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In the absence of a concrete discovery of new physics at the LHC, global analyses of the standard
model effective field theory (SMEFT) are important to find and describe the impact of new physics
beyond the energy reach of the LHC. Among the SMEFT operators that can be constrained via various
measurements, the dimension six triple gluon operator involves neither the Higgs boson nor the top
quark, yet its variation can have measurable effects on top and Higgs production. Without independent
constraints on its impact, the sensitivity of measurements in the top and Higgs sectors to new physics
is reduced. Previous analyses have used various techniques to constrain the influence of the triple gluon
operator. We show that the dijet angular distribution is a powerful observable for probing the triple gluon
operator because of the different helicity structure of the dimension-six interaction, namely the lack of
a t-channel exchange term, as compared with expectations from QCD. Using this novel approach, we set
the most stringent limit on the size of the triple gluon effective coupling by reinterpreting the results of
a search for new phenomena in dijet events using 35.9 fb~1 of pp collision data collected at /s =13 TeV
performed by the CMS Collaboration.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction Among the operators affecting Higgs boson and top quark produc-

tion processes, the triple-gluon operator involves neither the Higgs

In the context of standard model effective field theory (SMEFT),
a systematic global interpretation of experimental measurements
is possible for finding hints of physics beyond the well-described
Standard Model (SM) of particle physics. In this theoretical frame-
work, the SM is merely a low-energy approximation to a more
complete theory containing new physics at higher energy scales
not accessible to today’s colliders. In this formulation, the full La-
grangian includes new higher dimension operators (Ox) which are
suppressed by powers of the new physics scale (A) [1,2],

C
£:£5M+£eff:[rSM+ZA7;Ox+n~, (1)
X

where Cy stand for the corresponding dimensionless Wilson coef-
ficients.

In the literature, dimension-6 operators that affect the mea-
surements of top-quark and Higgs boson properties are studied in
detail and are constrained using global fits to experimental data
collected at the Large Hadron Collider (LHC) and elsewhere [3-5].
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boson nor the top quark. However, this operator can contribute to
the top quark production cross section and in processes involving
additional jets, such as Higgs+jets, and thus its effects have large
correlations with other operators involving new physics in the top
or Higgs sectors [3,6]. Not constraining its contribution in global
EFT fits can reduce the sensitivity to variations in the operators
connected to the top quark or Higgs boson [6,7]. As discussed be-
low, a recent analysis [8] has set strong constraints on the possible
size of the contributions of the triple-gluon operator, and hence
its potential influence on top and higgs physics, using the prop-
erty that its effect should grow with jet energy and multiplicity.
This paper presents a novel and complementary analysis with sub-
stantially higher sensitivity exploiting the helicity structure of the
triple-gluon operator to produce new constraints on its effects.

The triple-gluon operator is the only CP-even dimension-6 gen-
uinely gluonic operator consisting of three factors of the gluon
field strength,

Bp ~C
0¢ =gsfacG G, G," ()
where Gfj, = 0,G) — 0,Gfy + g fAB G GS, fABC is the struc-

ture constant of SU(3), and g; is the QCD coupling constant. In
principle, the O¢ operator affects three and four gluon vertices
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and generates additional vertices with up to six gluons. So one
might expect to observe the effects of this operator in inclusive
jet production at high energy hadron colliders. However, it has
been shown that the helicity structure of the amplitudes for the
gg — gg and gq — gq processes which involve the gluon operator
is orthogonal to that of pure quantum chromodynamics (QCD) at
tree level [7,9,10]. Consequently, there is no interference between
the QCD and O operator at leading order and the first non-zero
contribution comes at 0(1/A%). Alternative processes with non-
zero interference such as three jet production [7,11] and heavy
quark production [12,13] were suggested in order to constrain the
effects of the O¢ operator.

Recently in Ref. [8], the authors set a strong constraint on the
C¢ coefficient at 95% confidence level (CL), C¢/A% < 0.04 TeV—2,
using high-multiplicity jet measurements performed by the CMS
Collaboration at 13 TeV. They have shown that, although the ef-
fects of the interference terms are negligible in multijet production,
terms of order O (1/A%) are large enough to be observed in events
with high St and a large number of jets. In this case, St is the
scalar sum of jet transverse momentum plus any missing trans-
verse momentum above 50 GeV. A detailed examination of this
analysis, performed in Ref. [7] concluded that its results are valid
and internally consistent. This examination includes evaluating the
impact of the dimension-8 operators with the same expansion or-
der in 1/A as the dimension-6-squared terms and the use of data
in the high energy region (i.e., at scales comparable to A) within
the SMEFT framework. The same considerations and conclusions
apply to the analysis strategy presented below.

