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Abstract

Results from a search for paired boosted diquark resonances, using jet substruc-
ture techniques, are reported. This search uses data corresponding to an integrated
luminosity of 2.7 fb~! from proton-proton collisions at a center-of-mass energy of
v/s = 13 TeV, recorded by the CMS detector at the LHC in 2015. Limits at 95% con-
fidence level are set on the production of top squarks decaying to two light quarks
in the framework of R-parity violating supersymmetry. Top squarks with masses be-
tween 80 and 240 GeV are excluded.
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1 Introduction

Many beyond the standard model (BSM) scenarios in particle physics incorporate particles
that decay into fully hadronic final states. Supersymmetric (SUSY) models are standard model
(SM) extensions, which simultaneously solve the hierarchy problem and unify particle interac-
tions [1, 2]. In natural SUSY models, where there is minimal fine-tuning, the top quark super-
partner (top squark or stop) and the superpartners of the Higgs boson (higgsinos) are required
to be light [3-7]. Natural SUSY is under-constrained in certain R-parity violating (RPV) sce-
narios [8]. R-parity is a quantum number defined as R = (—1)38+L+25 where B and L are
the baryon and lepton numbers, respectively, and S is the spin. The RPV superpotential, W, is
defined as

1 1
where Ajj, Aly, Ajy and p; are trilinear couplings of each term, L; are the left-handed lepton
doublets, E; are the right-handed lepton doublets, Q; the left-handed quark doublets, U; and
D; are right-handed quarks, H,, is the Higgs that gives mass to the up-type quarks and 7, j, k =
1,2,3 are generation indices while the superindex c is the charge conjugation.

Such a superpotential contains terms which violate lepton number (1st and 2nd term in equa-
tion (1)) or baryon number (3rd term), leading to a rapid decay of protons [9]. Assuming
R-parity conservation, the coupling constants of these terms vanish or they are sufficiently
small for the lifetime of the proton to be compatible with the SM. Under RPYV, the coupling of
the hadronic term of the potential (/\Z‘k) or the leptonic term (A;j) or the mixture of the two
()\;jk) may be non-zero. For instance, a non-zero hadronic RPV term would produce decays

of squarks into multiple quarks in the final state with no missing energy or leptons, while a
non-zero leptonic RPV term could yield sleptons decaying into a pair of leptons.

We present the results of a search for pair production of resonances decaying to pairs of light-
flavor quarks in events where the resonant particles are boosted (i.e. produced with large trans-
verse momentum such that the decay products are close together) resulting in a final state with
two massive jets. We use the pair production of stops decaying to light quarks via hadronic
RPV (Figure 1) as the benchmark model of this analysis. A previous search by CDF [10] at the
Fermilab Tevatron placed limits on the production cross sections possible in such models, ex-
cluding stop masses between 50 and 100 GeV. In Run I of the LHC, CMS excluded this model
for stop masses between 200 and 350 GeV [11]. In Run II, ATLAS extended this exclusion for
stop masses from 250 GeV to 405 GeV and between 445 and 510 GeV [12]. For the related
light-quark plus b-quark decay channel, the CMS stop mass exclusion is between 200 and 385
GeV [11], while for ATLAS [13] it is between 100 and 310 GeV at 8 TeV (the only one exploiting
the boosted regime), and from 250 to 345 GeV at 13 TeV [14].

The analysis presented here is based on data corresponding to 2.7 b [15] of integrated lumi-
nosity from proton-proton collisions at /s = 13 TeV, collected with the CMS detector [16] at the
CERN LHC in 2015. At this collision energy, particles with low mass can be produced with sig-
nificant momentum and their decay products will be Lorentz boosted, resulting in collimated
fragmentation products. We are therefore able to reconstruct the particle’s decay products as a
single jet with a large cone size. These jets will differ from QCD jets in their internal structure
and this analysis exploits this feature to reduce QCD and other SM backgrounds. Such boosted
topologies have been explored using several grooming and substructure techniques developed
in recent years [17, 18], and CMS has studied them in great detail [19]. Grooming techniques
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Figure 1: Direct pair production of stops decaying via the hadronic RPV coupling A%}, into two
light quarks.

remove extra components inside jets to bring their mass closer to the value of the initial parton.
Substructure variables distinguish between jets coming from massive particle decays and those
coming from the hadronization of single quarks or gluons [17].

