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A search for low mass narrow vector resonances decaying into quark-antiquark pairs is presented. The
analysis is based on data collected in 2017 with the CMS detector at the LHC in proton-proton collisions at a
center-of-mass energy of 13 TeV, corresponding to an integrated luminosity of 41.1 fb−1. The results of this
analysis are combined with those of an earlier analysis based on data collected at the same collision energy in
2016, corresponding to 35.9 fb−1. Signal candidates will be recoiling against initial state radiation and are
identified as energetic, large-radius jets with two pronged substructure. The invariant jet mass spectrum is
probed for a potential narrow peaking signal over a smoothly falling background. No evidence for such
resonances is observed within the mass range of 50–450 GeV. Upper limits at the 95% confidence level are set
on the coupling of narrow resonances to quarks, as a function of the resonance mass. For masses between 50
and 300 GeV these are the most sensitive limits to date. This analysis extends the earlier search to a mass
range of 300–450 GeV, which is probed for the first time with jet substructure techniques.

DOI: 10.1103/PhysRevD.100.112007

I. INTRODUCTION

Many extensions of the standard model (SM), including
models with extra dimensions or with new gauge sym-
metries, amongst others, predict the existence of leptopho-
bic vector or axial-vector mediators that couple to SM
quarks (q) [1–13]. These particles would be observed as
resonances in the dijet mass distribution. At the CERN
LHC, searches for such particles have reached the TeV
scale, placing limits on resonances with masses between
1.0 and 7.6 TeV [14,15]. Below 1 TeV, the sensitivity of
these searches is limited by the large background rate from
quantum chromodynamics (QCD) multijet events that
saturate the hardware selection algorithm (trigger) band-
width. Complementary techniques have been explored to
overcome this limitation. For masses between 450 and
1000 GeV, limits on resonances have been set by trigger-
level analyses that record only partial event information and
perform searches in the dijet mass spectrum with lower
trigger thresholds [15–18]. In order to extend searches to
even lower resonance masses, this study looks for dijet
resonances that would be produced with significant initial-
state radiation (ISR). The presence of ISR ensures that the
events have enough energy to satisfy the trigger

requirement, either by the ISR jet or by the resonance
itself. For low resonance masses, the decay products of the
resonance are expected to be collimated into a single, large-
radius jet. Previous searches have probed the mass regime
between 10 and 300 GeV using this event signature
[19–22]. An ATLAS search with events containing a dijet
and a high transverse momentum (pT) photon in the final
state, sets limits above 225 GeV, probing the mass range
between 225 and 450 GeV where the resonance decay
products start to fall outside the large-radius cone [23].
This paper focuses on a search for narrow leptophobic

vector resonances with masses below 450 GeV and a
natural width small relative to the detector’s mass reso-
lution. We take a Z0 model [24] as a proxy for such states.
We consider a Lorentz-boosted event topology where the
resonance recoils against significant ISR from quark/gluon
radiation, increasing the momenta of the decay daughters
and enabling more efficient triggering in the low resonance
mass region. The resonance is reconstructed as a single,
large-radius jet and it is distinguished from the dominant
QCD background using jet substructure. We extend pre-
vious searches to higher resonance masses by using a jet
clustering algorithm with a larger distance parameter. Using
wider jets enhances the acceptance at masses above
200 GeV where the resonance decay products tend to have
a larger angular separation. The data sample used in this
paper was collected with the CMS detector in 2017 at

ffiffiffi
s

p ¼
13 TeV and corresponds to an integrated luminosity of
41.1 fb−1. The reach of this search is further extended by
statistically combining the results with those from a similar
analysis [20] based on data collected by CMS at the same
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collision energy in 2016. The resulting search for new dijet
resonances in boosted topologies is based on a total
integrated luminosity of 77.0 fb−1.

II. THE CMS DETECTOR

The central feature of the CMS apparatus is a super-
conducting 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, and a brass and scintillator
hadron calorimeter, each composed of a barrel and two
endcap sections. Forward calorimeters extend the pseudor-
apidity (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.
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. [25].
Events are selected using a two-tiered trigger system

[26]. The first tier, composed of custom hardware process-
ors, uses information from the calorimeters and muon
detectors to select events of interest in a time interval of less
than 4 μs. The second tier, 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 further reduces the event rate from around
100 kHz to less than 1 kHz before data storage.

III. EVENT SIMULATION, RECONSTRUCTION,
AND SELECTION

Simulated samples of signal and background events are
generated using various Monte Carlo (MC) generators, and
further processed through a GEANT4 [27] modeling of the
CMS detector. The Z0 þ jetðsÞ signal events are generated
at leading order (LO) with the MADGRAPH5_aMC@NLO 2.4.3
generator [28], for various mass hypotheses in the range
50–450 GeV. The events are generated with one or two jets
in the matrix element calculations and a parton-level filter
requires the scalar sum of transverse energies of all the jets
in the event (HT) to satisfy the condition HT > 400 GeV.
These signal events generally satisfy the event topology
with the presence of large ISR. To keep consistency with
the generated Z0 pT distribution of the samples used in the
analysis of 2016 data [20], signal events are reweighted by
comparing their pT distribution with those including up to
3 jets in the matrix element calculations.
The MADGRAPH5_aMC@NLO generator is also used

to simulate background processes, including multijet,
Z þ jets, and W þ jets events, at LO accuracy with the
MLM matching scheme [29] between jets from the matrix
element calculations and the parton shower description.
The POWHEG 2.0 [30–32] generator at next-to-leading order
(NLO) precision is used to model the tt̄ and single top
quark processes. The generators used for signal and

background processes are interfaced with PYTHIA 8.230
[33] to simulate parton showering and hadronization. The
PYTHIA parameters for the underlying event description are
set with the CP5 tune as described in Ref. [34]. The parton
distribution function set NNPDF3.1 [35] is used to produce
all simulated samples.
The generation of W þ jets and Z þ jets processes at LO

accuracy is purely due to technical constraints, owing to the
large number of simulated events needed to accurately
describe W and Z processes. Their cross sections include
higher-order QCD and electroweak (EW) differential cor-
rections, as a function of the boson pT, to improve the
modeling of high-pT W and Z bosons events [36–40].
The NLO QCD and EW corrections to the cross sections for
the Z0 boson signal do not yet exist. The NLO QCD cor-
rections to the Z boson cross section are assumed to be valid
for the Z0 boson, within the pT range of this analysis, and are
applied to the signal events. However, since the EW
couplings of the Z0 could differ from those of the Z boson,
the NLO EW corrections are not applied to the signal events.
Event reconstruction is based on a particle-flow (PF)

algorithm [41], which reconstructs and identifies individual
particles with an optimized combination of information from
the various elements of the CMS detector. The algorithm
classifies each particle candidate as either an electron, muon,
photon, charged or neutral hadron. The missing transverse
momentum vector is defined as the negative vector sum of
the pT of all the particles identified in the event, and its
magnitude is referred to as pmiss