In Ref. [7], it is shown that the increase of the O¢ cross section
over the SM cross section in the higher jet multiplicities is because
of new partonic channels opening up with increasing number of
outgoing partons. Another important difference between the par-
ton production process via the O¢ operator and the SM lies in the
structure of the partonic cross section. In the O¢ case, none of
the gg — gg, g¢ — qq, g9 — gq, and qq — gg sub-process cross
sections have a t-channel pole [10]. This is opposed to dijet pro-
duction in the SM, where all sub-processes have a t-channel pole.
This results in markedly different dijet angular distributions be-
tween the SM and O production processes.

At the LHC, the production of jets is largely used to validate the
theory of QCD and to search for theories beyond the SM. Besides,
the dijet angular distributions are an excellent tool to search for
new physics [14-16]. Experimentally, the angular variable xgijer is
defined as:

Xdijet = e€xp(|y1 — y21) (3)

where y; and y, are the rapidity of the two jets with the high-
est transverse momentum (pr) in the laboratory frame. In the SM
QCD, the angular distributions are approximately independent of
Xdijer since all scattering processes are dominated by the t-channel
gluon exchange. Therefore, new physics contributions that have
different production characteristics can be detected on top of the
approximately uniform angular distributions expected in the SM.
The dijet angular distributions are measured at the LHC by the AT-
LAS and CMS Collaborations at 7, 8 and 13 TeV and no significant
deviation from the SM prediction is observed [17,18]. Within the
SMEFT framework, the measured dijet angular distributions have
traditionally been used to set constrains on the strength of four-
fermion operators [19].

In this paper we propose the dijet angular distributions as a
powerful observable for probing the triple gluon vertices at the
LHC. Furthermore, we use the latest results of the dijet angular
distributions measured by the CMS Collaboration at 13 TeV to set
bounds on the C¢ coupling [17].
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2. Simulation

We use FeynRules [20] to implement the Lagrangian of the O¢
operator and write it in Universal FeynRules Output (UFO) files
[21]. The UFO files are then fed into the Madgraph@NLO Monte
Carlo event generator for the event simulation and cross section
calculation of the multijet processes [22]. Multijet events are gen-
erated at leading order (LO) with up to four outgoing partons
using the LO NNPDF3.0 parton distribution function (PDF) set [23].
The factorization and renormalization scales are set to the average
transverse momentum of the two leading jets in pr. Generated
events are passed to PYTHIA8 [24] for showering and hadroniza-
tion with the underlying event tune CUETP8M1 [25]. The MLM
matching scheme is used to remove any double-counting between
the matrix element and parton shower calculations [26]. All stable
particles with lifetime ct > 1 cm after showering and hadroniza-
tion are clustered into jets with the FASTJET package [27] using the
anti-KT algorithm with a distance parameter of 0.4.

Various simulated samples are generated for this study; a SM
sample (Cg =0), a SM plus O¢ sample including the SM-O¢ in-
terference, and a pure O¢ sample without including SM-O¢ inter-
ference. The interference effects were evaluated by comparing the
prediction of the SM plus O¢ (with O¢-SM interference) sample
to the sum of pure SM and pure O¢ samples for distributions of
various kinematic observable including xgijer. The interference ef-
fects are found to be negligible compared to the statistical and
theoretical uncertainties for Cg/A% =1 TeV~2 [7,8]. This is ex-
pected because of the different helicity structure between the SM
and O interactions, as mentioned earlier. Also, the interference
effects vary linearly as a function of C; and become smaller for
lower values of Cg. Therefore, based on the current limits on the
C¢ coupling, the interference effects are ignored in this analysis
and the pure O¢ sample is considered as the signal. The differen-
tial jet rate (DJR) distributions are used to check the validity of the
merging procedure in the presence of the O¢ operator. The Og
operator does not lead to soft and colinear divergences [28] and
the DJR distributions are found to be smooth.

3. Data and SM prediction

In order to evaluate the power of the dijet angular distributions
for probing the C¢; coupling, we focus on a recent analysis [17]
performed by the CMS Collaboration at /s =13 TeV and with an
integrated luminosity of 35.9 fb~!. In this analysis, normalized di-
jet angular distributions, denoted as (1/0yjjer (d0gijer/d Xdijer ), are
measured over a wide range of di-jet invariant masses and the re-
sults are used to probe parameter spaces of various new physics
models. We use the public information provided by the CMS Col-
laboration in the HEPDATA database. In particular, we employ
the data and SM prediction with the corresponding uncertain-
ties.

