSM), with only one signal contribution related to H(125). The test versus the SM hypothesis
is justified by the properties of H(125) being in agreement with the SM expectation within
the experimental accuracy of current measurements. For the hypothesis test the likelihood of

Table 7: Contribution of MSSM signals to the mtot
T and NN output function template distribu-

tions used for signal extraction for the interpretation of the data in MSSM benchmark scenarios.

Signal processes
Categories ggh, bbh, VBF, Vh ggH/ggA, bbH/bbA
No b tag mττ < 250 GeV ✓ ✓
No b tag mττ > 250 GeV — ✓
b tag ✓ ✓
Control regions ✓ —
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Eq. (11) is expressed in the form

L ({ki}, µ) = ∏
i
P
(

ki|µ
(
(Sh − SSM) + SH + SA

)
+ SSM + ∑

b
Bb

)
, (13)

where for brevity the dependence on the nuisance parameters {θj} has been omitted. Equa-
tion (13) represents a nested likelihood model from which the MSSM hypothesis (with µ = 1)
evolves through continuous transformation from the SM hypothesis (with µ = 0). We note
that the only physically meaningful hypotheses in Eq. (13) correspond to µ = 0 and 1. On the
other hand, in the large number limit this construction allows the application of the asymptotic
formulas given in Ref. [158], as analytic estimates of the sampling distributions for the MSSM
and SM hypotheses, when using the profile likelihood ratio given in Eq. (12) as the test statistic.
We have verified the validity of the large number limit for masses of mA > 1 TeV with the help
of ensemble tests. Since we are using the same template distributions for SSM and Sh the tran-
sition from µ = 0 to 1 corresponds to a normalization change of the signal contribution related
to H(125), only.

Figure 13 shows the exclusion contours in the mA-tan β plane for two representative benchmark
scenarios of the MSSM, M125

h [83] and M125
h, EFT [85]. The red hatched areas indicate the regions

where the compatibility of mh with the observed H(125) mass could not be achieved within the
previously discussed ±3 GeV boundary. For low values of tan β, higher scales for the additional
SUSY particle masses (referred to collectively as “mSUSY”) are required to accommodate a mass
of mh ≈ 125 GeV. In the M125

h scenario, where mSUSY is fixed, the prediction of mh falls below
122 GeV. In the M125

h, EFT scenario, mSUSY is adjusted to values that meet the required prediction
for mh in each point in (mA, tan β) individually. The growing logarithmic corrections associated
with the large values of mSUSY are resummed using an effective field theory approach. The
M125

h, EFT scenario can thus be viewed as a continuation of the M125
h scenario for tan β ≲ 10. In

this case the red hatched area at very low values of mA in Fig. 13 (right) indicates the parameter
space where the values required for mSUSY exceed the GUT scale. For both scenarios the Higgs
boson masses, mixing angle α, and effective Yukawa couplings have been calculated with the
code FEYNHIGGS [164–171]. Branching fractions for the decay into τ leptons and other final
states have been obtained from a combination of the codes FEYNHIGGS (and HDECAY [172,
173]) for the M125

h, EFT (M125
h ) scenario, as described in Ref. [86] following the prescriptions given

in Refs. [153, 174, 175].

Inclusive cross sections for the production via ggϕ have been calculated using the program
SUSHI 1.7.0 [176, 177], including NLO corrections in αS for the t- and b-quark contributions
to the cross section [178, 179], NNLO corrections in αS in the heavy t quark limit, for the t
quark contribution [180–184], and next-to-NNLO contributions in αS for h production [185–
187]. Electroweak corrections mediated by light-flavour quarks are included at two-loop ac-
curacy reweighting the SM results of Refs. [188, 189]. Contributions from squarks and gluinos
are included at NLO precision in αS following Refs. [190–192]. The tan β-enhanced SUSY con-
tributions to the Higgs-b couplings have been resummed using the one-loop ∆b terms from
Ref. [193] as provided by FEYNHIGGS. Uncertainties in these ∆b terms which range ≈10%
are not included in the overall uncertainties in the predictions as they are subdominant with
respect to the other theoretical uncertainties.

For bbH production, cross sections have been calculated for the SM Higgs boson as a function
of its mass, based on soft-collinear effective theory [194, 195] which combines the merits of
both the 4FS [196, 197] and 5FS [198, 199] calculations. These cross sections coincide with the
results of the so-called “fixed order plus next-to-leading log” approach of Refs. [200, 201]. The
pure t- and loop-induced tb-interference contributions are separately reweighted with effective
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Figure 13: Expected and observed 95% CL exclusion contours in the MSSM (left) M125
h and

(right) M125
h, EFT scenarios. The expected median in the absence of a signal is shown as a dashed

black line. The dark and bright grey bands indicate the central 68% and 95% intervals of the
expected exclusion. The observed exclusion contour is indicated by the coloured blue area. For
both scenarios, those parts of the parameter space where mh deviates by more then ±3 GeV
from the mass of H(125) are indicated by a red hatched area. For the M125

h, EFT scenario, the
dashed blue line indicates the threshold at mA = 2mt whereby the A → tt decay starts to
influence the A → ττ branching fraction. The H → ττ branching fraction is influenced more
gradually close to this threshold since A and H are not completely degenerate in mass.

Higgs couplings, using an effective mixing angle α, and including the resummation of tan β-
enhanced SUSY contributions as in the ggϕ case. The same SM cross sections are also used to
obtain the reweighted cross section for bbA production. A more detailed discussion is given
in Ref. [86]. All Higgs boson masses, effective mixing angles α, Yukawa couplings, branching
fractions, cross sections, and their uncertainties, which are included for the exclusion contours,
are obtained from Ref. [87].

In the figure, the exclusion sensitivity, estimated from the expected median in the absence of a
signal, is indicated by the dashed black line. We note that the central 68% and 95% intervals,
also given for the exclusion sensitivity, should not be misinterpreted as an uncertainty in the
analysis, but they rather reflect the variation of the expected signal yield in the probed param-
eter space of the chosen benchmark scenarios. For the M125

h, EFT scenario the sensitivity sharply
drops at mA = 2 mt , caused by a drop of the branching fractions for the decay of A and H into τ
leptons where the A and H decays into two on-shell t quarks become kinematically accessible.
The distinct boundary is related to the fact that in FEYNHIGGS, which is used for the calcula-
tion of all branching fractions for this benchmark scenario, only the decay into on-shell tt pairs
is implemented. The parameter space of each benchmark scenario that is excluded at 95% CL
by the data is indicated by the coloured blue area.

Both scenarios are excluded at 95% CL for mA ≲ 350 GeV. The local excess observed at 1.2 TeV
causes the deviation of the observed exclusion from the expectation. For mA ≲ 250 GeV, most
of the ggH/ggA events do not enter the “no b tag” categories due to the mττ > 250 GeV
requirement, although these events still contribute to the signal yields in the NN categories. In
this parameter space the sensitivity to the MSSM is driven by the measurements of the H(125)
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production rates, while the sensitivity to the H and A enters mainly via the bbϕ signal in the
“b tag” categories, especially for increasing values of tan β.

9 Summary
Three searches have been presented for signatures of physics beyond the standard model (SM)
in ττ final states in proton-proton collisions at the LHC, using a data sample collected with the
CMS detector at

√
s = 13 TeV, corresponding to an integrated luminosity of 138 fb−1. Upper

limits at 95% confidence level (CL) have been set on the products of the branching fraction for
the decay into τ leptons and the cross sections for the production of a resonance ϕ in addition
to the observed Higgs boson via gluon fusion (ggϕ) or in association with b quarks, ranging
from O(10 pb) for a mass of 60 GeV to 0.3 fb for a mass of 3.5 TeV each. The data reveal two
excesses for ggϕ production with local p-values equivalent to about three standard deviations
at mϕ = 0.1 and 1.2 TeV. Within the resolution of the reconstructed invariant mass of the ττ
system, the excess at 100 GeV coincides with a similar excess observed in a previous search
for low-mass resonances by the CMS Collaboration in the γγ final state at a mass of ≈95 GeV.
In a search for t-channel exchange of a vector leptoquark U1, 95% CL upper limits are set on
the U1 coupling to quarks and τ leptons ranging from 1 for a mass of 1 TeV to 6 for a mass
of 5 TeV, depending on the scenario. The search is sensitive to and excludes a portion of the
parameter space that can explain the b physics anomalies. In the interpretation of the M125

h
and M125

h, EFT minimal supersymmetric SM benchmark scenarios, additional Higgs bosons with
masses below 350 GeV are excluded at 95% CL.
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[121] T. Ježo and P. Nason, “On the treatment of resonances in next-to-leading order
calculations matched to a parton shower”, JHEP 12 (2015) 065,
doi:10.1007/JHEP12(2015)065, arXiv:1509.09071.

