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Abstract

A search for a narrow resonance with a mass between 350 and 700 GeV, and decay-
ing into a pair of jets, is performed using proton-proton collision events containing at
least three jets. The data sample corresponds to an integrated luminosity of 18.3 fb−1

recorded at
√

s = 13 TeV with the CMS detector. Data are collected with a tech-
nique known as “data scouting”, in which the events are reconstructed, selected, and
recorded at a high rate in a compact form by the high-level trigger. The three-jet final
state provides sensitivity to lower resonance masses than in previous searches using
the data scouting technique. The spectrum of the dijet invariant mass, calculated from
the two jets with the largest transverse momenta in the event, is used to search for a
resonance. No significant excess over a smoothly falling background is found. Lim-
its at 95% confidence level are set on the production cross section of a narrow dijet
resonance and compared with the cross section of a vector dark matter mediator cou-
pling to dark matter particles and quarks. Translating to a model where the narrow
resonance interacts only with quarks, upper limits on this coupling range between
0.10 and 0.15, depending on the resonance mass. These results represent the most
stringent upper limits in the mass range between 350 and 450 GeV obtained with a
flavor-inclusive dijet resonance search.
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1 Introduction
Many models of new physics predict the existence of new massive particles coupled to quarks.
The production and decay of these particles into two jets, known as dijets, have been searched
for since the first high-energy hadron colliders came into operation [1–9]. In some models,
these particles act as mediators linking the standard model (SM) to new physics sectors con-
taining dark matter (DM) particle candidates [10–13]. New mediators interacting with both
quarks and DM particles (χ) have been searched for using different methods: in the direct
searches for DM, by measuring the recoil of an SM particle caused by the scattering with a DM
particle (χq → χq, t-channel) [14–24]; with astrophysics detectors, by looking for SM parti-
cles produced through the annihilation of DM particles (χχ → qq, s-channel) [25–39]; and at
hadron colliders, by detecting the momentum imbalance due to the production of DM particles
(qq → χχ, s-channel) [40–46]. The search for dijet resonances at hadron colliders (qq → qq,
s-channel) can be compared with such DM searches and the results are particularly sensitive
for models where the decay of the mediator into DM particles is forbidden for kinematic rea-
sons. The search for dijet resonances is also sensitive to the signals predicted by other models
[47–57].

Experiments at the CERN LHC have used various techniques to search for resonances in the
dijet invariant mass spectrum. From searches where both jets are individually resolved, the
ATLAS and CMS Collaborations have set limits for resonances with masses above 450 and
600 GeV, respectively, in

√
s = 13 TeV proton-proton collisions [58–60], and above 250 and

500 GeV, respectively, in 8 TeV collisions [61, 62]. In the sub-TeV mass range, another search by
the ATLAS Collaboration at 13 TeV for dijet resonances, produced in association with a photon
from initial-state radiation, has set limits in the mass region between 225 and 1100 GeV [63].
A search by the CMS Collaboration at 8 TeV for resonances decaying into two bottom quarks,
experimentally identified as b-tagged jets, has set limits in the mass range of 325–1200 GeV
[64]. Finally, the ATLAS and CMS Collaborations have set limits in the mass range below
220 and 450 GeV, respectively, from searches for Lorentz-boosted resonances decaying into a
quark-antiquark pair reconstructed as a single jet [65–67].

This paper presents a search for a dijet resonance in three-jet events that is sensitive to narrow
resonances with mass between 350 and 700 GeV. The search is based on data from pp collisions
at
√

s = 13 TeV collected in 2016, corresponding to an integrated luminosity of 18.3 fb−1. To
obtain a large trigger efficiency in the mass range of 350–700 GeV, we select a three-jet final state
and utilize a special high-rate trigger with low jet pT thresholds. This trigger uses a technique
known as “data scouting” described in Section 3. This search is limited to data collected in the
year 2016 in order to take advantage of the low trigger thresholds used in that data period.
After 2016, these thresholds were raised in order to limit the trigger rate increase due to the
larger instantaneous luminosity and pileup.

2 The CMS detector
A 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. [68]. The central feature of the
CMS apparatus is a superconducting solenoid of 6 m internal diameter, 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
(HCAL), each composed of a barrel and two endcap sections. Muons are detected in gas-
ionization chambers embedded in the steel flux-return yoke outside the solenoid.



