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1 Introduction

In the standard model (SM) of particle physics, the Brout-Englert-Higgs mechanism [1-4]
explains the electroweak symmetry breaking and allows the weak gauge bosons to acquire
mass. The mechanism predicts the existence of a Higgs scalar field and the observation of its
quantum, the Higgs boson, in 2012 by both the ATLAS [5] and CMS [6, 7] Collaborations
at the CERN LHC was one of the main goals of the LHC physics program.

In the SM, the Higgs boson, with a mass of 125 GeV, has the largest Yukawa coupling
to b quarks among the fermions to which its decay is kinematically allowed. While the
majority of Higgs bosons decay to b quarks, the large rates of background from SM events
composed uniquely of jets produced through the strong interaction, referred to as quantum
chromodynamics (QCD) multijet production, and the lack of secondary vertex discrimination
in the hardware-level trigger, make selecting events based solely on H — bb decays very



difficult. The Higgs boson production in association with a vector boson V (V = W,Z),
referred to as VH production, has the advantage of high efficiency via easily identified leptonic
decays of the W and Z bosons, making it the most sensitive channel in the measurement
of the H — bb decay. The presence of an energetic vector boson in the final state highly
suppresses the QCD multijet events, while also providing an efficient trigger requirement
when the W or Z boson decay to charged leptons and/or neutrinos. Requiring a large boost
of the W or Z boson provides several additional advantages: it further reduces the large
backgrounds from W and Z boson production in association with jets, it helps in reducing
the large background from top quark production in the signal channels including neutrinos,
it makes the Z(vv)H channel accessible via large missing transverse momentum (p+**), and
it generally improves the mass resolution of the reconstructed Higgs boson candidates. The
VH production mode was the dominant contributor to the observation of the H — bb decay
by the ATLAS and CMS experiments using the data from proton-proton (pp) collisions at
Vs =1,8, and 13 TeV collected during 2011-2017 [8, 9]. Both ATLAS and CMS experiments
have recently performed cross section measurements for the VH production mode where the
vector boson decays leptonically in the phase space defined by the simplified template cross
section (STXS) framework with pp collision data at /s = 13TeV [10, 11].

The recent application of effective field theories (EFTS) [12-14] demonstrates that subtle
deviations in observable distributions from SM expectations can give hints of new physics
at energy scales beyond those directly accessible at the LHC. The underlying theoretical
framework considered in this paper is the SM effective field theory (SMEFT) [15-21], which
extends the SM with operators of higher mass dimensions, thereby smoothly modifying the
kinematic spectra of the observables used for the extraction of the EFT effects. Several
recent CMS results using the LHC Run 2 data set, targeting H — VV — 4leptons [22],
H— WW — euv,v, [23], and H — 77 [24] decay modes and exploiting the matrix element
likelihood approach (MELA) [25-27], report constraints on anomalous couplings of the Higgs
boson, sometimes also interpreted in terms of bounds on SMEFT operator coefficients.

Notably, several dimension-six operators within the SMEFT framework affect the associ-
ated production of a Higgs boson with a W or Z boson and change the distributions of the
kinematic variables of the final-state particles, so that the VH production is an extremely im-
portant discovery tool for phenomena beyond the SM. So far, the VH cross sections measured
in the STXS framework have been used to probe the magnitude of coefficients corresponding
to the relevant SMEFT operators by the ATLAS and CMS experiments [28-30].

Further constraints on SMEFT operators from global analyses are available outside the
experimental collaborations [31, 32], with partial or complete data sets from LHC Run 2.
While the VH measurements performed within the STXS framework are sensitive to SMEFT
effects, they encounter limitations in probing the degeneracy between the effects of different
SMEFT operators because of a limited number of variables and phase space regions measured.
Moreover, there is no observable sensitive to the charge-parity (C'P) nature of the SMEFT
operators in the set of bins defined in the STXS framework, referred to as STXS stage 1.2.
In this paper, we report a measurement designed to probe the size of several dimension-six
SMEFT operator coefficients relevant in the VH production process, targeting the H — bb
decay and leptonic decay modes of the W or Z boson: Z — vv, W — fv, and Z — £/,



referred to as O-lepton, 1-lepton, and 2-lepton channels, respectively. Here, ¢ refers to either
an electron or a muon, including the leptonic decays of the T lepton. A multivariate analysis is
performed exploiting a rich set of kinematic information to separate the SMEFT effects from
the SM, and also to disentangle the effects of different SMEFT operators. The measurements
are performed using pp collision data at /s = 13 TeV collected by the CMS experiment from
2016 to 2018, corresponding to an integrated luminosity of 138 fht.

This paper is organized as follows. Section 2 describes the EFT effects in the VH(bb)
channel. Section 3 presents the CMS detector, while section 4 describes the data and
the simulated samples used in the analysis including the discussion of the simulation of
SMEFT effects. Section 5 describes the object reconstruction employed in the analysis.
Section 6 discusses the event selection for the different event topologies targeting different
energy regimes, as well as the corrections applied to the simulation to improve the modeling.
Section 7 presents the analysis strategy employed to access and constrain SMEFT effects via
operator coefficients with a dedicated focus on the definition of the observables which are
sensitive to SMEFT effects. Section 8 describes the systematic uncertainties affecting the
results and how they are included in the measurements. Results, with tabulated versions
provided in HEPData [33], and conclusions are discussed in sections 9 and 10, respectively.

2 Effective field theory effects in Higgs-strahlung

Low-energy manifestations of theories satisfying ultraviolet completion [19] can be described
by SMEFT at the TeV energy scale, accessible at the LHC. It progressively includes operators
of mass dimension greater than four that respect the SM gauge symmetries [16-20], and
is defined by the Lagrangian

() (6)
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Lsyverr = Lsm + ZiZTOEM + Ziﬁom +.o, (2.1)
where the sum runs over all possible operators with a particular mass dimension. This
expansion captures all nonresonant phenomena beyond the SM below an arbitrarily chosen

(n)

on observables, while the terms O and Og are the operators at mass dimensions five and

energy scale A. The dimensionless Wilson coefficients ¢\’ are used to parameterize the effects
six, respectively. The only possible dimension-five operator is the Weinberg operator [34],
which predicts lepton flavor violation and is not relevant for the phenomenology of VH
production. The dimension-six SMEFT operators that affect the VH production at the tree
level are listed in table 1. The operators are written in the so-called Warsaw basis [35]. The
interference term between the SM and dimension-eight SMEFT operators, which contributes
to the overall cross section with the same order of magnitude (A74) as the squared terms
of dimension-six SMEFT operators, is neglected in this analysis.