[122] E. Re, “Single-top Wt-channel production matched with parton showers using the
POWHEG method”, Eur. Phys. J. C 71 (2011) 1547,
doi:10.1140/epjc/s10052-011-1547-z, arXiv:1009.2450.

[123] K. Melnikov and F. Petriello, “Electroweak gauge boson production at hadron colliders
through O(α2

s)”, Phys. Rev. D 74 (2006) 114017,
doi:10.1103/PhysRevD.74.114017, arXiv:hep-ph/0609070.

[124] M. Czakon and A. Mitov, “Top++: A program for the calculation of the top-pair
cross-section at hadron colliders”, Comput. Phys. Commun. 185 (2014) 2930,
doi:10.1016/j.cpc.2014.06.021, arXiv:1112.5675.

[125] N. Kidonakis, “Top quark production”, in Helmholtz International Summer School on
Physics of Heavy Quarks and Hadrons, p. 139. 2014. arXiv:1311.0283.
doi:10.3204/DESY-PROC-2013-03/Kidonakis.

[126] J. M. Campbell, R. K. Ellis, and C. Williams, “Vector boson pair production at the LHC”,
JHEP 07 (2011) 018, doi:10.1007/JHEP07(2011)018, arXiv:1105.0020.

[127] T. Gehrmann et al., “W+W− production at hadron colliders in next to next to leading
order QCD”, Phys. Rev. Lett. 113 (2014) 212001,
doi:10.1103/PhysRevLett.113.212001, arXiv:1408.5243.

[128] E. Bagnaschi, G. Degrassi, P. Slavich, and A. Vicini, “Higgs production via gluon fusion
in the POWHEG approach in the SM and in the MSSM”, JHEP 02 (2012) 088,
doi:10.1007/JHEP02(2012)088, arXiv:1111.2854.

[129] P. Nason and C. Oleari, “NLO Higgs boson production via vector-boson fusion matched
with shower in POWHEG”, JHEP 02 (2010) 037, doi:10.1007/JHEP02(2010)037,
arXiv:0911.5299.

[130] G. Luisoni, P. Nason, C. Oleari, and F. Tramontano, “HW±/HZ + 0 and 1 jet at NLO
with the POWHEG BOX interfaced to GoSam and their merging within MiNLO”, JHEP
10 (2013) 083, doi:10.1007/JHEP10(2013)083, arXiv:1306.2542.

[131] F. Granata, J. M. Lindert, C. Oleari, and S. Pozzorini, “NLO QCD+EW predictions for
HV and HV+jet production including parton-shower effects”, JHEP 09 (2017) 012,
doi:10.1007/JHEP09(2017)012, arXiv:1706.03522.

[132] K. Hamilton, P. Nason, E. Re, and G. Zanderighi, “NNLOPS simulation of Higgs boson
production”, JHEP 10 (2013) 222, doi:10.1007/JHEP10(2013)222,
arXiv:1309.0017.

[133] K. Hamilton, P. Nason, and G. Zanderighi, “Finite quark-mass effects in the NNLOPS
POWHEG+MiNLO Higgs generator”, JHEP 05 (2015) 140,
doi:10.1007/JHEP05(2015)140, arXiv:1501.04637.

[134] R. V. Harlander, H. Mantler, and M. Wiesemann, “Transverse momentum resummation
for Higgs production via gluon fusion in the MSSM”, JHEP 11 (2014) 116,
doi:10.1007/JHEP11(2014)116, arXiv:1409.0531.

http://dx.doi.org/10.1007/JHEP12(2015)065
http://www.arXiv.org/abs/1509.09071
http://dx.doi.org/10.1140/epjc/s10052-011-1547-z
http://www.arXiv.org/abs/1009.2450
http://dx.doi.org/10.1103/PhysRevD.74.114017
http://www.arXiv.org/abs/hep-ph/0609070
http://dx.doi.org/10.1016/j.cpc.2014.06.021
http://www.arXiv.org/abs/1112.5675
http://www.arXiv.org/abs/1311.0283
http://dx.doi.org/10.3204/DESY-PROC-2013-03/Kidonakis
http://dx.doi.org/10.1007/JHEP07(2011)018
http://www.arXiv.org/abs/1105.0020
http://dx.doi.org/10.1103/PhysRevLett.113.212001
http://www.arXiv.org/abs/1408.5243
http://dx.doi.org/10.1007/JHEP02(2012)088
http://www.arXiv.org/abs/1111.2854
http://dx.doi.org/10.1007/JHEP02(2010)037
http://www.arXiv.org/abs/0911.5299
http://dx.doi.org/10.1007/JHEP10(2013)083
http://www.arXiv.org/abs/1306.2542
http://dx.doi.org/10.1007/JHEP09(2017)012
http://www.arXiv.org/abs/1706.03522
http://dx.doi.org/10.1007/JHEP10(2013)222
http://www.arXiv.org/abs/1309.0017
http://dx.doi.org/10.1007/JHEP05(2015)140
http://www.arXiv.org/abs/1501.04637
http://dx.doi.org/10.1007/JHEP11(2014)116
http://www.arXiv.org/abs/1409.0531


References 45

[135] E. Bagnaschi et al., “Resummation ambiguities in the Higgs transverse-momentum
spectrum in the standard model and beyond”, JHEP 01 (2016) 090,
doi:10.1007/JHEP01(2016)090, arXiv:1510.08850.

[136] E. Bagnaschi and A. Vicini, “The Higgs transverse momentum distribution in gluon
fusion as a multiscale problem”, JHEP 01 (2016) 056,
doi:10.1007/JHEP01(2016)056, arXiv:1505.00735.

[137] B. Jager, L. Reina, and D. Wackeroth, “Higgs boson production in association with b jets
in the POWHEG BOX”, Phys. Rev. D 93 (2016) 014030,
doi:10.1103/PhysRevD.93.014030, arXiv:1509.05843.

[138] M. J. Baker, J. Fuentes-Martı́n, G. Isidori, and M. König, “High- pT signatures in
vector–leptoquark models”, Eur. Phys. J. C 79 (2019) 334,
doi:10.1140/epjc/s10052-019-6853-x, arXiv:1901.10480.

[139] J. Butterworth et al., “PDF4LHC recommendations for LHC Run II”, J. Phys. G 43 (2016)
023001, doi:10.1088/0954-3899/43/2/023001, arXiv:1510.03865.

[140] NNPDF Collaboration, “Parton distributions from high-precision collider data”, Eur.
Phys. J. C 77 (2017) 663, doi:10.1140/epjc/s10052-017-5199-5,
arXiv:1706.00428.

[141] NNPDF Collaboration, “Parton distributions for the LHC Run II”, JHEP 04 (2015) 040,
doi:10.1007/JHEP04(2015)040, arXiv:1410.8849.

[142] CMS Collaboration, “Event generator tunes obtained from underlying event and
multiparton scattering measurements”, Eur. Phys. J. C 76 (2016) 155,
doi:10.1140/epjc/s10052-016-3988-x, arXiv:1512.00815.

[143] CMS Collaboration, “Extraction and validation of a new set of CMS PYTHIA8 tunes
from underlying-event measurements”, Eur. Phys. J. C 80 (2020) 4,
doi:10.1140/epjc/s10052-019-7499-4, arXiv:1903.12179.

[144] T. Sjöstrand et al., “An introduction to PYTHIA 8.2”, Comput. Phys. Commun. 191 (2015)
159, doi:10.1016/j.cpc.2015.01.024, arXiv:1410.3012.

[145] GEANT4 Collaboration, “GEANT4—a simulation toolkit”, Nucl. Instrum. Meth. A 506
(2003) 250, doi:10.1016/S0168-9002(03)01368-8.

[146] CMS Collaboration, “Measurements of inclusive W and Z cross sections in pp collisions
at

√
s = 7 TeV”, JHEP 01 (2011) 080, doi:10.1007/JHEP01(2011)080,

arXiv:1012.2466.

[147] CMS Collaboration, “Measurement of the differential cross section for top quark pair
production in pp collisions at

√
s = 8 TeV”, Eur. Phys. J. C 75 (2015) 542,

doi:10.1140/epjc/s10052-015-3709-x, arXiv:1505.04480.

[148] R. J. Barlow and C. Beeston, “Fitting using finite Monte Carlo samples”, Comput. Phys.
Commun. 77 (1993) 219, doi:10.1016/0010-4655(93)90005-W.