2

The jets used by this analysis are calorimeter-based jets that are reconstructed from the energy
deposits in the calorimeter towers, clustered using the anti-kT algorithm [69, 70] with a distance
parameter of 0.4. In this process, the contribution from each calorimeter tower is assigned a
momentum, the absolute value and the direction of which are found from the energy measured
in the tower, and the coordinates of the geometrical center of the tower. The raw jet energy is
obtained from the sum of the tower energies, and the raw jet momentum from the vectorial
sum of the tower momenta. The raw jet energies are then corrected to establish a uniform
relative response of the calorimeter in pseudorapidity η and a calibrated absolute response in
transverse momentum pT. The calorimetric jet energy resolution is typically 40% at a pT of
10 GeV, 12% at 100 GeV, and 5% at 1 TeV, resulting in a calorimetric dijet mass resolution of
about 10% for resonance masses between 350 and 700 GeV. Events of interest are selected using
a two-tiered trigger system [71]. The first level (L1), composed of custom hardware processors,
uses information from the calorimeters and muon detectors to select events at a rate of around
100 kHz within a time interval of less than 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.

3 Data and simulated event samples
We selected events requiring HT > 240 GeV at the L1 trigger and HT > 250 GeV at the HLT,
where HT is the scalar pT sum of jets with pT > 40 GeV and |η| < 2.5. The rate of this trig-
ger was about 4 kHz at an instantaneous luminosity of 1× 1034 cm−2s−1. The amount of data
generated by such a high-rate trigger alone using the standard data-taking format would have
saturated the computing and storage systems of the CMS experiment. For this reason, we
used a special data-taking technique, which consisted of saving only the calorimeter-based jets
reconstructed by the HLT, instead of the full detector readout. The size of this reduced data
format is about 0.5% of the full event size. This technique is known as “data scouting” and was
used in previous CMS dijet resonance searches [60, 62].

Data scouting allows the analysis of a very large rate of data passing the HLT trigger, only
limited by the overall rate of the L1 trigger. To keep a constant rate, the L1 trigger HT thresh-
old was raised from 240 to 360 GeV as the instantaneous luminosity increased. This search is
limited to data collected in 2016 with the lower L1 trigger threshold HT > 240 GeV, in order to
obtain the maximum sensitivity for low mass resonances. From a sample of events collected
with a minimum-bias trigger and passing the selection discussed below, we measured a trigger
efficiency larger than 99% for a dijet invariant mass greater than 290 GeV.

Signal events corresponding to a narrow vector resonance decaying into quark-antiquark pairs
were generated using the MADGRAPH5 aMC@NLO version 2.2.2 generator at leading order
[72, 73], with the PYTHIA 8.205 generator [74] incorporating the CUETP8M1 underlying event
tune [75] providing the description of fragmentation and hadronization. The generated reso-
nance width is negligible compared to the experimental dijet mass resolution, which is about
10%. The detailed simulation of the CMS detector response is performed using the GEANT4
package [76]. The simulated signal events include multiple overlapping pp interactions per
bunch crossing (pileup) as observed in the data. Additionally, to provide a framework for in-
terpreting the results in terms of a DM mediator, signal cross sections were computed at leading
order with MADGRAPH for a vector boson decaying into a quark-antiquark pair, with coupling
to quarks gq = 0.25, coupling to DM particles gDM = 1.0, and the mass of DM particles 1 GeV.
The NNPDF2.3LO [77] parton distribution functions were used.
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4 Event reconstruction and selection
The discriminating variable in this analysis is the invariant mass of the two jets originating
from the resonance decay. This variable is calculated using jets, reconstructed at the HLT from
energy deposits in the calorimeter, and passing the selection pT > 30 GeV and |η| < 2.5. Spu-
rious jets originating from instrumental noise are rejected by requiring each jet to be detected
by both ECAL and HCAL, with at least 5% of the jet energy in each of the two types of cal-
orimeter. We form “wide jets”, by clustering the jets already reconstructed by the HLT, using
the anti-kT algorithm with a distance parameter of 1.1. This algorithm improves the dijet mass
resolution and the resonance search sensitivity, by recombining jets from hard final-state radi-
ation to obtain a reduced number of wide jets. A similar algorithm using a merging distance
of ∆R =

