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Abstract

The first observation of electroweak production of a photon in association with two
forward jets in proton-proton collisions is presented. The measurement uses data
recorded by the CMS experiment at the LHC during 2016-2018 at a center-of-mass
energy of 13 TeV, corresponding to an integrated luminosity of 138 fb™'. The analysis
is performed in a region enriched in photon production via vector boson fusion, with
a requirement on the transverse momentum of the photon to exceed 200 GeV. The
cross section is measured to be 202735 fb, at a significance with respect to the null hy-
pothesis that exceeds five standard deviations. This is in agreement with the standard
model prediction of 1771“%2 fb. Differential cross sections are measured as a function
of various observables. Limits are set on dimension-6 effective field theory operators
that contribute to the WW+ interaction. The observed 95% confidence intervals for
the corresponding Warsaw basis Wilson coefficients ¢y and cywpg are [—0.11,0.16]
and [—1.6,1.5], respectively.
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1 Introduction

Vector boson fusion (VBF) in proton-proton (pp) collisions [1] is a process that can provide
unique insights into electroweak (EW) physics. In a VBF process, two vector bosons are radi-
ated from the incoming quarks in the protons, and they then fuse to produce a third boson. The
fusion process thus provides direct sensitivity to the triboson interaction. The initial quarks are
deflected slightly from the beam direction, and appear as forward jets in the CMS detector. This
leads to the typical VBF signature with two jets in the final state that are widely separated in
pseudorapidity 77 and with a large invariant mass of the dijet system m;;. These jets are here-
after referred to as “tagging jets”. In VBF processes, no color exchange is expected between the
two incoming quarks. This results in a low hadronic activity within the pseudorapidity gap
between the two tagging jets [2, 3], implying that additional jets in this region are usually from
the showering of partons. The VBF processes are therefore also important tools to validate
parton shower models.

u

Figure 1: Representative Feynman diagram for EW <jj production with a photon produced via
vector boson fusion.

The large data sample of the CERN LHC at a center-of-mass energy of 13 TeV has provided
the prime opportunity to better study the VBF production of a vector boson. The ATLAS and
CMS Collaborations have measured the VBF production of the Z [4-8] and W [9-11] bosons
at different center-of-mass energies. Despite the larger cross section, the VBF production of
a photon is more challenging to measure because of the overwhelming backgrounds that are
irreducible and difficult to model.

Figure 1 shows a representative Feynman diagram for the EW 7jj vector-boson fusion process at
order afy«, and Fig. 2 shows EW 7jj productions via final-state radiation (FSR, left) or initial-
state radiation (ISR, right). In Fig. 3, diagrams of order aZa are presented where the same
final state is realized through dijet production induced by quantum chromodynamics (QCD)
with a hard FSR photon. Such processes are among the irreducible QCD backgrounds with
a production cross section that is about 30 times larger than EW 7jj production. The ATLAS
Collaboration has conducted detailed studies of photon production in association with two
jets, focusing on the fragmentation and direct production regions [12]. To date, no dedicated
measurement of purely EW +jj production has been performed at the LHC.

In this paper, the first measurement of the EW 7jj production is presented. The measurement
is performed in a VBF region and the photon is required to be central, || < 1.44, and have
a transverse momentum greater than 200 GeV. It is based on pp collisions at a center-of-mass
energy of 13 TeV, recorded in 20162018 with the CMS detector at the LHC, corresponding to an
integrated luminosity of 138 fb~'. The QCD-induced +jj production is treated as an irreducible
background. The signal interference with the QCD-induced processes, modeled at leading
order (LO), is also treated as background. This study provides, in addition to the inclusive
cross section, Oy ., differential cross section measurements, unfolded to the particle level, as
functions of pseudorapidity of the tagging jets #; and 7, the transverse momentum of the
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Figure 2: Representative Feynman diagrams for photons produced in FSR (left) and ISR (right).
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Figure 3: Representative Feynman diagrams for QCD-induced production of a photon and two
jets.

photon pZ, the event centrality C, [13], the invariant mass of the two tagging jets mj, and
the Zeppenfeld variable [14], which measures the photon’s pseudorapidity relative to the dijet
system. The hadronic activity within the pseudorapidity gap between the two tagging jets is
also studied to validate the simulation. Finally, limits are derived on new WW1y interactions
described by the Warsaw basis [15] Wilson coefficients, ¢y and cywg, in the context of an
effective field theory (EFT) extension to the standard model, SMEFT [16]. These results are also
tabulated in the HEPData record for this analysis [17].