In this analysis, we select events with at least two jets and high hadronic activity quantified
as the scalar sum of the transverse momentum (pr) of all jets with respect to the beam di-
rection. The average jet mass distribution of the two leading jets, which is representative
of pair-produced diquark resonances such as the stop, is investigated for evidence of a sig-
nal consistent with localized deviations from the estimated SM backgrounds. The main non-
resonant background coming from QCD multijets is estimated using a technique relying on
data, whereas the leading resonant backgrounds are estimated using Monte Carlo (MC) sam-
ples. SM MC samples are also used to optimize the signal selection and to evaluate systematic
uncertainties.

2 CMS experiment

The central feature of the CMS apparatus [16] is a superconducting solenoid providing a mag-
netic field of 3.8 T. Within the superconducting solenoid volume are silicon pixel and strip
trackers, a lead tungstate electromagnetic calorimeter (ECAL), and a hadron calorimeter (HCAL),
which is made of interleaved layers of scintillator and brass absorber. Muons are measured in
gas ionization detectors embedded in the steel return yoke outside the solenoid. A more de-
tailed description of the CMS detector, together with a definition of the coordinate system used
and the relevant kinematic variables, can be found in Ref. [16].

3 Event Simulation

The pair production of stops is simulated using the MADGRAPH 5_.aMC@NLO v5.2.2.2 [20]
event generator at leading order, and their decays are simulated using the PYTHIA v8.205 [21]
MC program. Stop signal events are generated with up to two additional initial-state partons,
and each stop decays into two quarks through the A{'JDD quark RPV coupling. This coupling
A1, where the three numerical subscripts refer to the generations of the corresponding quarks,
is set to a non-zero value such that the decay of the stop to two light-flavor jets is allowed. The



branching fraction of the stop decaying into two quarks is set to 100%. For the generation
of this signal, all superpartners, except the stops, are taken to be decoupled [22-26] and no
intermediate particles are produced in the stop decay. Stops are generated with masses from
80 GeV to 250 GeV in 10 GeV steps, with an additional sample at a mass of 300 GeV. The
cross section calculations [27] are made at next-to-leading order (NLO) with next-to-leading-
logarithm (NLL) corrections [28-33]. The natural width of the signal resonance is taken to be
much smaller than the resolution of the detector.

Backgrounds from SM QCD multijet processes are simulated and showered through PYTHIA
using the CUETP8ML1 tune [34]. We also study additional SM backgrounds: the W+jets, Z +jets,
727 and WW samples are generated with MADGRAPH 5.aMC@NLO, WZ processes are gener-
ated with PYTHIA, and the tt sample is generated with POWHEG v2 [35-37]. The simulation of
the CMS detector for all samples is performed with GEANT4 [38].

4 Trigger and Event Reconstruction

The data used in this analysis was recorded by the CMS detector over the entire 2015 LHC
data-taking period with a multilevel trigger system. Physics objects in CMS are reconstructed
using the particle flow (PF) algorithm [39] which uses information from every subdetector to
build particle candidates like muons, photons, electrons and hadrons. The four-momenta of
the particle candidates, after removing pileup contributions, are used to reconstruct jets with
the jet clustering algorithm anti-kt [40] with a distance parameter R in 77 — ¢ space using the
FASTJET package [41].

