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Abstract

A search for dark matter (DM) particles produced in association with bottom quarks
is presented. The analysis uses proton-proton collision data at a center-of-mass en-

ergy of
√

s = 13 TeV, corresponding to an integrated luminosity of 138 fb−1. The
search is performed in the final state with large missing transverse momentum and
a pair of jets originating from bottom quarks. No significant excess of data is ob-
served with respect to the standard model expectation. Results are interpreted in the
context of a type-II two-Higgs-doublet model with an additional light pseudoscalar
(2HDM+a). An upper limit is set on the mass of the lighter pseudoscalar, excluding
masses up to 260 GeV at 95% confidence level. This is the first search at the LHC
to probe DM produced in association with two nonresonant bottom quarks in the
2HDM+a model. Sensitivity to the parameter space with the ratio of the vacuum
expectation values of the two Higgs doublets, tan β, greater than 15 is achieved, capi-
talizing on the enhancement of couplings between pseudoscalars and bottom quarks
with high tan β.
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1 Introduction

So far, the evidence for the existence of dark matter (DM) has come from astrophysics. Ac-
cording to the lambda cold dark matter (ΛCDM) model of cosmology [1], the high-precision
Planck satellite map of the cosmic microwave background [2] indicates that DM constitutes
about 26% of the total mass-energy of the known universe [3], however, the particle nature of
DM has not been elucidated yet. If it is composed of subnuclear particles, then these could po-
tentially be produced at the LHC. Such particles, whether elementary or composite, are weakly
interacting with standard model (SM) particles, which means they might escape detection in
collider experiments. Since these DM candidates are expected to be electrically neutral and
long-lived, their presence could be inferred through an observed imbalance in transverse mo-
mentum vectors of particles in the detector, known as missing transverse momentum (~p miss

T )
with magnitude represented by pmiss

T .

Many beyond-the-SM (BSM) theories hypothesize the particle nature of DM [4, 5]. Based on
astrophysical and cosmological indications and the observed relic density of the universe,
weakly interacting massive particles (WIMPs) [6], with masses in the range from a few GeV
to a few TeV, are a popular type of DM candidates that can be searched for at colliders. Such
searches can be performed by looking for the pair production of WIMPs through a mediator
that recoils against one or more visible SM particles. WIMPs can give a detector signature of
the type X + pmiss

T [7], where X is one or more SM particles, e.g. a heavy-quark pair, produced
in association with DM.

In this paper, we perform a search for DM particles produced in association with a pair of bot-
tom quarks (bb + pmiss

T ) using the proton-proton (pp) collision data collected with the CMS de-

tector in 2016–2018, corresponding to an integrated luminosity of 138 fb−1. The search for DM
produced in association with heavy-flavor quarks is complementary to other X + pmiss

T searches
and to searches for DM production in cascades in the context of supersymmetry (SUSY) at the
LHC. The ATLAS and CMS Collaborations have performed DM searches using heavy-flavor
jets as tags, such as single top quarks (t/t) [8], top quark pairs (tt) [9], and bb [10–12].

2 Signal and background simulations

The model used for the interpretation of the results of this analysis is a type-II two-Higgs-
doublet model with an additional pseudoscalar singlet interacting with DM particles, referred
to as 2HDM+a [13, 14]. The model contains a scalar Higgs boson (h, assumed to be the observed
Higgs boson with mass mh = 125 GeV), a pair of charged Higgs bosons (H±), a heavy scalar
boson (H), a heavy pseudoscalar boson (A), a light pseudoscalar boson (a), and a Dirac fermion
(χ), which is assumed to be the DM particle. Figure 1 shows the leading Feynman diagrams
for the production of the bb + χχ process within the 2HDM+a model.

The choice of the fixed and free parameters in this model follows the recommendations of
Ref. [15]. The model contains the following parameters: the electroweak vacuum expecta-
tion value (ν ≈ 246 GeV), the mass of the DM candidate mχ , the masses of the Higgs bosons
(mh , mH , mH± ), the masses of the pseudoscalar bosons (ma, mA), the mixing angle between the
two CP-even weak spin-0 eigenstates (α), the mixing angle between the two CP-odd weak spin-
0 eigenstates (θ), the ratio of the vacuum expectation values of the two Higgs doublets (tan β),
and the quartic couplings (λ3, λP1, λP2).