The paper is organized as follows: a description of the CMS detector is provided in Section 2.
Simulations of signal and background processes are detailed in Section 3. The reconstruction
and selection of events are described in Section 4. The estimation of the backgrounds is detailed
in Section 5. The signal-to-background separation is achieved via a multivariate discriminator
described in Section 6. A review of the systematic uncertainties is provided in Section 7. Sec-
tion 8 presents the inclusive and differential measurements, and the EFT interpretation is the
topic of Section 9. A summary is given in Section 10.

2 The CMS detector

The central feature of the CMS [18, 19] apparatus is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and
scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections.
The ECAL provide a coverage in pseudorapidity |17| < 1.48 in the barrel region and 1.48 <
|7] < 3.0 in two endcap regions. Forward calorimeters extend the # 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.

Events of interest are selected using a two-level trigger system [20, 21]. The first level (L1),



composed of custom hardware processors, uses information from the calorimeters and muon
detectors to select events of interest with a maximum rate of 100 kHz within a latency of about
4 pys. The second level is a high-level trigger (HLT) processor, made up of a farm of processors
running a version of the full event reconstruction software optimized for fast processing, and
decreases the rate to a few kHz before storage.

A more detailed description of the CMS detector, together with a definition of the coordinate
system and kinematic variables, is reported in Ref. [18].

3 Signal and background simulation

The signal sample is generated using the Monte Carlo (MC) event generator MAD-
GRAPH5_.aMC@NLO version 2.6.5 (MG5) [22] at next-to-leading-order (NLO) accuracy in per-
turbative QCD. The photon produced at the matrix-element level is required to be isolated in
a cone of size 0.05 [23]. The QCD-induced photon production with additional jets (QCD 1ijj) is
also modeled with MG5 at NLO. Samples are generated in bins of p1 to increase the number of
events with a high-p photon. The interference between EW <jj and QCD ¢ijj is modeled at LO
with MGS5.

Other backgrounds arise from W+ and Z+ production with additional jets (V-y+jets) where the
massive vector bosons decay hadronically, the production of diphoton plus jets (yy+ets) with
a photon failing the selection requirements, and tty production with hadronically decaying
top quarks. These processes are all generated with MG5 at NLO except yy+jets that is pro-
duced at LO with SHERPA 2.2 [24]. Parton showering and hadronization are modeled using
PYTHIA 8.240 [25], with the CP5 tune [26], where the dipole recoil scheme [27] is employed
for the EW «jj signal. Parton diatribtion functions (PDFs) of NNPDF 3.1 [28] are used for all
samples. The detector response is simulated using GEANT4 v10.4.3 [29]. Simulated events are
reweighted to have the same profile as in data for additional pp interactions in the same and
neighboring bunch crossings (pileup).

4 Event reconstruction and selection

Collision events are selected at the HLT according to the presence of a photon with pr >
200 (175) GeV for the 2017-2018 (2016) data taking periods. The same requirements are im-
posed on simulated events and the trigger efficiencies are corrected as a function of p} to ob-
tain the same trigger efficiency as in data. The trigger efficiencies in the data are obtained using
event samples passing uncorrelated muon triggers, while containing a photon in the ECAL
barrel with pI > 200 GeV.

Events in data and simulation go through the same reconstruction and selection procedures.
The particle-flow algorithm [30] is employed to reconstruct and identify individual particles in
the event, combining information from different CMS subdetectors. The primary vertex (PV)
is taken to be the vertex corresponding to the hardest scattering in the event, which refers to
the collision with the highest energy transfer during the event, identified using the tracking
information alone, as described in Ref. [31].

