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Abstract

A measurement of the groomed jet mass in PbPb and pp collisions at a nucleon-
nucleon center-of-mass energy of 5.02 TeV with the CMS detector at the LHC is pre-
sented. Jet grooming is a recursive procedure which sequentially removes soft con-
stituents of a jet until a pair of hard subjets is found. The resulting groomed jets can be
used to study modifications to the parton shower evolution in the presence of the hot
and dense medium created in heavy ion collisions. Predictions of groomed jet proper-
ties from the PYTHIA and HERWIG++ event generators agree with the measurements
in pp collisions. When comparing the results from the most central PbPb collisions
to pp data, a hint of an increase of jets with large jet mass is observed, which could
originate from additional medium-induced radiation at a large angle from the jet axis.
However, no modification of the groomed mass of the core of the jet is observed for
all PbPb centrality classes. The PbPb results are also compared to predictions from
the JEWEL and Q-PYTHIA event generators, which predict a large modification of the
groomed mass not observed in the data.
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1 Introduction
In heavy ion collisions, scattering processes with large momentum transfer Q (of order 100 GeV
or more) between the partonic constituents of the colliding nuclei occur early. Energy loss ex-
perienced by these high-momentum partons (quarks or gluons) as a result of their interactions
with the colored, hot and dense quantum chromodynamics (QCD) medium created in heavy
ion collisions (the quark-gluon plasma, or QGP) [1, 2], was first observed at BNL RHIC [3–6]
and then at the CERN LHC [7–9]. Interactions of the outgoing partons with the QGP are also
expected to modify the angular and momentum distributions of the parton shower relative
to proton-proton (pp) collisions. It was shown at the LHC that there is a significant amount
of energy carried by soft particles at large angles relative to the axes of the jets produced by
outgoing partons [10, 11].

Parton interactions with the QGP can increase the gluon radiation probability of the propagat-
ing partons and can also lead to modifications of the momentum sharing between split partons,
as well as the angular scale of the splitting [12–16]. After a hard splitting, where both resulting
partons carry a significant fraction of the original energy, the two energetic partons then evolve
into separate sprays of particles within the jet. By isolating these two hard-radiation sources,
the interactions of the color charges of the medium with the two outgoing highly energetic
partons can be studied.

Jet grooming algorithms [17–21] remove large-angle, soft radiation inside a jet, revealing the
underlying hard structure via the identification of two subjets. In pp collisions this reflects the
first hard splitting process. The properties of these subjets provide information about medium
interactions of the two partons that originated in a hard splitting. The hard structure of the jet
is also expected to be sensitive to semihard medium-induced gluon radiation [22, 23], modi-
fications of the initial parton splitting [24], and the medium response [25]. A modification in
the distribution of the shared momentum fraction, zg, defined as the energy of the sub-leading
(in transverse momentum, pT) subjet over the sum of the two energies of the two subjets, was
previously studied in lead-lead (PbPb) collisions [26]. The opening angle of the parton splitting
provides additional information about the nature of the modifications in the medium [23, 24].
This motivates studies of the groomed jet mass (Mg), defined as the invariant mass of the sys-
tem consisting of the two subjets, which is sensitive to both the parton splitting function and
the opening angle between the two outgoing partons. This measurement complements studies
of the mass of the full jet without using grooming algorithms [27], which makes such studies
mostly sensitive to soft wide angle radiation.

In this paper, a measurement of the ratio of the groomed jet mass and the jet pT in both pp
and PbPb collisions using the soft drop (SD) jet grooming algorithm [21] with two parame-
ter settings is presented. This analysis uses pp and PbPb collision datasets corresponding to
integrated luminosities of 27.4 pb−1 and 404 µb−1, respectively, collected with the CMS detec-
tor [28] at the LHC in 2015 at a nucleon-nucleon center-of-mass energy of 5.02 TeV.