The operators OI({I (1, (’)g’ (1, Oy, and Oyq, commonly referred to as current operators,
introduce four-point interactions, depicted in figure 1 (left), and result in an increase of the
production cross section of the VH signal process with energy compared to the SM prediction.
Together with Oy and Opwp, the current operators describe all relevant V-fermion coupling
modifications (figure 1, middle). The remaining operators, Opw, Onws, Oup, and their
CP conjugates, referred to as gauge coupling operators, together with Opp and Oy, also
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Table 1. The dimension-six operators in the Warsaw basis affecting VH production at leading order.
Here q, refers to a left-handed quark field and is a representation of an SU(2) quark doublets. ug
refers to a right-handed up quark singlet, and dy a right-handed down quark singlet.
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Figure 1. Representative Feynman diagrams for VH production sensitive to different dimension-six
operators. The EFT effects contribute in vertices highlighted with a black dot. The diagram on
the left shows effects due to OI({l ()1, (’)I({?’ 31, Oy, and Ogpq. The diagram at the center also includes
contributions due to Oyp and Opwp- The diagram on the right displays effects from Oyvw, Opws,
Ogg, and their CP conjugates.

involving only gauge fields, modify the H-V coupling, shown in figure 1 (right). Interference
with SM interactions gives rise to a linear increase of the cross section with energy.

The operators Ol({lc)p Otus Ond, Ous, and Opg affect only the ZH production, because
both left- and right-handed initial-state quarks of the same flavor take part in ZH production,
while only the left-handed quarks of different flavors are involved in WH production [36, 37].

The measurement reported in this paper probes the operators in table 1 using kinematic
variables exhibiting cross section growth with energy due to the presence of EFT operators
and, for the first time in this channel, the angular structure that is sensitive to the interference
effects. For the angular information, we exploit the techniques of ref. [38] and define the
angles and decay planes of the VH process as shown in figure 2. In this figure, 6 is the polar
angle of the negatively charged lepton for V.= W™, Z and the neutrino for V.= W, in the
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Figure 2. Decay planes and angles in the V(— ¢,£,)H(— bb) production. The © angle is defined
in the VH rest frame, while 6 is defined in the V rest frame. Figure modified from ref. [38]. The
coordinate system used in the sketch of the decay plane is independent of the general CMS coordinate
system that is used for the analysis.

vector boson rest frame coordinate system, ¢ is the angle between the vector boson decay
plane and the plane of the vector boson and the beam axis, and © is the angle between the
beam axis and the vector boson direction in the center of mass frame of the VH system.
The squared amplitude of V(— ¢,¢,)H(— bb) production, when summing over the lepton
helicities, has the form

M (5,0,0, 90)|2 = Zz a; (3) [ (©,0,¢), (2.2)

where index ¢ represents the lepton helicity, a; (§) are functions of the Wilson coefficients
and the partonic center-of-mass energy v/§ involved in the process.

The functions f; depend on the three angles in figure 2 and are summarized in eq. (2.3)
following ref. [38]:
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fs = fip =sinpsinOsin

fr= fLQT = sin p sin O sin § cos © cos ¢
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fo=fpp = sin’ ® sin® © sin” 0,



where the indices T' and T” refer to two transverse polarizations of the intermediate vector
boson and index L refers to its longitudinal polarization.

Angular observables are useful to probe the C'P structure of the H-V interaction. A
traditional inclusive measurement implicitly integrates over ©, 6, ¢, thus removing all the
terms in eq. (2.3), except fr; and f%T. This leads to the loss of important information due
to the removal of most of the angular moment dependencies, which can be recovered for f,%T,
fLQT, S and fTT/ by using a triple-differential analysis with respect to all three angles.
Because the incoming quark and antiquark directions are not known at the LHC, the terms
proportional to fr}T, fiT, and ﬁT cannot be extracted.

In this analysis, the complete event information is exploited to build optimal observables
with likelihood-free inference methods [39-44], extracting the SMEFT effects to be described
in section 7.

Finally, a rotation to the mass eigenstate basis [45] is performed for the coefficients cyyy,
cgp, and cgwp to reduce the number of parameters probed in the measurement and avoid
unconstrained directions in the space of Wilson coefficients [46]:

2

77 v 2 2
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VA v? 1 5 2
95" = —2P (chw(CHW —cyp) + 5(% — Cw)CHWB) ; (2.4)

2
v

vy 2 9
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where s,, and ¢, represent the sine and cosine functions of the weak mixing angle, respectively,
and v is the SM vacuum expectation value of the Higgs field. We also perform a similar
translation for the Wilson coefficients of the corresponding complex conjugate operators:

77 77 v 2 2
gy =0y = _2P (SwCHE + CuCrriy + SwaCHVVB) ,
7 7 v? 1.2 9
g =gy = _QP (chw(cHVv —cyp) t+ 5(8“’ - CW)CHWB) ; (2.5)
2
YY _ Y v 2 2
gyl =gy = _QP (cwcHﬁ + SwCHW — SWCWCHWB) .

The anomalous couplings g2Z T ggy and their C'P-odd counterparts are not expected to be

constrained from V\;H and ZH production and are therefore not considered for this analysis.
The prefactor —2% is dropped in the rest of the paper. The Wilson coefficients cyp and
¢y do not introduce new Lorentz structure and are dropped due to the smallness of their

(1) .(3)

effects. Therefore, the final set of Wilson coefficients probed in this paper are cy 9’ CHgq CHu»
CHA s gQZ Z and gfz. It is important to note that the corresponding degrees of freedom in the
WH production, namely g;]v W and gXVW, are fully defined through the constraints of the
previously listed coefficients after removing the unconstrained directions in Wilson coefficient
space [46]. While the structure of the EFT effects in the WH channel is different, this does
not lead to additional degrees of freedom. Obtaining constraints on ggv W and gsz from the
77 77 . . . . ..
ones on g,  and g, is equivalent to a scaling by the cosine squared of the weak mixing angle.



The EFT effects in the gluon-induced ZH production are not considered. The vector
couplings do not affect the gluon-induced ZH process [47]. It is also checked that the
normalization of this process does not affect the sensitivity to the Wilson coefficients considered
in the analysis.