Photons are identified as ECAL energy clusters not linked to the extrapolation of any charged
particle trajectory from the silicon tracker. In the barrel section of the ECAL, an energy resolu-
tion of about 1% is achieved for unconverted or late-converting photons in the tens of GeV en-
ergy range. The energy resolution of the remaining barrel photons is about 1.3% up to || =1,
gradually increasing to about 2.5% at || = 1.4.



Photons are selected in the barrel region, i.e., || < 1.44 with py > 200GeV. A set of identifi-
cation criteria are imposed [32, 33] on various photon properties, including, e.g., the spread in
11 of the electromagnetic shower in the ECAL, ¢;,;,,, the ratio of deposited energy in the HCAL
to ECAL, and the isolation, defined as the sum of transverse momenta of charged hadrons, I,

photons, I, and neutral hadrons, I,,, within a cone of AR = V (An)? + (A¢p)? = 0.3 around the
photon direction, excluding the photon itself [30, 32, 33]. The “tight” and “loose” identification
requirements correspond, respectively, to an average efficiency of 70% and 90% [34]. Photons
must meet the tight identification criteria and leave no signal (seed) in the pixel detector. Cor-
rections are applied to simulated events, as a function of photon pr and |7, in order to achieve
the same efficiency as in data for photon identification and the rejection of photons with seeds

in the pixel detector.

For each event, hadronic jets are clustered from the reconstructed particles using the infrared-
and collinear-safe anti-kt algorithm [35, 36] with a distance parameter of 0.4. Jet momentum is
determined as the vectorial sum of all particle momenta in the jet, and is found from simulation
to be, on average, within 5 to 10% of the true momentum over the whole pr spectrum and
detector acceptance. Particles from pileup can contribute additional tracks and calorimeteric
energy deposits to the jet momentum. To mitigate this effect, charged particles identified to be
originating from pileup vertices are discarded and an offset correction is applied to correct for
remaining contributions [30]. Jet energy corrections are derived from simulation to bring the
measured response of jets to that of particle-level jets on average. In situ measurements of the
momentum balance in dijet, photon + jet, Z + jet, and multijet events are used to account for
any residual differences in the jet energy scale between data and simulation [37]. The jet energy
resolution amounts typically to 20-30% at 15GeV, 15-20% at 30 GeV, 10% at 100 GeV, and 5%
at 1TeV [37]. Additional selection criteria are applied [38] to remove jets potentially dominated
by anomalous contributions from various subdetector components or reconstruction failures.
Jets are required to have pr > 50GeV and |77| < 4.7 and to be separated from one another with
AR > 0.4.

Events are selected with at least one photon and at least two jets separated from the photon
by more than 0.4 in AR. The leading and subleading jets in py (j; and j,, respectively), are
considered as tagging jets and must be separated in pseudorapidity, |Ar;| > 2.5, while passing
my; > 500 GeV. Similar requirements are imposed on the EW +jj signal at particle level to define
the fiducial region.

5 Background determination

Backgrounds to the EW <jj measurement can be divided into two main categories based on the
photon origin. Processes containing prompt photons from the primary vertex are estimated
using simulation. This category includes QCD +jj, the interference between this process and
the signal, the production of massive vector bosons and tt in association with photons, and
diphoton production. All processes are initially normalized to the theoretical prediction of
their cross section at NLO, except for the diphoton production, which is calculated at LO.

The other category contains reducible backgrounds with nonprompt photons from hadron de-
cays, or of purely instrumental origins. The contribution of nonprompt photons is estimated
using an ABCD method [39]. Besides the signal region (A) described in Section 4, three orthog-
onal regions in data (B, C, and D) are introduced by modifying the photon identification criteria
and/or the my requirement. Region B is similar to Region A except for the photon identifica-
tion. It must pass the loose identification criteria while failing the condition on any of 1, I,



and I, variables. The threshold on 03,;, is also set to be less stringent that of the loose identifica-
tion [32]. These adjustments are designed to reject most prompt photons while increasing the
acceptance for nonprompt candidates. Region D (C) is derived from region A (B) by modifying
the my requirement to be less than 400 GeV.