T . The PF candidates are
clustered into jets using two wide-jet algorithms: the anti-kT
algorithm [42,43] with a distance parameter (R) of 0.8 and
the Cambridge–Aachen algorithm [44] with R ¼ 1.5. These
jets are referred to as AK8 and CA15 jets, respectively.
To mitigate the impact of particles arising from addi-

tional proton-proton interactions within the same bunch
crossings (referred to as pileup particles), weights calcu-
lated with the pileup-per-particle identification algorithm
[45] are applied to each PF candidate prior to jet clustering,
based on the likelihood of the particle originating from the
hard scattering vertex. Further corrections are applied to
simulated jet energies as a function of jet η and pT to match
the observed detector response [46,47]. The most energetic
jet in the event is assumed to correspond to the Z0 → qq̄
system, and is reconstructed as a single AK8 or CA15 jet.
The AK8 jets provide better sensitivity for signal mass
hypotheses below 175 GeV, while the CA15 jets provide
better sensitivity at mass hypotheses above 175 GeV. This
is because a heavier resonance with the same transverse
momentum has a lower Lorentz boost and a larger radius jet
is required to contain the Z0 hadronization products.
Signal jets are identified using the soft-drop (SD)

algorithm [48,49], the pT-invariant variable ρ [48,50],
and a jet substructure variable, N1

2 [51]. The SD algorithm
with angular exponent β ¼ 0 is applied to the jet to remove
soft and wide-angle radiation with a soft radiation fraction
zcut less than 0.1. The SD grooming algorithm has the effect
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of reducing the mass of QCD background jets for which
soft gluon radiation tends to increase, while preserving
the masses of merged Z0=Z → qq̄ and W → q0q̄ jets. This
algorithm is used for the offline analysis, while the jet-
trimming algorithm [52] is used at trigger level, as
explained below. The jet-trimming algorithm reclusters
the jet constituents into kT-subjets [53] with R ¼ 0.2,
and discards any subjet with pT=pT

jet < 0.03.
The jet mass (mSD) is corrected by a factor derived

in simulated W boson samples to ensure a pT- and
η-independent jet mass distribution centered on the nominal
boson mass. The dimensionless variable ρ, defined as
ρ≡ lnðm2

SD=p
2
TÞ, is used to characterize the correlation

between the jet N1
2, jet mass, and jet pT.

The observable N1
2 is used to determine the consistency

of a given jet with a two pronged topology. It is constructed
from the ratio of 3-point (2e3) and 2-point (1e2) generalized
energy correlation functions ven that are based on the
energies and v pairwise angles among n particles within a
jet, as described in Ref. [51]. Jets originating from a two
pronged decay have a larger 2-point correlation than a
3-point correlation, leading to a smaller value of N1

2.
Since this search probes a wide range of jet mass and jet

pT, we decorrelate the N1
2 variable from the jet mass and pT

following the procedure described in Refs. [19,20,50].
Without decorrelation, a selection based on N1

2, or a similar
variable, would distort the jet mass distribution as a function
of the jet pT, making the search for a resonant peak dif-
ficult. The transformed variable, denoted as a designed
decorrelated tagger (DDT), is defined as N1;DDT

2 ðρ; pTÞ≡
N1

2ðρ; pTÞ − Xð5%Þðρ; pTÞ. The distribution of Xð5%Þ is the
5th percentile of N1

2 in simulated QCD multijet events and
indicates the values of N1

2 that divide the multijet events into
groups with 5% and 95% of background efficiency, for each
ρ and pT bin. This ensures that the selection N1;DDT

2 < 0, or
equivalently N1

2 < Xð5%Þ, yields a constant 5% of simulated
QCD multijet events, irrespective of ρ and pT. The 5%
quantile choice maximizes the sensitivity to a Z0 boson
signal. The distributions of Xð5%Þ for the AK8 and CA15 jets
are shown in Fig. 6 of Appendix.
In order to fully exploit the differential variation of N1

2

between adjacent bins of pT and ρ and to reduce the
dependence on the number of available events from
simulation, we use a Gaussian kernel estimate to build
the Xð5%Þ map. In contrast to the search performed using
2016 data [20], which used an ad hoc k-nearest-neighbor
(kNN) approach [54] to smooth the Xð5%Þ distribution, this
analysis is based on the detector resolutions of the N1

2

and ρ distributions as a function of the jet pT. The Xð5%Þ
distribution is derived from distributions of the jet N1

2 and ρ
at the generator level. These distributions are smeared to
include detector effects, taking into account correlations
between these variables. Each of these jet observables is
multiplied by a random number drawn from a Gaussian

distribution, such that the smeared jet matches the reso-
lution obtained from fully simulated events. The advantage
of this method over the kNN approach is that it allows
better control of the smoothness of the transformation map
while maintaining similar performance in terms of the
amount of jet mass decorrelation.
Events are triggered using a combination of online

signatures requiring minimum thresholds on HT or on the
AK8 jet pT. We also make use of a jet substructure trigger,
which places a requirement on the trimmed jet mass [52], in
addition to a minimum required HT or pT. Trimming the jet
removes soft radiation remnants from the jet, which allows to
lower HT and jet pT trigger thresholds while maintaining a
similar rate, and improves the signal acceptance.
The trigger efficiency with respect to the offline selection

is measured as a function of the soft-drop jet mass in an
independent single muon data set. The efficiency does not
reach 100% smoothly since the trimmed jet mass triggers
were not available early in the 2017 data collection,
corresponding to the first 4.8 fb−1 of data recorded. This
condition also motivates the use of a higher pT threshold
compared to that used for the 2016 data period
(pT > 500 GeV). The trigger selection is greater than
95% efficient for events with at least one AK8 jet with
pT > 525 GeV, or with at least one CA15 jet with
pT > 575 GeV. Following this selection, the trigger effi-
ciency for both AK8 and CA15 jets is shown in Fig. 1.
At high jet masses, the trigger efficiency for the larger
CA15 jet decreases slightly. This decrease is due to events
in which the jet passes the CA15 jet selection but fails the
trigger-level AK8 jet pT and trimmed mass requirements.
Events are selected by requiring, with jηj < 2.5, at least