√
(∆η)2 + (∆ϕ)2 < 1.1 was employed in previous CMS searches [60, 62], but it only

reconstructed two wide jets per event. The wide-jet calibrations for the 2016 data scouting
sample were already obtained in the low-mass dijet search of Ref. [60], and therefore we apply
the same calibrations. We require at least three wide jets, each with pT > 72 GeV, in order to
select events that have large HT and pass the trigger selections. This requirement is particu-
larly effective in selecting events with low dijet invariant mass, which would be rejected if only
two jets were required. Applying a common threshold to the pT of the three jets enabled us to
minimize the value of the lowest resonance mass to which we are sensitive. The pT threshold
of the three-jet selection has been chosen with a method that is explained in the next section.
Finally, the two leading wide jets are required to have |η1 − η2| < 1.1 to reduce the quantum
chromodynamics multijet background, which is dominated by t-channel production of jets.

Since we require at least three wide jets in the event, there are multiple ways to select the dijet
system, i.e., the pair of wide jets originating from the resonance decay. We select as the dijet
the two wide jets with the largest and the next-to-largest pT in the event. This selection is
correct in 70 (50)% of simulated signal events with a resonance mass of 700 (350) GeV. Wrong
combinations arise because either an energetic initial-state radiation jet is included in the dijet
selection, or an energetic jet from final-state radiation is emitted with a distance ∆R > 1.1 from
the leading jets and therefore excluded from the reconstruction of the two leading wide jets.
We investigated alternative criteria to select the dijet, such as choosing the jet pair with the
largest norm of the vectorial sum pT. We found that such alternative criteria do have better
performance if the resonance pT is greater than half the mass, but worse performance for this
search. This is because, for accepted events, the pT of the resonance is about 150 GeV, which is
less than half the resonance mass considered in this search.

5 Dijet mass spectrum fit
Figure 1 shows the dijet mass (mjj) spectrum. The background is modeled with the following
analytic function,

dσ

dmjj
=

p0(p2x− 1)

xp1+p3 log x+p4 log2 x
, (1)

where x is defined as mjj/
√

s, and p0, p1, p2, p3, and p4 are free parameters of the fit. This
function is similar to that used by previous dijet searches [58–62], with a modification to the
numerator. The new parameterization better fits the shape of the dijet mass spectrum for three-
jet events, which includes the effect of a small inefficiency to pass the trigger for events at the
lowest values of dijet mass. The function has been chosen from a pool of functions using a
Fisher test [78] with a 95% confidence level (CL). The pool of functions is obtained by chang-
ing the number of degrees of freedom of the polylogarithmic function in the exponent of the
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denominator of Eq. (1). We perform a maximum likelihood fit of the function in Eq. (1) to our
data in the mass range 290 < mjj < 1000 GeV. The chi-square per number of degrees of free-
dom of the fit is χ2/NDF = 19.3/13, corresponding to a p-value of 0.11. Figure 1 also shows
the expected dijet mass distributions of a resonance signal for three different values of reso-
nance mass. The data distribution is well modeled by the background parameterization and
there is no evidence for a dijet resonance.
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Figure 1: Dijet mass spectrum (points) compared to a fitted parameterization of the back-
ground (solid curve). The background fit is performed in the range 290 < mjj < 1000 GeV.
The horizontal bars show the widths of each bin in dijet mass. The dashed lines represent the
dijet mass distribution from 400, 550, and 700 GeV resonance signals expected to be excluded at
95% CL by this analysis. The lower panel shows the difference between the data and the fitted
parametrization, divided by the statistical uncertainty of the data.