The correlation between the modified photon identification variables and m;; is checked in sim-
ulation and found to be negligible. Consequently, f, the fraction of nonprompt photons passing
the tight requirements, is expected to remain consistent between regions B and C. This allows
the f fraction, measured in regions C and D with my < 400 GeV, to be applied to region B for
estimating the nonprompt photon contribution in signal region A.

Although small, the contribution of prompt photons must be subtracted from regions with
modified photon identification criteria. This is achieved by fitting to the data the cy,;, distribu-
tions that differs between prompt and nonprompt photons. The 0;,;, distribution for prompt
photons is taken from simulation. Distributions from EW +jj signal and QCD jj samples are
alternatively used in the fit and the difference between the results is taken as a systematic un-
certainty. The 0;,;, distribution of nonprompt photons is extracted from a sideband in data. To
define the sideband region, the tight requirement on photon ¢;,;,, is relaxed and the condition
on I, is inverted. To assess the robustness of the procedure, alternative sidebands are defined
by varying the lower bound on Iy,. The corresponding o;,;, distributions are used in the fit
and the variations in the results are taken as extra systematic uncertainties. The f fraction, and
hence the nonprompt contribution in the signal region, is measured in bins of photon pt. The
closure of the method is verified by repeating the entire procedure using MC simulation. Resid-
ual nonclosures are considered as additional systematic uncertainties, alongside uncertainties
arising from the limited size of the MC samples.

Table 1 contains the estimation of the nonprompt photon background together with the ex-
pected event yields in the selected samples of prompt photons. The EW 7ijj signal is divided
by being inside or outside the signal phase space at generator level. Considering the total un-
certainty, arising from both MC statistical limitations and systematic effects, the total number
of simulated events is compatible with the observed data.

Table 1: Expected event yields and their uncertainties for signal and backgrounds, including
also the estimation of the nonprompt photon contribution. The number of observed data events
are also included for comparison.

Process Events

EW W1jj (signal) 9824 + 74
EW 9ijj (out of phase space) 686 44
QCD %jj 235689 £ 8330
EW-QCD vjj (interference) 428 431
Nonprompt photon 6052 4493
Ty 1262 £78
Wy =iy 1921 4144
Wy = Llvy 713 £ 56
Zy — iy 729 + 54
tEy 472 + 36
Total expected 257776 + 8347

Data 248390 + 498



6 Signal and background discrimination

In order to discriminate the EW 7jj signal from the dominant QCD 1jj background, a boosted
decision tree (BDT) with gradient boosting [40] is trained and optimized on simulated events
passing the selection criteria detailed in Section 4. Inputs to the BDT are #; , 17;, Aty my;, the
transverse momentum of the leading jet pr(j; ), the angular separation between the photon and
the subleading jet AR(j,, 7), C,, the ratio between py and the scalar pr sum of the tagging jets,
and the Zeppenfeld variable defined as:

)

Zeppenfeld = |11, — s (1)

Figures 4 and 5 show the distributions of some of these variables where, in general, the data
are well described by the expected distributions within uncertainties. Minor discrepancies are
observed in the tails of some of the distributions that could be attributed to the mismodeling of
QCD 1vijj at NLO. A binned maximum likelihood fit of the BDT distribution is performed to the
data with systematic uncertainties included as nuisance parameters using the CMS statistical
analysis tool COMBINE [41] to measure inclusive and differential EW 7jj cross sections. Events
with a BDT score greater than 0.6 are used for the interpretation of the results in the context of
an effective field theory.

7 Systematic uncertainties

Systematic uncertainties with theoretical and experimental origins are considered in the mea-
surements. The choice of renormalization and factorization scales, variations in parameters of
the PDF model, and the scales of the parton shower are among the theory uncertainties. Exper-
imental uncertainties are associated either with the analysis techniques, such as the estimation
of the nonprompt photon contribution, or with corrections to simulation, including the kine-
matics of jets and photons, the identification and selection efficiencies, and the effect of pileup,
as well as detector deficiencies during data taking that were not simulated.

Uncertainties due to missing higher order corrections in QCD are estimated by varying the
factorization and renormalization scales, yp and g, respectively, by a factor of 2 or 0.5, both
individually and simultaneously. The anticorrelated cases are excluded and the envelope of
variations in the shape of the BDT distribution is considered as an uncertainty.

