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Abstract

Measurements of the inclusive and differential fiducial cross sections of the Higgs bo-
son are presented, using the τ lepton decay channel. The differential cross sections
are measured as functions of the Higgs boson transverse momentum, jet multiplic-
ity, and transverse momentum of the leading jet in the event if any. The analysis is
performed using proton-proton data collected with the CMS detector at the LHC at
a center-of-mass energy of 13 TeV and corresponding to an integrated luminosity of
138 fb−1. These are the first differential measurements of the Higgs boson cross sec-
tion in the final state of two τ leptons, and they constitute a significant improvement
over measurements in other final states in events with a large jet multiplicity or with
a Lorentz-boosted Higgs boson.
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Measuring differential production cross sections of the Higgs boson could eventually highlight
the contribution of beyond-the-standard-model physics to the Higgs boson couplings [1, 2],
e.g., by the observation of deviations from the standard model (SM) in the Higgs boson trans-
verse momentum (pT) distribution, predicted with high accuracy at next-to-next-to-leading or-
der (NNLO) precision [3]. Such measurements are also powerful probes of the SM predictions,
in particular of the higher-order corrections in perturbation theory, and could help improve
event modelling.

Differential cross sections of Higgs boson production have been measured in the γγ, ZZ,
W+W−, and bb decay channels for various sets of observables, by the ATLAS and CMS Collab-
orations at the CERN LHC at center-of-mass energies of 7, 8, and 13 TeV [4–10]. The H → τ+τ−

decay channel [11, 12] can also contribute to differential measurements of the Higgs boson pro-
duction, providing complementary information with other decay modes. It is competitive in
parts of the phase space where small production cross sections are compensated by a relatively
large branching fraction B(H → τ+τ−) = 6.2% [13]; this is particularly the case for high jet
multiplicities (Njets) and large Lorentz boosts of the Higgs boson. This Letter presents the first
differential fiducial measurements of the Higgs boson production cross section using its decays
to a pair of τ leptons. The Higgs boson cross section is measured as functions of its transverse
momentum (pH

T ), Njets, and the leading jet pT (pj1
T), using data collected by the CMS experiment

in proton-proton collisions at a center-of-mass energy of 13 TeV between 2016 and 2018, cor-
responding to an integrated luminosity of 138 fb−1. A measurement of the inclusive fiducial
Higgs boson cross section is also presented, in a phase space complementary to those studied
with other final states.

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scintillator hadron
calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters extend
the pseudorapidity coverage provided by the barrel and endcap detectors. Muons are detected
in gaseous detectors embedded in the steel flux-return yoke outside the solenoid. A more de-
tailed description of the CMS detector, together with a definition of the coordinate system used
and the relevant kinematic variables, can be found in Ref. [14].

Simulated events with Higgs bosons are generated for the different production modes (gluon
fusion, vector boson fusion, and productions in association with a vector boson, W or Z, or
with top quarks) at next-to-leading order (NLO) precision in perturbative quantum chromo-
dynamics (QCD), including finite quark mass effects, with the POWHEG 2.0 [15–19] generator.
The distributions of pH

T and Njets in the gluon fusion production simulation are corrected to
match the predictions of the NNLOPS generator [20, 21]. The Higgs boson mass is assumed
to be 125.38 GeV [22]. The MADGRAPH5 aMC@NLO 2.2.2 (2.4.2) event generator [23] is used
to simulate the Drell–Yan process at leading order with the MLM jet matching and merging
scheme [24] for the simulation of data taken in 2016 (2017 and 2018). It is also used to model
the diboson production at NLO in αS, whereas POWHEG 2.0 and 1.0 are used for tt and single
top quark production, respectively. Single top quark production in the t-channel and diboson
events are normalized to their cross sections at NLO precision or higher [25, 26]. Drell–Yan
events, as well as tt events and single top quark production in the tW-channel, are normalized
to their cross sections at NNLO precision [27, 28]. The generators are interfaced with PYTHIA

8.212 [29] to model the parton showering and fragmentation, as well as the decay of the τ lep-
tons. The PYTHIA tunes CUETP8M1 and CUETP8M4 [30] are used in simulation corresponding
to the 2016 data-taking conditions, and the CP5 tune [31] is used for 2017 and 2018 simulations.
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The parton density function (PDF) set is NNPDF 3.0 for 2016 simulations, and NNPDF 3.1 for
2017 and 2018 simulations [32–34]. Additional proton-proton interactions per bunch crossing,
called pileup, are added to the simulations with the profile observed in data. Simulated events
are processed through a GEANT4 [35] simulation of the CMS detector.