In the decoupling limit, where sin(β − α) = 1 and λ3 = λP1
= λP2

= 3 ensure the boundedness
of the Higgs potential, electroweak precision constraints give mA = mH = mH± , and the DM
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coupling yχ is set to 1. This results in five free parameters, namely, tan β, sin θ, mA, ma, and mχ .
This choice is adopted in many 2HDM+a interpretations of heavy spin-0 resonances searches
performed at the LHC [16–20]. Furthermore, the motivation for using the 2HDM+a model is
that the couplings of both the heavier pseudoscalar (gAbb ) and the lighter pseudoscalar (gabb )

to bottom quarks are proportional to tan β, resulting in increased interaction rates in the high-
tan β region.

a/A

g

g

b

χ̄

χ

b

g

a/A

q

q

b̄

χ̄

χ

b

Figure 1: Leading Feynman diagrams for the bb + χχ process in the 2HDM+a model.

The production cross section is dominantly driven by the lighter mediator a as well as tan β
and sin θ, and does not depend on the mass of A. Furthermore, as shown in Fig. 2, the dis-
tribution of pmiss

T strongly depends on ma. On the other hand, tan β, sin θ, and mχ marginally

change the pmiss
T distribution, as also shown in Fig. 2 for mχ . Hence, signal events are gener-

ated with mA = 600 GeV, tan β = 35, sin θ = 0.7, and mχ = 1 GeV for different ma values using
MADGRAPH5 aMC@NLO v2.6.0 [21] and the 5-flavor scheme at leading order (LO) in quantum
chromodynamics (QCD) with no additional jets at the matrix element level.
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Figure 2: Normalized (to unity) shape of generator-level pmiss
T distribution for two illustrative

lighter pseudoscalar masses ma (left) and for five illustrative DM masses mχ (right).

A lower threshold of 150 GeV is set on pmiss
T at the generator level to constrain the kinematic

phase space of simulated events to the region where the analysis is conducted. Various SM
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processes have a similar final state and higher production cross sections. The dominant back-
ground comes from the Z(νν)+ jets production (≈60–70% of the total background), when the Z
boson is produced in association with one or two b jets and decays to neutrinos. The tt (lepton
+ jets) and W(ℓν) + jets backgrounds are the next largest backgrounds, where a lepton coming
from these processes is either lost or not reconstructed properly in the detector. Dileptonic and
hadronic tt decays, as well as single top quark and diboson (WW, WZ, ZZ) production events,
are smaller contributions to the total background.

The Z(νν) + jets, Z(ℓℓ) + jets, and W(ℓν) + jets background processes (ℓ = e, µ, τ) are simu-
lated using MADGRAPH5 aMC@NLO v2.4.2 [21] at next-to-LO (NLO) in QCD. The tt and single
top quark production events are simulated using the POWHEG v2 generator [22, 23] at NLO in
QCD. Diboson events are generated at LO in QCD using the PYTHIA 8.212 generator [24]. The
SM Higgs boson with a mass of 125 GeV produced in association with a vector boson is con-
sidered as a background and is simulated using the POWHEG generator at NLO in QCD. The
NNPDF3.1 parton distribution functions (PDFs) [25] are used, depending on the QCD order of
the generator for each physics process. Parton showering, fragmentation, and hadronization
are simulated with PYTHIA 8.230 (8.212 for 2016) using the CP5 (CUETP8M1 for 2016) underly-
ing event tune [26, 27].

Interactions of the resulting final state particles with the CMS detector are simulated using the
GEANT4 software [28] and reconstructed using the same algorithms used for the data. Ad-
ditional inelastic pp interactions in the same or a neighboring bunch crossing (pileup) are
included in the simulation. The pileup distribution is adjusted to match the corresponding
distribution observed in data.

3 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters, made of steel and quartz fibers, extend the pseudorapidity (η) coverage provided
by the barrel and endcap detectors. Muons are detected in gas-ionization chambers embedded
in the steel flux-return yoke outside the solenoid.

Events of interest are selected using a two-tiered trigger system [29]. The first level, composed
of custom hardware processors (L1), uses information from the calorimeters and muon de-
tectors to select events at a rate of around 100 kHz in a fixed time interval of approximately
4 µs. 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 processing, and
reduces the event rate to around 1 kHz before data storage.

A more detailed description of the CMS detector, along with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [30].