Events are required to have at least two reconstructed jets with
pr > 200 GeV and |n| < 2.5, where 7 is the jet pseudo-rapidity.
The two jets with the highest pr are used to make the dijet
system and are required to have |Ypoost| < 1.11, where ypoost =
(y1+Yy2)/2. Events are further categorized in the following bins of
the dijet invariant mass (mj;); [2.4,3.0), [3.0,3.6), [3.6,4.2), [4.2,4.8),
[4.8,5.4), [5.4,6.0), and >6.0 TeV. The xgijjer distributions are nor-
malized to unity in each mass range and are then unfolded to the
particle level. The contribution of the SM multijet production is
predicted at next-to-leading order QCD using NLOJET++4.1.3 [29]
including electroweak corrections [30].

Various experimental and theoretical uncertainties are consid-
ered in this measurement [17]. In general, the normalized differ-
ential cross sections in xgjjer are relatively insensitive to many sys-
tematic effects. The importance of the uncertainty sources varies
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Fig. 1. Normalized distributions of the dijet angular variable, xgijer, in different re-
gions of the dijet invariant mass mj;. The data (points) and the total theoretical and
experimental uncertainties are measured by the CMS Collaboration [17] and are dis-
played as shaded bands around the SM prediction. The SM plus O¢ expectation is
shown for three arbitrary values of the C¢ coupling.

from the low to high dijet mass bins. In the lowest mass bin,
the theoretical uncertainties are dominant, while in the highest
dijet mass the dominant source is the statistical uncertainty. The
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quadratic sum of all systematic uncertainties for all bins of Xijjer
is also provided in HEPDATA and is used in this analysis.

4. Results

In Fig. 1, the normalized xgijr distributions of the unfolded
data are compared to the SM predictions and to the predictions
of the SM plus O¢ for various C¢ values in all mass bins. The data
points, SM QCD predictions, and associated uncertainties are im-
ported directly from HEPDATA [17]. We have used our simulated
sample to find the normalized xgije, distributions for the signal.
Thus, the template of dijet angular distributions for the SM in-
cludes NLO QCD plus EW corrections while the contribution of the
signal is predicted at LO. For these plots, the ratio of the O¢ con-
tribution to that of the SM is taken directly from the ratio of the
predicted cross sections in the leading-order QCD and signal MC
samples after corrections for the fiducial acceptance. Cross section
ratios are provided for Cg/A% =1 in Table 1. Here, the area of the
sum of the O¢ and SM contributions has been normalized to unity
for each value of Cg/A? so that the differences in the shapes of
the distributions are easily compared. As can be seen in the figure,
the contribution of the O¢ operator peaks at small values of xgjjet,
contrary to the expectation from SM QCD.

In order to set constraints on the C; coupling, we used the
modified frequentist CLs method [31,32]. We performed a binned
likelihood fit that determined the best fit ratio of O¢ to SM MC
distributions that described the data. The systematic uncertainties
in the SM prediction are imported bin by bin from the HEPDATA.
The systematic uncertainties in each bin of the xgjjer distribution
are correlated to the same xgjjer bin in other dijet mass regions
using the covariance matrices provided by the CMS Collaboration
in HEPDATA. We have considered three sources of uncertainty on
the signal prediction: renormalization and factorization scale un-
certainty, PDF uncertainties and the uncertainty due to a finite
number of simulated events. The effect of the renormalization and
factorization scale uncertainty is estimated by varying the scales
used during the generation of the signal sample independently by
a factor 0.5 to 2. The envelope of the variations in each bin is taken
as the renormalization and factorization scale uncertainty. The PDF
uncertainty on the signal prediction is calculated using the repli-
cas of the NNPDF 3.0 set. Correlations of these uncertainties across
Xdijer and dijet mass bins are included. The PDF uncertainty in the
first bin of the normalized xgjjer distribution increases significantly
from 0.4% for the lowest mass bin to 35% for the highest mass bin.
The Q-scale uncertainty varies between 0.2% to 1.7% for the lowest
Xdijer bin in different mass bins. In addition, the Q-scale and PDF
uncertainties on the SM QCD background that are reported by the
CMS Collaboration at NLO are inserted to our statistical analysis di-
rectly from the HEPDATA tables [17]. To convert the best-fit ratios
of the normalized dijet angular distributions into limits on Cg/A2,
we use the ratios of the SM cross section to the O¢ cross section
given in Table I, which varies as a function of the dijet mass. Limits
on the fractional contribution of the O shape to the overall dis-
tribution are transformed using these ratios to limits on the cross
section for the O¢ process, and hence to a value of Cg/AZ.