[149] J. S. Conway, “Incorporating nuisance parameters in likelihoods for multisource
spectra”, in PHYSTAT 2011, p. 115. 2011. arXiv:1103.0354.
doi:10.5170/CERN-2011-006.115.

http://dx.doi.org/10.1007/JHEP01(2016)090
http://www.arXiv.org/abs/1510.08850
http://dx.doi.org/10.1007/JHEP01(2016)056
http://www.arXiv.org/abs/1505.00735
http://dx.doi.org/10.1103/PhysRevD.93.014030
http://www.arXiv.org/abs/1509.05843
http://dx.doi.org/10.1140/epjc/s10052-019-6853-x
http://www.arXiv.org/abs/1901.10480
http://dx.doi.org/10.1088/0954-3899/43/2/023001
http://www.arXiv.org/abs/1510.03865
http://dx.doi.org/10.1140/epjc/s10052-017-5199-5
http://www.arXiv.org/abs/1706.00428
http://dx.doi.org/10.1007/JHEP04(2015)040
http://www.arXiv.org/abs/1410.8849
http://dx.doi.org/10.1140/epjc/s10052-016-3988-x
http://www.arXiv.org/abs/1512.00815
http://dx.doi.org/10.1140/epjc/s10052-019-7499-4
http://www.arXiv.org/abs/1903.12179
http://dx.doi.org/10.1016/j.cpc.2015.01.024
http://www.arXiv.org/abs/1410.3012
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1007/JHEP01(2011)080
http://www.arXiv.org/abs/1012.2466
http://dx.doi.org/10.1140/epjc/s10052-015-3709-x
http://www.arXiv.org/abs/1505.04480
http://dx.doi.org/10.1016/0010-4655(93)90005-W
http://www.arXiv.org/abs/1103.0354
http://dx.doi.org/10.5170/CERN-2011-006.115


46

[150] CMS Collaboration, “Precision luminosity measurement in proton-proton collisions at√
s = 13 TeV in 2015 and 2016 at CMS”, Eur. Phys. J. C 81 (2021) 800,

doi:10.1140/epjc/s10052-021-09538-2, arXiv:2104.01927.

[151] CMS Collaboration, “CMS luminosity measurement for the 2017 data taking period at√
s = 13 TeV”, CMS Physics Analysis Summary CMS-PAS-LUM-17-004, 2018.

[152] CMS Collaboration, “CMS luminosity measurement for the 2018 data-taking period at√
s = 13 TeV”, CMS Physics Analysis Summary CMS-PAS-LUM-18-002, 2019.

[153] LHC Higgs Cross Section Working Group, “Handbook of LHC Higgs cross sections: 4.
deciphering the nature of the Higgs sector”, Technical Report CERN-2017-002-M, 2016.
doi:10.23731/CYRM-2017-002, arXiv:1610.07922.

[154] S. Alioli, P. Nason, C. Oleari, and E. Re, “NLO Higgs boson production via gluon fusion
matched with shower in POWHEG”, JHEP 04 (2009) 002,
doi:10.1088/1126-6708/2009/04/002, arXiv:0812.0578.

[155] H. B. Hartanto, B. Jager, L. Reina, and D. Wackeroth, “Higgs boson production in
association with top quarks in the POWHEG BOX”, Phys. Rev. D 91 (2015) 094003,
doi:10.1103/PhysRevD.91.094003, arXiv:1501.04498.

[156] ATLAS and CMS Collaborations, “Procedure for the LHC Higgs boson search
combination in summer 2011”, Technical Report ATL-PHYS-PUB 2011-11, CMS NOTE
2011/005, 2011.

[157] CMS Collaboration, “Combined results of searches for the standard model Higgs boson
in pp collisions at

√
s = 7 TeV”, Phys. Lett. B 710 (2012) 26,

doi:10.1016/j.physletb.2012.02.064, arXiv:1202.1488.

[158] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, “Asymptotic formulae for
likelihood-based tests of new physics”, Eur. Phys. J. C 71 (2011) 1554,
doi:10.1140/epjc/s10052-011-1554-0, arXiv:1007.1727. [Erratum:
doi:10.1140/epjc/s10052-013-2501-z].

[159] T. Junk, “Confidence level computation for combining searches with small statistics”,
Nucl. Instrum. Meth. A 434 (1999) 435, doi:10.1016/S0168-9002(99)00498-2,
arXiv:hep-ex/9902006.

[160] A. L. Read, “Presentation of search results: The CLs technique”, J. Phys. G 28 (2002)
2693, doi:10.1088/0954-3899/28/10/313.

[161] CMS Collaboration, “Search for a standard model-like Higgs boson in the mass range
between 70 and 110 GeV in the diphoton final state in proton-proton collisions at

√
s = 8

and 13 TeV”, Phys. Lett. B (2019) 320, doi:10.1016/j.physletb.2019.03.064,
arXiv:1811.08459.

[162] P. Slavich et al., “Higgs-mass predictions in the MSSM and beyond”, Eur. Phys. J. C 81
(2021) 450, doi:10.1140/epjc/s10052-021-09198-2, arXiv:2012.15629.

[163] A. L. Read, “Linear interpolation of histograms”, Nucl. Instrum. Meth. A 425 (1999) 357,
doi:10.1016/S0168-9002(98)01347-3.

http://dx.doi.org/10.1140/epjc/s10052-021-09538-2
http://www.arXiv.org/abs/2104.01927
https://cds.cern.ch/record/2621960
https://cds.cern.ch/record/2621960
https://cds.cern.ch/record/2676164
https://cds.cern.ch/record/2676164
http://dx.doi.org/10.23731/CYRM-2017-002
http://www.arXiv.org/abs/1610.07922
http://dx.doi.org/10.1088/1126-6708/2009/04/002
http://www.arXiv.org/abs/0812.0578
http://dx.doi.org/10.1103/PhysRevD.91.094003
http://www.arXiv.org/abs/1501.04498
http://cdsweb.cern.ch/record/1379837
http://cdsweb.cern.ch/record/1379837
http://dx.doi.org/10.1016/j.physletb.2012.02.064
http://www.arXiv.org/abs/1202.1488
http://dx.doi.org/10.1140/epjc/s10052-011-1554-0
http://www.arXiv.org/abs/1007.1727
http://dx.doi.org/10.1140/epjc/s10052-013-2501-z
http://dx.doi.org/10.1016/S0168-9002(99)00498-2
http://www.arXiv.org/abs/hep-ex/9902006
http://dx.doi.org/10.1088/0954-3899/28/10/313
http://dx.doi.org/10.1016/j.physletb.2019.03.064
http://www.arXiv.org/abs/1811.08459
http://dx.doi.org/10.1140/epjc/s10052-021-09198-2
http://www.arXiv.org/abs/2012.15629
http://dx.doi.org/10.1016/S0168-9002(98)01347-3


References 47

[164] S. Heinemeyer, W. Hollik, and G. Weiglein, “FeynHiggs: A program for the calculation
of the masses of the neutral CP-even Higgs bosons in the MSSM”, Comput. Phys.
Commun. 124 (2000) 76, doi:10.1016/S0010-4655(99)00364-1,
arXiv:hep-ph/9812320.

[165] S. Heinemeyer, W. Hollik, and G. Weiglein, “The masses of the neutral CP-even Higgs
bosons in the MSSM: Accurate analysis at the two-loop level”, Eur. Phys. J. C 9 (1999)
343, doi:10.1007/s100529900006, arXiv:hep-ph/9812472.

[166] G. Degrassi et al., “Towards high-precision predictions for the MSSM Higgs sector”,
Eur. Phys. J. C 28 (2003) 133, doi:10.1140/epjc/s2003-01152-2,
arXiv:hep-ph/0212020.

[167] M. Frank et al., “The Higgs boson masses and mixings of the complex MSSM in the
Feynman-diagrammatic approach”, JHEP 02 (2007) 047,
doi:10.1088/1126-6708/2007/02/047, arXiv:hep-ph/0611326.

[168] T. Hahn et al., “High-precision predictions for the light CP-even Higgs boson mass of
the minimal supersymmetric standard model”, Phys. Rev. Lett. 112 (2014) 141801,
doi:10.1103/PhysRevLett.112.141801, arXiv:1312.4937.

[169] H. Bahl and W. Hollik, “Precise prediction for the light MSSM Higgs boson mass
combining effective field theory and fixed-order calculations”, Eur. Phys. J. C 76 (2016)
499, doi:10.1140/epjc/s10052-016-4354-8, arXiv:1608.01880.

[170] H. Bahl, S. Heinemeyer, W. Hollik, and G. Weiglein, “Reconciling EFT and hybrid
calculations of the light MSSM Higgs-boson mass”, Eur. Phys. J. C 78 (2018) 57,
doi:10.1140/epjc/s10052-018-5544-3, arXiv:1706.00346.

[171] H. Bahl et al., “Precision calculations in the MSSM Higgs-boson sector with FeynHiggs
2.14”, Comput. Phys. Commun. 249 (2020) 107099,
doi:10.1016/j.cpc.2019.107099, arXiv:1811.09073.

[172] A. Djouadi, J. Kalinowski, and M. Spira, “HDECAY: A program for Higgs boson decays
in the standard model and its supersymmetric extension”, Comput. Phys. Commun. 108
(1998) 56, doi:10.1016/S0010-4655(97)00123-9, arXiv:hep-ph/9704448.