4 Data samples and event reconstruction

This search uses data collected in pp collisions between 2016 and 2018. In particular, physics
data sets for which the events pass the pmiss

T and single-electron triggers at the HLT, and electron-
photon and calo-pmiss

T triggers at L1 are used for final analysis.
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A global “particle-flow” (PF) algorithm [31] aims to reconstruct all individual particles in an
event, combining information provided by the inner tracker ECAL, HCAL, and muon detec-
tors. The reconstructed particles are used to build τ leptons, jets, and missing transverse mo-
mentum [32–34]. The primary vertex is taken to be the vertex corresponding to the hardest
scattering in the event, evaluated using tracking information alone, as described in Section 9.4.1
of Ref. [35].

Jets are clustered using the anti-kT jet clustering algorithm [36] with a distance parameter

(∆R =
√
(∆η)2 + (∆φ)2) of 0.4 (“AK4 jets”). Jet calibration [33] is used to account for the energy

deposits of neutral particles and full nonlinear hadronic response of the detector. Pileup effects
from the charged hadrons are mitigated by removing them from pileup interactions, with a
technique called “charged-hadron subtraction” (CHS) [37]. For mitigation of neutral PU parti-
cles, a new technique, pileup per particle identification (PUPPI) [38] is used, which builds on
the existing CHS algorithm. Furthermore, to ensure that the energy and momentum of the re-
constructed jet matches that of the quark/gluon-initiated jet, jet energy corrections are applied
to the reconstructed jets. In this search, jets with pT > 30 GeV and |η| < 2.5 are considered. To
remove any overlap with leptons, all jets within ∆R = 0.4 with leptons are removed.

Jets originating from bottom quark hadronization, b jets, are identified with the DEEPCSV
algorithm [39], which uses a deep neural network (DNN) with 4 hidden layers and exploits
the discriminating power of variables such as the position of the secondary vertex, the lifetime
of the bottom quark, and the mass of b hadrons. Three working points are defined on the
basis of the output of the DeepCSV algorithm. The loose working point corresponds to a 10%
misidentification (”mistag”) rate with 84% efficiency. The medium working point gives a 1%
mistag rate with 68% efficiency, and the tight working point gives a 0.1% mistag rate with 50%
efficiency.

The hadron-plus-strips algorithm is employed to reconstruct hadronically decaying τ leptons,
denoted as τh [32]. Jets reconstructed using AK4 jet clustering are used as an input to the
algorithm and τh candidates are reconstructed on the basis of the number of charged hadrons
and energy deposits in strips in the ECAL, which originate from the photon candidates and
their electron-positron conversions. In order to minimize the misidentification rate of τh from
quark and gluon jets, a convolutional discriminator based on a DNN called DeepTau [40] is
employed. Events with a τh candidate with pT > 20 GeV and |η| < 2.3 are vetoed.

Shower shape and isolation variables, as defined in Section 7.1 of Ref. [41], are used to identify
electrons and photons. Isolated electrons and photons used in this analysis have pT > 10 and
15 GeV, respectively, and |η| < 2.5. Isolated muons have pT > 10 GeV and |η| < 2.4. Two
parameters are considered while identifying the muons, namely the number of measurements
in the tracker-muon system and the track reconstruction quality [42].

As mentioned in Section 1, the negative vectorial pT sum of all PF candidates is used to calculate
~p miss

T with all jet energy corrections are applied. Events with anomalous~p miss
T can occur because

of reconstruction failures, detector artifacts, or noncollision backgrounds [34]. Dedicated event
filters, which can identify more than 90% of such events, are used, with a mistagging rate of
less than 0.1%.

5 Analysis strategy and event selection

The final states reconstructed in this analysis consist of one or two b-tagged jets and large
pmiss

T , which could arise from DM particles. The data are split into two categories based on
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the CRs, the selection criteria incorporate U to mimic the variation observed in pmiss
T within the

SRs because of the presence of leptons.

The event selection procedure starts with the preselection, which requires events passing trig-
ger thresholds, followed by an offline selection of pmiss

T or recoil > 250 GeV. Events must in-
clude at least one jet, with the leading jet having pT > 100 GeV, as optimized based on signal
sensitivity. Events with a photon with pT > 15 GeV and |η| < 2.5 are rejected to suppress
photon-induced backgrounds (Z(ℓℓ) + γ + jet, W(ℓν) + γ + jet).

QCD multijet events can mimic the signal signature when the jet momentum is mismeasured,
giving rise to high pmiss

T . The QCD multijet background is reduced by requiring the minimum
∆φ between any jet and ~p miss

T (min(∆φ(jet, ~p miss
T ))) to be higher than 0.5 radians. This ensures

that ~p miss
T is not aligned with any jet, which is a common feature in events with mismeasured

jets. The QCD multijet background is further reduced by requiring the relative difference in
the value of pmiss

T measured with the PF algorithm and with calorimeter only information to be
less than 0.5. This quantity is defined as

∆pmiss
T (PF - calorimeter) =

{

∣

∣pmiss
T (PF)/pmiss

T (calorimeter)− 1
∣

∣ , in the SRs and
∣

∣pmiss
T (PF)/U(calorimeter)− 1

∣

∣ , in the CRs.