3 The CMS detector

The central feature of the CMS 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. Forward calorimeters extend the pseudorapidity coverage provided by the
barrel and endcap detectors. Muons are reconstructed in gas-ionization detectors embedded
in the steel flux-return yoke outside the solenoid. More detailed descriptions of the CMS
detector, together with a definition of the coordinate system used and the relevant kinematic
variables, can be found in refs. [48, 49].

The silicon tracker used in 2016 measured charged particles within the range |n| < 2.5.
For nonisolated particles of 1 < pp < 10GeV and |n| < 1.4, the track resolutions were typically
1.5% in pr and 25-90 (45-150) um in the transverse (longitudinal) impact parameter [50].
At the start of 2017, a new pixel detector was installed [51]; the upgraded tracker measures
particles up to |n| = 3.0 with typical resolutions of 1.5% in pp and 2075 um in the transverse
impact parameter [52] for nonisolated particles of 1 < pp < 10 GeV. The CMS particle-flow
(PF) algorithm [53] aims to reconstruct and identify each individual particle in an event, with
an optimized combination of information from the various elements of the CMS detector.

Events of interest are selected using a two-tiered trigger system. The first level (L1),
composed of custom hardware processors, uses information from the calorimeters and muon
detectors to select events at a rate of around 100 kHz within a fixed latency of about 4 us [54].
The second level, known as the high-level trigger, consists of a farm of processors running a
version of the full event reconstruction software optimized for fast processing, and reduces
the event rate to around 1kHz before data storage [55].

4 Data and simulated samples

The data used in this analysis are from pp collisions at /s = 13TeV collected by the
CMS experiment from 2016 to 2018, corresponding to an integrated luminosity of 138 fh 1.
Background estimates are obtained primarily from simulation, but also include corrections
derived from data for the main background processes, as discussed in sections 5 and 9.
Several triggers are used to collect events containing final-state particles consistent with
the signal processes considered. The triggers used to select events in the 0-lepton channel
make use of p%iss and missing hadronic transverse momentum, H7' 55 These quantities are
derived from the reconstructed objects as identified by the PF algorithm. The Hy' 5% i5 defined
as the magnitude of the negative vector pr sum of all reconstructed jets with pp > 20 GeV
and |n| < 2.5. The main triggers used in each of the data-taking periods require the same
threshold on p** and H2™*. This threshold is 110 GeV in 2016, and 120 GeV in the 2017 and



2018 data-taking periods. In the 1-lepton channel, single-lepton triggers are used. The p
threshold for electrons is 27 GeV in the 2016 data-taking period, rising to 32 GeV in 2017-2018.
For muons, the pr threshold is 24 GeV in the 2016 and 2018 data-taking periods, and is
increased to 27 GeV in 2017 [56]. Dilepton triggers are used to select events in the 2-lepton
channel. The pr thresholds for electrons are 23 and 12 GeV in all data-taking periods. For
muons, the pr thresholds are 17 and 8 GeV in all data-taking periods; the triggers used in
2017 and 2018 differ from those used in 2016 by the additional requirement that the dimuon
invariant mass must be greater than 3.8 GeV. In addition to the p thresholds, the triggers
require the leptons to pass stringent identification criteria. The trigger-level leptons are also
required to be isolated from other tracks and energy deposits in the calorimeters.

The POWHEG 2.0 generator [57-59] is employed to generate tt events at next-to-leading
order (NLO) in perturbative QCD [60]. For the normalization of the tt sample, the production
cross section is calculated at next-to-next-to-leading order (NNLO) with the resummation of
soft gluons at next-to-next-to-leading logarithmic precision with the Tor++2.0 program [61].
Event generation for the production of a single top quark in the ¢ channel [62] and in
association with a W boson [63] is performed at NLO with the POWHEG generator as well.
Events with the production of a single top quark in the s channels are generated at NLO using
the MADGRAPH5__aMC@NLO 2.4.2 generator [64] and top quark decays are simulated with
MADSPIN [65]. The production of a W or Z boson in association with jets is simulated at NLO
with MADGRAPHS  aMC@QNLO. These samples are categorized based on jet multiplicity and
pr of the W or Z boson. Event samples overlapping in phase space regions are reweighted so
that the total cross section of a given process is conserved. Additionally, the simulated W +jets
and Z+jets samples are corrected as a function of the angular momentum separation between
jets (AR(jj)), in the region AR(jj) < 1. This correction is needed to account for a shape
mismodeling observed in the region AR(jj) < 1, as discussed in section 6. The correction
improves the agreement between data and the NLO V+jets predictions. The reweighting is
derived for V+jets events and is flavor-agnostic, hence one single correction is derived for the
V+jets processes, separately in each analysis channel. It has been verified that the shape
corrections are consistent across flavors of the jets. The simulation-to-data reweighting is
propagated to V+jets events in all analysis regions. Shape-altering uncertainties associated
with this correction of the V+jets simulation are extracted as the statistical uncertainty of the
correction factors and are small in size. These uncertainties are uncorrelated across analysis
channels to account for residual channel-specific data-to-simulation non-closures after the
application of the corrections. The differences in these corrections originate from variations
in background composition across channels, e.g., the larger contribution of backgrounds due
to top quark production in the 0-lepton and 1-lepton channels compared to the 2-lepton
channel. The diboson processes, WW, WZ, and ZZ are also simulated at NLO in QCD with
the POWHEG or MADGRAPH5__ aMC@QNLO generators. The QCD multijet events are produced
at LO using MADGRAPH5_ aMC@QNLO with up to four outgoing partons in the final state.
The merging schemes employed for the MADGRAPH5 aMC@NLO LO and NLO samples with
the parton shower model are MLM [66] and FxFx [67], respectively.