[173] A. Djouadi, J. Kalinowski, M. Muehlleitner, and M. Spira, “HDECAY: Twenty++ years
after”, Comput. Phys. Commun. 238 (2019) 214, doi:10.1016/j.cpc.2018.12.010,
arXiv:1801.09506.

[174] LHC Higgs Cross Section Working Group, “Handbook of LHC Higgs cross sections: 3.
Higgs properties”, Technical Report CERN-2013-004, 2013.
doi:10.5170/CERN-2013-004, arXiv:1307.1347.

[175] A. Denner et al., “Standard model Higgs-boson branching ratios with uncertainties”,
Eur. Phys. J. C 71 (2011) 1753, doi:10.1140/epjc/s10052-011-1753-8,
arXiv:1107.5909.

[176] R. V. Harlander, S. Liebler, and H. Mantler, “SusHi: A program for the calculation of
Higgs production in gluon fusion and bottom-quark annihilation in the standard model
and the MSSM”, Comput. Phys. Commun. 184 (2013) 1605,
doi:10.1016/j.cpc.2013.02.006, arXiv:1212.3249.

http://dx.doi.org/10.1016/S0010-4655(99)00364-1
http://www.arXiv.org/abs/hep-ph/9812320
http://dx.doi.org/10.1007/s100529900006
http://www.arXiv.org/abs/hep-ph/9812472
http://dx.doi.org/10.1140/epjc/s2003-01152-2
http://www.arXiv.org/abs/hep-ph/0212020
http://dx.doi.org/10.1088/1126-6708/2007/02/047
http://www.arXiv.org/abs/hep-ph/0611326
http://dx.doi.org/10.1103/PhysRevLett.112.141801
http://www.arXiv.org/abs/1312.4937
http://dx.doi.org/10.1140/epjc/s10052-016-4354-8
http://www.arXiv.org/abs/1608.01880
http://dx.doi.org/10.1140/epjc/s10052-018-5544-3
http://www.arXiv.org/abs/1706.00346
http://dx.doi.org/10.1016/j.cpc.2019.107099
http://www.arXiv.org/abs/1811.09073
http://dx.doi.org/10.1016/S0010-4655(97)00123-9
http://www.arXiv.org/abs/hep-ph/9704448
http://dx.doi.org/10.1016/j.cpc.2018.12.010
http://www.arXiv.org/abs/1801.09506
http://dx.doi.org/10.5170/CERN-2013-004
http://www.arXiv.org/abs/1307.1347
http://dx.doi.org/10.1140/epjc/s10052-011-1753-8
http://www.arXiv.org/abs/1107.5909
http://dx.doi.org/10.1016/j.cpc.2013.02.006
http://www.arXiv.org/abs/1212.3249


48

[177] R. V. Harlander, S. Liebler, and H. Mantler, “SusHi Bento: Beyond NNLO and the
heavy-top limit”, Comput. Phys. Commun. 212 (2017) 239,
doi:10.1016/j.cpc.2016.10.015, arXiv:1605.03190.

[178] M. Spira, A. Djouadi, D. Graudenz, and P. M. Zerwas, “Higgs boson production at the
LHC”, Nucl. Phys. B 453 (1995) 17, doi:10.1016/0550-3213(95)00379-7,
arXiv:hep-ph/9504378.

[179] R. Harlander and P. Kant, “Higgs production and decay: analytic results at
next-to-leading order QCD”, JHEP 12 (2005) 015,
doi:10.1088/1126-6708/2005/12/015, arXiv:hep-ph/0509189.

[180] R. V. Harlander and W. B. Kilgore, “Next-to-next-to-leading order Higgs production at
hadron colliders”, Phys. Rev. Lett. 88 (2002) 201801,
doi:10.1103/PhysRevLett.88.201801, arXiv:hep-ph/0201206.

[181] C. Anastasiou and K. Melnikov, “Higgs boson production at hadron colliders in NNLO
QCD”, Nucl. Phys. B 646 (2002) 220, doi:10.1016/S0550-3213(02)00837-4,
arXiv:hep-ph/0207004.

[182] V. Ravindran, J. Smith, and W. L. van Neerven, “NNLO corrections to the total
cross-section for Higgs boson production in hadron-hadron collisions”, Nucl. Phys. B
665 (2003) 325, doi:10.1016/S0550-3213(03)00457-7,
arXiv:hep-ph/0302135.

[183] R. V. Harlander and W. B. Kilgore, “Production of a pseudo-scalar Higgs boson at
hadron colliders at next-to-next-to leading order”, JHEP 10 (2002) 017,
doi:10.1088/1126-6708/2002/10/017, arXiv:hep-ph/0208096.

[184] C. Anastasiou and K. Melnikov, “Pseudoscalar Higgs boson production at hadron
colliders in next-to-next-to-leading order QCD”, Phys. Rev. D 67 (2003) 037501,
doi:10.1103/PhysRevD.67.037501, arXiv:hep-ph/0208115.

[185] C. Anastasiou et al., “Higgs boson gluon-fusion production beyond threshold in N3LO
QCD”, JHEP 03 (2015) 091, doi:10.1007/JHEP03(2015)091, arXiv:1411.3584.

[186] C. Anastasiou et al., “Soft expansion of double-real-virtual corrections to Higgs
production at N3LO”, JHEP 08 (2015) 051, doi:10.1007/JHEP08(2015)051,
arXiv:1505.04110.

[187] C. Anastasiou et al., “High precision determination of the gluon fusion Higgs boson
cross-section at the LHC”, JHEP 05 (2016) 058, doi:10.1007/JHEP05(2016)058,
arXiv:1602.00695.

[188] U. Aglietti, R. Bonciani, G. Degrassi, and A. Vicini, “Two-loop light fermion
contribution to Higgs production and decays”, Phys. Lett. B 595 (2004) 432,
doi:10.1016/j.physletb.2004.06.063, arXiv:hep-ph/0404071.

[189] R. Bonciani, G. Degrassi, and A. Vicini, “On the generalized harmonic polylogarithms of
one complex variable”, Comput. Phys. Commun. 182 (2011) 1253,
doi:10.1016/j.cpc.2011.02.011, arXiv:1007.1891.

[190] G. Degrassi and P. Slavich, “NLO QCD bottom corrections to Higgs boson production in
the MSSM”, JHEP 11 (2010) 044, doi:10.1007/JHEP11(2010)044,
arXiv:1007.3465.

http://dx.doi.org/10.1016/j.cpc.2016.10.015
http://www.arXiv.org/abs/1605.03190
http://dx.doi.org/10.1016/0550-3213(95)00379-7
http://www.arXiv.org/abs/hep-ph/9504378
http://dx.doi.org/10.1088/1126-6708/2005/12/015
http://www.arXiv.org/abs/hep-ph/0509189
http://dx.doi.org/10.1103/PhysRevLett.88.201801
http://www.arXiv.org/abs/hep-ph/0201206
http://dx.doi.org/10.1016/S0550-3213(02)00837-4
http://www.arXiv.org/abs/hep-ph/0207004
http://dx.doi.org/10.1016/S0550-3213(03)00457-7
http://www.arXiv.org/abs/hep-ph/0302135
http://dx.doi.org/10.1088/1126-6708/2002/10/017
http://www.arXiv.org/abs/hep-ph/0208096
http://dx.doi.org/10.1103/PhysRevD.67.037501
http://www.arXiv.org/abs/hep-ph/0208115
http://dx.doi.org/10.1007/JHEP03(2015)091
http://www.arXiv.org/abs/1411.3584
http://dx.doi.org/10.1007/JHEP08(2015)051
http://www.arXiv.org/abs/1505.04110
http://dx.doi.org/10.1007/JHEP05(2016)058
http://www.arXiv.org/abs/1602.00695
http://dx.doi.org/10.1016/j.physletb.2004.06.063
http://www.arXiv.org/abs/hep-ph/0404071
http://dx.doi.org/10.1016/j.cpc.2011.02.011
http://www.arXiv.org/abs/1007.1891
http://dx.doi.org/10.1007/JHEP11(2010)044
http://www.arXiv.org/abs/1007.3465


References 49

[191] G. Degrassi, S. Di Vita, and P. Slavich, “NLO QCD corrections to pseudoscalar Higgs
production in the MSSM”, JHEP 08 (2011) 128, doi:10.1007/JHEP08(2011)128,
arXiv:1107.0914.

[192] G. Degrassi, S. Di Vita, and P. Slavich, “On the NLO QCD corrections to the production
of the heaviest neutral Higgs scalar in the MSSM”, Eur. Phys. J. C 72 (2012) 2032,
doi:10.1140/epjc/s10052-012-2032-z, arXiv:1204.1016.

[193] L. Hofer, U. Nierste, and D. Scherer, “Resummation of tan-beta-enhanced
supersymmetric loop corrections beyond the decoupling limit”, JHEP 10 (2009) 081,
doi:10.1088/1126-6708/2009/10/081, arXiv:0907.5408.