2 The CMS apparatus and event selection
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal di-
ameter, providing an axial 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. A hadron
forward (HF) calorimeter, covering the pseudorapidity range 3 < |η| < 5, complements the
coverage provided by the barrel and endcap detectors. Muons are detected in gas-ionization
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chambers embedded in the steel flux-return yoke outside the solenoid. The first level of the
CMS trigger system [29], composed of specialized hardware processors, uses information from
the calorimeters and muon detectors to select the most interesting events in a fixed time in-
terval of less than 4 µs. The high-level trigger processor farm further decreases the event rate
from around 100 kHz to 1 (2) kHz for pp (PbPb) collisions before data storage. A more detailed
description of the CMS detector, together with a definition of the coordinate system used and
the relevant kinematic variables, can be found in Ref. [28].

Events with multiple collisions (pile up) within a bunch crossing have a negligible effect on the
measurement, since the average number of additional collisions is less than 0.9 in both data
sets, and much lower in the PbPb data set. Events are selected with triggers requiring a jet
with high pT, found using the anti-kT algorithm [30, 31] with a distance parameter of R = 0.4.
In pp collisions, these triggers are based on jets reconstructed from particle-flow (PF) candi-
dates [32]. An unprescaled trigger with a pjet

T threshold of 80 GeV is used. In PbPb collisions,
triggers are based on jets reconstructed from calorimeter deposits including a subtraction for
the uncorrelated underlying event (UE) [33]. Triggers with multiple thresholds are employed
to ensure that their efficiency is high for the full range of phase space considered in the analy-
sis. The thresholds for these triggers are pjet

T = 60, 80 and 100 GeV. The triggers with lower pjet
T

thresholds are prescaled.

Several offline event selections are applied to reject events from beam-gas, beam-pipe, beam
halo, cosmic ray muons, and beam scraping interactions [34]. A requirement of a coincidence of
three towers with at least 3 GeV of total transverse energy in the HF detectors on each side of the
interaction point [28] is employed to reject purely electromagnetic interaction events between
Pb nuclei. In pp collisions this coincidence requirement is not present, as the contamination
from electromagnetic interactions is negligible. For both collision systems a requirement is
placed on the primary vertex, the reconstructed vertex with the highest amount of activity, to
be within 15 cm from the nominal interaction point along the beam direction and within 0.15 cm
in the transverse plane.

In order to cope with the high particle multiplicity PbPb environment, the event reconstruc-
tion algorithms are modified compared to the ones used for pp data. Although not identical
between the two colliding systems [34], the tracking efficiency is comparable within a few per-
cent in the pT range relevant to the analysis, and it is well modeled by simulation. The collision
centrality for PbPb events is determined using the total sum of transverse energy from the cal-
orimeter towers in the HF region. The transverse energy distribution is used to divide the event
sample into bins of percentage of the total hadronic interaction cross section [7]. In this analy-
sis, we present the results in four event centrality classes: 0–10%, 10–30%, 30–50%, and 50–80%,
with 0% being the most central collision, and four pjet

T ranges: 140–160, 160–180, 180–200, and
200–300 GeV.

The PYTHIA 6.246 [35] (tune Z2* [36]) event generator prediction is compared with experimental
pp data and used to study systematic effects. For PbPb collision simulation, events generated
with PYTHIA are embedded into an UE produced with the HYDJET 1.9 event generator [37]. All
generated events undergo a full GEANT4 [38] simulation of the CMS detector response. Addi-
tional samples for cross checks and for comparison with the data are produced with HERWIG++
2.7.1 [39] (tune EE5C [40]).

Predictions for medium-modified jets are generated with JEWEL 2.2.0 [41] (both with and with-
out recoil, i.e., the scattered recoiling particles from the medium) and Q-PYTHIA 1.0.3 [42] where
the PQM model [43] is used to model the medium. In order to model the effect of the uncor-
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related underlying event, the samples generated with JEWEL and Q-PYTHIA are embedded in a
simulated thermal background with particle momenta following a Maxwell-Boltzmann distri-
bution [44] with an average pT of 1.2 GeV and an average energy density corresponding to that
from events in the 0–10% centrality class in PbPb data.