one AK8 jet with pT > 525 GeV or at least one CA15 jet
with pT > 575 GeV. To reduce SM EW backgrounds,
events are rejected if they contain isolated charged leptons
with pT > 10 GeV and jηj < 2.5, 2.4, or 2.3, for electrons,
muons [55,56], and tau leptons. For electrons or muons, the
isolation criteria require that the pileup-corrected sum of
the pT of charged hadrons and neutral particles surrounding
the lepton divided by the lepton pT be less than approx-
imately 15 or 25%, respectively, depending on η [55,56].
Tau leptons, reconstructed by combining information from
charged hadrons and π0 candidates, are required to satisfy
the loose working point of a multivariate-based identifica-
tion discriminant that combines information on isolation
and lifetime of the tau lepton [57].
For QCD events, the distribution of ρ is approximately

independent of jet pT. To avoid departure from this
invariance, only events with jets in the range −5.5 < ρ <
−2.0 ð−4.7 < ρ < −1.0Þ are considered for the AK8
(CA15) jets. This results in the mSD range under study
depending on the jet pT. Nonperturbative effects are large
at low masses and scale as 1=mSD; this region is avoided by
the lower bound on ρ. The upper bound is imposed to avoid
instabilities because the cone size of the jets is insufficient
to provide complete containment at high masses [20].
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Finally, jets are required to have N1;DDT
2 < 0. This

selection rejects 95% of the multijet background independ-
ently of the jet mass and pT. Events failing this require-
ment, with N1;DDT

2 > 0, are used in the background
estimate from data described in the next section.

IV. BACKGROUND ESTIMATE

The background is dominated by QCD multijet events
with smaller contributions fromWðq0q̄Þþjets, Zðqq̄Þþjets,
and top quark processes. Backgrounds from other EW
processes are found to be negligible.
The contributions from top pair and single top quark

production are obtained from simulation. Scale factors cor-
rect the overall top quark background normalization and the
N1;DDT

2 mistag efficiency for jets originating from top quark
decays. These are computed from a dedicated tt̄-enriched
control region in data, in which an isolated muon is required.
The W þ jets and Z þ jets backgrounds are modeled

using simulation. Their cross sections are corrected for
NLO QCD and EW effects, following Refs. [36,38–40].
The dominant QCDmultijet background, estimated from

data, has a jet mass shape that depends on the jet pT.
Because of the decorrelation of N1;DDT

2 from ρ and pT,
the QCD jet mass distributions for events passing and
failing the N1;DDT

2 selection exhibit the same smoothly
falling shape. Thus, we can use the distribution of
events failing the selection to constrain the distribution
of QCD events passing the selection as:

nQCDpass ¼ Rp=fn
QCD
fail ; ð1Þ

where nQCDpass and nQCDfail are the number of passing and failing
events in a given mSD, pT bin, and Rp=f is the “pass-to-
fail ratio.”
The fraction of events, p, passing the N1;DDT

2 selection in
simulated QCD multijet events is, by construction, 5%
irrespective of ρ and pT. Therefore, the correction Rp=f is
flat at p ¼ 5% and f ¼ 95% in the QCD background
simulation. To account for residual differences between
data and simulation, Rp=f is allowed to deviate from a
constant. This deviation is modeled by parametrizing Rp=f

as a function of ρ and pT and expanding it in a Bernstein
polynomial basis of the form:

Rp=fðρ; pTÞ ¼ p=f
Xnρ
k¼0

XnpT
l¼0

aklbl;npT ðpTÞbk;nρðρÞ; ð2Þ

where akl are the polynomial coefficients, and

bν;nðxÞ ¼
�
n
ν

�
xνð1 − xÞn−ν ð3Þ

is a polynomial of degree n in the Bernstein basis.
The Bernstein basis is chosen over a standard poly-

nomial because with the variable x bounded between 0
and 1 it is more stable numerically and the function is
nonnegative.
With the exception of a00, which is fixed to unity by

choice, the coefficients akl and p are unconstrained and
determined together with the signal yield from a simulta-
neous fit to the data events passing and failing the N1;DDT

2

selection. The minimum number of coefficients needed to
model the Rp=f shape is determined using a Fisher F-test on
data [58]. The test is performed by iteratively comparing
two parametrizations of the Rp=f , one with higher poly-
nomial order than the other, and computing the expected
change in the log likelihood, i.e., using the goodness-of-fit
as the F-statistic. To determine whether the polynomial
order is sufficient, we compare the F-statistic observed in
data to that computed from a set of simulated samples
generated from the default fit model and fit with the higher
order polynomial using the background only fit. If one
provides a significantly better fit (p-value < 5%), we
choose that as the new default. For the AK8 jets, the
optimal parametrization is found to be third order in pT and
fifth order in ρ; for the CA15 jets, it is second order in ρ and
fifth order in pT. The result is a slow variation of Rp=f over
the mSD–pT plane, with p bounded between 4.5%–6.5%.
This allows one to estimate the background under a narrow
signal resonance across the jet mass range under inves-
tigation. As an example, the parametric shape of Rp=f

derived from data for the AK8 jet analysis is given in
Appendix as Fig. 7.
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FIG. 1. High-level trigger efficiency as a function of the soft-
drop jet mass (mSD) for AK8 jets with pT > 525 GeV (blue
squares) and CA15 jets with pT > 575 GeV (red circles). The
trigger selection is >95% efficient for 2017 data for both cone
sizes and is applied to AK8 jets with masses between 50 and
275 GeV and CA15 jets with masses between 150 and 450 GeV.
For jet masses above 200 GeV, the trigger efficiency for the larger
CA15 jet decreases slightly. This is due to events for which a
reconstructed jet passing the CA15 jet selection does not satisfy
the AK8 jet selection at the trigger level.
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In order to validate the robustness of the fit and its
associated systematic uncertainties, we perform a
goodness-of-fit test and signal injection studies on back-
ground-only fits that estimate the possible bias on the
background estimate due to the presence of a signal. We
generate pseudoexperiments, with and without the injection
of simulated signal, and then fit with the signal plus
background model, for different values of the Z0 boson
mass. No significant bias in the fitted signal strength is
observed. As a further test of the Rp=f fit robustness, we

split the subset of events failing the N1;DDT
2 selection into

two smaller subsets mimicking the passing and failing
selection in the data fit. The mimicked passing-like events
also reject 95% of the QCD background events in the
failing region. We repeat our background estimation
procedure on this selection and use the coefficients akl
from this fit to generate pseudoexperiments. We then fit the
data with the signal plus background model and find the
biases in the fitted signal strength to be negligible.