The particle-flow (PF) algorithm [36] is used to reconstruct the events on the basis of infor-
mation from the different CMS subdetectors. Muons are reconstructed from tracks and hits in
the tracker and muon systems [37, 38]. Electrons are reconstructed from tracks in the tracking
system, and calorimeter deposits, and identified with a multivariate discriminant described
in Ref. [39]. The relative isolation of electrons (muons) is calculated on the basis of the pT

of tracks in a cone of ∆R =
√
(∆η)2 + (∆φ)2 < 0.3 (0.4) centered on the lepton track, cor-

rected for charged and neutral pileup contributions; it is required to be less than 0.15. Jets are
clustered from PF candidates using the anti-kT FASTJET algorithm with distance parameter R
of 0.4 [40, 41], requiring pT > 30 GeV and |η| < 4.7. Jet energy corrections are applied on
an event-by-event basis [36, 42, 43]. In events collected in 2017, jets with pT < 50 GeV and
2.65 < |η| < 3.14 are discarded to eliminate spurious jets caused by detector noise. Hadronic
jets originating from b quarks are tagged with the medium working point of the DEEPCSV al-
gorithm [44]. The hadrons-plus-strips algorithm [45], which combines 1 or 3 tracks with energy
deposits in the calorimeters, is used to reconstruct τ leptons decaying hadronically, denoted as
τh. Deep neural network discriminants are used to reduce the fraction of quark and gluon jets,
electrons, and muons misidentified as τh candidates [46]. All particles reconstructed in the
event are used to determine the missing transverse momentum, ~pmiss

T , which is defined as the
negative vectorial sum of the transverse momenta of all PF candidates [47]. It is adjusted for the
effect of jet energy corrections. Corrections to the ~pmiss

T are applied to reduce the mismodeling
of the simulated Z + jets and Higgs boson samples [11].

Events are selected in four final states: eµ, eτh, µτh, and τhτh. In the eµ final state, a combina-
tion of triggers requiring an electron and a muon is used, and in the τhτh final state, the triggers
require the presence of two isolated τh candidates. In the eτh (µτh) final state, the events are
selected with a trigger that relies on the presence of a single electron (muon) with pT above 25–
32 (22–24) GeV, or a trigger that requires both an electron with pT > 24 GeV and a τh candidate
with pT > 20–27 GeV (a muon with pT > 19–20 GeV and a τh candidate with pT > 27–30 GeV)
if the lepton pT is too low to satisfy the single-lepton trigger thresholds. In the τhτh final state
the triggers select two τh candidates with pT > 35–40 GeV. The thresholds depend on the
data-taking year. The offline event selection criteria are given in Table 1, where the symbol mT
denotes the invariant mass between two objects in the transverse plane. In the eµ, eτh, and
µτh final states, the small fraction of events without a reconstructed jet with pT > 30 GeV and
with ∆R between the visible decay products of the two τ leptons below 2, is vetoed because of
the difficulty in accurately estimating the backgrounds in this particular topology. In the τhτh
final state, all events are required to contain at least one jet. This requirement significantly re-
duces the QCD multijet background, while it does not affect the signal acceptance significantly
since the Higgs bosons need to be boosted for their decay products to pass the high-pT trigger
thresholds. All events with a jet tagged as originating from a bottom quark are discarded in the
eµ, eτh, and µτh final states, where the tt background would otherwise be consequential.

The fiducial region is defined to be as close as possible to the reconstructed event selection.
All variables used in the definition of the fiducial region are calculated at the generator level
after parton showering and hadronization, and the electrons and muons are ”dressed” in that
the lepton momentum includes the momenta of photons radiated within a cone of ∆R < 0.1
centered on the lepton. In the eτh (µτh) final state, the electron (muon) is required to have
pT above 25 (20) GeV and |η| < 2.1, while the τh candidate must have a visible pT greater
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Table 1: Event selection criteria. The pT ranges are related to different triggers used during
different data-taking periods. In events collected in 2016 in the µτh channel, τh candidates
with 0.2 < |η| < 0.3 are discarded because of a significantly larger misidentification rate of
muons as τh objects.

eµ eτh µτh τhτh
pe

T (GeV) >15/24 >25–26 — —
|ηe | <2.4 <2.1 — —
pµ

T (GeV) >24/15 — >20–21 —
|ηµ | <2.4 — <2.1 —
pτh

T (GeV) — >30 >30 >40
|ητh | — <2.3 <2.3 <2.1
mT(e/µ,~pmiss

T ) (GeV) — <50 <50 —
mT(e + µ,~pmiss

T ) (GeV) <60 — — —
Njets — — — >0

than 30 GeV and visible |η| < 2.3. Here, the term visible refers to the kinematic variables
constructed from the momenta of the visible decay products of the τ leptons, excluding the
invisible neutrinos. In addition, the transverse mass mT(e/µ,~pmiss