3 Jet reconstruction
Offline particle candidates are reconstructed with the PF algorithm. This algorithm aims to re-
construct and identify each individual particle (PF candidate) using an optimized combination
of information from various elements of the CMS detector. For this analysis, the PF candidates
are treated as massless. Jets are clustered from PF candidates using the anti-kT algorithm with
a distance parameter of 0.4. Only jets with pjet

T > 140 GeV and |ηjet| < 1.3 are included in the
analysis due to the trigger.

In PbPb collisions, the constituents of the jet are corrected for the UE contribution using the
“constituent subtraction” algorithm [45]. This algorithm uses a particle-level approach that
removes or corrects jet constituents for the uncorrelated background based on the average UE
density in a given η region. This particle-by-particle subtraction allows the correction of both
the four-momentum of the jet and its substructure. A more detailed description of this method
can be found in Ref. [26].

The energy of reconstructed jets is corrected to the particle level with the corrections derived
from simulation and applied to the reconstructed jets in pp and PbPb collisions. Additional
corrections for the mismodeling of the detector response are also applied [46, 47].

4 Groomed jet mass
Jet grooming isolates the hard sub-components of a jet and removes soft and wide-angle radi-
ation, thereby highlighting jet substructure features. This procedure can be used to isolate a
hard splitting in the parton shower evolution. The soft components of a jet can originate from
many sources, including uncorrelated UE, initial state radiation, other uncorrelated hard scat-
tering in the collision, or soft gluons radiated by the hard parton which initiated the jet. The
SD jet grooming algorithm is used to extract the hard structure of jets, which is sensitive to the
impact of parton-medium interactions during the jet evolution. With this grooming technique,
the hard and soft parts of the jets can be separated in a completely theoretically controlled
way [20, 21, 48–51]. The procedure starts with a jet and reclusters the constituents with the
Cambridge–Aachen algorithm [52] to form an angular-ordered structure. A recursive pairwise
declustering step is then performed. In each step during the grooming procedure, the softer
leg of the considered subjet pair is dropped if the SD condition is not satisfied, resulting in a
smaller groomed pT than that of the original jet. The SD condition is the following [21]:

zg =
min(pT,i, pT,j)

pT,i + pT,j
> zcut

(
∆Rij

R0

)β

, (1)

where the subscripts “i” and “j” indicate the subjets at that step of the declustering, ∆Rij is
the distance between the two subjets in the η − φ plane, R0 is the jet resolution parameter, and
zcut and β are adjustable parameters. The parameter zcut is the threshold for zg when the two
subjets are separated by the jet resolution parameter R0, and β controls the grooming profile as
a function of subjet separation ∆Rij. When β = 0, the SD grooming threshold is independent
of ∆Rij, and the grooming procedure is equivalent to the modified mass–drop tagger [20]. The
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jet is discarded if the SD condition is never satisfied before only one constituent remains. This
constitutes less than 1% of the jets for the grooming parameter settings used in this analysis.
Once the SD condition is satisfied, the two subjets at that position in the angular-ordered tree
are used to compute the mass. Assuming that these last two constituents surviving the groom-
ing procedure are massless, the groomed jet mass (Mg) is calculated from their energies and
opening angle. The main variable used in this analysis is the groomed jet mass divided by the
ungroomed jet transverse momentum, Mg/pjet

T . For this observable, the characteristic Sudakov
peak (caused by the evolution of the shower) stays the same as pjet

T is varied [20], which allows
the study for modification on mass without convoluting with the pjet

T spectrum.