The dijet mass bin widths in Fig. 1 are the same as in the previous dijet searches, except for
the first bin which is more narrow, starting at a dijet mass value of 290 GeV. This lower bound
of the fit range and the jet pT threshold for the three-jet selection are determined in the follow-
ing way. We measure the distribution of the dijet mass in a signal-depleted region defined by
replacing the requirement |η1 − η2| < 1.1 with the requirement |η1 + η2| < 1.1. The dijet mass
in the signal-depleted region is calculated after flipping the sign of η of the second jet—the
sign of the z component of the momentum of the subleading jet is reversed and then the dijet
mass is calculated. For background events, the dijet mass distribution in the signal-depleted re-
gion, so calculated, is closely similar to the dijet mass distribution in the signal region because
the variables η1 − η2 in the signal region and η1 + η2 in the signal-depleted region have ap-
proximately the same uniform distribution between −1.1 and 1.1. The signal-depleted region
contains about the same number of background events and 50% fewer signal events, and 35%
of the observed events in the signal-depleted region are also in the signal region. Small data-
driven corrections, which change the observed number of events by less than 5%, are applied
to the dijet mass distribution in the signal-depleted region to make it the same as the back-
ground distribution in the signal region. These corrections, which are applied as a function of
the product of the two largest values of jet pT in the event, are obtained by fitting an analytic
function describing this product to the ratio of the numbers of events passing the signal se-
lection to the number of events passing the signal-depleted selection. The lower edge of dijet
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mass included in the search, 290 GeV, has been chosen to be the lowest value of the corrected
dijet mass in the signal-depleted region for which the fit of the background parameterization
has a Kolmogorov–Smirnov (KS) probability [79–81] larger than 33%. The pT threshold of the
three-jet selection, 72 GeV, has been chosen to obtain the lowest possible value for the corrected
dijet mass in the signal-depleted region that could be included in the fit and satisfy the same KS
test. We verified that an injected signal with a strength corresponding to the 95% CL expected
upper limit does not change the choice of the fit range and the three-jet selection.

6 Systematic uncertainties
The asymptotic approximation [82] of the modified frequentist CLs method [83, 84] is utilized
to set upper limits on signal cross sections, following the prescription described in Ref. [85].
We use the profiled likelihood ratio as test statistic. The likelihood is the product of the Pois-
son probabilities for each of the bins in Fig. 1. The expected background yield of each bin is
determined from the analytic function described in Eq. (1). The five parameters of the analytic
function are profiled and their uncertainties from the fit to data are the dominant uncertainties.
The shapes of the dijet mass distributions for signals are obtained from simulations. The sys-
tematic uncertainties affecting the signal shape and normalization have a minor impact and are
incorporated into the likelihood function via nuisance parameters with log-normal probability
distributions. We account for the uncertainty of 2% in the jet energy scale [86] by shifting the
dijet mass of the signal distribution by ±2%. The effect of the jet energy resolution uncertainty
is included by varying the width of the signal distribution by±10% [86]. The signal acceptance
depends significantly on the presence of a jet from initial-state or final-state radiation. We es-
timated the uncertainty of the simulation related to this dependence by modifying by a factor
of two both the renormalization (µR) and the factorization scales (µF) of the initial-state and
final-state radiation using the method described in Ref. [87]. This uncertainty has a negligible
effect on the shape of the dijet mass distribution of the signal, and changes the normalization
by 10%. The uncertainty in the integrated luminosity is 2.5% [88] and affects directly the signal
normalization. The systematic uncertainty due to the choice of the background function has
been estimated by measuring the signal yield in pseudo-data spectra generated using alterna-
tive background functions. The measured cross section in each case is the same as that of the
injected signal, and this systematic uncertainty is found to be negligible. We tested the capa-
bility of the alternative functions to fit the multijet background by fitting the signal-depleted
region described in Section 5. The systematic uncertainties related to pileup, parton distribu-
tion functions, underlying events, and parton shower models are also found to be negligible.

7 Results
Figure 2 shows, as a function of resonance mass, observed and expected upper limits at 95%
CL on the product of the cross section, branching fraction, and acceptance of a narrow vector
resonance decaying to jets. Table 1 shows the acceptance calculated using signal simulations.
Limits are presented for resonance masses between 350 and 700 GeV, for which the acceptance
of the dijet mass requirement 290 < mjj < 1000 GeV is large enough to conduct the search. Fig-
ure 3 shows that the 95% CL upper limits on the coupling g′q of a vector resonance that decays
only to quarks, defined according to the convention of Ref. [89], are between 0.10 and 0.15.
Figures 2 and 3 compare the upper limits on the cross section and the coupling g′q , respectively,
with the predictions of a model with a DM mediator that decays to DM particles with masses
of 1 GeV, and also decays to quarks. This analysis excludes a benchmark model of such a DM
mediator with coupling to quarks gq = 0.25 and coupling to DM particles gDM = 1, over the
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Figure 2: Upper limits at 95% CL on the product of the cross section, branching fraction, and ac-
ceptance as a function of resonance mass for a narrow vector resonance decaying into a pair of
quark jets. The acceptance is calculated for the analysis selection, namely three wide jets with
pT > 72 GeV and |η| < 2.5, and |η1 − η2| < 1.1. The observed limits (solid curve), expected lim-
its (dashed curve) and their variation at the 1 and 2 standard deviation levels (shaded bands)
are shown. The dashed-dotted curve shows the expected cross section times acceptance for a
DM mediator (see text).