Events are selected online using the logical OR of two sets of triggers based on the total hadronic
transverse energy in the event (Ht). One trigger uses anti-kt jets with R = 0.8 (AKS), an Hr
threshold of 650 GeV using jets with pr > 150 GeV and || < 2.5, and the presence of at least
one jet with a mass above 50 GeV using the trimming algorithm [42] (further described below)
for jet grooming. The other trigger considers anti-kt jets with R = 0.4 (AK4), jet pr > 40 GeV
and || < 3.0, and Hy > 800 GeV. The trigger selection is fully efficient for events with offline
Hr above 900 GeV using AKS8 jets with pr > 150 GeV and || < 2.5.

Jet energy scale corrections [43] are applied to jets to account for the combined response func-
tion of the detector to hadrons. The corrections are derived from MC simulation and are con-
tirmed with in-situ measurements of the energy balance of dijet and photon+jet events. In
data, a small residual correction factor is included to account for differences in jet response
between data and simulation. To remove misidentified jets, which arise primarily from calori-
meter noise, jet quality criteria [44] are applied. The efficiency of these criteria for signal events
is above 99%.

Jet grooming techniques are used in order to improve the jet mass resolution and to reduce
the pileup contributions in the jet mass. The main goal of these methods is to recluster the
constituents of the jet while using additional information and requirements to eliminate soft,
large-angle QCD radiation. In this analysis, we use the trimming algorithm [42] for the trigger
and the pruning algorithm [45] for the analysis.

Within the constituents of the jet, trimming discriminates particles based on a dynamic pr
threshold. The algorithm reclusters the constituents of the original jet with a smaller cone
size using the kt algorithm [40]. Trimming accepts only the resulting subjets with a certain
fraction of the pr of the original jet. We use the trimming algorithm with subjets of R = 0.1 and
containing at least 30% of the pt of the original jet.
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In the case of pruning, the constituents of the original jet are reclustered with the same cone
size but using a modified Cambridge-Aachen (CA) algorithm [40]. Constituents i and j are
merged in the reclustering algorithm if they satisfy at least one of the following conditions:
min(p, pi)/pp | > zeut and AR;j < 2 X reyt X my/pr, where AR = \/(An)? 4 (A¢)?, Ay and
A¢ are the differences in 77 and ¢ between the constituents, z,; and r.,; are parameters of
the algorithm, while m; and pr are the mass and the transverse momentum of the originally-
clustered jet. If both conditions are not met, the softer of the two constituents is removed. We
use zqy = 0.1 and 7. = 0.5.

To increase the discrimination between SM-like jets and the stop signal, we further select events
based on so-called N-subjetiness [46]. This method exploits the difference in the expected energy
flow between the radiation pattern from boosted hadronic resonances and jets coming from
hadronization of single quarks or gluons, by counting the number of hard lobes of energy
inside a jet. N-subjetiness uses the kr-algorithm to recluster the constituents of the jet until N
subjets are found. These N subjets are used to calculate the quantity:

1 .
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where pr is the transverse momentum of the k-th jet constituent and ARy is the distance to
the N-th subjet axis, the parameter dy = ) prx X Ro is a normalization factor, where R is
the cone size of the original jet. In this analysis we do not use the N-subjetiness variables by
themselves but the ratio 721 = T2/ 7, as this provides better discrimination between signal and
background.

5 Event Selection

Events passing the trigger requirements are selected if they contain at least two jets with a
minimum pr of 150 GeV and || < 2.5. The transverse momentum of those jets are added
together to evaluate Ht, and we select events with HT > 900 GeV, to ensure we are in a
kinematic regime where the trigger is fully efficient.

The pruning algorithm is used to compute the masses of the two leading jets, ordered in pr.
The average mass of these two pruned jets, defined as (mj; + mj;)/2, is used to investigate
the presence of pair produced boosted resonances. In order to reduce the events coming from
known SM processes, we apply selection criteria on the mass asymmetry variable defined as
Masym = |mj1 — mj|/(mj1 + mjp), on the ratio of the N-subjetiness variables 11 = 1/7 for
both jets, and on the absolute value of the difference in 7 between the two jets used in the
analysis, |71 — 17;2|. We optimize the selection criteria placed on these variables using the MC
signal and backgrounds described in Section 3. Our strategy is to maximize the signal signifi-
cance by using S/+/B as the metric, where S and B are the number of signal and background
events, respectively, and B is determined by using the sum of the simulated SM events. The
values of S and B are set to the number of events within a window of width 20 GeV centered
at the generated stop mass. A common set of selection criteria was obtained and found to be
close to optimal for every signal mass hypothesis considered. The final selection criteria are
summarized in Table 1.