The quark-induced Higgs boson production in association with a W or Z boson, including
the effects of SMEFT operators, is simulated using MADGRAPH5__aMC@NLO at LO plus one



additional jet (LO+41j). This follows the prescription discussed in the LHC EFT working
group note [68]. The production cross sections used to normalize the simulated signal samples
at LO+1j are rescaled to the NLO cross-section predictions using the POWHEG [57-59] event
generator extended with the MINLO procedure [69, 70]. The NLO electroweak corrections
are applied to the WH and ZH processes as functions of W or Z bosons pr, respectively [45].
Additionally, a reweighting of the p1(V) observable for the nominal MADGRAPH5__aMC@NLO
LO+1j signal sample is performed to match NLO POWHEG accuracy. The SMEFT effects
in the VH production are simulated using the SMEFTsiM v3.0 [71, 72] software package
with the topU31 flavor scheme at LO considering single-operator insertions without SMEFT
corrections to the propagators. The effect of the SMEFT corrections to the propagators is
negligible for the operators considered in this analysis, as described in ref. [72]. The SMEFT
cutoff scale, A, is set to 1 TeV. In the SMEFTSIM model, the correction to the total Higgs
decay width is computed using separate k factors for each decay channel following ref. [73].
The LO+1j samples are generated under the SM hypothesis and, for each simulated event,
a number of weights, computed by matrix-element reweighting using MADWEIGHT [74],
are stored. The stored weights encode the EFT effects that arise when setting the Wilson
coefficients to nominal values (1 and 2) and are interpolated using a second-order polynomial.
A sufficient number of nominal values are simulated which allows the interpolation to recover
the full polynomial EFT dependency, which is then used to compute event weights for any
combination of Wilson coefficients.

The gluon-induced ZH process in the SM is simulated at LO with POWHEG and its
cross section is calculated at NLO.

The NNPDF3.1 [75] NNLO parton distribution functions (PDFs), with the strong coupling
constant ag(My) set to 0.118, are used in all simulated samples to model the momentum
distribution of partons inside the colliding protons. Generated partons undergo parton
showering and hadronization using PYTHIA 8.212. The underlying event activity in each
sample is simulated using the CP5 tune, derived by tuning the model parameters for multiple
parton interactions in PYTHIA using minimum bias data collected by the CMS experiment [76].
For all samples, in order to match the pileup conditions in data and simulation, a weighting
is performed in simulation based on the value of the total inelastic pp cross section, which is
taken to be 69.2mb [77]. The generated samples are processed through the CMS detector
simulation based on GEANT4 [78], using the same reconstruction algorithms used on data.

5 Event reconstruction

The CMS PF algorithm [53] aims to reconstruct and identify each individual particle in an
event, with an optimized combination of information from the various elements of the CMS
detector. The energy of photons is obtained from the ECAL measurement. The energy of
electrons is determined by using the PF algorithm and from a combination of the electron
momentum at the primary interaction vertex as determined by the tracker, the energy of the
corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially
compatible with originating from the electron track. The energy of muons is obtained from
the curvature of the corresponding track. The energy of charged hadrons is determined from
a combination of their momentum measured in the tracker and the matching ECAL and



HCAL energy deposits, corrected for the response function of the calorimeters to hadronic
showers. Finally, the energy of neutral hadrons is obtained from the corresponding corrected
ECAL and HCAL energies.

The primary vertex (PV) is taken to be the vertex corresponding to the hardest scattering
in the event, evaluated using tracking information alone, as described in section 9.4.1 of
ref. [79]. The PV must be within 24 cm of the nominal interaction point along the beam
axis and within 2cm in the transverse plane.

The electron reconstruction is performed with the Gaussian sum filter algorithm [80].
The momentum resolution for electrons with pp ~ 45 GeV from Z — ee decays ranges from
1.6 to 5%. It is generally better in the barrel region than in the endcaps, and also depends on
the bremsstrahlung energy emitted by the electron as it traverses the material in front of the
ECAL [80, 81]. Electrons are preselected by requiring pp > 7GeV, |n| < 2.4, |d,,| < 0.05cm,
and |d,| < 0.2cm, where d,, and d, are the transverse and longitudinal impact parameters
associated with the electron tracks, respectively.

A multivariate approach is used to identify prompt electrons arising from the decays of W
or Z bosons. Two identification criteria corresponding to the expected electron identification
efficiency of either 90% (loose working point) or 80% (tight working point) are used in
this analysis. The loose working point is used when counting the number of additional
leptons beyond the selected electrons in each event, as well as for the event selection of the
2-lepton channel. The tight working point is required to select events in the 1-lepton channel.
The electron pp threshold in the 1-lepton channel is 30 GeV. For the 2-lepton channel, the
thresholds are 25 and 17 GeV for the two electrons. This stricter requirement is needed in
the 1-lepton channel to reduce the multijet background.

Muons are measured in the pseudorapidity range |n| < 2.4, with detection planes made
using three technologies: drift tubes, cathode strip chambers, and resistive plate chambers.
The efficiency to reconstruct and identify muons is greater than 96%. Matching muons to
tracks measured in the silicon tracker results in a relative transverse momentum resolution, for
muons with pp up to 100 GeV, of 1% in the barrel and 3% in the endcaps. The pr resolution
in the barrel is better than 7% for muons with pr up to 1 TeV [82]. Muons are preselected by
requiring the following conditions: py > 5GeV, [n| < 2.4, |d,,| < 0.5cm, and |d,| < 1.0 cm.

Two sets of selection conditions, corresponding to 96-98% (tight working point) and
~99% (loose working point) efficiency for the identification of prompt muons, are used in the
analysis. The use of loose and tight working points across different final states is similar to
the approach used for electrons. The muon pr threshold in the 1-lepton channel is 25 GeV,
and 25 and 15 GeV in the 2-lepton channel.

For each event, hadronic jets are clustered from these reconstructed particles using
the infrared- and collinear-safe anti-kp algorithm [83] with distance parameters 0.4 (AK4
jets) and 0.8 (AKS jets), as implemented in the FASTJET package [84]. The distance
between two particles in the 7-¢ plane, where ¢ is azimuthal angle in radians, is defined as
AR = V(An)® + (A¢)®. 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
momentum of the particle-level jets reconstructed using stable particles (lifetime > 30 ps),
excluding neutrinos, over the whole pr spectrum and detector acceptance [85]. Additional pp
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interactions within the same or nearby bunch crossings (pileup) can contribute with additional
tracks and calorimetric energy depositions to the jet momentum. To mitigate this effect, tracks
identified as originating from pileup vertices are discarded before jet reconstruction [53]. For
AKA4 jets, an offset correction [86] is applied to correct for remaining pileup contributions [87].
For AKS jets, the pileup-per-particle identification (PUPPI) algorithm [88] is used to mitigate
the effect of pileup at the reconstructed particle level. It has been shown that the PUPPI
algorithm improves the resilience of jet substructure observables against pileup [89]. Jet energy
corrections are derived from simulation to bring the measured response of jets to that of the
corresponding particle-level jets on average. In situ measurements of the momentum balance
in dijet, Y + jet, Z + jet, and multijet events are used to account for any residual differences
in the jet energy scale (JES) between data and simulation [85, 87]. The jet energy resolution
(JER) amounts typically to 15-20% at 30 GeV, 10% at 100 GeV, and 5% at 1 TeV [85, 87].
Additional selection criteria are applied to each jet to remove jets potentially dominated by
anomalous contributions from various subdetector components or reconstruction failures [90].
Jets overlapping with the selected muons and electrons, satisfying AR < 0.4 for AK4 jets and
AR < 0.8 for AKS jets, are removed. Jets contained within the tracker volume, satisfying
|n| < 2.5, are considered in the analysis. Thresholds used on pt of AK4 jets are 25 GeV in
0- and 1-lepton final states, whereas it is 20 GeV in the 2-lepton final state. AKS8 jets with
pr > 250 GeV are considered in the analysis.