Table 1 summarizes the requirements to preselect the events for all three data-taking years. A
dedicated event selection for the SRs and CRs is applied on top of the preselection.

Table 1: Preselection criteria applied to all the events entering the SRs and CRs.

Selection Cut Value

Trigger pmiss
T or single electron

pmiss
T (U in CR) >250 GeV

Jets multiplicity ≥ 1, pT > 30 GeV , |η| < 2.5

Leading jet pT > 100 GeV

Overlap removal no overlap with e, µ, τh, γ

γ veto photon with pT > 15 GeV and |η| < 2.5

min(∆φ(jet, ~p miss
T )) >0.5

∆pmiss
T (PF - calorimeter) <0.5

Events in SR2 have two jets tagged as originating from bottom quarks (using the medium
working point) and large pmiss

T . Furthermore, up to one additional jet with pT > 30 GeV, not
b-tagged, is allowed in events entering this region. SR1 is foreseen to catch signal events where
one of the b jets is lost because it is outside of the detector acceptance or is not tagged correctly,
requiring exactly one b-tagged jet and up to one additional jet. This category helps to recover
some lost signal efficiency at the cost of a relatively higher background.

6 Background estimation

To estimate the Z(νν) + jets background, two CRs, targeting the Z → e−e+ and Z → µ−µ+

processes, are defined. In these CRs, out of exactly two leptons in the event, the leading
lepton must have pT > 30 GeV, the invariant mass of the dilepton candidate must be be-
tween 70 and 110 GeV, and there is no b tagging requirement on the jets. The CRs dedi-
cated to the W(ℓν) + jets and tt backgrounds are built for SR1 and SR2, respectively. They
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estimated from data.

8 Systematic uncertainties

The background and signal predictions are affected by systematic uncertainties. Only the sys-
tematic uncertainties that have an impact of at least half a percent are taken into account in the
signal extraction fit. Some uncertainties affect only the normalization of the various processes,
while some affect their distributions too.

Shape-based uncertainties in the b tagging efficiency are calculated separately for true b jets
(having b flavor at the particle level) and incorrectly b-tagged jets for each event. The un-
certainty in the integrated luminosity amounts to 1.2–2.5%, depending on the data-taking
year [44–46], while the overall uncertainty for the 2016–2018 period is 1.6%.

The pmiss
T -based trigger efficiency scale factors are measured in a phase space with single-muon

and dimuon events, and the difference in the scale factors is considered as the systematic uncer-
tainty. A shape-based systematic uncertainty of the order of 1% is applied to all the simulated
samples in the SRs and muon CRs. The electron trigger efficiency scale factors are calculated us-
ing a tag-and-probe method [47] and a shape-based uncertainty is applied to all the simulated
samples in the electron CRs. The overall effect is of the order of 2–3% on the normalization.

Shape uncertainties arising from jet energy corrections are applied to the simulations, separat-
ing different sources of uncertainty. The average effect is of the order of 2–3%.

An uncertainty in the total inelastic cross section of 4.6% [48] is used as a shape-based uncer-
tainty to account for the effects of pileup modeling.

For the single top quark, diboson, and SM Higgs boson processes, a normalization uncertainty
of 10%, 20%, and 20%, respectively, is used [49–51]. The systematic uncertainty in the SM Higgs
boson cross section due to the renormalization and factorization scales is taken into account,
using the envelope of the distributions treated as the shape uncertainty. The uncertainty related
to the modeling of PDFs is estimated using the replicas provided in the corresponding PDF sets
for the different backgrounds [25, 52–54].

For the QCD multijet background, the total uncertainty comes from the combination of the
uncertainty obtained from the 95% confidence intervals of the fitted extrapolation function
and a flat uncertainty of 20% that covers the statistical uncertainty. The total effect on the QCD
background estimation is about 50%. The magnitude and categories of systematic uncertainties
are detailed in Table 2.

9 Results

Figures 5 and 6 present the expected distributions of pmiss
T for SR1 and U for the Z(ℓℓ) + jets

and W(ℓν) + jets CRs in the 1b category, as well as cos Θ∗ for the SR and CRs in the 2b category.
These distributions are shown both before (prefit) and after (postfit) the maximum likelihood
fit, with the observed data superimposed. No excess with respect to the SM prediction is ob-
served.