V. SYSTEMATIC UNCERTAINTIES

The dominant uncertainty in this analysis is the uncer-
tainty in the fit for Rp=f, as described in Eq. (2) (1%–3%),
arising from the parameters akl, and the statistical uncer-
tainty on the data in the N1;DDT

2 < 0 region.
The systematic uncertainties in the shapes and normali-

zation of theW and Z boson backgrounds and the signal are
correlated since they are affected by similar systematic
effects. The uncertainties in the jet mass scale and reso-
lution, and the N1;DDT

2 selection efficiency, are estimated

using an independent sample of merged W boson jets in
semileptonic tt̄ events in data. In this region, we require
events to have an energetic muon with pT > 100 GeV,
pmiss
T > 80 GeV, a high-pT AK8 or CA15 jet with

pT > 200 GeV, and an additional jet separated from the
AK8 (CA15) jet by ΔR > 0.8 (1.5). The efficiency of the
N1;DDT

2 < 0 requirement is measured in simulation and
data by fitting the W boson mass peak in the jet mass
distribution for events passing and failing this requirement
in the control region. This efficiency is used to correct
overall yields for resonant backgrounds obtained from
simulation in the signal region and is measured to be
0.90� 0.09 (1.02� 0.06) for AK8 (CA15) jets. The jet
mass resolution data-to-simulation scale factor is measured
to be 1.1� 0.1 for both AK8 and CA15 jets. The jet mass
scales in data and simulation are found to be consistent
within 1%. The variation of the jet mass scale with jet pT is
studied using large cone size jets. At high momenta
(pT > 350 GeV) the decay products of the top quark are
contained in a single jet, and themSD distribution exhibits a
top quark peak. By performing simultaneous fits to data
and simulation of this peak binned in pT, a small (1%)
variation in jet mass scale is observed and applied in the fit
as an additional pT-dependent nuisance parameter. These
scale factors determine the initial shape and normalization
of the jet mass distribution for the W, Z boson, and signal
but they are further constrained in the fit to data because of
the presence of the W and Z resonances in the jet mass
distribution.
To account for potential deviations due to missing

higher-order corrections, uncertainties are applied to the

TABLE I. Summary of the systematic uncertainties for signal (Z0) andW=Z boson background processes, for AK8
and CA15 jet reconstruction. The reported ranges denote a variation of the uncertainty across pT bins, from 525 to
1500 GeV (AK8 jets) and from 575 to 1500 GeV (CA15 jets). The symbol ▵ denotes uncorrelated uncertainties for
each pT bin. For the uncertainties related to the jet mass scale and resolution, the reported percentage reflects a one
standard deviation effect on the nominal jet mass shape. Three dots (� � �) indicates that the uncertainty does not
apply.

Systematic uncertainty

Uncertainty source Z0 (AK8) W=Z (AK8) Z0 (CA15) W=Z (CA15)

NLO EW corrections ▵ � � � 15–35% � � � 15–35%
NLO QCD corrections 10% 10% 10% 10%
NLO EW W=Z decorrelation ▵ � � � 5–15% � � � 5–15%
Simulation sample size 1–12% 1–12% 1–12% 1–12%
N1;DDT

2 selection efficiency 10% 10% 7% 7%
Jet mass scale 1% 1% 1% 1%
Jet mass resolution 10% 10% 7% 7%
Jet mass scale (%=ðpT ½GeV�=100ÞÞ ▵ 0.5–2% 0.5–2% 0.5–2% 0.5–2%
Jet energy resolution 1–7% 1–7% 1–7% 1–7%
Signal pT correction 5% � � � 5% � � �
Integrated luminosity 2.3% 2.3% 2.3% 2.3%
Trigger efficiency 2% 2% 2% 2%
Pileup 1–2% 1–2% 1–2% 1–2%
Lepton veto efficiency 0.5% 0.5% 0.5% 0.5%
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FIG. 2. Jet mSD distribution for AK8 jets for each pT category of the fit. Data are shown by the black points. The multijet background
prediction, including uncertainties, is shown by the shaded bands. Contributions from the W and Z bosons, and top quark background
processes are shown as well. A hypothetical Z0 boson signal with a mass of 110 GeV is also indicated. In the bottom panel, the ratio of
the data to its statistical uncertainty, after subtracting the nonresonant backgrounds, is shown.
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W and Z boson yields. These uncertainties increase with
the jet pT and are correlated per pT bin. An additional
systematic uncertainty is included to account for potential
differences between the W and Z boson higher-order
corrections (NLO EW W=Z decorrelation). The uncertain-
ties associated with the modeling of the Z0 boson pT
spectrum when considering extra jets in the generation and
similar NLO QCD corrections to the Z boson are propa-
gated to the overall normalization of the Z0 signal. Finally,
uncertainties associated with the jet energy resolution [46],
trigger efficiency, variations in the amount of pileup and the
integrated luminosity determination [59] are also applied to
the W, Z, and Z0 boson signal yields.
A quantitative summary of the systematic effects con-

sidered for signal andW=Z boson background processes is
given in Table I.

VI. RESULTS

A binned maximum likelihood fit to the shape of the
observedmSD distribution isperformedusing thesumof theZ0
signal,W,Z, tt̄, andQCDcontributions.Wesearch for a signal
from a Z0 resonance in the mass range from 50 to 450 GeV.
Signal shapes are taken directly from simulation. The fit is
performedsimultaneously in thepassingand failing regionsof
five (four)pT categories forAK8 (CA15) jets, aswell as in the
passing and failing components of the tt̄-enriched control
region.Theboundariesof thepT categories are: 525,575,625,
700, 800, and 1500 GeV for the AK8 jets and 575, 625, 700,
800, and 1500GeV for the CA15 jets. The bin boundaries are
chosen so that approximately the same number of events are
used to constrain Rp=f in each pT bin.
The number of observed events is consistent with the