In this analysis, two sets of parameters are considered: zcut = 0.1 with β = 0.0, denoted as
(0.1, 0.0) SD setting, and zcut = 0.5 with β = 1.5, denoted as (0.5, 1.5) SD setting. The first
parameter set has the advantage of being largely insensitive to higher-order QCD corrections,
such as multiple emissions [20, 49], while the second one is preferred experimentally since it
reduces the impact from UE fluctuations by applying a stronger SD constraint for subjets with
larger opening angle, thereby focusing on the core of the jet.
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Figure 1: Groomed jet momentum fraction pT,g in pp (left) and the 10% most central PbPb
collisions (right) for jets with 140 < pjet

T < 160 GeV and |ηjet| < 1.3. The pp data are compared
to simulation using the PYTHIA event generator and the PbPb data are compared the the same
PYTHIA events embedded in PbPb events simulated with the HYDJET event generator. Vertical
lines indicate size of statistical uncertainty. The parameters used for the SD algorithm are zcut =
0.5, β = 1.5. The jets are selected based on the ungroomed jet transverse momentum.

If two subjets are very close to each other in the η− φ plane, they cannot be distinctly resolved,
leading to a significant worsening of the mass resolution. To avoid unphysical modification of
the Mg/pjet

T measurement, an additional selection on the subjet opening angle of ∆R12 > 0.1
is applied. For the 0–10% PbPb centrality bin, this ∆R12 requirement results in the rejection of
30% of the jets using the (0.1, 0.0) SD setting and 50% for the (0.5, 1.5) SD setting, due to a worse
subjet angular separation resolution when the UE is larger. Both fractions are well reproduced
by the simulation.

The groomed jet transverse momentum pT,g, divided by the ungroomed pjet
T in data, is com-

pared to simulation at the reconstruction level in Fig. 1 for the (0.5, 1.5) SD setting. More energy
is removed in the 10% most central PbPb collisions than in pp events in both data and simula-
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tion, indicating that the grooming procedure removes part of the residual background activity
surviving the constituent subtraction procedure. A difference in the pT,g/pjet

T ratio distribution
between data and simulation is seen in central PbPb collisions due to correlated background,
which is not modeled by the embedded sample.

Resolution effects in the Mg/pjet
T distributions from charged-particle detection inefficiency, the

particle angular resolution from the granularity of the calorimeter, and the UE fluctuations are
not unfolded. Instead, in order to compare results from pp collisions with those of PbPb col-
lisions in a given pjet

T and centrality range, a smearing procedure is applied to the pp data in
order to account for the effects of the presence of the UE and differences in the reconstruction
procedure between PbPb and pp data. This is achieved by mixing a pp event with a generated
PbPb UE at the reconstructed PF candidate level. The UE is generated by sampling from the
pT spectra of the PF candidates in simulated minimum bias PbPb events. The PF candidates
in the resulting mixed events are clustered and subtracted following the identical procedure
used for the PbPb data. The “smeared” jets correspond to the expected modification in the
presence of UE activity and detector effects but without any medium-induced modification to
the jet structure. The smearing procedure is validated using simulation by comparing with the
embedded PYTHIA + HYDJET sample with full detector simulation with the smeared PYTHIA

sample. In addition to the accounting for the resolution difference between pp and PbPb data,
the smearing procedure also allows a better understanding of the different sources of system-
atic uncertainties. The Mg/pjet

T spectra in the PF-level embedding agrees within 3% with that
from the full detector simulation. It is found that the dominant source causing this difference
is the difference in tracking efficiency in PbPb and pp collisions.

The different track reconstruction in PbPb and pp collisions [34, 53] leads to a different Mg

scale. A correction for Mg/pjet
T is derived from simulation as a function of ∆R12 and applied

to the smeared jets. The magnitude of the correction ranges from 1% to 3%, depending on the
subjet separation. A good closure in the Mg/pjet

T distribution between embedded and smeared
jets is found. The effect on Mg/pjet

T from the merging of PF candidates is found to be negligible
compared to the Mg scale difference from the different tracking reconstruction algorithms.

5 Systematic uncertainties

The systematic uncertainties in the Mg/pjet
T measurement are derived separately for pp and

PbPb collisions. Uncertainties are determined for each centrality and pjet
T selection. The follow-

ing sources of systematic uncertainties are taken into account: online trigger, jet energy scale,
jet energy resolution, subjet angular resolution, smearing procedure, quark-to-gluon fraction,
and the Mg scale correction.