Upper limits on the signal strength modifier µ = σ/σtheory are extracted, where σtheory is the
production cross section of DM candidates in association with two bottom quarks as pre-
dicted by the theoretical model, and σ represents the upper limit on the observed cross section.
The upper limits are calculated at the 95% confidence level (CL) using a modified frequen-
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Table 2: Systematic uncertainties affecting the shape and normalization (lnN) of the signal and
background predictions with an impact greater than 0.5%.

Systematics Type Size

Pileup reweighting shape 3%
b tag efficiency shape 3–8%
Incorrectly b-tagged jets shape 1–7%
Electron identification shape 5–7%
Electron reconstruction efficiency shape 3–5%
Muon identification shape <1%
Muon isolation shape <1%
Electron trigger shape 1%
pmiss

T trigger shape 1%
Jet energy correction shape 3%
L1 prefiring shape 0.5%
Muon prefiring lnN 0.5%
τh veto lnN 6%
Integrated luminosity lnN 2.5%
Cross section diboson lnN 20%
Cross section Drell–Yan lnN 5%
Cross section Higgs boson lnN 20%
Cross section single top quark lnN 10%
QCD normalization lnN 20%
Renormalization and factorization scales shape 16–42%
PDF shape 25–50%
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Figure 5: Observed and predicted pmiss
T (U) distributions in the 1b category. The red lines

divide the plot into three parts: the first part shows the SR, the second part the Z(ℓℓ) + jets
CR, and the third part the W(ℓν) + jets CR. The bottom plot shows the ratio of observed and
predicted (both postfit and prefit) distributions along with an uncertainty band that includes
both the systematic and statistical components.
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the third part the tt CR. The bottom plot shows the ratio of observed and predicted (both postfit
and prefit) distributions along with an uncertainty band that includes both the systematic and
statistical components.

tist method [55–57] computed with an asymptotic approximation [58]. The combined limit is
shown in Fig. 7. The observed exclusion range for ma is up to 260 GeV, for mA = 600 GeV,
tan β = 35, sin θ = 0.7, and mχ = 1 GeV. The two-dimensional limit in the plane of ma-tan β,
using mA = 600 GeV, sin θ = 0.7 and mχ = 1 GeV, is shown in Fig. 8 (upper left). The two-
dimensional limit in the plane of ma-sin θ, using mA = 600 GeV, tan β = 35 and mχ = 1 GeV,
is shown in Fig. 8 (upper right). The two-dimensional limit in the plane of ma–mχ , using
tan β = 35, sin θ = 0.7, and mA = 600 GeV is shown in Fig. 8 (lower).

Tabulated results are provided in the HEPData record for this analysis [59].

10 Summary

A search for dark matter produced in association with a pair of bottom quarks is performed
using data collected by the CMS detector in 2016–2018, corresponding to an integrated lumi-

nosity of 138 fb−1. The analysis searches for a possible signal by using two independent cat-
egories with different multiplicities of jets reconstructed as originating from a bottom quark.
The results are interpreted in the framework of a simplified model, namely a type-II two-Higgs-
doublet model with an additional pseudoscalar singlet (2HDM+a). It is the first search at the
LHC to probe dark matter (DM) produced in association with two nonresonant bottom quarks
in this model. This search performs best in the high-tan β phase space, where the signal produc-
tion cross section is enhanced. This provides a complementary search to constrain the 2HDM+a
model parameter phase space in the region where other DM searches are less sensitive. The
lighter pseudoscalar mass below 260 GeV is excluded at 95% confidence level for tan β = 35,
sin θ = 0.7, and mA = 600 GeV.
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J. Schieck2 , R. Schöfbeck , D. Schwarz , M. Sonawane , W. Waltenberger , C.-
E. Wulz2

Universiteit Antwerpen, Antwerpen, Belgium
T. Janssen , T. Van Laer, P. Van Mechelen

Vrije Universiteit Brussel, Brussel, Belgium
N. Breugelmans, J. D’Hondt , S. Dansana , A. De Moor , M. Delcourt , F. Heyen,
S. Lowette , I. Makarenko , D. Müller , S. Tavernier , M. Tytgat3 , G.P. Van Onsem ,
S. Van Putte , D. Vannerom
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IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France
M. Besancon , F. Couderc , M. Dejardin , D. Denegri, J.L. Faure, F. Ferri , S. Ganjour ,
P. Gras , G. Hamel de Monchenault , M. Kumar , V. Lohezic , J. Malcles , F. Orlandi ,
L. Portales , A. Rosowsky , M.Ö. Sahin , A. Savoy-Navarro21 , P. Simkina , M. Titov ,
M. Tornago