predicted background from SM processes. Figure 2 shows
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FIG. 3. Jet mSD distribution for CA15 jets for the different pT ranges of the fit from 575 to 1500 GeV. Data are shown as black points.
The multijet background prediction, including uncertainties, is shown by the shaded bands. Smaller contributions from the W and Z
bosons, and top quark background processes are shown as well. A hypothetical Z0 boson signal with a mass of 210 GeV is also indicated.
In the bottom panel, the ratio of the data to its statistical uncertainty, after subtracting the nonresonant backgrounds, is shown.
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the mSD distribution for data and measured background
contributions for AK8 jets in each pT category of the fit for
a Z0 mass hypothesis of 110 GeV. Figure 3 shows the
distributions for CA15 jets in each category for a Z0 mass
hypothesis of 210 GeV. For AK8 jets, the W and Z boson
contributions are clearly visible as a merged peak in the
data, while for CA15 jets, due to the ρ selection and
increased QCD background, the W=Z contributions are
only visible in the lower pT categories.
The results of the fit are used to set 95% confidence

level (CL) upper limits of the Z0 boson coupling to quarks
g0q, which is related to the Z0 coupling convention of
Ref. [24] by g0q ¼ gB=6. Upper limits are computed using
the modified frequentist approach for CL, taking the profile
likelihood ratio as the test statistic [60,61] in the asymptotic
approximation [62]. Systematic uncertainties are incorpo-
rated as nuisance parameters and profiled over in the limit
calculations, using log-normal priors for normalization
uncertainties and Gaussian constraints for shape uncertain-
ties. The dominant uncertainty on the g0q limit arises from
the fit parameters of the Rp=f followed by the theoretical
uncertainties on the signal yield due to missing NLO QCD
corrections.
Limits on g0q as a function of the Z0 boson mass are

shown in Fig. 4, using only data collected in 2017. Based
on the expected sensitivity, the AK8 and CA15 jet
selections are used for signal masses below and above
175 GeV, respectively. Coupling values above the solid
curves are excluded at the 95% CL. The maximum local
observed p-value corresponds to 2.9 standard deviations at
a Z0ðqq̄Þ mass of 200 GeV. The largest downward fluc-
tuation in the limits occurs at a Z0ðqq̄Þ mass of 60 GeV,

corresponding to a local significance of −3 standard
deviations. A loss of sensitivity of 20%, relative to the
results set by the previous search [20], is observed, due to
the higher pT threshold determined by the trigger turn-on
for the 2017 data set.
We summarize the results of this paper in the mass vs.

coupling plane in Fig. 5. For masses between 50 and
220 GeV, the most restrictive limits for this search are
obtained from the statistical combination of the upper limits
set by the 2016 and 2017 data sets using AK8 jets. For the
mass range between 175 and 220GeV, this combination is as
sensitive as that obtained from the limits set by the 2016
AK8 jet and 2017 CA15 jet searches. The limits correspond
to a total integrated luminosity of 77.0 fb−1. For higher
masses, between 220 and 450 GeV, the most stringent limits
come from the analysis of 2017 data using CA15 jets,
corresponding to an integrated luminosity of 41.1 fb−1. For
comparison, less sensitive limits set by the AK8 jet analysis
in the range from 220 to 300 GeV, using the combined data
sets recorded in 2016 and 2017, are presented in Fig. 8 of
Appendix. The sensitivity is driven by the multijet back-
ground uncertainty on the parametric fit of Rp=f , which is
modeled with different polynomial orders for the 2016 and
2017 data sets. A local excess in the observed limit over the
expected limit, corresponding to 2.9 standard deviations,
was observed at a Z0 mass hypothesis near 115 GeV in the
2016 analysis with 35.9 fb−1 of integrated luminosity. This
excess is not confirmed by the 2017 analysis, where the local
observed p-value for a Z0 boson mass of 115 GeV is 0.5 and
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FIG. 4. Upper limits at 95% CL on the coupling g0q as a function
of the resonance mass for a leptophobic Z0 boson that couples
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the data agrees with the prediction. The combined observed
limit with the full 2016 and 2017 dataset at a Z0 mass
hypothesis of 115GeVin Fig. 5, corresponds to 2.2 standard
deviations from the background-only expectation.
In the mass range between 50 and 300 GeV this analysis

places the most sensitive limits to date. Above 300 GeV the
most sensitive limits are set by the searches for dijet
resonances in the resolved regime produced in association
with a jet [63] or with a photon [23]. The CA15 jet analysis
sensitivity is lower due to the lack of a dedicated CA15 jet
trigger-level selection.

VII. SUMMARY

A search for a narrow vector resonance (Z0) decaying
into a quark-antiquark pair and reconstructed as a single jet
with a topology of a resonance recoiling against initial state
radiation has been presented. The analysis uses a data set
comprised of proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV
collected in 2017 at the LHC, corresponding to an
integrated luminosity of 41.1 fb−1. The results are sta-
tistically combined with those obtained with data collected
in 2016 to achieve more sensitive exclusion limits with a
total integrated luminosity of 77.0 fb−1. Jet substructure
techniques are employed to identify a jet containing a Z0
boson candidate over a smoothly falling jet mass distribu-
tion in data. No significant excess above the standard model
prediction is observed. Upper limits at 95% confidence
level are set on the Z0 boson coupling to quarks, g0q, as a
function of the Z0 boson mass. Coupling values of g0q > 0.4
are excluded over the signal mass range from 50 to
450 GeV, with the most stringent constraints set for masses
below 250 GeV where coupling values of g0q > 0.2 are
excluded. For masses between 50 and 300 GeV these are
the most sensitive limits to date. The results obtained for
masses from 300 to 450 GeV represent the first direct limits
to be published in this range for a leptophobic Z0 signal
reconstructed as a single large-radius jet.
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APPENDIX: ADDITIONAL ANALYSIS DISTRIBUTIONS
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FIG. 6. Distributions of Xð5%Þ used to define the N1;DDT
2 variable for AK8 jets (right) and CA15 jets (left), corresponding to the 5%

quantile of the N1
2 distribution in simulated multijet events. The distributions are shown as a function of the jet ρ and pT. The N1

2 variable
is mostly insensitive to the jet ρ and pT in the kinematic phase space considered for this analysis: −5.5 < ρ < −2.0 (AK8 jets) and
−4.7 < ρ < −1.0 (CA15 jets). The distributions of Xð5%Þ are used to take into account residual correlations in simulation by applying a

decorrelation procedure that yields the N1;DDT
2 variable. In order to ensure smoothness of the transformation, we simulate particle-level

QCD multijet events and smear them using a parametric detector response derived for the N1
2 variable as a function of ρ and pT. This

method overcomes the limitation from the limited event count in simulated samples by generating 104 the original number of events
available in the multijet simulation.