In pp and PbPb collisions with 30–100% centrality, the trigger is fully efficient for jets in the
kinematic range considered for this analysis. For the 30% most central PbPb collisions, a trigger
bias is present for the lowest considered pjet

T range, 140 < pjet
T < 160 GeV. The measurement

in this range is compared to the measurement using a lower-threshold trigger for which this
effect is absent at pjet

T = 140 GeV. The difference in the observed distributions, up to 5% in
the considered Mg/pjet

T range, is assigned as a systematic uncertainty. It is also observed that
the trigger used in the pp data can induce a bias to the smeared Mg/pjet

T measurement for the
0–10% central events in the lowest pjet

T bin. As a result of the larger amount of smearing needed
to compare to 0–10% central events, a pp jet with lower pjet

T where the trigger is not yet fully
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efficient may enter the analysis selection. The bias is studied by comparing the smeared jets
collected with lower pjet

T threshold triggers. An uncertainty of 7% over the entire Mg/pjet
T range

is assigned.

The systematic uncertainty due to the jet energy scale (resolution) is estimated by changing the
jet energy scale (resolution) by 5% to cover the uncertainty on these quantities [46], followed by
a comparison of the modified spectra with the nominal spectrum. The systematic uncertainty
as a function of Mg/pjet

T is derived from the difference between the spectra; it is generally of
the order of 5% for both jet energy scale and resolution.

The resolution of the opening angle between subjets is found to be around 0.01 for a typical
jet in this analysis with subjet separation boundary of 0.1. The effect of the angular resolution
measurement on Mg/pjet

T ratio is estimated by comparing spectra obtained by varying the se-
lection on ∆R12 by 10% up and down. Only the low Mg/pjet

T region is affected by changing the
threshold, because of the correlation between ∆R12 and Mg/pjet

T , resulting in an uncertainty as
large as 20% for the (0.5, 1.5) SD setting. Changes at high Mg/pjet

T can be induced because the
spectra are self-normalized.

Uncertainties associated with the pp smearing procedure are obtained by varying the free pa-
rameters in the UE model. The density of the UE is varied by 10% which translates to a change
in the Mg/pjet

T spectrum by up to 10% for Mg/pjet
T > 0.2. The fluctuation on the UE energy

density is varied by 5%, resulting in a change of the Mg/pjet
T spectrum by 5% across the entire

range.

Since the fraction of quark- and gluon-initiated jets for a fixed pjet
T selection in PbPb collisions

is not known, a systematic uncertainty is applied to the smeared jets in order to account for the
different detector responses to quark and gluon jets. It is estimated in simulation by taking half
of the difference between smeared Mg/pjet

T spectra for jets originated from quarks and gluons,
and is found to be of order of 10–20% towards the high tail (Mg/pjet

T > 0.2).

The systematic uncertainty related to the Mg scale correction is estimated by comparing the
smeared spectra obtained with different tracking algorithms used in PbPb and pp collisions
data. It is found that the change due to this is up to 6% for larger values of Mg/pjet

T and about
2% in the bulk of the spectrum (Mg/pjet

T ' 0.05–0.10).

6 Results
The per jet normalized Mg/pjet

T spectra in pp collisions for various pjet
T selections are presented

in Fig. 2 for the (0.1, 0.0) and (0.5, 1.5) SD settings. The results are compared to generated jets
with PYTHIA and HERWIG++. At large Mg/pjet

T , HERWIG++ is above the Mg/pjet
T spectra and

PYTHIA is below the spectra when compared to data with the (0.1, 0.0) SD setting, although
the observed difference is smaller than the systematic uncertainties in the measurement. The
observed effect is in agreement with earlier measurements [54, 55]. A similar conclusion can
be drawn for the (0.5, 1.5) SD setting. With this setting, the Mg/pjet

T spectrum is steeper than
for the (0.1, 0.0) SD setting due to the larger amount of energy removed during the grooming
procedure.