T ) must be less than 50 GeV.
In the τhτh final state, the visible pT of both τh must exceed 40 GeV, while their visible |η|must
be within 2.1, and there must be at least one jet with pT > 30 GeV. In the eµ final state, the
leading (subleading) lepton must have pT > 24 (15) GeV, both leptons must have |η| < 2.4, and
the mT of the dilepton system and ~pmiss

T must be below 60 GeV to remove the overlap with the
H → WW measurement [8]. Decays of the Higgs boson other than H → ττ are considered to
be outside the fiducial region. About 95% of H → ττ events passing the reconstructed event
selection belong to the fiducial region as estimated from simulation. The SM prediction for the
Higgs boson cross section in this fiducial region is 408± 27 fb, using the inclusive cross sections
and branching fractions in Refs. [48–50] and the fiducial acceptance from the NLO predictions
of the POWHEG 2.0 generator with corrections from the NNLOPS generator for the gluon fusion
production mechanism. In particular, the gluon fusion simulation is normalized to the cross
section computed at next-to-NNLO QCD accuracy and NLO electroweak precision. Events
outside the fiducial region are treated as backgrounds in the measurement and are constrained
to their SM expectations. This treatment is chosen because most nonfiducial events correspond
to Higgs boson decays to a pair of W bosons, especially in the eµ final state, for which the
differential distributions have been measured to be compatible with the SM expectation [8].

The di-τ background, mainly composed of Z → ττ , leptonically decaying tt, and diboson
processes, is modelled with an “embedded sample” [51], where muons from dimuon events
in data are replaced with simulated τ leptons. The background with jets misidentified as τh
candidates is estimated from data with a so-called “misidentification rate method” [52]. The
probability for loosely isolated jets to be misidentified as τh is measured in control regions
enriched in QCD multijet, W + jets, or tt events, as a function of pτh

T , for different Njets, and
separately in the barrel and endcaps of the detector. Differences between processes, Njets, and
detector region, are typically of the order of 15, 10, and 10%, respectively. The misidentification
probabilities are corrected on an event-by-event basis depending on the pT of the other τ lepton
in the event, pH

T , and pj1
T , with multiplicative corrections ranging 0.5–1.2 for each variable. The

reconstructed variable pH
T is evaluated as the vectorial pT sum of the visible decay products of

the τ leptons and ~pmiss
T , multiplied with a correction factor that is measured in signal simula-

tion and depends on this same vectorial sum to make it an unbiased estimator of the generated
pH

T . The correction factor reaches a plateau between 1.05 and 1.10 at high pH
T values, and is sig-
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nificantly below 1.0 at low pH
T values. For events with pH

T > 350 GeV at the generator level, the
reconstructed pH

T resolution is better than 10%, whereas it is worse than 30% for pH
T < 45 GeV.

The dependence of the misidentification probabilities with these variables was neglected as a
first step because of the large number of variables impacting the misidentification probabili-
ties, and the corrections are determined by correcting the data-to-prediction distributions in
the control regions mentioned previously. Additionally, corrections for the selection criteria
that differ between the signal and control regions, such as the same-sign charge requirement
for the τ leptons in the QCD-enriched region and the high mT requirement in the W-enriched
region, are introduced, and depend on the reconstructed di-τ mass, mττ . They are typically
close to 1.0 but can reach up to 1.2 in parts of the phase space. In the eτh and µτh final states,
the overall misidentification rate is a weighted average of the corrected misidentification rates
measured for the different types of processes. The weights are proportional to the expected
fraction of each process with respect to the total background, determined event-by-event as a
function of Njets and mττ , using simulations for the W + jets and tt backgrounds. In the τhτh
final state, the misidentification probabilities are measured only in the dominant QCD multi-
jet background. They are used to reweigh events where the leading τh candidate fails the τh
identification criteria. The small contribution of events where the leading τh is genuine and
the subleading τh is a jet are estimated from simulation. The background with jets misidenti-
fied as electrons or muons in the eµ final state, essentially events from QCD multijet, W + jets,
and semi-leptonically decaying tt production, is estimated from data events where the electron
and the muon have same sign, reweighted with an extrapolation factor that depends on Njets
and ∆R(e, µ). Other backgrounds are estimated from simulation and scaled to their theoretical
cross sections.