FIG. 7. Pass-to-fail ratio, Rp=fðρðmSD; pTÞÞ, defined from the
events passing and failing the N1;DDT

2 selection. The variable
N1;DDT

2 is constructed so that, for simulated multijet events, Rp=f is
constant at p ¼ 5% and f ¼ 95% (blue). To account for residual
differences between data and simulation, Rp=f is extracted by
performing a two-dimensional fit to data in (ρ; pT) space
(orange). The Rp=f shown is derived for AK8 jets using
41.1 fb−1 of data collected in 2017 and corresponds to a
polynomial in the Bernstein basis of third order in pT and fifth
order in ρ.
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D. Hits,128 T. Klijnsma,128 W. Lustermann,128 R. A. Manzoni,128 M. Marionneau,128 M. T. Meinhard,128 F. Micheli,128

P. Musella,128 F. Nessi-Tedaldi,128 F. Pauss,128 G. Perrin,128 L. Perrozzi,128 S. Pigazzini,128 M. G. Ratti,128 M. Reichmann,128

C. Reissel,128 T. Reitenspiess,128 D. Ruini,128 D. A. Sanz Becerra,128 M. Schönenberger,128 L. Shchutska,128

M. L. Vesterbacka Olsson,128 R. Wallny,128 D. H. Zhu,128 T. K. Aarrestad,129 C. Amsler,129,xx D. Brzhechko,129

M. F. Canelli,129 A. De Cosa,129 R. Del Burgo,129 S. Donato,129 B. Kilminster,129 S. Leontsinis,129 V. M. Mikuni,129

I. Neutelings,129 G. Rauco,129 P. Robmann,129 D. Salerno,129 K. Schweiger,129 C. Seitz,129 Y. Takahashi,129 S. Wertz,129

A. Zucchetta,129 T. H. Doan,130 C. M. Kuo,130 W. Lin,130 A. Roy,130 S. S. Yu,130 P. Chang,131 Y. Chao,131 K. F. Chen,131

P. H. Chen,131 W.-S. Hou,131 Y. y. Li,131 R.-S. Lu,131 E. Paganis,131 A. Psallidas,131 A. Steen,131 B. Asavapibhop,132

C. Asawatangtrakuldee,132 N. Srimanobhas,132 N. Suwonjandee,132 A. Bat,133 F. Boran,133 A. Celik,133,yy S. Cerci,133,zz

S. Damarseckin,133,aaa Z. S. Demiroglu,133 F. Dolek,133 C. Dozen,133 I. Dumanoglu,133 G. Gokbulut,133

Emine Gurpinar Guler,133,bbb Y. Guler,133 I. Hos,133,ccc C. Isik,133 E. E. Kangal,133,ddd O. Kara,133 A. Kayis Topaksu,133

U. Kiminsu,133 M. Oglakci,133 G. Onengut,133 K. Ozdemir,133,eee S. Ozturk,133,fff A. E. Simsek,133 D. Sunar Cerci,133,zz

U. G. Tok,133 S. Turkcapar,133 I. S. Zorbakir,133 C. Zorbilmez,133 B. Isildak,134,ggg G. Karapinar,134,hhh M. Yalvac,134

I. O. Atakisi,135 E. Gülmez,135 M. Kaya,135,iii O. Kaya,135,jjj B. Kaynak,135 Ö. Özçelik,135 S. Tekten,135 E. A. Yetkin,135,kkk

A. Cakir,136 K. Cankocak,136 Y. Komurcu,136 S. Sen,136,lll S. Ozkorucuklu,137 B. Grynyov,138 L. Levchuk,139 F. Ball,140

E. Bhal,140 S. Bologna,140 J. J. Brooke,140 D. Burns,140,mmm E. Clement,140 D. Cussans,140 H. Flacher,140 J. Goldstein,140

G. P. Heath,140 H. F. Heath,140 L. Kreczko,140 S. Paramesvaran,140 B. Penning,140 T. Sakuma,140 S. Seif El Nasr-Storey,140

V. J. Smith,140 J. Taylor,140 A. Titterton,140 K.W. Bell,141 A. Belyaev,141,nnn C. Brew,141 R. M. Brown,141 D. Cieri,141

D. J. A. Cockerill,141 J. A. Coughlan,141 K. Harder,141 S. Harper,141 J. Linacre,141 K. Manolopoulos,141 D. M. Newbold,141

E. Olaiya,141 D. Petyt,141 T. Reis,141 T. Schuh,141 C. H. Shepherd-Themistocleous,141 A. Thea,141 I. R. Tomalin,141

T. Williams,141 W. J. Womersley,141 R. Bainbridge,142 P. Bloch,142 J. Borg,142 S. Breeze,142 O. Buchmuller,142

A. Bundock,142 Gurpreet Singh CHAHAL,142,ooo D. Colling,142 P. Dauncey,142 G. Davies,142 M. Della Negra,142

R. Di Maria,142 P. Everaerts,142 G. Hall,142 G. Iles,142 T. James,142 M. Komm,142 C. Laner,142 L. Lyons,142 A.-M. Magnan,142

A. M. SIRUNYAN et al. PHYS. REV. D 100, 112007 (2019)

112007-16



S. Malik,142 A. Martelli,142 V. Milosevic,142 J. Nash,142,ppp V. Palladino,142 M. Pesaresi,142 D. M. Raymond,142

A. Richards,142 A. Rose,142 E. Scott,142 C. Seez,142 A. Shtipliyski,142 M. Stoye,142 T. Strebler,142 A. Tapper,142 K. Uchida,142

T. Virdee,142,q N. Wardle,142 D. Winterbottom,142 J. Wright,142 A. G. Zecchinelli,142 S. C. Zenz,142 J. E. Cole,143

P. R. Hobson,143 A. Khan,143 P. Kyberd,143 C. K. Mackay,143 A. Morton,143 I. D. Reid,143 L. Teodorescu,143 S. Zahid,143

K. Call,144 B. Caraway,144 J. Dittmann,144 K. Hatakeyama,144 C. Madrid,144 B. McMaster,144 N. Pastika,144 C. Smith,144

R. Bartek,145 A. Dominguez,145 R. Uniyal,145 A. Buccilli,146 S. I. Cooper,146 C. Henderson,146 P. Rumerio,146 C. West,146

D. Arcaro,147 Z. Demiragli,147 D. Gastler,147 S. Girgis,147 D. Pinna,147 C. Richardson,147 J. Rohlf,147 D. Sperka,147

I. Suarez,147 L. Sulak,147 D. Zou,147 G. Benelli,148 B. Burkle,148 X. Coubez,148,r D. Cutts,148 Y. t. Duh,148 M. Hadley,148