After all selection requirements are applied, the fraction of signal events remaining ranges from
0.005% at a stop mass of 80 GeV, increases to 0.1% for stop masses near 200 GeV, and drops to
0.001% for higher masses near 300 GeV, since the fraction of stops that are boosted decreases.



The low efficiencies in the selection of such boosted events are compensated by the large signal
cross sections for low mass stop quarks; in addition, we find that this analysis has comparable
sensitivity when comparing to previous searches mentioned in Section 1, for the same RPV
scenario and in the region where the probed resonance masses are overlapping.

Table 1: Summary of variables used in the analysis and the corresponding optimized selection.

Variable Selection
Number of AKS8 jets | 2 leading pr jets
jet pr > 150 GeV
jet |1 <25

Hr > 900 GeV
Masym < 0.1

1)1 — 12 <15
1st and 2nd jet 7 < 0.45

6 Background Estimate

This analysis uses the spectrum of the average jet mass of the two leading pruned jets to search
for resonances in the mass range 60-350 GeV. After applying the selection described in Ta-
ble 1, we find that there are two types of important background components: the dominant
non-resonant background composed mainly of QCD multijets, and resonant background com-
ponents, composed primarily of tt and W+jets, as well as Z +jets and diboson processes which
are negligibly small. We model these two types of backgrounds in different ways. The non-
resonant QCD multijets background is estimated primarily using data, while we rely on MC
samples for the leading resonant backgrounds.

For the estimation of the non-resonant QCD multijets background we use a technique that
relies on the data. In this method, which we refer to as “ABCD”, we define regions in a 2-
dimensional (2D) space based on two (uncorrelated) kinematic variables where one region is
dominated by signal and the other three regions by background events. We use the Masym
and [17j; — 12| variables to define the 2D space since we found the correlation between these
variables to be small. Then, we use these two variables to build the four regions identified in
Table 2. Region A is defined by the nominal selection criteria for the signal region, B and C are
sideband regions where the selection of only one of the two variables is applied, and region D is
defined as the region when both selection criteria fail. Additionally, to ensure that this method
models the non-resonant background only, and to avoid double counting of backgrounds, we
subtract from the data in regions B, C, and D the expected resonant background contributions
obtained from MC. The overall background estimate (both yield and shape) is then derived
as a projection into the signal region (A) by calculating: (B x C)/D. First, we evaluate the
ratio B/ D, which we consider as a “transfer factor” to be applied to events in region C. We
parameterize the transfer factor by fitting the ratio B/ D in data and then apply it to region C
in each average mass bin. We find that this ratio as a function of average pruned jet mass is
well modeled by a sigmoid function of the form: 1/ (pg + exp(p1 + p2x2)); the fit of the ratio in
the data and in the SM MC give consistent results. We test the robustness of this background
method by using the transfer factor fit from the SM MC and apply it to region C in the SM MC;
this ABCD prediction is then compared to the background prediction in the signal region (A)
using SM MC only. The level of disagreement of the two background predictions, or closure, is
found to be within +10% over the whole mass spectrum and is used as a systematic uncertainty
on the yield of the ABCD background prediction.
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Table 2: Definition of the regions A, B, C, D for the ABCD method.