The measurement of the Mg/pjet
T in PbPb collisions for several centrality intervals for the pjet

T
in the 160–180 GeV range is compared to the results for smeared pp collisions in Figs. 3 and
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Figure 2: The spectra of Mg/pjet
T for pp events with 160 < pjet

T < 180 GeV using (0.1, 0.0) SD
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and HERWIG++ event generators. The ratio of simulation to data is also shown. The heights
of the gray boxes indicate systematic uncertainties. Statistical uncertainties are less than the
marker sizes.

4 for the two SD grooming settings. For the (0.1, 0.0) SD setting, no significant modification
in PbPb collisions compared to smeared pp data is observed for this pjet

T range, except for a
hint of an enhancement for the 10% most central collisions. For the (0.5, 1.5) SD setting, where
the grooming disfavors pairs of subjets with large opening angles and highly imbalanced pT
values, no noticeable modification is observed.

In Figs. 5 and 6 the measured Mg/pjet
T spectra in the 0–10% PbPb collisions sample are com-

pared in several pjet
T intervals to the pp smeared sample, for the two SD settings. Some differ-

ences between jets from PbPb collisions and smeared jets from pp collisions are seen for the
(0.1, 0.0) SD setting in the lowest pjet

T ranges. This indicates that in central PbPb collisions it
is more likely to produce a jet with large Mg/pjet

T than in pp collisions. The results are com-
pared to two jet quenching event generators, which incorporate medium-induced radiation
in the parton splitting process. The generated events are smeared to account for effects from
UE activity in PbPb collisions. The medium response in JEWEL is modeled with the momen-
tum transfers to recoiling scattering centers in the medium in addition to the splitting of jet
constituents that is also present when the recoil feature in JEWEL is disabled. The relative en-
hancement of large-mass jets can be qualitatively captured by the JEWEL generator with the
recoil-on setting [25, 56], but the magnitude is much larger than that in data. For the recoil-
off setting, the enhancement at large Mg/pjet

T is not reproduced, indicating that the recoil from
the medium is important in reproducing the qualitative feature of the result. In Q-PYTHIA the
medium modification enhances the splitting probability with an additional term that follows
the BDMPS-Z radiation [42, 57]. This in turn increases the jet mass via the large amount of
inter-jet broadening where the jets become less collimated. The broadening of the mass dis-
tribution in Q-PYTHIA is more prominent than in data. The measured modifications are much
smaller than predicted, as previously observed for the jet mass without grooming [27].
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As a consequence of the stronger grooming at large subjet opening angles, the result for the
(0.5, 1.5) SD setting probes potential modification of the core of the jet. On the contrary, in the
(0.1, 0.0) SD setting the grooming strength does not depend on the subjet opening angle and
therefore is sensitive to both the core and peripheral modifications. The comparison shows
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Figure 5: (left) The pjet
T dependence of Mg/pjet

T , for PbPb events in the centrality class 0–10%,
for the (0.1, 0.0) SD setting. Results are compared to the smeared pp spectra. (right) The ratio
of PbPb data over smeared pp data. The heights of the colored boxes indicate systematic un-
certainties. Statistical uncertainties are less than the marker sizes. The ratios are compared to
smeared JEWEL and Q-PYTHIA generators, shown in blue and green, respectively.
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of PbPb data over smeared pp data. The heights of the colored boxes statistical (systematic)
uncertainties. Statistical uncertainties are less than the marker sizes. The ratios are compared
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that the core of the jet is not altered in central PbPb collisions within the uncertainties of the
measurement, but the periphery of the jet is more sensitive to interactions of the partons with
the dense colored medium during the parton shower evolution. This effect vanishes at higher
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pjet
T and for more peripheral collisions. The observed feature is not reproduced by theoretical

models. The comparison between the results from the two grooming settings indicates that
the region of phase space included in the (0.1, 0.0) SD setting but excluded from the (0.5, 1.5)
SD setting is the place with the most significant modification: splittings with large angular
separation and low momentum sharing.