J. Hakala,148 U. Heintz,148 J. M. Hogan,148,qqq K. H.M. Kwok,148 E. Laird,148 G. Landsberg,148 J. Lee,148 Z. Mao,148

M. Narain,148 S. Sagir,148,rrr R. Syarif,148 E. Usai,148 D. Yu,148 W. Zhang,148 R. Band,149 C. Brainerd,149 R. Breedon,149

M. Calderon De La Barca Sanchez,149 M. Chertok,149 J. Conway,149 R. Conway,149 P. T. Cox,149 R. Erbacher,149 C. Flores,149

G. Funk,149 F. Jensen,149 W. Ko,149 O. Kukral,149 R. Lander,149 M. Mulhearn,149 D. Pellett,149 J. Pilot,149 M. Shi,149

D. Taylor,149 K. Tos,149 M. Tripathi,149 Z. Wang,149 F. Zhang,149 M. Bachtis,150 C. Bravo,150 R. Cousins,150 A. Dasgupta,150

A. Florent,150 J. Hauser,150 M. Ignatenko,150 N. Mccoll,150 W. A. Nash,150 S. Regnard,150 D. Saltzberg,150 C. Schnaible,150

B. Stone,150 V. Valuev,150 K. Burt,151 Y. Chen,151 R. Clare,151 J. W. Gary,151 S. M. A. Ghiasi Shirazi,151 G. Hanson,151

G. Karapostoli,151 E. Kennedy,151 O. R. Long,151 M. Olmedo Negrete,151 M. I. Paneva,151 W. Si,151 L. Wang,151

S. Wimpenny,151 B. R. Yates,151 Y. Zhang,151 J. G. Branson,152 P. Chang,152 S. Cittolin,152 M. Derdzinski,152 R. Gerosa,152

D. Gilbert,152 B. Hashemi,152 D. Klein,152 V. Krutelyov,152 J. Letts,152 M. Masciovecchio,152 S. May,152 S. Padhi,152

M. Pieri,152 V. Sharma,152 M. Tadel,152 F. Würthwein,152 A. Yagil,152 G. Zevi Della Porta,152 N. Amin,153 R. Bhandari,153

C. Campagnari,153 M. Citron,153 V. Dutta,153 M. Franco Sevilla,153 L. Gouskos,153 J. Incandela,153 B. Marsh,153 H. Mei,153

A. Ovcharova,153 H. Qu,153 J. Richman,153 U. Sarica,153 D. Stuart,153 S. Wang,153 D. Anderson,154 A. Bornheim,154

O. Cerri,154 I. Dutta,154 J. M. Lawhorn,154 N. Lu,154 J. Mao,154 H. B. Newman,154 T. Q. Nguyen,154 J. Pata,154

M. Spiropulu,154 J. R. Vlimant,154 S. Xie,154 Z. Zhang,154 R. Y. Zhu,154 M. B. Andrews,155 T. Ferguson,155 T. Mudholkar,155

M. Paulini,155 M. Sun,155 I. Vorobiev,155 M. Weinberg,155 J. P. Cumalat,156 W. T. Ford,156 A. Johnson,156 E. MacDonald,156

T. Mulholland,156 R. Patel,156 A. Perloff,156 K. Stenson,156 K. A. Ulmer,156 S. R. Wagner,156 J. Alexander,157 J. Chaves,157

Y. Cheng,157 J. Chu,157 A. Datta,157 A. Frankenthal,157 K. Mcdermott,157 J. R. Patterson,157 D. Quach,157

A. Rinkevicius,157,sss A. Ryd,157 S. M. Tan,157 Z. Tao,157 J. Thom,157 P. Wittich,157 M. Zientek,157 S. Abdullin,158

M. Albrow,158 M. Alyari,158 G. Apollinari,158 A. Apresyan,158 A. Apyan,158 S. Banerjee,158 L. A. T. Bauerdick,158

A. Beretvas,158 J. Berryhill,158 P. C. Bhat,158 K. Burkett,158 J. N. Butler,158 A. Canepa,158 G. B. Cerati,158

H.W. K. Cheung,158 F. Chlebana,158 M. Cremonesi,158 J. Duarte,158 V. D. Elvira,158 J. Freeman,158 Z. Gecse,158

E. Gottschalk,158 L. Gray,158 D. Green,158 S. Grünendahl,158 O. Gutsche,158 Allison Reinsvold Hall,158 J. Hanlon,158

R. M. Harris,158 S. Hasegawa,158 R. Heller,158 J. Hirschauer,158 B. Jayatilaka,158 S. Jindariani,158 M. Johnson,158 U. Joshi,158

B. Klima,158 M. J. Kortelainen,158 B. Kreis,158 S. Lammel,158 J. Lewis,158 D. Lincoln,158 R. Lipton,158 M. Liu,158 T. Liu,158

J. Lykken,158 K. Maeshima,158 J. M. Marraffino,158 D. Mason,158 P. McBride,158 P. Merkel,158 S. Mrenna,158 S. Nahn,158

V. O’Dell,158 V. Papadimitriou,158 K. Pedro,158 C. Pena,158 G. Rakness,158 F. Ravera,158 L. Ristori,158 B. Schneider,158

E. Sexton-Kennedy,158 N. Smith,158 A. Soha,158 W. J. Spalding,158 L. Spiegel,158 S. Stoynev,158 J. Strait,158 N. Strobbe,158

L. Taylor,158 S. Tkaczyk,158 N. V. Tran,158 L. Uplegger,158 E. W. Vaandering,158 C. Vernieri,158 R. Vidal,158 M. Wang,158

H. A. Weber,158 D. Acosta,159 P. Avery,159 D. Bourilkov,159 A. Brinkerhoff,159 L. Cadamuro,159 A. Carnes,159

V. Cherepanov,159 D. Curry,159 F. Errico,159 R. D. Field,159 S. V. Gleyzer,159 B. M. Joshi,159 M. Kim,159 J. Konigsberg,159