[194] M. Bonvini, A. S. Papanastasiou, and F. J. Tackmann, “Resummation and matching of
b-quark mass effects in bbH production”, JHEP 11 (2015) 196,
doi:10.1007/JHEP11(2015)196, arXiv:1508.03288.

[195] M. Bonvini, A. S. Papanastasiou, and F. J. Tackmann, “Matched predictions for the bbH
cross section at the 13 TeV LHC”, JHEP 10 (2016) 053,
doi:10.1007/JHEP10(2016)053, arXiv:1605.01733.
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C. Dziwok , G. Flügge , W. Haj Ahmad20 , O. Hlushchenko, T. Kress , A. Nowack ,
O. Pooth , A. Stahl21 , T. Ziemons , A. Zotz

Deutsches Elektronen-Synchrotron, Hamburg, Germany
H. Aarup Petersen , M. Aldaya Martin , P. Asmuss, S. Baxter , M. Bayatmakou ,
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B. Ribeiro Lopes , J. Rübenach, A. Saggio , A. Saibel , M. Savitskyi , M. Scham26,23 ,
V. Scheurer, S. Schnake23 , P. Schütze , C. Schwanenberger22 , M. Shchedrolosiev ,
R.E. Sosa Ricardo , D. Stafford, N. Tonon† , M. Van De Klundert , F. Vazzoler ,
A. Ventura Barroso , R. Walsh , D. Walter , Q. Wang , Y. Wen , K. Wichmann,
L. Wiens23 , C. Wissing , S. Wuchterl , Y. Yang , A. Zimermmane Castro Santos

University of Hamburg, Hamburg, Germany
R. Aggleton, A. Albrecht , S. Albrecht , M. Antonello , S. Bein , L. Benato ,
M. Bonanomi , P. Connor , K. De Leo , M. Eich, K. El Morabit , F. Feindt, A. Fröhlich,
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The University of Kansas, Lawrence, Kansas, USA
A. Abreu , L.F. Alcerro Alcerro , J. Anguiano , P. Baringer , A. Bean , Z. Flowers ,
T. Isidori , S. Khalil , J. King , G. Krintiras , M. Lazarovits , C. Le Mahieu ,
C. Lindsey, J. Marquez , N. Minafra , M. Murray , M. Nickel , C. Rogan , C. Royon ,
R. Salvatico , S. Sanders , E. Schmitz , C. Smith , Q. Wang , J. Williams , G. Wilson

Kansas State University, Manhattan, Kansas, USA

https://orcid.org/0000-0002-2046-342X
https://orcid.org/0000-0003-1889-7824
https://orcid.org/0000-0002-8157-1328
https://orcid.org/0000-0002-7498-2129
https://orcid.org/0009-0003-3728-9960
https://orcid.org/0000-0003-2067-0127
https://orcid.org/0000-0002-6625-8085
https://orcid.org/0000-0003-3657-2281
https://orcid.org/0000-0002-7394-4710
https://orcid.org/0000-0002-3815-3649
https://orcid.org/0000-0002-1622-0134
https://orcid.org/0000-0003-2110-8021
https://orcid.org/0000-0001-7706-1416
https://orcid.org/0000-0001-5849-1912
https://orcid.org/0000-0002-4870-8468
https://orcid.org/0000-0002-7401-2181
https://orcid.org/0000-0002-0542-1264
https://orcid.org/0000-0001-7329-4925
https://orcid.org/0000-0001-9268-3360
https://orcid.org/0000-0002-5212-5396
https://orcid.org/0000-0002-6186-0130
https://orcid.org/0000-0002-7170-9012
https://orcid.org/0000-0002-5383-8320
https://orcid.org/0000-0002-8124-3033
https://orcid.org/0000-0003-3370-9246
https://orcid.org/0000-0002-2284-4744
https://orcid.org/0000-0002-0745-8618
https://orcid.org/0000-0003-4045-3998
https://orcid.org/0000-0003-3548-0262
https://orcid.org/0000-0001-6389-9357
https://orcid.org/0000-0002-8762-8559
https://orcid.org/0000-0001-8001-4602
https://orcid.org/0000-0001-5450-5328
https://orcid.org/0000-0003-4446-4395
https://orcid.org/0000-0003-2812-338X
https://orcid.org/0000-0002-3415-5671
https://orcid.org/0000-0003-4860-3233
https://orcid.org/0009-0009-6561-3418
https://orcid.org/0000-0002-6408-4288
https://orcid.org/0000-0002-4857-0294
https://orcid.org/0000-0002-8015-9622
https://orcid.org/0000-0003-1461-3425
https://orcid.org/0000-0002-7368-6723
https://orcid.org/0000-0002-4280-6382
https://orcid.org/0000-0002-8244-0805
https://orcid.org/0000-0002-9512-4932
https://orcid.org/0000-0001-7912-5612
https://orcid.org/0009-0000-7046-6533
https://orcid.org/0000-0001-7757-8458
https://orcid.org/0000-0001-8375-0760
https://orcid.org/0000-0003-1675-6040
https://orcid.org/0000-0002-3691-7625
https://orcid.org/0000-0002-8693-6146
https://orcid.org/0000-0003-0027-635X
https://orcid.org/0000-0002-0599-7407
https://orcid.org/0000-0002-6665-7289
https://orcid.org/0009-0007-6522-5605
https://orcid.org/0000-0003-3301-2246
https://orcid.org/0009-0000-2822-897X
https://orcid.org/0000-0002-0177-5903
https://orcid.org/0000-0002-0074-5390
https://orcid.org/0000-0001-6159-7750
https://orcid.org/0000-0003-4727-5442
https://orcid.org/0000-0001-8731-160X
https://orcid.org/0000-0002-8949-0178
https://orcid.org/0000-0002-0055-2935
https://orcid.org/0000-0002-3932-3769
https://orcid.org/0000-0002-0690-7186
https://orcid.org/0009-0006-0993-6245
https://orcid.org/0000-0003-2260-9151
https://orcid.org/0000-0002-4500-7930
https://orcid.org/0000-0003-3632-0287
https://orcid.org/0000-0003-1653-8553
https://orcid.org/0000-0003-1950-2492
https://orcid.org/0000-0001-9171-1980
https://orcid.org/0000-0002-0324-3054
https://orcid.org/0000-0002-5968-1192
https://orcid.org/0000-0001-9672-1328
https://orcid.org/0000-0002-7233-8348
https://orcid.org/0000-0002-6584-2538
https://orcid.org/0000-0001-7642-5185
https://orcid.org/0000-0002-8440-6854
https://orcid.org/0000-0002-9202-803X
https://orcid.org/0000-0003-3207-6950
https://orcid.org/0000-0002-5074-0539
https://orcid.org/0000-0002-5738-9446
https://orcid.org/0000-0003-0609-627X
https://orcid.org/0000-0003-0260-4935
https://orcid.org/0000-0001-8789-610X
https://orcid.org/0000-0002-6748-4850
https://orcid.org/0000-0001-5552-5400
https://orcid.org/0000-0002-0884-7922
https://orcid.org/0000-0001-6850-8765
https://orcid.org/0000-0001-9239-3398
https://orcid.org/0000-0003-4182-9096
https://orcid.org/0000-0002-3295-3194
https://orcid.org/0000-0001-5745-3658
https://orcid.org/0000-0003-1209-3032
https://orcid.org/0000-0002-7734-3170
https://orcid.org/0000-0002-3687-5189
https://orcid.org/0000-0002-5613-1507
https://orcid.org/0000-0002-2475-0055
https://orcid.org/0000-0003-3879-4873
https://orcid.org/0000-0003-2165-9501
https://orcid.org/0000-0001-8049-5143
https://orcid.org/0000-0002-7172-1396
https://orcid.org/0000-0002-3161-8300
https://orcid.org/0000-0002-3791-1989
https://orcid.org/0000-0002-0211-6109
https://orcid.org/0000-0002-4077-2713
https://orcid.org/0000-0002-2957-0301
https://orcid.org/0000-0002-0124-9065
https://orcid.org/0000-0002-9792-8619
https://orcid.org/0000-0003-3423-9581
https://orcid.org/0000-0001-9930-6445
https://orcid.org/0000-0003-4578-9319
https://orcid.org/0000-0002-8264-156X
https://orcid.org/0000-0003-2436-5074
https://orcid.org/0000-0001-8493-3737
https://orcid.org/0000-0001-5387-712X
https://orcid.org/0000-0001-7169-3420
https://orcid.org/0000-0002-5359-9614
https://orcid.org/0000-0002-1250-8931
https://orcid.org/0000-0002-8116-9021
https://orcid.org/0000-0002-2449-3845
https://orcid.org/0000-0003-1982-8978
https://orcid.org/0000-0003-3922-6464
https://orcid.org/0000-0001-8035-4818
https://orcid.org/0000-0003-0744-1063
https://orcid.org/0000-0001-7299-7653
https://orcid.org/0000-0002-7366-4225
https://orcid.org/0000-0002-2617-9315
https://orcid.org/0000-0002-9397-5514
https://orcid.org/0000-0003-2792-8493
https://orcid.org/0000-0001-6091-6772
https://orcid.org/0000-0002-3826-1332
https://orcid.org/0000-0002-9239-470X
https://orcid.org/0000-0003-0138-3368
https://orcid.org/0000-0002-3021-5032
https://orcid.org/0000-0001-9053-3182
https://orcid.org/0000-0001-8739-9648
https://orcid.org/0000-0001-9040-3468
https://orcid.org/0000-0002-8591-5247
https://orcid.org/0000-0003-3951-3420
https://orcid.org/0000-0002-5121-2893
https://orcid.org/0000-0002-8141-7769
https://orcid.org/0000-0003-3436-047X
https://orcid.org/0000-0002-5628-7464
https://orcid.org/0000-0002-3765-3123
https://orcid.org/0000-0003-1150-1735
https://orcid.org/0000-0001-6751-3108
https://orcid.org/0000-0001-6488-6195
https://orcid.org/0000-0002-3545-7970
https://orcid.org/0000-0002-0941-4512
https://orcid.org/0000-0002-9254-4368
https://orcid.org/0000-0002-2358-2168
https://orcid.org/0000-0001-8761-0490
https://orcid.org/0000-0002-8307-7518
https://orcid.org/0000-0002-0286-5070
https://orcid.org/0000-0002-0959-9211
https://orcid.org/0000-0002-9000-2215
https://orcid.org/0000-0001-5770-5077
https://orcid.org/0000-0002-7349-350X
https://orcid.org/0000-0002-3691-8388
https://orcid.org/0000-0001-5967-8674
https://orcid.org/0000-0001-8314-2052
https://orcid.org/0000-0002-7934-4038
https://orcid.org/0000-0001-8630-8046
https://orcid.org/0000-0001-9652-9854
https://orcid.org/0000-0002-0380-7577
https://orcid.org/0000-0002-5565-3119
https://orcid.org/0000-0001-5924-1130
https://orcid.org/0000-0003-3887-4048
https://orcid.org/0000-0003-4002-1888
https://orcid.org/0000-0001-7219-4818
https://orcid.org/0000-0003-0419-1329
https://orcid.org/0000-0002-4166-4503
https://orcid.org/0000-0002-7672-9709
https://orcid.org/0000-0002-2751-0567
https://orcid.org/0000-0002-9491-6022
https://orcid.org/0000-0002-2484-1774
https://orcid.org/0000-0003-0505-0528
https://orcid.org/0000-0003-3804-3244
https://orcid.org/0000-0002-9810-7097
https://orcid.org/0000-0003-0917-4763