Masym < 0.1 Mgsym > 0.1
11 —nj2l > 1.5 | Region B Region D
11 —nj2l <15 | Region A Region C

For the resonant backgrounds we rely on the use of the MC, but tested in a data control region.
A tt control region is selected by applying b-jet tagging to both AKS jets, in addition to the
nominal event selection. The algorithm used to tag b-quarks in this study is referred to as
combined inclusive secondary vertex (CSVv2) [47], with the medium working point which has
an efficiency of ~ 69%. We find that the tt MC is underestimated in this control region by a
factor of 1.5 4 0.24. To correct this discrepancy in MC, we apply a scale factor of 1.5 to the tt MC,
to which we conservatively assign a 50% systematic uncertainty. In the case of the remaining
resonant backgrounds (W+jets, Z+jets and dibosons), we similarly assign a conservative 50%
systematic uncertainty on the MC modeling.

Figure 2 shows the comparison of the data in the signal region with the final total background
prediction. This background estimate is the sum of the ABCD method from data for the non-
resonant QCD multijets background, and the sub-dominant resonant backgrounds from MC; tt
and WHjets, correspond to less than 5% and 2% of the total background, respectively, whereas
Z +jets and dibosons combined are < 1% of the total background.
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Figure 2: Average pruned jet mass distribution shown for data (dots) and the total background
prediction. The different background components are shown with different colors while the
grey hashed band shows the total background uncertainty. On the bottom, ratio between data
and background prediction, with the grey hashed band showing the total background uncer-
tainty. The background uncertainties are described in Section 7 and summarized in Table 4.
The shaded colored regions on the bottom indicate the expected top squark signal distribu-
tions shown for two different selected masses as they would appear in data.

7 Systematic Uncertainties

We consider systematic uncertainties on the signal yield and on the background estimation.



The systematic uncertainties we consider that affect the signal acceptance are summarized in
Table 3. Uncertainties on the reconstruction of jets affect the signal acceptance as well as the
shape of the reconstructed resonance in the signal samples. The four-momenta of the recon-
structed jets are rescaled (smeared) according to the uncertainties on the measured jet energy
scale (jet energy resolution) [43]. The signal acceptances are reevaluated based on these mod-
ified samples, with the resulting differences in acceptance taken as a systematic uncertainty
depending on the resonance mass. Additionally, the induced changes on the shape of the re-
constructed resonances (independently of the yield) are propagated as uncertainties on the
signal line-shape; these are taken to be 2% (11%) on the jet mass scale (resolution) as evaluated
in [48] and are based on differences in the jet mass by selecting boosted hadronically decaying
W bosons and comparing the reconstructed jet mass peak and resolution in the data and MC. In
addition, we consider the effect of the efficiency of the selection requirement on 7,1 on the sig-
nal acceptance. Based on previous studies [48], it is known that there are disagreements in the
efficiency of the two-prong tagger in data and in MC. In [48], the efficiency of the two-prong
tagger for W bosons was measured in tt events in both data and MC using the same pileup
method and 1 selection as we apply in this analysis. Differences in the resulting tagging effi-
ciencies are driven by the discrepancy between data and MC in the 11 distribution. The ratio of
the efficiency in data and simulation yields a two-prong tagging scale factor and is measured to
be 0.94 £ 0.08 for 151 < 0.45. Since we tag two two-prong jets (i.e. both jets are required to pass
the 1; selection), we apply this scale factor squared to the signal yield, giving total scale factor
of 0.88 £ 0.15. The uncertainty on this scale factor is taken as a systematic uncertainty on the
signal acceptance. Finally, we also consider additional systematic uncertainties on the signal
acceptance which originate from the following sources: integrated luminosity (2.7%) [15]; trig-
ger (2%); parton distribution functions (12%) [49]; and pileup (1.5%). In addition, we consider
statistical uncertainties arising from the limited number of MC events generated.

The systematic uncertainties on the background estimates are summarized in Table 4. For the
non-resonant QCD multijets background estimate using the ABCD method, we consider three
possible sources of uncertainties. First, we assign a systematic uncertainty based on the closure
test described in Section 6 found to be 10% and is applied to the overall yield of the back-
ground prediction. In addition, we apply an uncertainty on the transfer factor shape from the
fit parameter errors and the statistical uncertainties on the number of events in region C; these
uncertainties are applied bin-by-bin as a systematic affecting the shape of the average pruned
jet mass distribution for the QCD mutijets background estimate. We also assign systematic un-
certainties to the tt and other resonant background estimates. From the data/MC scale factor
study performed using the tt control sample described in Section 6 we include a 50% system-
atic uncertainty on the overall modeling of the SM MC samples used. Finally, the statistical
uncertainties of the MC samples are also considered bin-by-bin.