Table 1: Acceptance for a vector resonance decaying into a dijet as a function of the resonance
mass. The acceptance is calculated using signal simulations for the analysis selection, namely
three wide jets with pT > 72 GeV and |η| < 2.5, and |η1 − η2| < 1.1. The errors are dominated
by the uncertainty related to the modeling of the jet radiation used in signal simulations. We
estimated this uncertainty by modifying by a factor of two both the renormalization (µR) and
the factorization scales (µF) of the initial-state and final-state radiation [87].

Resonance mass 300 GeV 400 GeV 500 GeV 600 GeV 800 GeV
Acceptance (4.0± 0.4)% (6.7± 0.7)% (9.2± 0.9)% (10.9± 1.1)% (13.6± 1.4)%

complete mass range 350 to 700 GeV. In our notation, g′q is the coupling for a model in which
the resonance couples to quarks only, and gq is the coupling to quarks for a model in which the
resonance also couples to DM particles. We convert gq into g′q using the following relationship

g′q =
gq√

1 + 1/
(

3Nq(Mmed)g2
q

) (2)

where Nq(Mmed) is the effective number of quarks

Nq(Mmed) = ∑
q

(
1− 4

m2
q

M2
med

)1/2(
1 + 2

m2
q

M2
med

)
(3)

and the index q runs over the quark flavors (u, d, s, c, b, t) having mq < Mmed/2 [11, 60].
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Figure 3: Upper limits at 95% CL on the universal quark coupling g′q , as a function of resonance
mass, for a narrow vector resonance that only couples to quarks. The observed limits (solid
curve), expected limits (dashed curve) and their variation at the 1 and 2 standard deviation
levels (shaded bands) are shown. The dashed-dotted curve shows the coupling strength for
which the cross section for dijet production in this model is the same as for a DM mediator (see
text).

8 Summary
A search for a narrow vector resonance of mass between 350 and 700 GeV decaying into two jets
has been performed in events containing at least three jets using proton-proton collision data at√

s = 13 TeV at the LHC corresponding to an integrated luminosity of 18.3 fb−1. The dijet mass
distribution of the two leading jets is smooth, and there is no evidence for a resonance. Upper
limits at 95% confidence level are set on the product of the cross section, branching fraction,
and acceptance as a function of resonance mass. This search excludes a simplified model of
interactions between quarks and dark matter particles of mass 1 GeV, where the interactions
are mediated by a vector particle with mass between 350 and 700 GeV, for coupling strengths
of gq = 0.25 and gDM = 1. Upper limits between 0.10 and 0.15 are also set on the coupling
to quarks g′q for a vector particle interacting only with quarks. These results represent the
most stringent upper limits in the mass range between 350 and 450 GeV obtained with a flavor-
inclusive dijet resonance search.
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Université Catholique de Louvain, Louvain-la-Neuve, Belgium
O. Bondu, G. Bruno, C. Caputo, P. David, C. Delaere, M. Delcourt, A. Giammanco, V. Lemaitre,
J. Prisciandaro, A. Saggio, M. Vidal Marono, P. Vischia, J. Zobec

Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, Brazil
F.L. Alves, G.A. Alves, G. Correia Silva, C. Hensel, A. Moraes, P. Rebello Teles

Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil
E. Belchior Batista Das Chagas, W. Carvalho, J. Chinellato3, E. Coelho, E.M. Da Costa,
G.G. Da Silveira4, D. De Jesus Damiao, C. De Oliveira Martins, S. Fonseca De Souza,
L.M. Huertas Guativa, H. Malbouisson, J. Martins5, D. Matos Figueiredo, M. Medina Jaime6,
M. Melo De Almeida, C. Mora Herrera, L. Mundim, H. Nogima, W.L. Prado Da Silva,
L.J. Sanchez Rosas, A. Santoro, A. Sznajder, M. Thiel, E.J. Tonelli Manganote3, F. Tor-
res Da Silva De Araujo, A. Vilela Pereira

Universidade Estadual Paulista a, Universidade Federal do ABC b, São Paulo, Brazil
C.A. Bernardesa, L. Calligarisa, T.R. Fernandez Perez Tomeia, E.M. Gregoresb, D.S. Lemos,
P.G. Mercadanteb, S.F. Novaesa, SandraS. Padulaa

Institute for Nuclear Research and Nuclear Energy, Bulgarian Academy of Sciences, Sofia,
Bulgaria
A. Aleksandrov, G. Antchev, R. Hadjiiska, P. Iaydjiev, M. Misheva, M. Rodozov, M. Shopova,
G. Sultanov



16

University of Sofia, Sofia, Bulgaria
M. Bonchev, A. Dimitrov, T. Ivanov, L. Litov, B. Pavlov, P. Petkov

Beihang University, Beijing, China
W. Fang7, X. Gao7, L. Yuan

Department of Physics, Tsinghua University, Beijing, China
M. Ahmad, Z. Hu, Y. Wang

Institute of High Energy Physics, Beijing, China
G.M. Chen, H.S. Chen, M. Chen, C.H. Jiang, D. Leggat, H. Liao, Z. Liu, A. Spiezia, J. Tao,
E. Yazgan, H. Zhang, S. Zhang8, J. Zhao

State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing, China
A. Agapitos, Y. Ban, G. Chen, A. Levin, J. Li, L. Li, Q. Li, Y. Mao, S.J. Qian, D. Wang, Q. Wang

Zhejiang University, Hangzhou, China
M. Xiao

Universidad de Los Andes, Bogota, Colombia
C. Avila, A. Cabrera, C. Florez, C.F. González Hernández, M.A. Segura Delgado
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Université de Lyon, Université Claude Bernard Lyon 1, CNRS-IN2P3, Institut de Physique
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V. Myronenko, D. Pérez Adán, S.K. Pflitsch, D. Pitzl, A. Raspereza, A. Saibel, M. Savitskyi,
V. Scheurer, P. Schütze, C. Schwanenberger, R. Shevchenko, A. Singh, H. Tholen, O. Turkot,
A. Vagnerini, M. Van De Klundert, R. Walsh, Y. Wen, K. Wichmann, C. Wissing, O. Zenaiev,
R. Zlebcik

University of Hamburg, Hamburg, Germany
R. Aggleton, S. Bein, L. Benato, A. Benecke, V. Blobel, T. Dreyer, A. Ebrahimi, F. Feindt,
A. Fröhlich, C. Garbers, E. Garutti, D. Gonzalez, P. Gunnellini, J. Haller, A. Hinzmann,
A. Karavdina, G. Kasieczka, R. Klanner, R. Kogler, N. Kovalchuk, S. Kurz, V. Kutzner, J. Lange,
T. Lange, A. Malara, J. Multhaup, C.E.N. Niemeyer, A. Perieanu, A. Reimers, O. Rieger,
C. Scharf, P. Schleper, S. Schumann, J. Schwandt, J. Sonneveld, H. Stadie, G. Steinbrück,
F.M. Stober, B. Vormwald, I. Zoi

Karlsruher Institut fuer Technologie, Karlsruhe, Germany
M. Akbiyik, C. Barth, M. Baselga, S. Baur, T. Berger, E. Butz, R. Caspart, T. Chwalek, W. De Boer,
A. Dierlamm, K. El Morabit, N. Faltermann, M. Giffels, P. Goldenzweig, A. Gottmann,
M.A. Harrendorf, F. Hartmann16, U. Husemann, S. Kudella, S. Mitra, M.U. Mozer, D. Müller,
Th. Müller, M. Musich, A. Nürnberg, G. Quast, K. Rabbertz, M. Schröder, I. Shvetsov,
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A. Benagliaa, A. Beschia,b, F. Brivioa,b, V. Cirioloa,b ,16, M.E. Dinardoa ,b, P. Dinia, S. Gennaia,
A. Ghezzia,b, P. Govonia,b, L. Guzzia ,b, M. Malbertia, S. Malvezzia, D. Menascea, F. Montia ,b,
L. Moronia, M. Paganonia ,b, D. Pedrinia, S. Ragazzia,b, T. Tabarelli de Fatisa,b, D. Valsecchia,b,
D. Zuoloa ,b
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ballero, J.R. González Fernández, E. Palencia Cortezon, V. Rodrı́guez Bouza, S. Sanchez Cruz