To increase the signal sensitivity without introducing a strong model dependence, events are
classified in different categories depending on pτh

T . In the eτh and µτh final states, the cat-
egories are defined with the following requirements: 30 < pτh

T < 50, 50 < pτh
T < 70, and

pτh
T > 70 GeV. In the τhτh channel the requirements are based on the subleading τh candidate

because the misidentification probability decreases with pτh
T : 40 < pτh

T < 50, 50 < pτh
T < 70,

and pτh
T > 70 GeV. No categorization is introduced in the eµ channel because the signal-to-

background ratio does not significantly increase with the lepton pT.

Systematic uncertainties are associated with the triggering and reconstruction of the different
objects selected in the analysis and they amount to typically 2–3% in the efficiency and 0.5–3.0%
in the energy scale, per object. Uncertainties in the small misidentification rates of electrons and
muons as τh candidates range between 5–40% depending on the decay mode and η, while the
uncertainty in the momentum scale for these objects is up to 6%. Similar uncertainties, partially
correlated, are considered for the objects in the embedded samples [51]. Uncertainties in the
jet momentum scales and ~pmiss

T measurement are evaluated event-by-event. The uncertainty in
the b tagging reaches up to 10% for processes with heavy-flavor jets.

Uncertainties of 2.0, 4.2, 5.0, and 5.0% are used for the predicted cross sections of the Drell–
Yan, tt , single top quark, and diboson productions, respectively [25–28]. The Z → ττ process
yield, which is estimated with embedded samples, has an uncertainty of 4% to account for the
dimuon trigger used to select the initial events in data before the muons are replaced with τ
leptons. Additionally, an uncertainty of 10% is assigned to the normalization of embedded
events without any jet in the eτh and µτh final states, to cover for a potential mismodeling
introduced by the mT(e/µ,~pmiss

T ) selection criterion.

Several sources of uncertainty are taken into account for the estimate of the background with
jets misidentified as τh candidates: statistical uncertainties in the misidentification rate mea-
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surement as a function of pτh
T ; systematic uncertainties in the description of other variables (pj1

T ,
pe/µ

T , and pH
T ), as determined from closure tests; systematic uncertainties in the extrapolation

between the regions where the misidentification rates are measured and the signal region; and
systematic uncertainties to cover for a finer granularity of some variables in the signal region,
e.g., signal regions with 2, 3, or 4 jets while the misidentification rates are measured inclusively
for Njets ≥ 2. In particular, the last source of uncertainty includes a 5% uncertainty in the yield
of the reducible background in each bin of Njets. Events with misidentified jets in the highest
pτh

T categories also have a yield uncertainty in the range of 5–10%, depending on the final state.
This avoids propagating constraints from the low-pτh

T categories under the assumption that the
pT dependence of the misidentification probabilities is linear. After the maximum likelihood
fit described later in this Letter, the uncertainty in the background with jets misidentified as τh
candidates is at the percent level in the phase space with large background contributions, and
up to 10-15% in the corners of the phase space, e.g., where pH

T is high.

Statistical uncertainties in the number of simulated events in the signal region or observed
event yields in the control regions are considered in all bins of the distributions. The uncer-
tainty in the integrated luminosity is in the range 1.2–2.5%, with partial correlations between
data-taking years [53–55].

For the signal, uncertainties from missing higher-order corrections in the perturbative QCD
expansion are estimated by varying the renormalization and factorization scales by factors of
two. In the case of the gluon fusion production, the uncertainty scheme proposed in Ref. [48]
is used. For the signal in the fiducial region, the uncertainties are implemented in such a way
that they do not modify the fiducial cross sections in any of the generator-level bins before
the selection. The uncertainties can, however, modify the normalization of the Higgs boson
events outside of the fiducial region since the cross section for these events is fixed to the SM
expectation.

In each category, two-dimensional distributions of mττ , reconstructed with a simplified matrix
element algorithm [56] with a resolution around 20%, and of the variable considered for the
differential measurement (pH

T , Njets, or pj1
T) are built. In practice, this is equivalent to making

mττ distributions in different bins of the other observable. At the generator level, pH
T , Njets, and

pj1
T are evaluated with a RIVET implementation [57] of the simplified template cross sections