A. Korytov,159 K. H. Lo,159 P. Ma,159 K. Matchev,159 N. Menendez,159 G. Mitselmakher,159 D. Rosenzweig,159 K. Shi,159

J. Wang,159 S. Wang,159 X. Zuo,159 Y. R. Joshi,160 T. Adams,161 A. Askew,161 S. Hagopian,161 V. Hagopian,161

K. F. Johnson,161 R. Khurana,161 T. Kolberg,161 G. Martinez,161 T. Perry,161 H. Prosper,161 C. Schiber,161 R. Yohay,161

J. Zhang,161 M.M. Baarmand,162 M. Hohlmann,162 D. Noonan,162 M. Rahmani,162 M. Saunders,162 F. Yumiceva,162

M. R. Adams,163 L. Apanasevich,163 D. Berry,163 R. R. Betts,163 R. Cavanaugh,163 X. Chen,163 S. Dittmer,163

O. Evdokimov,163 C. E. Gerber,163 D. A. Hangal,163 D. J. Hofman,163 K. Jung,163 C. Mills,163 T. Roy,163 M. B. Tonjes,163

N. Varelas,163 J. Viinikainen,163 H. Wang,163 X. Wang,163 Z. Wu,163 M. Alhusseini,164 B. Bilki,164,bbb W. Clarida,164

K. Dilsiz,164,ttt S. Durgut,164 R. P. Gandrajula,164 M. Haytmyradov,164 V. Khristenko,164 O. K. Köseyan,164 J.-P. Merlo,164

A. Mestvirishvili,164,uuu A. Moeller,164 J. Nachtman,164 H. Ogul,164,vvv Y. Onel,164 F. Ozok,164,www A. Penzo,164 C. Snyder,164

E. Tiras,164 J. Wetzel,164 B. Blumenfeld,165 A. Cocoros,165 N. Eminizer,165 D. Fehling,165 L. Feng,165 A. V. Gritsan,165

SEARCH FOR LOW MASS VECTOR RESONANCES DECAYING … PHYS. REV. D 100, 112007 (2019)

112007-17



W. T. Hung,165 P. Maksimovic,165 C. Mantilla,165 J. Roskes,165 M. Swartz,165 C. Baldenegro Barrera,166 P. Baringer,166

A. Bean,166 S. Boren,166 J. Bowen,166 A. Bylinkin,166 T. Isidori,166 S. Khalil,166 J. King,166 G. Krintiras,166

A. Kropivnitskaya,166 C. Lindsey,166 D. Majumder,166 W. Mcbrayer,166 N. Minafra,166 M. Murray,166 C. Rogan,166

C. Royon,166 S. Sanders,166 E. Schmitz,166 J. D. Tapia Takaki,166 Q. Wang,166 J. Williams,166 G. Wilson,166 S. Duric,167

A. Ivanov,167 K. Kaadze,167 D. Kim,167 Y. Maravin,167 D. R. Mendis,167 T. Mitchell,167 A. Modak,167 A. Mohammadi,167

F. Rebassoo,168 D. Wright,168 A. Baden,169 O. Baron,169 A. Belloni,169 S. C. Eno,169 Y. Feng,169 N. J. Hadley,169 S. Jabeen,169

G. Y. Jeng,169 R. G. Kellogg,169 J. Kunkle,169 A. C. Mignerey,169 S. Nabili,169 F. Ricci-Tam,169 M. Seidel,169 Y. H. Shin,169

A. Skuja,169 S. C. Tonwar,169 K. Wong,169 D. Abercrombie,170 B. Allen,170 A. Baty,170 R. Bi,170 S. Brandt,170 W. Busza,170

I. A. Cali,170 M. D’Alfonso,170 G. Gomez Ceballos,170 M. Goncharov,170 P. Harris,170 D. Hsu,170 M. Hu,170 M. Klute,170

D. Kovalskyi,170 J. Krupa,170 Y.-J. Lee,170 P. D. Luckey,170 B. Maier,170 A. C. Marini,170 C. Mcginn,170 C. Mironov,170

S. Narayanan,170 X. Niu,170 C. Paus,170 D. Rankin,170 C. Roland,170 G. Roland,170 Z. Shi,170 G. S. F. Stephans,170

K. Sumorok,170 K. Tatar,170 D. Velicanu,170 J. Wang,170 T. W. Wang,170 B. Wyslouch,170 A. C. Benvenuti,171,a

R. M. Chatterjee,171 A. Evans,171 S. Guts,171 P. Hansen,171 J. Hiltbrand,171 Y. Kubota,171 Z. Lesko,171 J. Mans,171

R. Rusack,171 M. A. Wadud,171 J. G. Acosta,172 S. Oliveros,172 K. Bloom,173 D. R. Claes,173 C. Fangmeier,173 L. Finco,173

F. Golf,173 R. Gonzalez Suarez,173 R. Kamalieddin,173 I. Kravchenko,173 J. E. Siado,173 G. R. Snow,173,a B. Stieger,173

W. Tabb,173 G. Agarwal,174 C. Harrington,174 I. Iashvili,174 A. Kharchilava,174 C. McLean,174 D. Nguyen,174 A. Parker,174

J. Pekkanen,174 S. Rappoccio,174 B. Roozbahani,174 G. Alverson,175 E. Barberis,175 C. Freer,175 Y. Haddad,175

A. Hortiangtham,175 G. Madigan,175 D. M. Morse,175 T. Orimoto,175 L. Skinnari,175 A. Tishelman-Charny,175

T. Wamorkar,175 B. Wang,175 A. Wisecarver,175 D. Wood,175 S. Bhattacharya,176 J. Bueghly,176 T. Gunter,176 K. A. Hahn,176

N. Odell,176 M. H. Schmitt,176 K. Sung,176 M. Trovato,176 M. Velasco,176 R. Bucci,177 N. Dev,177 R. Goldouzian,177

M. Hildreth,177 K. Hurtado Anampa,177 C. Jessop,177 D. J. Karmgard,177 K. Lannon,177 W. Li,177 N. Loukas,177

N. Marinelli,177 I. Mcalister,177 F. Meng,177 C. Mueller,177 Y. Musienko,177,kk M. Planer,177 R. Ruchti,177 P. Siddireddy,177

G. Smith,177 S. Taroni,177 M. Wayne,177 A. Wightman,177 M. Wolf,177 A. Woodard,177 J. Alimena,178 B. Bylsma,178

L. S. Durkin,178 S. Flowers,178 B. Francis,178 C. Hill,178 W. Ji,178 A. Lefeld,178 T. Y. Ling,178 B. L. Winer,178

S. Cooperstein,179 G. Dezoort,179 P. Elmer,179 J. Hardenbrook,179 N. Haubrich,179 S. Higginbotham,179

A. Kalogeropoulos,179 S. Kwan,179 D. Lange,179 M. T. Lucchini,179 J. Luo,179 D. Marlow,179 K. Mei,179 I. Ojalvo,179
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72aINFN Sezione di Genova, Genova ,Italy
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