When the H boson has a large pr, its decay products are merged into a single large-area
jet. In this scenario, referred to as the boosted topology, AKS jets are used to reconstruct
the H — bb decay. In a large fraction of events with VH production, the H boson has
relatively small pp, and two b quarks from the H — bb give rise to two separate small-area
jets. In such cases, referred to as the resolved topology, AK4 jets are used to reconstruct
particles from b quark fragmentation. In the resolved topology, jets from final-state radiation,
exceeding 20 GeV in py, are recovered by adding the momenta of jets close to the Higgs
boson candidate in the dijet mass calculation.

In CMS, a deep neural network (DNN) based algorithm, DEEPJET [91], is used for b jet
identification from AK4 jets. Both charged and neutral particles, as well as secondary vertices
within an AK4 jet, are exploited to check whether the jet contains at least one b hadron. To
match the efficiency of b tagging in data, a correction factor depending on pr, 1, and flavor
of the initiator quark or gluon is applied to the simulation. The correction factor is derived
using samples enriched in dileptonic and single-lepton tt events for jets initiated by b and c
quarks, and Z-+jets events for the jets initiated by light quarks and gluons. Performance of
the DEEPJET tagger and its calibration results using Run 2 data are summarized in ref. [92].
For an AK4 jet to be declared as b tagged, its DEEPJET b tagging discriminator value
is required to be larger than a specific threshold. The threshold values, corresponding to
mistag rates for jets initiated by light quarks or gluons of approximately 10, 1, and 0.1% are
referred to as loose, medium, and tight working points, respectively. The selection of AK4 jets
based on b tagging discriminator values for different analysis regions is discussed in section 6.
Given that the DEEPJET score is correlated to the vector boson kinematics recoiling against
the jet system in the VH topology, it is observed that pp(V) and the additional jet (i.e.,
additional to the b-tagged jets associated with the reconstructed Higgs boson candidate)
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observables are modified in shape and normalization when applying the DEEPJET calibration
corrections discussed earlier in this section. These vector-boson-related observables are
corrected with a simulation-to-simulation reweighting employed after the application of the
DEEPJET calibration corrections in order to match their shape and normalization before the
application of the DEEPJET calibration corrections. These reweighting factors have been
derived by employing a one-dimensional (pp(V)) or two-dimensional (pr(V) and additional
jet multiplicity) reweighting, respectively, depending on the analysis regions. This reweighting
is applied for all analysis channels in pp(V), for lepton flavor bins, per signal and background
processes, and separately among data-taking eras.

In the resolved topology, the precision of the four-momenta of the b-tagged jets is
improved with a multivariate regression analysis utilizing a DNN trained on simulated b jets
from tt events [93], which, in turn, improves the dijet invariant mass resolution by 10-15%.
The momenta of the Higgs boson candidate jets are corrected by the application of the b jet
energy regression described above. After the application of the regression, dedicated scale
and smearing corrections are applied to the b jet energy to match the dijet invariant mass
resolution in simulation to that in data. The scale and smearing parameters are extracted
using events containing two jets recoiling against a Z boson that decays into leptons, where
the transverse momentum of the second jet is small compared to the first jet and to the
vector boson. The parameters are extracted by extrapolating the transverse momentum of
the second jet to 0. Because the Z boson pr is balanced with the jet p, and given that the
lepton momentum measurement is more precise, the ratio of the reconstructed jet momentum
(pZF) to the Z boson momentum (pf}é) enables a precise measurement of the jet momentum
and energy. The distribution of the energy difference between the pp balance procedure,
exploiting the ratio of the reconstructed jet momentum (pZF) to the Z boson momentum
(pffg), and the b jet energy regression is used to estimate the b jet energy regression scale
and smearing corrections and uncertainties.

To identify AKS8 jets that are consistent with being initiated by two b quarks from the
Higgs boson decay, a dynamic graph convolutional neural network based tagger, PARTI-
CLENET [94], and the groomed jet mass are used. The soft drop algorithm, a generalization of
the modified mass drop algorithm [95, 96], with angular exponent 5 = 0, soft cutoff threshold
Zeut = 0.1, and characteristic radius Ry = 0.8 [97] is used to groom the AKS jets, and the
corresponding groomed mass, known as the soft-drop mass (mgp), is required to be within a
window of 90-150 GeV for a jet to be H tagged. In this algorithm, the constituents of the
AKS jets are reclustered using the Cambridge-Aachen algorithm [98, 99] and the relative
pt between the successive clusters of particles merged during the jet clustering is checked
to remove soft, wide-angle particles from the jet. The PARTICLENET algorithm uses jet
constituents, as well as the secondary vertices associated with the jet and has been studied
extensively in CMS [100]. The relative score of the PARTICLENET tagger, specifying how
likely the jet is originated from a heavy particle decaying to a pair of b quarks (X — bb),
as compared to the same from a light quark or gluon, has been used in the analysis. The
PARTICLENET tagger performance is decorrelated from the mass of the parent particle by
using simulated samples containing Lorentz-boosted spin-0 particles with a flat mass spectrum
between 15 and 250 GeV and subsequently decaying to a pair of quarks as the signal sample,
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and the multijet QCD events as the background sample in training. In the analysis, the
threshold used on the PARTICLENET discriminator corresponds to a misidentification rate of
approximately 1% for light-quark and gluon jets and signal efficiency of 80-85% in simulation.
The calibration of the PARTICLENET tagger is performed using an event sample enriched
in jets originating from the g — bb decay, which have substructure similar to that for jets
arising from the H — bb decay [101], and correction factors depending on the jet pp are
applied in simulation to match the efficiency of the PARTICLENET tagger in data [102].
The missing transverse momentum vector py 5 ig computed as the negative vector
sum of the transverse momenta of all the PF candidates in an event, and its magnitude
is denoted as P [103]. The P is modified to account for corrections to the energy
scale of the reconstructed jets in the event. Track-based missing transverse momentum
ﬁr}rk’miss [104] is also used in the analysis. In this case, only tracks with pp above a minimum
momentum threshold and with an impact parameter consistent with the PV are considered
in the vectorial sum. The tracks are also required to pass quality requirements designed to
limit the contribution from misreconstructed tracks. Corrections are applied to ensure that
the azimuthal angle of P has a flat distribution. Anomalous high-p'** events can be due
to a variety of reconstruction failures, detector malfunctions or noncollision backgrounds.
Such events are rejected by event selection conditions that are designed to identify more than

85-90% of the spurious high-p* events with a mistagging rate less than 0.1% [103].