scheme [48], where jets with pT > 30 GeV are formed from clusters of final-state particles from
the primary interaction, excluding the decay products of the Higgs boson. Signal events from
one generator-level bin contribute to multiple reconstruction-level bins. By performing one si-
multaneous fit over all reconstruction-level bins, the signal strength modifiers of the different
generator-level observable bins, modeled as freely floating parameters of interest, can be deter-
mined using all the selected events. This simultaneous fit is equivalent to a signal extraction in
the reconstruction-level bins and its unfolding into generator-level bins, performed in a single
step. The signal strengths per observable range are fully correlated among final states since
similar phase spaces are selected with the fiducial region definitions. This unfolding procedure
can be sensitive to statistical fluctuations in the observed distributions and to small variations
in the response matrix, and a Tikhonov regularization of the unfolded distribution is performed
by adding to the likelihood function a multiplicative penalty term [58, 59]. Regularization re-
duces statistical fluctuations and unphysical solutions, which can lead to undercoverage of the
uncertainty intervals and introduce systematic biases, which, in this Letter, are negligible with
respect to the statistical and statistical uncertainties. These effects are controlled by optimizing
the strength of the regularization term with the minimum global correlation coefficient [60].
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The optimum regularization factor is 1.85 (1.35 and 2.35) for the pH
T (Njets and pj1

T , respectively)
measurement.

The predicted and measured differential fiducial cross sections are shown in Fig. 1 for the reg-
ularized fits. Tabulated results are available in the HepData database [61] for the regularized
and unregularized cases. The fit has a p-value with respect to the SM expectation from the
NNLOPS prediction of 17, 71, and 45% for the measurements of pH

T , Njets, and pj1
T , respectively.

No significant deviation with respect to the SM predictions is observed, and the measurements
are compatible with both the POWHEG and NNLOPS expectations. The low measured cross sec-
tions for 0 < pH

T < 45 GeV and 45 < pH
T < 80 GeV do not coincide with the much more precise

measurements performed in this phase space in other final states [6, 9], and are attributed to
statistical fluctuations.

The measurement is precise with respect to the measurements in other final states for 120 <

pH
T < 600 GeV, Njets ≥ 2, and pj1

T > 120 GeV. More specifically, this measurement for 120 <

pH
T < 200 GeV is comparable in precision with the measurements by the CMS [10] and AT-

LAS [9] Collaborations in the H → ZZ → 4` decay channel with 137–139 fb−1, and 50% more
sensitive than the CMS measurement in the H → WW channel with 137 fb−1 [8] and the com-
bination performed by the CMS Collaboration with 36 fb−1 in the bb, γγ, and ZZ decay chan-
nels [6]. For 200 < pH

T < 600 GeV, the current measurement has a significantly higher precision
and granularity than the measurements in Refs. [4–10]. For Njets = 2, the current measure-
ment is about a factor of 2 better than the CMS combination in Ref. [6] and 30% better than the
ATLAS measurement in Ref. [9], and the relative improvement is larger for Njets > 2. Finally,

for 60 < pj1
T < 120 GeV, the current result has a precision about 25% higher than the ATLAS

measurement in Ref. [9] for 60 < pj1
T < 120 GeV, is more than a factor of 2 more precise than

the CMS combination in Ref. [6] for 120 < pj1
T < 200 GeV, and significantly expands the pj1

T
granularity measurement above 120 GeV.

The inclusive fiducial cross section is measured from the distributions used in the differential
measurements of Njets, by reformulating the parameters of interest such that one modifies the
total inclusive fiducial cross section. Its measured value is 426± 102 fb, compatible with the
SM expectation of 408± 27 fb.

In summary, measurements of the differential fiducial cross sections of the Higgs boson have
been performed for the first time at the LHC in the decay channel of two τ leptons. The dif-
ferential cross sections as functions of the Higgs boson transverse momentum, the jet multi-
plicity, and transverse momentum of the leading jet, are in agreement with the expectations of
the standard model, with a competitive precision with respect to measurements in other final
states in the phase spaces with a large jet multiplicity, or with a Higgs boson transverse mo-
mentum above 120 GeV. In addition, the fiducial inclusive cross section has been measured to
be 426± 102 fb, in agreement with the standard-model expectation of 408± 27 fb.
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Basilicata c, Potenza, Italy, Università G. Marconi d, Roma, Italy
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A. Soto Rodrı́guez, A. Trapote, N. Trevisani, C. Vico Villalba

Instituto de Fı́sica de Cantabria (IFCA), CSIC-Universidad de Cantabria, Santander, Spain
J.A. Brochero Cifuentes, I.J. Cabrillo, A. Calderon, J. Duarte Campderros, M. Fernandez, C. Fer-
nandez Madrazo, P.J. Fernández Manteca, A. Garcı́a Alonso, G. Gomez, C. Martinez Rivero,
P. Martinez Ruiz del Arbol, F. Matorras, Pablo Matorras-Cuevas, J. Piedra Gomez, C. Prieels,
T. Rodrigo, A. Ruiz-Jimeno, L. Scodellaro, I. Vila, J.M. Vizan Garcia