Uncertainties arising from variations in the strong coupling constant ag and PDFs are evaluated
using the eigenvalues of the PDF set following the NNPDF prescription [42]. Parton shower
uncertainties arise from the scale variations in the ISR and FSR modeling. By varying either the
ISR or FSR scale by a factor of 2 or 0.5, there are four combinations, and the largest variation is
taken as the systematic uncertainty. These theoretical uncertainties are evaluated for the signal
and QCD 9jj background. The effects are considered correlated across data-taking periods
while uncorrelated between processes.

Trigger efficiencies and their corrections are derived as described in Section 4. The trigger
efficiencies in data are evaluated using jets instead of muon triggers, and the difference is taken
as an uncertainty. Additional uncertainties arise from the statistical uncertainty in the control
data and the limited size of the MC sample. Besides, imposing m; > 500 GeV, corrections are
recomputed and the difference is considered as uncertainty. Variations from all sources are
added in quadrature, resulting in the trigger uncertainty as a function of p]. The uncertainty

is considered uncorrelated between different data-taking periods.
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Figure 4: Distribution of (upper left) photon pr, (upper right) leading jet pr, (lower left) my,
and (lower right) |Arj;| in data and simulated processes, except the contribution of nonprompt
photons that is estimated from data as discussed in Section 5. Simulted samples are normalized
to their theoretical cross sections. The black points with error bars represent the data and their
statistical uncertainties. The last bin includes the overflow events. The lower panels shows the
ratio of the data to the expectation with the inner (outer) band representing the statistical (total)
uncertainty in the combined signal and background expectations.

Uncertainties associated with the determination of the jet energy, i.e., the jet energy scale (JES)
and resolution (JER), are evaluated in simulation and split into several uncorrelated sources [37].
Uncertainties are obtained by varying each source by +1 standard deviation. Changes in jet
momenta are propagated to BDT inputs constructed using jet kinematics. Variations in the
BDT distribution are included in the fit and considered correlated between different processes.
A correlation pattern is defined [37] across the data-taking periods, depending of the source.

Uncertainties in the photon identification efficiency and pixel seed veto are considered [32],
affecting the BDT shape and the normalization of contributing processes. Variations are within
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Figure 5: Distribution of (upper left) C,, (upper right) AR(j,,v), and (lower) the Zeppenfeld
variable in data and simulated processes, except the contribution of nonprompt photons that
is estimated from data as discussed in Section 5. Simulted samples are normalized to their the-
oretical cross sections. The black points with error bars represent the data and their statistical
uncertainties. The last bin includes the overflow events. The lower panels shows the ratio of
the data to the expectation with the inner (outer) band representing the statistical (total) uncer-
tainty in the combined signal and background expectations.

1-10% depending on pr and include both statistical and systematic components. The system-
atic contribution dominates at low pr, whereas the statistical part becomes significant at higher
pr of the photon.

A problem with the ECAL triggers during 2016-2017 resulted in a small fraction of events se-
lected from the previous proton bunch crossing [43]. Simulated events are corrected to account
for this timing shift and corresponding uncertainties are assigned.

The modeling of nonprompt photons is affected by three uncertainty sources described in Sec-



tion 5, namely, the choice of the isolation sideband, the bias in the fitting procedure, and the
shower shape of prompt photons. Summing in quadrature, the uncertainty in the estimation
of nonprompt photons ranges from 25 to 90%, depending on photon pr. This uncertainty is
considered uncorrelated across the years of data taking.

Backgrounds with prompt photons are dominated by the QCD +jj production, whose normal-
ization is unconstrained and implemented as a free normalization parameter in the fit. The
minor contribution of other backgrounds, including also the interference between the EW and
QCD 9jj, is assigned 20% uncertainty, covering possible mismodeling in the phase space of the
analysis. This uncertainty is considered correlated between data-taking periods.