The observed (expected) 95% CL limit on the C; Wilson coef-
ficient obtained from the combination of all mass bins is 0.034
(0.018) TeV—2. Based on the expected limits, the most sensitive
mass bins are [3.6,4.2), [3.0,3.6) and [4.2,4.8) TeV with the ex-
pected limit C¢g/A% < 0.021, 0.022, and 0.025 TeV~2, respectively.
The weakest expected limit is found from the highest mass bin
(>6.0), Cc/A% < 0.062 TeV—2 because of the large statistical er-
rors. The obtained limit does not depend strongly on the very
high mass bins where the applicability of the SMEFT might be
less valid because of the high energy scales involved. This depen-
dence was explicitly checked by removing all di-jet events with



R. Goldouzian and M.D. Hildreth

Table I
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The cross section ratio of multijet production with one O¢ vertex to the SM at leading order for Cé/A4 =1/TeV* in the

fiducial region for the considered mass bins.

Mass bin (TeV)  >24.0 [2.448] [243.0]

[3.0,3.6]

[3642] [4248] [4854] [5460] >6.0

00;/0sm 17.2 16.9 13.2 24.2

38.6 53.2 67.7 89.7 1124

Table II

Observed and expected exclusion limits on the Cg/A? at 95% CL. The 68% and 95% ranges of expectation for the

expected limit are given as well.

Mass bins Observed (TeV—2)  Expected (TeV=2)  68% range (TeV—2)  95% range (TeV—2)
[2.4,3.0] 0.034 0.026 [0.022,0.031] [0.019,0.035]
[3.03.6] 0.034 0.022 [0.019,0.026] [0.016,0.030]
[3.6/4.2] 0.027 0.021 [0.018,0.025] [0.015,0.029]
[4.2,4.8] 0.037 0.025 [0.021,0.029] [0.018,0.034]
[4.8,5.4] 0.035 0.032 [0.026,0.037] [0.023,0.044]
[5.4,6.0] 0.041 0.038 [0.032,0.046] [0.027,0.054]
>6.0 0.077 0.062 [0.043,0.066] [0.037,0.082]
First 4 bins combined ~ 0.032 0.019 [0.016,0.023] [0.014,0.031]
All bins combined 0.034 0.018 [0.015,0.021] [0.013,0.027]
center-of-mass energy greater than 5.4 TeV from the SM and sig- References

nal samples, and recomputing the limits. No change was observed.
We also found the expected and observed limit combining the four
low mass bins Cc/A% < 0.019 TeV—2 and C¢/A% < 0.032 TeV—2,
respectively. The observed and expected exclusion limits at 95% CL
obtained from different mass bins are listed in Table II. The ob-
served limits are weaker than the expected limits because of an
overall excess of events in the first xgijer bin at all mass scales.
This effect was also seen in the published CMS analysis.

5. Conclusions and prospects

In this paper, we have presented a detailed analysis of the
dimension-6 triple gluon operator O, improving the constraints
on its potential influence using an analysis sensitive to the helic-
ity structure of the operator. We note that, to lowest order, there
is no interference of the effects of O with standard QCD am-
plitudes in 2 — 2 processes. This implies that the effects of O¢
should be purely additive, making the analysis easy to interpret.
We have shown that the dijet angular variable xgijer has good sen-
sitivity to anomalous large values of C¢, the Wilson coefficient of
O¢. Using public data from the CMS experiment, we have set a
limit of Cg/A% < 0.034 TeV—2 at 95% confidence level, the most
stringent limit to date on C¢. Even with the improved sensitivity of
this result, the analysis suffers from constraints related to the use
of public data. The use of relative cross sections for limit-setting
cancels some systematic errors but does not give full sensitivity
to variations in production cross sections. In addition, the original
CMS simulated samples are not available, so some systematic er-
rors could be reduced by careful studies. We believe, however, that
the LHC experiments could produce significantly improved limits
on C¢ using this technique and the full Run 2 dataset. In principle,
a characterization of C¢ should be included in SMEFT studies so as
to independently constrain the value of C¢ and its effects on the
other dimension-6 operators that can be observed in Higgs boson
and top quark events.
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