University of Colombo, Colombo, Sri Lanka
M.K. Jayananda, B. Kailasapathy62, D.U.J. Sonnadara, D.D.C. Wickramarathna

University of Ruhuna, Department of Physics, Matara, Sri Lanka
W.G.D. Dharmaratna, K. Liyanage, N. Perera, N. Wickramage

CERN, European Organization for Nuclear Research, Geneva, Switzerland
T.K. Aarrestad, D. Abbaneo, J. Alimena, E. Auffray, G. Auzinger, J. Baechler, P. Baillon†,
D. Barney, J. Bendavid, M. Bianco, A. Bocci, T. Camporesi, M. Capeans Garrido, G. Cerminara,
N. Chernyavskaya, S.S. Chhibra, M. Cipriani, L. Cristella, D. d’Enterria, A. Dabrowski,
A. David, A. De Roeck, M.M. Defranchis, M. Deile, M. Dobson, M. Dünser, N. Dupont,
A. Elliott-Peisert, N. Emriskova, F. Fallavollita63, D. Fasanella, A. Florent, G. Franzoni, W. Funk,
S. Giani, D. Gigi, K. Gill, F. Glege, L. Gouskos, M. Haranko, J. Hegeman, V. Innocente, T. James,
P. Janot, J. Kaspar, J. Kieseler, M. Komm, N. Kratochwil, C. Lange, S. Laurila, P. Lecoq,
A. Lintuluoto, K. Long, C. Lourenço, B. Maier, L. Malgeri, S. Mallios, M. Mannelli, A.C. Marini,
F. Meijers, S. Mersi, E. Meschi, F. Moortgat, M. Mulders, S. Orfanelli, L. Orsini, F. Pantaleo,
L. Pape, E. Perez, M. Peruzzi, A. Petrilli, G. Petrucciani, A. Pfeiffer, M. Pierini, D. Piparo,
M. Pitt, H. Qu, T. Quast, D. Rabady, A. Racz, G. Reales Gutiérrez, M. Rieger, M. Rovere,
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M. Donegà, C. Dorfer, F. Eble, K. Gedia, F. Glessgen, T.A. Gómez Espinosa, C. Grab, D. Hits,
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Istanbul Technical University, Istanbul, Turkey
A. Cakir, K. Cankocak70, Y. Komurcu, S. Sen82

Istanbul University, Istanbul, Turkey
S. Cerci73, I. Hos83, B. Kaynak, S. Ozkorucuklu, D. Sunar Cerci73

Institute for Scintillation Materials of National Academy of Science of Ukraine, Kharkov,
Ukraine
B. Grynyov

National Scientific Center, Kharkov Institute of Physics and Technology, Kharkov, Ukraine
L. Levchuk

University of Bristol, Bristol, United Kingdom
D. Anthony, E. Bhal, S. Bologna, J.J. Brooke, A. Bundock, E. Clement, D. Cussans, H. Flacher,
J. Goldstein, G.P. Heath, H.F. Heath, L. Kreczko, B. Krikler, S. Paramesvaran, S. Seif El Nasr-
Storey, V.J. Smith, N. Stylianou84, K. Walkingshaw Pass, R. White

Rutherford Appleton Laboratory, Didcot, United Kingdom
K.W. Bell, A. Belyaev85, C. Brew, R.M. Brown, D.J.A. Cockerill, C. Cooke, K.V. Ellis, K. Harder,



24

S. Harper, M.l. Holmberg86, J. Linacre, K. Manolopoulos, D.M. Newbold, E. Olaiya, D. Petyt,
T. Reis, T. Schuh, C.H. Shepherd-Themistocleous, I.R. Tomalin, T. Williams

Imperial College, London, United Kingdom
R. Bainbridge, P. Bloch, S. Bonomally, J. Borg, S. Breeze, O. Buchmuller, V. Cepaitis,
G.S. Chahal87, D. Colling, P. Dauncey, G. Davies, M. Della Negra, S. Fayer, G. Fedi, G. Hall,
M.H. Hassanshahi, G. Iles, J. Langford, L. Lyons, A.-M. Magnan, S. Malik, A. Martelli,
D.G. Monk, J. Nash88, M. Pesaresi, D.M. Raymond, A. Richards, A. Rose, E. Scott, C. Seez,
A. Shtipliyski, A. Tapper, K. Uchida, T. Virdee21, M. Vojinovic, N. Wardle, S.N. Webb,
D. Winterbottom

Brunel University, Uxbridge, United Kingdom
K. Coldham, J.E. Cole, A. Khan, P. Kyberd, I.D. Reid, L. Teodorescu, S. Zahid