6 Event selection and background estimation

The basic selection criteria closely follow those used in the VH(bb) cross section measurement
in the STXS phase space [11]. Some key differences are the usage of the updated CMS flavor
tagging algorithms for resolved and boosted topologies, i.e., DEEPJET and PARTICLENET,
for the identification of AK4 and AKS jets stemming from the H — bb decays, respectively.

In the resolved topology, the two AK4 jets with the highest b tagging scores, referred to
as by o, form the H boson candidate. In the boosted topology, the AKS8 jet with the highest
PARTICLENET X — bb/QCD score ratio provides the H boson candidate.

For all three final states considered in the analysis, 0-lepton, 1-lepton, and 2-lepton, the
signal region (SR) is constructed to capture most of the V(— vv/¢v/¢{)H(— bb) signal
events. A condition that the reconstructed H candidate mass is within 90-150 GeV is imposed
in the SR for all channels. Several control regions (CRs) are defined targeting events from
different processes, vector boson production in association with heavy-flavor (V+HF) and
light-flavor (V4LF) jets, and top quark pair production (tt) — by changing the conditions
on different variables.

Events that are selected in the SR (CRs) of both resolved and boosted categories are
assigned to the SR (CRs) in the boosted category. If an event is selected in the SR of the
resolved category and any CR of the boosted category, it is considered only in the former
category. The treatment of the overlap has been optimized using the sensitivity of the analysis
under the SM hypothesis as a figure of merit, as also discussed in ref. [11]. It was checked
that the signal acceptance in the EFT-sensitive phase space does not change in the presence
of the SMEFT operators considered in this analysis.
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Variable SR V+HF CR V+LF CR tt CR

Max (b tag score of b; and by) > medium > medium < medium > medium
Min (b tag score of by and by) > loose > loose > loose > loose
No. of additional jets <2 <2 <2 > 2

Ag (piromiss | pmissy <05 <05 <05 —

M (by, by) €190,150] € [50,250] U ¢ [90,150] € [50,250] € [50,250]

Table 2. Selection criteria for the resolved category in the O-lepton final state. Momenta and masses
have units of GeV.

In the following, selection conditions for different CRs and SR in the resolved and boosted
categories of different final states are discussed. The kinematic selections on electrons, muons,
jets, and missing transverse momentum are already discussed in section 5.

6.1 Selection criteria in the 0-lepton channel

Events in the O-lepton final state are selected by requiring a significant amount of p?iss

Selected events must not contain any isolated lepton with pp > 15GeV and |n| < 2.5. The

** in the resolved and boosted categories is required to be higher than 190 and

value of pit
250 GeV, respectively. In the resolved category, the minimum of pt™ and H®™, defined
as the magnitude of the negative vectorial sum of all AK4 jets in the event, is required to
be higher than 150 GeV, ensuring that the trigger efficiency reaches the plateau, and the
presence of at least two AK4 jets is required. To reduce the QCD multijet background, a
requirement of Ag > 0.5 between i and any jet with pp > 30 GeV is applied. In the
resolved category, among two b candidate AK4 jets, the highest pr jet is required to satisfy
pr > 60 GeV, whereas the other jet is required to have pp > 30 GeV, and the H candidate
pr, i.e., the pp of the dijet system, is required to exceed 120 GeV to reduce the background
contribution. A requirement of A¢ > 2.5 between g™ and the H candidate dijet system is
imposed to further reduce the QCD multijet contamination. A similar requirement is also
used in the boosted category, where a looser condition of A¢ > 7 is used between pr' 55 and
the H candidate AKS jet since there are few signal events at small A¢ values.

To separate the tt CR from other regions, the number of additional jets, defined as the
AK4 jets with pp > 30 GeV satisfying AR > 0.4 with respect to the H — bb candidate AK4
jets, is used. In the boosted category, at least one b-tagged AK4 jet with pr > 20 GeV outside
the H boson candidate AKS8 jet is required to separate this CR from other regions. The
additional set of main event selection criteria in the 0-lepton channel is reported in table 2
for the resolved category. The main event selection criteria used in the boosted category

of the O-lepton channel are listed in table 3.

6.2 Selection criteria in the 1-lepton channel

The 1-lepton channel is characterized by the presence of exactly one isolated lepton and
missing transverse momentum. The W boson momentum is reconstructed using the lepton,
P and by fixing the W boson mass to be 80.4 GeV [105] to obtain the z component of
the momentum. When two physical solutions exist for the z component of the momentum of
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Variable SR V+HF CR V+LF CR  tt CR

H PARTICLENET score >0.94 >0.94 €[0.1,0.94) >0.94
Np-tagged jets outside H cand. =0 =0 =0 >0
mSDH €[90,150] € [50,250] U ¢ [90,150] > 50 > 50

Table 3. Selection criteria for the boosted category in the 0-lepton final state. Momenta and masses
have units of GeV.

Variable SR V+HF CR V+LF CR tt CR
Max (b tag score of by,by) > medium > medium > loose and < medium > tight
Min (b tag score of by,by) > loose > loose — —

No. of additional jets <2 <2 — > 2

M (by, by) € [90,150] € [50,250] U ¢ [90,150] € [50,250] € [50,250]

Table 4. Selection conditions for the resolved category in the 1-lepton final state. Momenta and
masses have units of GeV.