64

B. Allmond , S. Duric, R. Gujju Gurunadha , A. Ivanov , K. Kaadze , D. Kim,
Y. Maravin , T. Mitchell, A. Modak, K. Nam, J. Natoli , D. Roy

Lawrence Livermore National Laboratory, Livermore, California, USA
F. Rebassoo , D. Wright

University of Maryland, College Park, Maryland, USA
E. Adams , A. Baden , O. Baron, A. Belloni , A. Bethani , S.C. Eno , N.J. Hadley ,
S. Jabeen , R.G. Kellogg , T. Koeth , Y. Lai , S. Lascio , A.C. Mignerey , S. Nabili ,
C. Palmer , C. Papageorgakis , M. Seidel , L. Wang , K. Wong

Massachusetts Institute of Technology, Cambridge, Massachusetts, USA
D. Abercrombie, R. Bi, W. Busza , I.A. Cali , Y. Chen , M. D’Alfonso , J. Eysermans ,
C. Freer , G. Gomez-Ceballos , M. Goncharov, P. Harris, M. Hu , D. Kovalskyi ,
J. Krupa , Y.-J. Lee , K. Long , C. Mironov , C. Paus , D. Rankin , C. Roland ,
G. Roland , Z. Shi , G.S.F. Stephans , J. Wang, Z. Wang , B. Wyslouch

University of Minnesota, Minneapolis, Minnesota, USA
R.M. Chatterjee, B. Crossman , A. Evans , J. Hiltbrand , Sh. Jain , B.M. Joshi ,
C. Kapsiak , M. Krohn , Y. Kubota , J. Mans , M. Revering , R. Rusack , R. Saradhy ,
N. Schroeder , N. Strobbe , M.A. Wadud

University of Mississippi, Oxford, Mississippi, USA
L.M. Cremaldi

University of Nebraska-Lincoln, Lincoln, Nebraska, USA
K. Bloom , M. Bryson, D.R. Claes , C. Fangmeier , L. Finco , F. Golf , C. Joo ,
I. Kravchenko , I. Reed , J.E. Siado , G.R. Snow†, W. Tabb , A. Wightman , F. Yan ,
A.G. Zecchinelli

State University of New York at Buffalo, Buffalo, New York, USA
G. Agarwal , H. Bandyopadhyay , L. Hay , I. Iashvili , A. Kharchilava , C. McLean ,
M. Morris , D. Nguyen , J. Pekkanen , S. Rappoccio , A. Williams

Northeastern University, Boston, Massachusetts, USA
G. Alverson , E. Barberis , Y. Haddad , Y. Han , A. Krishna , J. Li , J. Lidrych ,
G. Madigan , B. Marzocchi , D.M. Morse , V. Nguyen , T. Orimoto , A. Parker ,
L. Skinnari , A. Tishelman-Charny , T. Wamorkar , B. Wang , A. Wisecarver ,
D. Wood

Northwestern University, Evanston, Illinois, USA
S. Bhattacharya , J. Bueghly, Z. Chen , A. Gilbert , T. Gunter , K.A. Hahn , Y. Liu ,
N. Odell , M.H. Schmitt , M. Velasco

University of Notre Dame, Notre Dame, Indiana, USA
R. Band , R. Bucci, S. Castells , M. Cremonesi, A. Das , R. Goldouzian , M. Hildreth ,
K. Hurtado Anampa , C. Jessop , K. Lannon , J. Lawrence , N. Loukas , L. Lutton ,
J. Mariano, N. Marinelli, I. Mcalister, T. McCauley , C. Mcgrady , K. Mohrman ,
C. Moore , Y. Musienko13 , H. Nelson , R. Ruchti , A. Townsend , M. Wayne ,
H. Yockey, M. Zarucki , L. Zygala

The Ohio State University, Columbus, Ohio, USA
B. Bylsma, M. Carrigan , L.S. Durkin , B. Francis , C. Hill , A. Lesauvage ,
M. Nunez Ornelas , K. Wei, B.L. Winer , B. R. Yates