7 Summary
The first measurements of the ratio of the groomed jet mass and the transverse momentum
of the jet, Mg/pjet

T , in pp and PbPb collisions at a nucleon-nucleon center-of-mass energy of
5.02 TeV are presented. Both the PYTHIA and HERWIG++ event generators reproduce the mea-
surement in pp collisions.

The results demonstrate that different grooming settings provide sensitivity to different parts
of the phase space of subjet angular separation and momentum sharing. For soft drop (SD)
grooming parameters that remove more radiation at distances far away from the jet axis,
(zcut = 0.5, β = 1.5), the Mg/pjet

T distribution in PbPb collisions is, within uncertainties, in
agreement with that measured in pp collisions for all studied centrality (0–80%) and pjet

T (140–
300 GeV) regions. Using the (zcut = 0.1, β = 0.0) SD setting, for which the grooming is indepen-
dent of the angular separation of the subjets, no significant modification of the Mg/pjet

T spectra
in 10–80% peripheral collisions with respect to the measurement in pp collisions is observed.
However, for the 10% most central collisions, a hint of increased probability to produce jets
with large Mg/pjet

T is seen when compared to pp collisions for jets with 140 < pjet
T < 180 GeV.

The difference between the results from the two examined grooming settings indicates that the
region of phase space where modifications are most significant are splittings with large angular
separation and low-to-moderate momentum sharing. The measurements are compared to the
jet quenching event generators JEWEL and Q-PYTHIA, both of which predict a large enhance-
ment at large Mg/pjet

T that is not observed in the data.
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Palaiseau, France
A. Abdulsalam13, C. Amendola, I. Antropov, F. Beaudette, P. Busson, C. Charlot,
R. Granier de Cassagnac, I. Kucher, A. Lobanov, J. Martin Blanco, M. Nguyen, C. Ochando,
G. Ortona, P. Pigard, R. Salerno, J.B. Sauvan, Y. Sirois, A.G. Stahl Leiton, A. Zabi, A. Zghiche
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P. Van Hove

Centre de Calcul de l’Institut National de Physique Nucleaire et de Physique des Particules,
CNRS/IN2P3, Villeurbanne, France
S. Gadrat
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D. Krücker, W. Lange, A. Lelek, T. Lenz, K. Lipka, W. Lohmann19, R. Mankel, I.-A. Melzer-
Pellmann, A.B. Meyer, M. Meyer, M. Missiroli, G. Mittag, J. Mnich, V. Myronenko, S.K. Pflitsch,
D. Pitzl, A. Raspereza, M. Savitskyi, P. Saxena, P. Schütze, C. Schwanenberger, R. Shevchenko,
A. Singh, H. Tholen, O. Turkot, A. Vagnerini, G.P. Van Onsem, R. Walsh, Y. Wen, K. Wichmann,
C. Wissing, O. Zenaiev

University of Hamburg, Hamburg, Germany
R. Aggleton, S. Bein, L. Benato, A. Benecke, V. Blobel, M. Centis Vignali, T. Dreyer, E. Garutti,
D. Gonzalez, J. Haller, A. Hinzmann, A. Karavdina, G. Kasieczka, R. Klanner, R. Kogler,
N. Kovalchuk, S. Kurz, V. Kutzner, J. Lange, D. Marconi, J. Multhaup, M. Niedziela,
D. Nowatschin, A. Perieanu, A. Reimers, O. Rieger, C. Scharf, P. Schleper, S. Schumann,
J. Schwandt, J. Sonneveld, H. Stadie, G. Steinbrück, F.M. Stober, M. Stöver, D. Troendle,
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G. Vesztergombi†

Institute of Nuclear Research ATOMKI, Debrecen, Hungary
N. Beni, S. Czellar, J. Karancsi22, A. Makovec, J. Molnar, Z. Szillasi

Institute of Physics, University of Debrecen, Debrecen, Hungary
P. Raics, Z.L. Trocsanyi, B. Ujvari

Indian Institute of Science (IISc), Bangalore, India
S. Choudhury, J.R. Komaragiri, P.C. Tiwari