Laboratoire Leprince-Ringuet, CNRS/IN2P3, Ecole Polytechnique, Institut Polytechnique
de Paris, Palaiseau, France
F. Beaudette , G. Boldrini , P. Busson , A. Cappati , C. Charlot , M. Chiusi ,
F. Damas , O. Davignon , A. De Wit , I.T. Ehle , B.A. Fontana Santos Alves ,
S. Ghosh , A. Gilbert , R. Granier de Cassagnac , A. Hakimi , B. Harikrishnan ,
L. Kalipoliti , G. Liu , M. Nguyen , C. Ochando , R. Salerno , J.B. Sauvan , Y. Sirois ,
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A. Stamerraa ,b , D. Troianoa,b , R. Vendittia ,b , P. Verwilligena , A. Zazaa ,b

INFN Sezione di Bolognaa, Università di Bolognab, Bologna, Italy
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C. Aimèa , A. Braghieria , S. Calzaferria , D. Fiorinaa , P. Montagnaa ,b , V. Rea ,
C. Riccardia,b , P. Salvinia , I. Vaia ,b , P. Vituloa ,b

INFN Sezione di Perugiaa, Università di Perugiab, Perugia, Italy
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Orientalec, Novara, Italy
N. Amapanea ,b , R. Arcidiaconoa,c , S. Argiroa ,b , M. Arneodoa,c , N. Bartosika ,
R. Bellana,b , A. Belloraa,b , C. Biinoa , C. Borcaa,b , N. Cartigliaa , M. Costaa,b ,



26

R. Covarellia ,b , N. Demariaa , L. Fincoa , M. Grippoa,b , B. Kiania ,b , F. Leggera ,
F. Luongoa,b , C. Mariottia , L. Markovica,b , S. Masellia , A. Meccaa,b , L. Menzioa,b,
P. Meridiania , E. Migliorea,b , M. Montenoa , R. Mulargiaa , M.M. Obertinoa,b ,
G. Ortonaa , L. Pachera,b , N. Pastronea , M. Pelliccionia , M. Ruspaa,c ,
F. Sivieroa,b , V. Solaa,b , A. Solanoa,b , A. Staianoa , C. Tarriconea ,b , D. Trocinoa ,
G. Umoreta,b , R. Whitea,b

INFN Sezione di Triestea, Università di Triesteb, Trieste, Italy
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Universität Zürich, Zurich, Switzerland
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California Institute of Technology, Pasadena, California, USA
S. Bhattacharya , A. Bornheim , O. Cerri, A. Latorre, J. Mao , H.B. Newman ,
G. Reales Gutiérrez, M. Spiropulu , J.R. Vlimant , C. Wang , S. Xie , R.Y. Zhu

Carnegie Mellon University, Pittsburgh, Pennsylvania, USA
J. Alison , S. An , P. Bryant , M. Cremonesi, V. Dutta , T. Ferguson , T.A. Gómez Es-
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84Also at Karamanoğlu Mehmetbey University, Karaman, Turkey
85Also at California Institute of Technology, Pasadena, California, USA
86Also at United States Naval Academy, Annapolis, Maryland, USA
87Also at Ain Shams University, Cairo, Egypt
88Also at Bingol University, Bingol, Turkey
89Also at Georgian Technical University, Tbilisi, Georgia
90Also at Sinop University, Sinop, Turkey
91Also at Erciyes University, Kayseri, Turkey
92Also at Horia Hulubei National Institute of Physics and Nuclear Engineering (IFIN-HH),
Bucharest, Romania
93Now at another institute or international laboratory covered by a cooperation agreement
with CERN
94Also at Texas A&M University at Qatar, Doha, Qatar
95Also at Kyungpook National University, Daegu, Korea
96Also at another institute or international laboratory covered by a cooperation agreement
with CERN
97Also at Institute of Nuclear Physics of the Uzbekistan Academy of Sciences, Tashkent,
Uzbekistan
98Also at Northeastern University, Boston, Massachusetts, USA
99Also at Imperial College, London, United Kingdom
100Now at Yerevan Physics Institute, Yerevan, Armenia
101Also at Universiteit Antwerpen, Antwerpen, Belgium