https://orcid.org/0000-0002-5593-7736
https://orcid.org/0000-0003-3783-1361
https://orcid.org/0000-0002-9270-5643
https://orcid.org/0000-0003-0571-163X
https://orcid.org/0000-0002-9449-0666
https://orcid.org/0000-0001-6675-3564
https://orcid.org/0000-0002-8659-7762
https://orcid.org/0000-0001-8934-9329
https://orcid.org/0000-0002-3586-3354
https://orcid.org/0000-0003-2809-2683
https://orcid.org/0000-0002-6159-3861
https://orcid.org/0000-0002-1727-656X
https://orcid.org/0000-0002-8150-7043
https://orcid.org/0000-0003-4282-2515
https://orcid.org/0000-0002-1209-6471
https://orcid.org/0000-0002-0155-7383
https://orcid.org/0000-0001-9235-521X
https://orcid.org/0000-0002-0082-0514
https://orcid.org/0000-0002-7795-8693
https://orcid.org/0000-0001-8579-5874
https://orcid.org/0000-0001-5164-6969
https://orcid.org/0000-0002-6893-1018
https://orcid.org/0000-0002-5801-5737
https://orcid.org/0000-0003-4548-0346
https://orcid.org/0000-0003-3550-6151
https://orcid.org/0000-0003-3443-0626
https://orcid.org/0000-0002-9698-1354
https://orcid.org/0000-0002-3831-9071
https://orcid.org/0000-0002-2822-3375
https://orcid.org/0000-0003-2582-6469
https://orcid.org/0000-0002-7409-7904
https://orcid.org/0000-0001-6483-7123
https://orcid.org/0000-0002-7967-4635
https://orcid.org/0000-0003-1683-9460
https://orcid.org/0000-0003-2858-6931
https://orcid.org/0000-0002-6923-293X
https://orcid.org/0000-0003-0785-7552
https://orcid.org/0000-0003-2593-7767
https://orcid.org/0000-0003-0664-1653
https://orcid.org/0000-0002-8599-2437
https://orcid.org/0000-0002-6047-4211
https://orcid.org/0000-0001-8411-9620
https://orcid.org/0000-0002-7312-5854
https://orcid.org/0000-0001-8983-2169
https://orcid.org/0000-0001-5498-8825
https://orcid.org/0000-0003-3106-4894
https://orcid.org/0000-0002-3074-3767
https://orcid.org/0000-0003-3681-0649
https://orcid.org/0000-0002-2700-5085
https://orcid.org/0000-0002-7427-1079
https://orcid.org/0000-0003-1691-5937
https://orcid.org/0000-0003-1770-5309
https://orcid.org/0000-0002-4723-0968
https://orcid.org/0009-0008-7743-5316
https://orcid.org/0000-0002-1711-2506
https://orcid.org/0000-0001-6146-4827
https://orcid.org/0000-0003-2840-1087
https://orcid.org/0000-0001-5051-0293
https://orcid.org/0000-0002-7633-749X
https://orcid.org/0000-0001-8720-293X
https://orcid.org/0000-0002-8336-6141
https://orcid.org/0000-0001-8835-8282
https://orcid.org/0000-0002-0653-0761
https://orcid.org/0000-0001-5550-7827
https://orcid.org/0000-0002-4272-8900
https://orcid.org/0000-0003-4198-8919
https://orcid.org/0000-0002-5998-8047
https://orcid.org/0000-0002-2630-5465
https://orcid.org/0000-0003-3567-9351
https://orcid.org/0000-0002-5661-4330
https://orcid.org/0000-0003-0068-0395
https://orcid.org/0000-0002-1823-8856
https://orcid.org/0000-0002-9757-470X
https://orcid.org/0000-0002-9542-4847
https://orcid.org/0000-0001-6651-5320
https://orcid.org/0000-0002-4042-0785
https://orcid.org/0000-0001-8986-278X
https://orcid.org/0000-0002-2593-5297
https://orcid.org/0000-0001-9726-4915
https://orcid.org/0000-0002-7086-7641
https://orcid.org/0000-0003-1948-5901
https://orcid.org/0000-0002-3913-0326
https://orcid.org/0000-0002-7450-4805
https://orcid.org/0000-0002-2830-6488
https://orcid.org/0000-0002-5185-8504
https://orcid.org/0000-0002-6681-7668
https://orcid.org/0000-0002-5449-2560
https://orcid.org/0000-0003-4055-6532
https://orcid.org/0000-0001-6651-1178
https://orcid.org/0000-0002-6417-5913
https://orcid.org/0000-0003-4916-7752
https://orcid.org/0000-0002-3510-6505
https://orcid.org/0000-0002-4319-818X
https://orcid.org/0000-0001-5245-2074
https://orcid.org/0000-0003-1439-0196
https://orcid.org/0000-0001-8796-5865
https://orcid.org/0000-0001-6687-6214
https://orcid.org/0000-0003-3163-2169
https://orcid.org/0000-0003-1278-9208
https://orcid.org/0000-0002-8388-3341
https://orcid.org/0000-0002-9421-3335
https://orcid.org/0000-0002-2019-6755
https://orcid.org/0000-0002-7332-5098
https://orcid.org/0000-0001-5551-5456
https://orcid.org/0000-0003-0796-2475
https://orcid.org/0009-0004-1608-2001
https://orcid.org/0000-0002-6477-801X
https://orcid.org/0000-0002-0526-6161
https://orcid.org/0000-0003-4521-6086
https://orcid.org/0000-0001-7560-5790
https://orcid.org/0000-0002-7444-5622
https://orcid.org/0000-0001-7892-1676
https://orcid.org/0000-0002-5588-1760
https://orcid.org/0000-0001-7155-0665
https://orcid.org/0000-0003-0814-3578
https://orcid.org/0000-0003-4873-0523
https://orcid.org/0000-0003-2618-3856
https://orcid.org/0000-0001-9115-9698
https://orcid.org/0000-0002-0295-249X
https://orcid.org/0000-0002-4454-3934
https://orcid.org/0000-0002-9779-3566
https://orcid.org/0000-0002-6885-3611
https://orcid.org/0000-0002-9706-0098
https://orcid.org/0000-0001-6326-7210
https://orcid.org/0000-0003-0049-6918
https://orcid.org/0000-0002-3212-4505
https://orcid.org/0000-0001-6589-8286
https://orcid.org/0000-0002-8821-2045
https://orcid.org/0009-0007-2940-0496
https://orcid.org/0000-0002-8140-4183
https://orcid.org/0009-0006-3545-1938
https://orcid.org/0000-0001-5592-0785
https://orcid.org/0000-0002-3151-1386
https://orcid.org/0000-0002-3696-689X
https://orcid.org/0000-0001-8204-6157
https://orcid.org/0000-0003-1510-5772
https://orcid.org/0000-0001-9665-7282
https://orcid.org/0000-0003-0538-5854
https://orcid.org/0000-0002-0477-1051
https://orcid.org/0000-0002-1414-6583
https://orcid.org/0000-0003-0059-0779
https://orcid.org/0000-0003-3437-7845
https://orcid.org/0000-0003-2663-7379
https://orcid.org/0000-0001-9980-4698
https://orcid.org/0000-0001-7366-1318


65

Princeton University, Princeton, New Jersey, USA
F.M. Addesa , B. Bonham , P. Das , G. Dezoort , P. Elmer , A. Frankenthal ,
B. Greenberg , N. Haubrich , S. Higginbotham , A. Kalogeropoulos , G. Kopp ,
S. Kwan , D. Lange , D. Marlow , K. Mei , I. Ojalvo , J. Olsen , D. Stickland ,
C. Tully

University of Puerto Rico, Mayaguez, Puerto Rico, USA
S. Malik , S. Norberg

Purdue University, West Lafayette, Indiana, USA
A.S. Bakshi , V.E. Barnes , R. Chawla , S. Das , L. Gutay, M. Jones , A.W. Jung ,
D. Kondratyev , A.M. Koshy, M. Liu , G. Negro , N. Neumeister , G. Paspalaki ,
S. Piperov , A. Purohit , J.F. Schulte , M. Stojanovic , J. Thieman , F. Wang ,
R. Xiao , W. Xie

Purdue University Northwest, Hammond, Indiana, USA
J. Dolen , N. Parashar

Rice University, Houston, Texas, USA
D. Acosta , A. Baty , T. Carnahan , M. Decaro, S. Dildick , K.M. Ecklund ,
P.J. Fernández Manteca , S. Freed, P. Gardner, F.J.M. Geurts , A. Kumar , W. Li ,
B.P. Padley , R. Redjimi, J. Rotter , W. Shi , S. Yang , E. Yigitbasi , L. Zhang91,
Y. Zhang , X. Zuo

University of Rochester, Rochester, New York, USA
A. Bodek , P. de Barbaro , R. Demina , J.L. Dulemba , C. Fallon, T. Ferbel , M. Galanti,
A. Garcia-Bellido , O. Hindrichs , A. Khukhunaishvili , E. Ranken , R. Taus ,
G.P. Van Onsem

The Rockefeller University, New York, New York, USA
K. Goulianos

Rutgers, The State University of New Jersey, Piscataway, New Jersey, USA
B. Chiarito, J.P. Chou , Y. Gershtein , E. Halkiadakis , A. Hart , M. Heindl ,
D. Jaroslawski , O. Karacheban25 , I. Laflotte , A. Lath , R. Montalvo, K. Nash,
M. Osherson , S. Salur , S. Schnetzer, S. Somalwar , R. Stone , S.A. Thayil , S. Thomas,
H. Wang

University of Tennessee, Knoxville, Tennessee, USA
H. Acharya, A.G. Delannoy , S. Fiorendi , T. Holmes , E. Nibigira , S. Spanier

Texas A&M University, College Station, Texas, USA
O. Bouhali92 , M. Dalchenko , A. Delgado , R. Eusebi , J. Gilmore , T. Huang ,
T. Kamon93 , H. Kim , S. Luo , S. Malhotra, R. Mueller , D. Overton , D. Rathjens ,
A. Safonov

Texas Tech University, Lubbock, Texas, USA
N. Akchurin , J. Damgov , V. Hegde , K. Lamichhane , S.W. Lee , T. Mengke,
S. Muthumuni , T. Peltola , I. Volobouev , Z. Wang, A. Whitbeck

Vanderbilt University, Nashville, Tennessee, USA
E. Appelt , S. Greene, A. Gurrola , W. Johns , A. Melo , F. Romeo , P. Sheldon ,
S. Tuo , J. Velkovska , J. Viinikainen