Variable SR V+HF CR V+LF CR  tt CR
H PARTICLENET score >0.94 >0.94 €[0.1,0.94) >0.94
Nj_tageed jets outside H cand. =0 =0 =0 >0
mgp™ € [90,150] € [50,250] U ¢ [90,150] > 50 > 50

Table 5. Selection conditions for the boosted category in the 1-lepton final state. Momenta and
masses have units of GeV.

the neutrino from the W boson decay, both are retained for use in the multivariate analysis
discussed in section 7. A requirement of the reconstructed W boson pt to be higher than
170 and 250 GeV is applied in the resolved and boosted categories, respectively, in order to
reduce the background contribution. The reconstructed W boson is also required to satisfy
A¢ < 2 with respect to ﬁ%ms
to be produced in a back-to-back topology, A¢ between those is required to be higher than

® in both categories. Since the W and H candidates are expected
5 and 2.5 in the boosted and resolved categories, respectively. A tighter condition in the
resolved category helps to remove background contributions, especially in the tt CR, which
is small in the boosted category. The additional set of main event selection criteria for
the resolved category in the 1-lepton final state are described in table 4. In the boosted
category, a condition on the number of b-tagged AK4 jets with pp > 20 GeV outside the H
boson candidate AKS jet is applied, which reduces its overlap with the resolved category
and separates the tt CR from other regions. Table 5 lists the main event selection criteria
used in the boosted category of the 1-lepton channel.

6.3 Selection criteria in the 2-lepton channel

In the 2-lepton channel, two oppositely charged isolated leptons with an invariant mass closest
to the nominal Z boson mass form the Z candidate. A pp threshold of 75 GeV is used on
the Z candidate in the resolved category, whereas it is 250 GeV in the boosted category. In
the resolved category, the dilepton invariant mass is used to separate the tt CR, while the

,15,



Variable SR V+HF CR V+LF CR tt CR

Max (b tag score of by,by) > medium > medium < loose > tight

Min (b tag score of by,by) > loose > loose < loose > loose

m¥ € [75,105] € [85,97] € [75,105] € [10,75] or > 120
M (by, by) € [90,150] € [50,250] U ¢ [90,150] € [90,150] € [50, 250]

Table 6. Selection conditions for the resolved category in the 2-lepton final state. Momenta and
masses have units of GeV.

Variable SR V+HF CR V+LF CR tt CR

H PARTICLENET score > 0.94 >0.94 < 0.94 >0.94

m” € [75,105] € [75,105] € [75,105] <75 or > 105
mSDH € [90,150] € [50,250] U ¢ [90,150] > 50 > 50

Table 7. Selection conditions for the boosted category in the 2-lepton final state. Momenta and
masses have units of GeV.

boosted category also uses the number of b-tagged AK4 jets similar to the 1-lepton channel.
The vector boson mass requirements for the definition of the V4+HF and tt CRs are different
for the resolved and boosted analysis selections, being looser for the latter to increase the
data statistics and to improve the precision on the constraints of the background processes
extracted in the boosted phase-space. The vector boson mass requirements around the Z
mass pole is tighter for the resolved V4HF CR selection compared to the V+LF CR selection
to increase the V4HF background purity inside the Z mass window. The additional set of
main event selection criteria used for the resolved and boosted categories in the 2-lepton
final state is given in tables 6 and 7, respectively.

6.4 Application of process-specific corrections

A mismodeling of the W+jets and Z+jets samples simulated at NLO is observed at small
values of AR between the H — bb candidate AK4 jets, as discussed in section 4. A
reweighting is performed in the AR(by,by) < 1 range of the V+HF CR and the correction
factors extracted differentially in AR(by,by) are applied to the simulated V+jets samples
in all resolved regions of the analysis. In the resolved category of the 2-lepton final state,
a data-to-simulation mismodeling is observed at low-pr values of the H candidate dijet
system in both V4+HF and V+LF CRs, while the pp spectra of individual AK4 jets are well
modeled. This also affects the modeling of other variables characterizing the dijet system.
An additional reweighting is performed separately for electron and muon final states and
different pp ranges of the dilepton system. The weights are derived in the mismodeled
pr(by,by) < 100 GeV region using the V4+LF CR and applied to the Z+jets process in all
regions of the 2-lepton channel. After reweighting, a significant improvement is observed in the
modeling of kinematic variables corresponding to the dijet system, e.g., pr(by, ba), An(by, by),
and A¢(by,by). Shape uncertainties associated to these corrections are propagated to the
fit model as discussed in section 8.
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7 Analysis strategy for effective field theory parameter extraction

A multivariate approach using a number of kinematic variables characterizing the VH system
is used to construct optimal observables for probing Wilson coeflicients corresponding to
the SMEFT operators described in section 2. Specifically, the boosted information tree
(BIT) [42, 43], a likelihood-free inference method using boosted decision trees, is employed
in this analysis. The core idea of the BIT approach, which differs from the MELA method
applied in previous CMS analyses [25-27], is briefly discussed below.

7.1 Likelihood ratio estimation

An event, characterized by detector-level observables x, can be produced by a parton-level
configuration z. The relation between these two quantities and any theory parameter 0
affecting the event is:

p(x16) = [ dzp(xlz)p(zl) (1)

For this analysis, @ corresponds to the set of considered Wilson coefficients. In eq. (7.1),
the transfer function p(x|z) models the parton showering and hadronization processes as
well as all detector effects. The differential cross-section at a specific point 0 in the Wilson
coeflicient space with respect to the parton-level configuration is proportional to a quadratic
sum of contributions at the matrix-element (M) level:

dog(z) o [Ms(z) + D 0:M;(2)[*dz, (7.2)

1<i<M

where the sum in the second term runs over the M Wilson coefficients probed in the analysis,

i.e., 0 (: 92':17“"]\/[).
The parton-level probability distribution function p(z|@) is written as:

1 doy(z)
P(ng)—m gz

(7.3)

and is simulated in the analysis as described in section 4.

The parton-level dependence on the Wilson coefficients is at most quadratic. The
factorization of this polynomial dependence on @ can be extracted based on the integral of
eq. (7.1). Therefore, the polynomial dependence also applies to the detector-level probability
distribution function p(x|@):

0, 0; 0,0
p(x]0) = po(x) + Z pl,i(X>P + Z pq,i(X)F + Z Pm,i,j(X)Tfa (7.4)
1<i<M 1<i<M 1<i<j<M

where pg(x) describes the probability distribution function of the event x under the SM
hypothesis and the 7 and j indices run over the M different Wilson coefficients considered in
the analysis. The SMEFT effects in eq. (7.4) consist of three different types of contributions:

« Linear part, labeled p; ;(x): describes the interference between SM and SMEFT opera-
tors.
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» Quadratic part, labeled p,;(x): describes the squared contribution from a single
dimension-six operator.