Uncertainties associated with the integrated luminosity for different data-taking periods are
determined to be within 1.2-2.5% [44—46]. They are considered partially correlated across years
of data taking, resulting in an overall uncertainty for 2016-2018 of 1.6%. The uncertainty arising
from pileup is evaluated varying the total inelastic cross section by 4.6% and is considered
correlated between years [47]. The finite number of simulated events introduces an uncertainty
that is accounted for using the Beeston-Barlow “lite” method [48].

8 Inclusive and differential measurements

The normalization of the QCD %ijj background, unconstrained in the fit to extract the inclu-
sive Uy 44, is determined to be 1.00 = 0.06 relative to the expected value. The EW jj signal is
observed over the expected backgrounds with a significance of more than five standard devia-
tions, compatible with the expected significance from simulation. The measured fiducial cross
section is opy . = 202+£7 (stat) "3 (syst) fb, in agreement with the SM prediction 177713 fb,
where the single dominant systematic uncertainty is associated with the jet energy scale and
resolution. The BDT distribution after the fit to data is shown in Fig. 6. A summary of system-
atic uncertainties after the fit is provided in Table 2.
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Figure 6: The postfit BDT output distribution. The data are compared to the sum of the signal
and the background contributions. The black points with error bars represent the data and
their statistical uncertainties. The lower panel shows the ratio of the data to prediction where
the inner (outer) band represents the statistical (total) uncertainty in the combined signal and
background contributions after the fit.

The hadronic activity in the pseudorapidity gap between the two tagging jet is studied using
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Table 2: Summary of uncertainties affecting the measurement as extracted from the fit to data.
The total uncertainty is obtained by adding individual contributions in quadrature.

Source Uncertainty (fb)
Data statistical uncertainty +7
Limited size of MC samples +4
Normalization of minor backgrounds +6
Theory +14,-12
Jet energy scale and resolution +22
Other experimental uncertainties +22,-20
Total +36, —32

gap jets. In a pure VBF process, jets in the pseudorapidity gap are expected to come from parton
showers, hence carrying low energies. Considering an upper bound on the gap jet transverse
momentum, py*, the rapidity gap fraction is defined as the fraction of events in which the gap
jet satisfies pp < p¥°. In order to enrich the data sample in VBF EW +jj, events are required
to have a BDT score greater than 0.9. The contribution of the EW +jj signal is about 24% in
the selected sample. The rapidity gap fraction as a function of p{' is shown in Fig. 7 for data
and the combination of EW «jj and QCD ¢%ijj in simulation. Expected event yields are scaled
using the fit results of the inclusive EW 7ijj cross section measurement. Other backgrounds
are negligible and are, therefore, not considered at this stage. The data are well described by

simulation, indicating a reasonable modeling of the jet activity in PYTHIA 8.240.
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Figure 7: The rapidity gap fraction as a function of p{*° in data and simulated samples for

EW 7ijj and QCD 7ijj. The black points with error bars represent the data and their statistical
uncertainties. The theory prediction, calculated using MG5+PYTHIA, together with the MC
statistical uncertainties are shown by the colored band.

Differential gy ,jj measurements are unfolded back to the particle level as functions of ob-
servables mainly describing the VBF signature of the signal. A likelihood-based unfolding
procedure is followed where the signal yield in every bin of an observable at the detector level
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is parameterized as a function of EW %ijj cross sections in all bins of the same observable at the
particle level. A simultaneous fit in all bins of the observable is performed to the data using the
BDT distribution with all systematic uncertainties included as nuisance parameters. The use of
the BDT distribution preserves the sensitivity to the signal in the presence of the large QCD 1jj
background. Figure 8 shows the unrolled BDT distribution in bins of the Zeppenfeld observ-
able after the fit to the data. Signal events from different Zeppenfeld ranges at the generator
level are represented by different colors.
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Figure 8: The unrolled BDT distribution in bins of the Zeppenfeld observable after the fit to
the data. Signal events from different Zeppenfeld ranges at the generator level are represented
by different colors, whereas different Zeppenfeld ranges at the detector level are displayed
as an overlaid distribution. The different shades of green correspond to increasing ranges of
the Zeppenfeld observable at the generator level ([0,0.6],[0.6,1.2],[1.2,1.8],[1.8,00]). The label
“out” refers to signal events outside the defined phase space. The black points with error bars
represent the data and their statistical uncertainties. The lower panel shows the ratio of the
data to the prediction. The inner and outer bands represent, respectively, the statistical and
total uncertainties on all simulated samples after the fit.