National Institute of Science Education and Research, HBNI, Bhubaneswar, India
S. Bahinipati23, C. Kar, P. Mal, K. Mandal, A. Nayak24, D.K. Sahoo23, S.K. Swain

Panjab University, Chandigarh, India
S. Bansal, S.B. Beri, V. Bhatnagar, S. Chauhan, R. Chawla, N. Dhingra, R. Gupta, A. Kaur,
A. Kaur, M. Kaur, S. Kaur, R. Kumar, P. Kumari, M. Lohan, A. Mehta, K. Sandeep, S. Sharma,
J.B. Singh, G. Walia

University of Delhi, Delhi, India
A. Bhardwaj, B.C. Choudhary, R.B. Garg, M. Gola, S. Keshri, Ashok Kumar, S. Malhotra,
M. Naimuddin, P. Priyanka, K. Ranjan, Aashaq Shah, R. Sharma

Saha Institute of Nuclear Physics, HBNI, Kolkata, India
R. Bhardwaj25, M. Bharti, R. Bhattacharya, S. Bhattacharya, U. Bhawandeep25, D. Bhowmik,
S. Dey, S. Dutt25, S. Dutta, S. Ghosh, K. Mondal, S. Nandan, A. Purohit, P.K. Rout, A. Roy,
S. Roy Chowdhury, G. Saha, S. Sarkar, M. Sharan, B. Singh, S. Thakur25

Indian Institute of Technology Madras, Madras, India
P.K. Behera

Bhabha Atomic Research Centre, Mumbai, India
R. Chudasama, D. Dutta, V. Jha, V. Kumar, P.K. Netrakanti, L.M. Pant, P. Shukla

Tata Institute of Fundamental Research-A, Mumbai, India
T. Aziz, M.A. Bhat, S. Dugad, G.B. Mohanty, N. Sur, B. Sutar, RavindraKumar Verma

Tata Institute of Fundamental Research-B, Mumbai, India
S. Banerjee, S. Bhattacharya, S. Chatterjee, P. Das, M. Guchait, Sa. Jain, S. Karmakar, S. Kumar,
M. Maity26, G. Majumder, K. Mazumdar, N. Sahoo, T. Sarkar26

Indian Institute of Science Education and Research (IISER), Pune, India
S. Chauhan, S. Dube, V. Hegde, A. Kapoor, K. Kothekar, S. Pandey, A. Rane, S. Sharma

Institute for Research in Fundamental Sciences (IPM), Tehran, Iran
S. Chenarani27, E. Eskandari Tadavani, S.M. Etesami27, M. Khakzad, M. Mohammadi Na-
jafabadi, M. Naseri, F. Rezaei Hosseinabadi, B. Safarzadeh28, M. Zeinali

University College Dublin, Dublin, Ireland
M. Felcini, M. Grunewald
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A. Benagliaa, A. Beschib, L. Brianzaa,b, F. Brivioa ,b, V. Cirioloa ,b ,16, S. Di Guidaa ,d ,16,
M.E. Dinardoa ,b, S. Fiorendia,b, S. Gennaia, A. Ghezzia ,b, P. Govonia ,b, M. Malbertia ,b,
S. Malvezzia, A. Massironia ,b, D. Menascea, L. Moronia, M. Paganonia ,b, D. Pedrinia,
S. Ragazzia,b, T. Tabarelli de Fatisa ,b, D. Zuolo

INFN Sezione di Napoli a, Università di Napoli ’Federico II’ b, Napoli, Italy, Università della
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J. Alcaraz Maestre, A. Álvarez Fernández, I. Bachiller, M. Barrio Luna, J.A. Brochero Cifuentes,
M. Cerrada, N. Colino, B. De La Cruz, A. Delgado Peris, C. Fernandez Bedoya,
J.P. Fernández Ramos, J. Flix, M.C. Fouz, O. Gonzalez Lopez, S. Goy Lopez, J.M. Hernandez,
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