Baylor University, Waco, USA
S. Abdullin, A. Brinkerhoff, B. Caraway, J. Dittmann, K. Hatakeyama, A.R. Kanuganti,
B. McMaster, N. Pastika, M. Saunders, S. Sawant, C. Sutantawibul, J. Wilson

Catholic University of America, Washington, DC, USA
R. Bartek, A. Dominguez, R. Uniyal, A.M. Vargas Hernandez

The University of Alabama, Tuscaloosa, USA
A. Buccilli, S.I. Cooper, D. Di Croce, S.V. Gleyzer, C. Henderson, C.U. Perez, P. Rumerio89,
C. West

Boston University, Boston, USA
A. Akpinar, A. Albert, D. Arcaro, C. Cosby, Z. Demiragli, E. Fontanesi, D. Gastler, S. May,
J. Rohlf, K. Salyer, D. Sperka, D. Spitzbart, I. Suarez, A. Tsatsos, S. Yuan, D. Zou

Brown University, Providence, USA
G. Benelli, B. Burkle, X. Coubez22, D. Cutts, M. Hadley, U. Heintz, J.M. Hogan90, T. KWON,
G. Landsberg, K.T. Lau, D. Li, M. Lukasik, J. Luo, M. Narain, N. Pervan, S. Sagir91, F. Simpson,
E. Usai, W.Y. Wong, X. Yan, D. Yu, W. Zhang

University of California, Davis, Davis, USA
J. Bonilla, C. Brainerd, R. Breedon, M. Calderon De La Barca Sanchez, M. Chertok, J. Conway,
P.T. Cox, R. Erbacher, G. Haza, F. Jensen, O. Kukral, R. Lander, M. Mulhearn, D. Pellett,
B. Regnery, D. Taylor, Y. Yao, F. Zhang

University of California, Los Angeles, USA
M. Bachtis, R. Cousins, A. Datta, D. Hamilton, J. Hauser, M. Ignatenko, M.A. Iqbal, T. Lam,
W.A. Nash, S. Regnard, D. Saltzberg, B. Stone, V. Valuev

University of California, Riverside, Riverside, USA
K. Burt, Y. Chen, R. Clare, J.W. Gary, M. Gordon, G. Hanson, G. Karapostoli, O.R. Long,
N. Manganelli, M. Olmedo Negrete, W. Si, S. Wimpenny, Y. Zhang

University of California, San Diego, La Jolla, USA
J.G. Branson, P. Chang, S. Cittolin, S. Cooperstein, N. Deelen, D. Diaz, J. Duarte, R. Gerosa,
L. Giannini, D. Gilbert, J. Guiang, R. Kansal, V. Krutelyov, R. Lee, J. Letts, M. Masciovecchio,
M. Pieri, B.V. Sathia Narayanan, V. Sharma, M. Tadel, A. Vartak, F. Würthwein, Y. Xiang,
A. Yagil

University of California, Santa Barbara - Department of Physics, Santa Barbara, USA
N. Amin, C. Campagnari, M. Citron, A. Dorsett, V. Dutta, J. Incandela, M. Kilpatrick, J. Kim,



25

B. Marsh, H. Mei, M. Oshiro, M. Quinnan, J. Richman, U. Sarica, F. Setti, J. Sheplock, D. Stuart,
S. Wang

California Institute of Technology, Pasadena, USA
A. Bornheim, O. Cerri, I. Dutta, J.M. Lawhorn, N. Lu, J. Mao, H.B. Newman, T.Q. Nguyen,
M. Spiropulu, J.R. Vlimant, C. Wang, S. Xie, Z. Zhang, R.Y. Zhu

Carnegie Mellon University, Pittsburgh, USA
J. Alison, S. An, M.B. Andrews, P. Bryant, T. Ferguson, A. Harilal, C. Liu, T. Mudholkar,
M. Paulini, A. Sanchez, W. Terrill

University of Colorado Boulder, Boulder, USA
J.P. Cumalat, W.T. Ford, A. Hassani, E. MacDonald, R. Patel, A. Perloff, C. Savard, K. Stenson,
K.A. Ulmer, S.R. Wagner

Cornell University, Ithaca, USA
J. Alexander, S. Bright-thonney, Y. Cheng, D.J. Cranshaw, S. Hogan, J. Monroy, J.R. Patterson,
D. Quach, J. Reichert, M. Reid, A. Ryd, W. Sun, J. Thom, P. Wittich, R. Zou