The normalized differential cross sections are directly extracted from the fit by introducing, in
bin i of the differential distribution, the ratio between U]f:wm and the total fiducial gy ,j as a
parameter of interest, while otherwise the fits are structured identically to the un-normalized
differential fit. Allowing ogyy ,; to vary in the fit, the normalized cross section of one of the
bins in the differential distribution is parameterized as a function of the remining bins. As a
result, the normalized cross sections retain the same number of degrees of freedom as a stan-
dard differential measurement. This approach significantly reduces the systematic uncertain-
ties and accounts for correlations by construction. The normalized differential cross sections
are shown, as functions of p% s My My, M, C, and the Zeppenfeld variable, in Fig. 9, compared
with predictions. Uncertainties in the predictions are estimated by summing in quadrature the
systematic uncertainties coming from the renormalization and factorization scales, PDFs, and
parton shower simulation.
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The measurements are in agreement with predictions across all observables, except for a few
bins, particularly in the #; distribution. It can be due to the dominant QCD vijj background,
where the second jet is not included in the matrix-element calculation but instead modeled
through hadronization. This treatment can lead to a mismodeling of the distribution in the
signal region.

9 The EFT interpretation

The sensitivity of the analysis to new phenomena in the WW+y interaction is examined in
SMEFT [16]. The Wilson coefficients (WCs) of the dimension-6 operators, cyy and cywp, are
considered for the study as they are the two operators that genuinely modify the WW+~ ver-
tex [49]. The implementation of the EFT effects relies on the reweighting feature of MG5. To
extract the weights, the SMEFTSIM 3.0 [50] model is employed with nonzero values of cyy and
cywg- The real emissions at NLO in QCD are accounted for by including the production of
the photon in addition to up to three jets. The EFT weights are then applied to the signal sam-
ple that is generated at NLO in QCD using MADGRAPH5_.aMC@NLO. Several observables are
studied to distinguish the SMEFT from the SM EW < jj where for every observable, the proper
MC modeling of background is ensured in comparison with the data. No single observable
was found to provide an enough discriminating power for both ¢y, and cywsg.

Considering the EW 7ijj cross section within SMEFT, a deep neural network (DNN) is con-
structed to discriminate the pure SM part from the linear and quadratic terms. The training is
performed using KERAS [51] within the TENSORFLOW platform [52], providing enough robust-
ness against negative event weights. The non-SM contributions to the cross section include the
interference between the SM and EFT terms, the interference between the EFT operators cor-
responding to cy and cywg, and the pure quadratic contributions of either of the EFT opera-
tors. The training is performed, simultaneously, against three different points in the (cy, cywg)
parameter space, namely (1, —1), (1,0.4), and (—1, —1), where two extreme and one interme-
diate scenario are considered. The training points are chosen such that, considering negative
event weights, the effective size of each sample is statistically sufficient. Input features to the
DNN include photon pr, pseudorapidities of the leading and subleading jets, m;;, and the AR
between the photon and the subleading jet. The use of a DNN is further motivated by its im-
proved handling of negative weights, which can become sizable in EFT analyses. The DNN
output provides sensitivity to both operators, suitable to constrain them simultaneously, while
surpassing the performance of individual observables.

The DNN distribution serves as an input to the statistical EFT analysis. The bin contents are
parameterized according to different contributions to the SMEFT expected yield. Each event
weight is a quadratic function of the WC, and bin yields are obtained by summing these
quadratic weights over all events in the bin. This allows for an efficient parametrization of
expected event yields as functions of EFT parameters. To increase the sensitivity of the anal-
ysis, events are required to have a BDT score of above 0.6, providing a region with a higher
purity in EW ;.