Instituto de Fı́sica de Cantabria (IFCA), CSIC-Universidad de Cantabria, Santander, Spain
I.J. Cabrillo, A. Calderon, B. Chazin Quero, J. Duarte Campderros, M. Fernandez,



24

P.J. Fernández Manteca, A. Garcı́a Alonso, G. Gomez, C. Martinez Rivero, P. Mar-
tinez Ruiz del Arbol, F. Matorras, J. Piedra Gomez, C. Prieels, T. Rodrigo, A. Ruiz-Jimeno,
L. Russo46, L. Scodellaro, I. Vila, J.M. Vizan Garcia

University of Colombo, Colombo, Sri Lanka
K. Malagalage

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

CERN, European Organization for Nuclear Research, Geneva, Switzerland
D. Abbaneo, B. Akgun, E. Auffray, G. Auzinger, J. Baechler, P. Baillon, A.H. Ball, D. Barney,
J. Bendavid, M. Bianco, A. Bocci, P. Bortignon, E. Bossini, C. Botta, E. Brondolin, T. Camporesi,
A. Caratelli, G. Cerminara, E. Chapon, G. Cucciati, D. d’Enterria, A. Dabrowski, N. Daci,
V. Daponte, A. David, O. Davignon, A. De Roeck, M. Deile, M. Dobson, M. Dünser,
N. Dupont, A. Elliott-Peisert, N. Emriskova, F. Fallavollita47, D. Fasanella, S. Fiorendi,
G. Franzoni, J. Fulcher, W. Funk, S. Giani, D. Gigi, K. Gill, F. Glege, L. Gouskos, M. Gruchala,
M. Guilbaud, D. Gulhan, J. Hegeman, C. Heidegger, Y. Iiyama, V. Innocente, T. James, P. Janot,
O. Karacheban19, J. Kaspar, J. Kieseler, M. Krammer1, N. Kratochwil, C. Lange, P. Lecoq,
C. Lourenço, L. Malgeri, M. Mannelli, A. Massironi, F. Meijers, S. Mersi, E. Meschi, F. Moortgat,
M. Mulders, J. Ngadiuba, J. Niedziela, S. Nourbakhsh, S. Orfanelli, L. Orsini, F. Pantaleo16,
L. Pape, E. Perez, M. Peruzzi, A. Petrilli, G. Petrucciani, A. Pfeiffer, M. Pierini, F.M. Pitters,
D. Rabady, A. Racz, M. Rieger, M. Rovere, H. Sakulin, J. Salfeld-Nebgen, C. Schäfer, C. Schwick,
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V. Khristenko, O.K. Köseyan, J.-P. Merlo, A. Mestvirishvili73, A. Moeller, J. Nachtman,
H. Ogul74, Y. Onel, F. Ozok75, A. Penzo, C. Snyder, E. Tiras, J. Wetzel

Johns Hopkins University, Baltimore, USA
B. Blumenfeld, A. Cocoros, N. Eminizer, A.V. Gritsan, W.T. Hung, S. Kyriacou, P. Maksimovic,
J. Roskes, M. Swartz

The University of Kansas, Lawrence, USA
C. Baldenegro Barrera, P. Baringer, A. Bean, S. Boren, J. Bowen, A. Bylinkin, T. Isidori, S. Khalil,
J. King, G. Krintiras, A. Kropivnitskaya, C. Lindsey, D. Majumder, W. Mcbrayer, N. Minafra,
M. Murray, C. Rogan, C. Royon, S. Sanders, E. Schmitz, J.D. Tapia Takaki, Q. Wang, J. Williams,
G. Wilson