Fermi National Accelerator Laboratory, Batavia, USA
M. Albrow, M. Alyari, G. Apollinari, A. Apresyan, A. Apyan, S. Banerjee, L.A.T. Bauerdick,
D. Berry, J. Berryhill, P.C. Bhat, K. Burkett, J.N. Butler, A. Canepa, G.B. Cerati, H.W.K. Cheung,
F. Chlebana, M. Cremonesi, K.F. Di Petrillo, V.D. Elvira, Y. Feng, J. Freeman, Z. Gecse, L. Gray,
D. Green, S. Grünendahl, O. Gutsche, R.M. Harris, R. Heller, T.C. Herwig, J. Hirschauer,
B. Jayatilaka, S. Jindariani, M. Johnson, U. Joshi, T. Klijnsma, B. Klima, K.H.M. Kwok,
S. Lammel, D. Lincoln, R. Lipton, T. Liu, C. Madrid, K. Maeshima, C. Mantilla, D. Mason,
P. McBride, P. Merkel, S. Mrenna, S. Nahn, J. Ngadiuba, V. O’Dell, V. Papadimitriou, K. Pedro,
C. Pena59, O. Prokofyev, F. Ravera, A. Reinsvold Hall, L. Ristori, E. Sexton-Kennedy, N. Smith,
A. Soha, W.J. Spalding, L. Spiegel, S. Stoynev, J. Strait, L. Taylor, S. Tkaczyk, N.V. Tran,
L. Uplegger, E.W. Vaandering, H.A. Weber

University of Florida, Gainesville, USA
D. Acosta, P. Avery, D. Bourilkov, L. Cadamuro, V. Cherepanov, F. Errico, R.D. Field,
D. Guerrero, B.M. Joshi, M. Kim, E. Koenig, J. Konigsberg, A. Korytov, K.H. Lo, K. Matchev,
N. Menendez, G. Mitselmakher, A. Muthirakalayil Madhu, N. Rawal, D. Rosenzweig,
S. Rosenzweig, J. Rotter, K. Shi, J. Sturdy, J. Wang, E. Yigitbasi, X. Zuo

Florida State University, Tallahassee, USA
T. Adams, A. Askew, R. Habibullah, V. Hagopian, K.F. Johnson, R. Khurana, T. Kolberg,
G. Martinez, H. Prosper, C. Schiber, O. Viazlo, R. Yohay, J. Zhang

Florida Institute of Technology, Melbourne, USA
M.M. Baarmand, S. Butalla, T. Elkafrawy92, M. Hohlmann, R. Kumar Verma, D. Noonan,
M. Rahmani, F. Yumiceva

University of Illinois at Chicago (UIC), Chicago, USA
M.R. Adams, H. Becerril Gonzalez, R. Cavanaugh, X. Chen, S. Dittmer, O. Evdokimov,
C.E. Gerber, D.A. Hangal, D.J. Hofman, A.H. Merrit, C. Mills, G. Oh, T. Roy, S. Rudrabhatla,
M.B. Tonjes, N. Varelas, J. Viinikainen, X. Wang, Z. Wu, Z. Ye

The University of Iowa, Iowa City, USA
M. Alhusseini, K. Dilsiz93, R.P. Gandrajula, O.K. Köseyan, J.-P. Merlo, A. Mestvirishvili94,
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46: Also at Università di Napoli ’Federico II’, NAPOLI, Italy
47: Also at Consiglio Nazionale delle Ricerche - Istituto Officina dei Materiali, PERUGIA, Italy
48: Also at Riga Technical University, Riga, Latvia, Riga, Latvia
49: Also at Consejo Nacional de Ciencia y Tecnologı́a, Mexico City, Mexico
50: Also at IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France
51: Also at Institute for Nuclear Research, Moscow, Russia
52: Now at National Research Nuclear University ’Moscow Engineering Physics Institute’
(MEPhI), Moscow, Russia
53: Also at Institute of Nuclear Physics of the Uzbekistan Academy of Sciences, Tashkent,
Uzbekistan
54: Also at St. Petersburg State Polytechnical University, St. Petersburg, Russia
55: Also at University of Florida, Gainesville, USA
56: Also at Imperial College, London, United Kingdom
57: Also at Moscow Institute of Physics and Technology, Moscow, Russia, Moscow, Russia
58: Also at P.N. Lebedev Physical Institute, Moscow, Russia
59: Also at California Institute of Technology, Pasadena, USA
60: Also at Budker Institute of Nuclear Physics, Novosibirsk, Russia
61: Also at Faculty of Physics, University of Belgrade, Belgrade, Serbia
62: Also at Trincomalee Campus, Eastern University, Sri Lanka, Nilaveli, Sri Lanka
63: Also at INFN Sezione di Pavia a, Università di Pavia b, Pavia, Italy, Pavia, Italy
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