A maximum likelihood fit is performed using the DNN distribution with systematic uncertain-
ties included in the fit as nuisance parameters. The distribution of the DNN output after the
fit is shown in Fig. 10. The data agree with predictions though, in the lower panel, a slight
trend is visible for the ratio of data to simulation in the last four bins, reaching the maximum
value of 1.2 standard deviations in the highest DNN scores. The expected and observed 95%
confidence level intervals for ¢y are, respectively, [—0.21,0.25] and [—0.11,0.16]. For cywg,
the expected confidence level interval is [—1.9,1.6] while it is observed to be [—1.6,1.5]. The
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Figure 9: Normalized differential cross sections, compared with the SM predictions, as func-
tions of (upper left) ;s (upper right) i, (middle left) mj, (middle right) p%, (lower left) C,, and
(lower right) the Zeppenfeld variable. The red bars on the data points represent the statistical
errors, whereas the black bars show the total uncertainties.
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one- and two-dimensional likelihood scans for cyy and cywp are shown in Fig. 11. Results are
in agreement with the SM expectation. Similar WCs can be studied in EW Zjj production as
performed by ATLAS and CMS experiments [53, 54]. The expected constraints on cyy in this
analysis are found to be weaker than those in the CMS analysis of Ref. [54] while both ¢ and
cywg are better constrained in comparison with ATLAS results.

CMS 138 fb™ (13 TeV)
1\% 10°= ¢ Data  [EW yj Bty
2 o non-prompt y [ W(j) y
o B ZGj) v W(lv) y Il QCD vj
W 10" _sM+ oW — SM + cHWB

Stat + Syst unc Stat unc

01 02 03 04 05 06 07 08 09 1
DNN output

Figure 10: The distribution of the DNN output trained for ¢y and cywp coefficients in data
and simulation. The simulation is corrected using the results of the inclusive gy, measure-
ment. The black points with error bars represent the data and their statistical uncertainties.
The purple and indigo lines show the distributions for the EW «jj process when cywg and cyy,
respectively, are set to one. The lower panel shows the ratio of the data to the prediction. The
inner and outer bands represent, respectively, the statistical and total uncertainties on all sim-
ulated samples as evaluated in the inclusive ogyy ,;; measurement.

10 Summary

The first observation has been presented of the electroweak production of a photon in associ-
ation with two jets (EW +jj) using proton-proton collisions at /s = 13 TeV recorded with the
CMS detector in 2016-2018 and corresponding to an integrated luminosity of 138 fb~*. Events
are selected by requiring a photon with transverse momentum p; > 200 GeV and two jets sep-
arated by at least |Ay7| > 2.5 with an invariant mass m;; > 500 GeV. The measured inclusive

EW 7ijj cross section is oy 5 = 202 £7 (stat) T35 (syst) fb in agreement with the predicted stan-

dard model cross section of 1771“%‘; fb. Normalized differential cross sections are also measured
as functions of several observables and compared with standard model predictions at next to
leading order in perturbative quantum chromodynamics. Within the uncertainties, predictions
agree with measurements in all observables except the pseudorapidity of the tagging jets. In
particular, measured normalized cross sections differ from prediction by about two standard
deviations in the pseudorapidity distribution of the softer tagging jet. The gap fraction is mea-
sured in a signal-enriched region and is found to be in agreement with the prediction, support-
ing the accuracy of the modeling of hadronic activities in VBF-like processes. A deep neural
network is trained to probe new WW1 interactions in the context of an effective field theory,
described by dimension-6 operators. The observed 95% confidence intervals for the Warsaw
basis Wilson coefficients cyy and cyywp are [—0.11,0.16] and [—1.6, 1.5], respectively.
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Figure 11: Negative of twice in the difference in the log-likelihood as a function of cyy and cywg

based on 138 fb™! of CMS data at 13 TeV. Upper left: the one-dimensional likelihood scan for
cw, showing the observed (black solid line) and expected (red dashed line) standard values,
with 68% and 95% confidence intervals indicated by horizontal dashed lines. Upper right: the
one-dimensional likelihood scan for cyyp, similarly presenting observed and expected lim-
its. Lower: the two-dimensional likelihood contour for cyy and ¢y, indicating the standard
model (black cross), the best fit values (red dot), and contours corresponding to one (red solid
line) and two (red dashed line) standard deviations.
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