Kansas State University, Manhattan, USA
S. Duric, A. Ivanov, K. Kaadze, D. Kim, Y. Maravin, D.R. Mendis, T. Mitchell, A. Modak,
A. Mohammadi

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

University of Maryland, College Park, USA
A. Baden, O. Baron, A. Belloni, S.C. Eno, Y. Feng, N.J. Hadley, S. Jabeen, G.Y. Jeng, R.G. Kellogg,
A.C. Mignerey, S. Nabili, F. Ricci-Tam, M. Seidel, Y.H. Shin, A. Skuja, S.C. Tonwar, K. Wong

Massachusetts Institute of Technology, Cambridge, USA
D. Abercrombie, B. Allen, A. Baty, R. Bi, S. Brandt, W. Busza, I.A. Cali, M. D’Alfonso,
G. Gomez Ceballos, M. Goncharov, P. Harris, D. Hsu, M. Hu, M. Klute, D. Kovalskyi, Y.-J. Lee,
P.D. Luckey, B. Maier, A.C. Marini, C. Mcginn, C. Mironov, S. Narayanan, X. Niu, C. Paus,
D. Rankin, C. Roland, G. Roland, Z. Shi, G.S.F. Stephans, K. Sumorok, K. Tatar, D. Velicanu,
J. Wang, T.W. Wang, B. Wyslouch



28

University of Minnesota, Minneapolis, USA
R.M. Chatterjee, A. Evans, S. Guts†, P. Hansen, J. Hiltbrand, Sh. Jain, Y. Kubota, Z. Lesko,
J. Mans, M. Revering, R. Rusack, R. Saradhy, N. Schroeder, M.A. Wadud

University of Mississippi, Oxford, USA
J.G. Acosta, S. Oliveros

University of Nebraska-Lincoln, Lincoln, USA
K. Bloom, S. Chauhan, D.R. Claes, C. Fangmeier, L. Finco, F. Golf, R. Kamalieddin,
I. Kravchenko, J.E. Siado, G.R. Snow†, B. Stieger, W. Tabb

State University of New York at Buffalo, Buffalo, USA
G. Agarwal, C. Harrington, I. Iashvili, A. Kharchilava, C. McLean, D. Nguyen, A. Parker,
J. Pekkanen, S. Rappoccio, B. Roozbahani

Northeastern University, Boston, USA
G. Alverson, E. Barberis, C. Freer, Y. Haddad, A. Hortiangtham, G. Madigan, B. Marzocchi,
D.M. Morse, T. Orimoto, L. Skinnari, A. Tishelman-Charny, T. Wamorkar, B. Wang,
A. Wisecarver, D. Wood

Northwestern University, Evanston, USA
S. Bhattacharya, J. Bueghly, A. Gilbert, T. Gunter, K.A. Hahn, N. Odell, M.H. Schmitt, K. Sung,
M. Trovato, M. Velasco

University of Notre Dame, Notre Dame, USA
R. Bucci, N. Dev, R. Goldouzian, M. Hildreth, K. Hurtado Anampa, C. Jessop, D.J. Karmgard,
K. Lannon, W. Li, N. Loukas, N. Marinelli, I. Mcalister, F. Meng, Y. Musienko37, R. Ruchti,
P. Siddireddy, G. Smith, S. Taroni, M. Wayne, A. Wightman, M. Wolf, A. Woodard

The Ohio State University, Columbus, USA
J. Alimena, B. Bylsma, L.S. Durkin, B. Francis, C. Hill, W. Ji, A. Lefeld, T.Y. Ling, B.L. Winer

Princeton University, Princeton, USA
G. Dezoort, P. Elmer, J. Hardenbrook, N. Haubrich, S. Higginbotham, A. Kalogeropoulos,
S. Kwan, D. Lange, M.T. Lucchini, J. Luo, D. Marlow, K. Mei, I. Ojalvo, J. Olsen, C. Palmer,
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2: Also at IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France
3: Also at Universidade Estadual de Campinas, Campinas, Brazil
4: Also at Federal University of Rio Grande do Sul, Porto Alegre, Brazil
5: Also at UFMS, Nova Andradina, Brazil
6: Also at Universidade Federal de Pelotas, Pelotas, Brazil
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