University of Virginia, Charlottesville, Virginia, USA

https://orcid.org/0000-0003-0484-5804
https://orcid.org/0000-0002-2982-7621
https://orcid.org/0000-0002-9770-1377
https://orcid.org/0000-0002-5890-0445
https://orcid.org/0000-0001-6830-3356
https://orcid.org/0000-0002-2583-5982
https://orcid.org/0000-0002-4922-1934
https://orcid.org/0000-0002-7625-8169
https://orcid.org/0000-0002-4436-5461
https://orcid.org/0000-0003-3444-0314
https://orcid.org/0000-0001-8160-0208
https://orcid.org/0000-0002-5308-7707
https://orcid.org/0000-0002-9086-5184
https://orcid.org/0000-0002-6395-1079
https://orcid.org/0000-0003-2057-2025
https://orcid.org/0000-0003-1455-6272
https://orcid.org/0000-0002-9361-5762
https://orcid.org/0000-0003-4702-8820
https://orcid.org/0000-0001-6771-2174
https://orcid.org/0000-0002-6356-2655
https://orcid.org/0000-0002-2857-6883
https://orcid.org/0000-0001-6939-3445
https://orcid.org/0000-0003-4802-6819
https://orcid.org/0000-0001-6701-9265
https://orcid.org/0000-0002-9951-4583
https://orcid.org/0000-0003-3068-3212
https://orcid.org/0000-0002-7874-2480
https://orcid.org/0000-0001-9012-395X
https://orcid.org/0000-0002-1418-2154
https://orcid.org/0000-0003-2356-1700
https://orcid.org/0000-0001-6815-1065
https://orcid.org/0000-0002-9266-7819
https://orcid.org/0000-0003-0881-612X
https://orcid.org/0000-0003-4421-680X
https://orcid.org/0000-0002-1542-0855
https://orcid.org/0000-0001-7684-6588
https://orcid.org/0000-0002-8313-0809
https://orcid.org/0000-0001-7292-8527
https://orcid.org/0000-0003-1430-9191
https://orcid.org/0000-0003-1141-3823
https://orcid.org/0009-0009-1717-0413
https://orcid.org/0000-0001-5367-1738
https://orcid.org/0000-0001-5310-3466
https://orcid.org/0000-0001-7492-3201
https://orcid.org/0000-0003-0554-4755
https://orcid.org/0000-0002-6976-4637
https://orcid.org/0000-0003-2566-7496
https://orcid.org/0000-0003-2856-9090
https://orcid.org/0000-0002-5180-6595
https://orcid.org/0000-0003-4136-3409
https://orcid.org/0000-0002-3572-5701
https://orcid.org/0009-0009-4040-7407
https://orcid.org/0000-0002-8102-9002
https://orcid.org/0000-0002-2075-8631
https://orcid.org/0000-0002-9595-2623
https://orcid.org/0000-0002-6812-761X
https://orcid.org/0000-0002-0029-493X
https://orcid.org/0000-0003-0409-0341
https://orcid.org/0000-0002-5508-1827
https://orcid.org/0000-0002-7852-167X
https://orcid.org/0000-0002-9842-7015
https://orcid.org/0000-0002-6733-131X
https://orcid.org/0000-0002-1407-1972
https://orcid.org/0000-0001-7640-5264
https://orcid.org/0000-0002-3834-1316
https://orcid.org/0000-0001-7472-5029
https://orcid.org/0000-0002-5168-2932
https://orcid.org/0000-0002-1664-2337
https://orcid.org/0000-0002-6230-9535
https://orcid.org/0000-0001-6315-905X
https://orcid.org/0000-0002-4871-5449
https://orcid.org/0000-0002-3584-7856
https://orcid.org/0000-0003-2349-6582
https://orcid.org/0000-0002-2831-463X
https://orcid.org/0000-0003-2497-1242
https://orcid.org/0000-0002-2785-3762
https://orcid.org/0000-0002-7366-8090
https://orcid.org/0000-0003-0228-9760
https://orcid.org/0000-0002-9760-9976
https://orcid.org/0000-0002-4995-9285
https://orcid.org/0000-0002-8856-7401
https://orcid.org/0000-0001-6229-695X
https://orcid.org/0000-0002-1469-0335
https://orcid.org/0000-0002-3027-0752
https://orcid.org/0000-0003-1252-6213
https://orcid.org/0000-0003-3273-9419
https://orcid.org/0000-0002-3959-5174
https://orcid.org/0000-0001-5821-291X
https://orcid.org/0000-0002-7049-4646
https://orcid.org/0000-0001-7139-7322
https://orcid.org/0000-0002-0137-136X
https://orcid.org/0000-0003-3453-7204
https://orcid.org/0000-0003-3322-6287
https://orcid.org/0000-0001-9911-0143
https://orcid.org/0000-0002-0793-5664
https://orcid.org/0000-0001-5565-7868
https://orcid.org/0000-0003-4986-1728
https://orcid.org/0000-0003-3122-4245
https://orcid.org/0000-0002-6723-6689
https://orcid.org/0009-0009-0648-8151
https://orcid.org/0000-0002-8420-1488
https://orcid.org/0000-0001-9497-5471
https://orcid.org/0000-0002-6127-4350
https://orcid.org/0000-0003-3863-2567
https://orcid.org/0000-0003-4952-2873
https://orcid.org/0000-0003-0152-7683
https://orcid.org/0000-0002-3388-8339
https://orcid.org/0000-0003-0432-6895
https://orcid.org/0000-0002-4732-4008
https://orcid.org/0000-0002-2087-6128
https://orcid.org/0000-0003-4224-5164
https://orcid.org/0000-0003-3389-4584
https://orcid.org/0000-0002-2793-4052
https://orcid.org/0000-0001-5291-8903
https://orcid.org/0000-0003-3473-8858
https://orcid.org/0000-0002-1297-6065
https://orcid.org/0000-0003-1550-5223
https://orcid.org/0000-0001-6142-0429
https://orcid.org/0000-0003-1423-5241
https://orcid.org/0000-0003-2530-4265


66

B. Cardwell , B. Cox , G. Cummings , J. Hakala , R. Hirosky , M. Joyce ,
A. Ledovskoy , A. Li , C. Neu , C.E. Perez Lara , B. Tannenwald

Wayne State University, Detroit, Michigan, USA
P.E. Karchin , N. Poudyal

University of Wisconsin - Madison, Madison, Wisconsin, USA
S. Banerjee , K. Black , T. Bose , S. Dasu , I. De Bruyn , P. Everaerts , C. Galloni,
H. He , M. Herndon , A. Herve , C.K. Koraka , A. Lanaro, A. Loeliger , R. Loveless ,
J. Madhusudanan Sreekala , A. Mallampalli , A. Mohammadi , S. Mondal, G. Parida ,
D. Pinna, A. Savin, V. Shang , V. Sharma , W.H. Smith , D. Teague, H.F. Tsoi ,
W. Vetens

Authors affiliated with an institute or an international laboratory covered by a cooperation
agreement with CERN
S. Afanasiev , V. Andreev , Yu. Andreev , T. Aushev , M. Azarkin , A. Babaev ,
A. Belyaev , V. Blinov94, E. Boos , V. Borshch , D. Budkouski , V. Bunichev ,
O. Bychkova, M. Chadeeva94 , V. Chekhovsky, A. Dermenev , T. Dimova94 , I. Dremin ,
M. Dubinin85 , L. Dudko , V. Epshteyn , G. Gavrilov , V. Gavrilov , S. Gni-
nenko , V. Golovtcov , N. Golubev , I. Golutvin , I. Gorbunov , A. Gribushin ,
V. Ivanchenko , Y. Ivanov , V. Kachanov , L. Kardapoltsev94 , V. Karjavine ,
A. Karneyeu , V. Kim94 , M. Kirakosyan, D. Kirpichnikov , M. Kirsanov , V. Klyukhin ,
O. Kodolova95 , D. Konstantinov , V. Korenkov , A. Kozyrev94 , N. Krasnikov ,
E. Kuznetsova96 , A. Lanev , P. Levchenko , A. Litomin, N. Lychkovskaya ,
V. Makarenko , A. Malakhov , V. Matveev94,97 , V. Murzin , A. Nikitenko98 ,
S. Obraztsov , V. Okhotnikov , A. Oskin, I. Ovtin94 , V. Palichik , P. Parygin ,
V. Perelygin , M. Perfilov, S. Petrushanko , G. Pivovarov , V. Popov, E. Popova ,
O. Radchenko94 , V. Rusinov, M. Savina , V. Savrin , V. Shalaev , S. Shmatov ,
S. Shulha , Y. Skovpen94 , S. Slabospitskii , V. Smirnov , D. Sosnov , A. Stepennov ,
V. Sulimov , E. Tcherniaev , A. Terkulov , O. Teryaev , I. Tlisova , M. Toms ,
A. Toropin , L. Uvarov , A. Uzunian , E. Vlasov , A. Vorobyev, N. Voytishin ,
B.S. Yuldashev99, A. Zarubin , I. Zhizhin , A. Zhokin

†: Deceased
1Also at Yerevan State University, Yerevan, Armenia
2Also at TU Wien, Vienna, Austria
3Also at Institute of Basic and Applied Sciences, Faculty of Engineering, Arab Academy for
Science, Technology and Maritime Transport, Alexandria, Egypt
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