8 Results

Figure 2 shows the average pruned jet mass distribution after the final event selection is ap-
plied for data as well as the total background prediction described in Section 6; the overall
uncertainty on the background predictions described in Section 7 is also shown. We do not
observe an excess of events in data over the background prediction, and therefore we proceed
to set 95 % confidence level (CL) upper limits on the pair production cross section of stops via
the RPV coupling A%},. We assume a 100% branching ratio of the RPV A%}, stops into two light
quarks.

These exclusion limits are computed using the modified frequentist approach for confidence
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Table 3: Overview of the systematic uncertainties on the signal acceptance by source.

Source of Systematic Effect Value
Luminosity Yield 2.7%
Trigger Yield 2%
Pileup Yield 1.5%
PDF Yield 12%
Two-prong Tagger Scale Factor Yield 17%
Jet Energy Scale Yield 0.8%-5%
Jet Energy Resolution Yield 0.6%-3%
MC Statistics - bin-by-bin
Jet Mass Scale Resonance Shape 2%
Jet Mass Resolution Resonance Shape 11%

Table 4: Overview of the systematic uncertainties on the background prediction by source.

Background Source of Systematic Effect Value
QCD ABCD method: Closure Yield 10%
Transfer Factor Fit Uncertainty | Shape | 0.8%-8%
Statistics in Sideband Region (C) | Shape | bin-by-bin
Resonant backgrounds: | Systematic in MC Backgrounds | Yield 50%
MC Statistics Shape | bin-by-bin

levels (CLs), using the binned profile likelihood as the test statistic in the asymptotic approxi-
mation [50, 51]. Results are obtained from combined signal and background binned likelihood
fits to the average pruned jet mass in data. For each stop mass scenario, only bins of average
pruned jet mass (of width 5 GeV) within 2 ¢ of a Gaussian peak centered at the generated mass
are included in the likelihood and combined. For each bin used in the likelihood the individ-
ual background components and signal are allowed to float within statistical errors with no
correlations between bins; systematic uncertainties affecting the yield as indicated in Tables 3
and 4 are assumed to be correlated between bins, whereas the rest are treated as uncorrelated.
Systematic uncertainties described in Section 7 are treated as nuisance parameters, which are
profiled, and modeled with log-normal priors, except for the uncertainty on the number of
events in the sideband region (C) which is modeled with a Gamma prior.

Fig. 3 shows the observed and expected 95% CL upper limits on the stop pair production cross
section as a function of stop mass. The dashed pink line indicates the NLO + NLL theoretical
predictions for stop production. The increase in the limit for higher masses around 300 GeV
is due to the drop in the fraction of signal events accepted by the selection criteria due to
the decrease in events produced with the boosted topology, as mentioned in Section 3. The
production of stops undergoing RPV decays with the A%}, coupling is excluded at 95% CL for
stop masses in the range from 80 to 240 GeV.

9 Summary

A search has been performed for pair production of boosted resonances decaying to quarks
giving a dijet signature from proton-proton collisions from the LHC at /s = 13 TeV with the
CMS detector. The distribution in the average pruned jet mass of selected events has been
used to search for an excess compatible with a resonance signal above the SM background
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Figure 3: Observed and expected 95% CL upper limits on cross section vs. stop mass. The
dashed pink line shows the NLO + NLL theoretical predictions for stop pair production.

estimate. No significant deviation is found. Exclusion limits are set on the top squark pair
production cross section with decays through the RPV SUSY coupling Ay, to light-flavor jets
at 95% confidence level. We exclude stop masses between 80 GeV and 240 GeV.
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