» Mixed part, labeled p,, ; j(x): describes the contribution from the interference between
two dimension-six operators.

The likelihood ratio between two SMEFT hypotheses corresponding to different values
of Wilson coefficients (6 and 6y) is used as a test statistic to extract the EFT effects in
the analysis. Using notations and developments presented in ref. [43], the likelihood ratio
can be written as:

L(D|6)

g9 = —log Wa (7.5)
while the likelihood is given by:
o—La(0)
1o)== I Lo@nxio) (7.6)

where L is the integrated luminosity of the data set D, consisting of N events, and o(0) is
the inclusive cross section of the considered process, the VH production in this case, under
the hypothesis of the presence of a given Wilson coefficient 8. Under these assumptions,
the likelihood ratio in eq. (7.5) reads:

g9 = L(0(8) —0(6o)) — D log R(x;]6,6y), (7.7)
1<i<N
where
R(x[0,8y) = 2 \O)P(x]6) (7.8)

7 (80)p(x|60)
The normalization factor o(0)/0(6g) is independent of event kinematics and is obtained
directly from simulation. The remaining ratio of probabilities is intractable, i.e., not known
from the parton-level configuration, but can be estimated using the methodology described
in refs. [40, 106] that corresponds to the generic minimization of a functional with a target
function given as a joint probability distribution of detector- and parton-level quantities.
This makes it possible to estimate a detector-level ratio of probabilities. More precisely, using
the following ratio as the target in the previously mentioned minimization:

p(x.2l0) _ p(zl6)
p(x,2|60p)  p(z|6p)’

makes it converge to estimate R(x|0,60y). As discussed in section 4, the joint likelihood

R(X7Z|0790) = (79)

ratios in eq. (7.9) are simulated and can be used in a regression to estimate the detector-level
likelihood ratio.

As described in ref. [43], the likelihood ratio estimation is performed using decision
trees. Making use of the polynomial dependence of p(x|@) on 8, the likelihood ratio in
eq. (7.8) can be expanded as:

R(x|6,00) =14+ > (6; —6p)Ri(x)+ > %(91 —00)(0; — 00)R; ;(x), (7.10)

1<i<M 1<i<j<M
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where the indices i and j run over the considered Wilson coefficients and R;(x) and R; ;(x)
correspond to the partial derivatives with respect to the Wilson coefficients, as defined
in eq. (7.11):

0 0 0

0,0 i v 0,0 : 11
80 (X| 0) 0= Y RZ,]( ) 80 80 R(X| ) 0) 3 (7 )
0 0=>0,

Ri(x) =
The regression uses partial derivatives of the joint likelihood ratio in eq. (7.9), obtained
using the SMEFT weights in the simulated VH samples, as described in section 4, as target
functions to make the minimization converge to R; and R; ;. For the background processes,
since no EFT effects are considered, R;(x) and R, ;(x) are always zero. The regression can
be performed using boosted decision trees as implemented in the BIT framework described
in ref. [43]. Each component R; or R; ; of the likelihood ratio eq. (7.10) are then estimated
independently as the output of the regression.
As an alternative to the Mean Squared Error (MSE) loss function used in ref. [43], the
cross-entropy loss function is used for the trainings described in section 7.2. The expression
of the functional that is minimized during the training is given by eq. (8) of ref. [44]:

(X, z|0) )
0)] dzdz log(1 — 0 1 7 7.12
Llax16)] = - ( [ dods ZELEEEE tog(1 - (x06)) + log(a(xi6)) ) (.12
where the notation was adapted to match the definitions given earlier in this section. The
minimization of the loss function in eq. (7.12) with respect to g(x|0) leads to the minimizer

g (x[6): .

1+ R(x[6,6,)

which is a monotonic function of the likelihood ratio that can be inverted to recover it. The

9" (x]6) = (7.13)

main difference compared to the MSE loss function lies in the fact that the target function
(given as a ratio of probabilities) has to be positive. For the MSE loss function, terms in
eq. (7.11) can take negative values. While the MSE loss function could be used to train
individual SMEFT components, e.g., linear or quadratic terms of SMEFT expansion separately,
the cross-entropy loss function requires the full polynomial expression in the weights during
training to guarantee positivity. Nonetheless, the number of degrees of freedom remains the
same and the trained polynomials can be recombined to obtain the linear and quadratic
components shown in eq. (7.10). Since the implementation described above closely follows the
one presented in ref. [43] using per-event information of the simulated data sets encoding the
SMEFT predictions, the same label of boosted information tree (BIT) is used to refer to it.

7.2 The BIT training regions and input features

The regression discussed in section 7.1 is implemented using the light gradient boosting
machine (Light GBM) [107] tree boosting framework and following the BIT method with the
cross-entropy loss function. The training is performed separately in the resolved and boosted
categories defined in section 6 and inclusively across data taking eras (2016-2018), given
the same behavior of the input features of the BIT training across data-taking eras. The
signal consists of the SM VH process, while the SMEFT effects are encoded in the targets
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of the regression. As described in eq. (7.10), each Wilson coefficient is associated with a
linear component R; and to quadratic and mixed components R; ;. Each component in this
expansion corresponds to an individual BIT training.

The training is performed in the analysis SRs defined in section 6 separately for each final
state after combining event samples from all data-taking eras. Angular observables sensitive
to SMEFT effects as presented in section 2 are included in the training for the 1- and 2-lepton
final states along with kinematic features of these final states, which carry separation power
between signal (SM VH and SMEFT effects) and backgrounds. It is relevant to note that,
due to the nature of the O-lepton final state topology, it is not possible to construct angular
variables, so only energy-sensitive kinematic variables and observables characterizing the
H — bb system are used in the training. The DEEPJET discriminator values (full shape)
of the H candidate b-tagged jets and the PARTICLENET discriminator value (binned in the
calibrated working points according to the descriptions in section 5) of the H candidate AKS8
jet are used as inputs to the BIT trainings in the resolved and boosted categories, respectively.
Since a boosted decision tree technique is used, the algorithm selects the group of features
resulting in the largest improvement of the loss function for each iteration. Therefore, a
single feature can be employed several times to define the splitting if it carries a significant
signal vs. background discrimination power. On the other hand, some features characterized
by little to no discrimination power are not employed in the algorithm split. Thus, the
training defines itself the relevance of the input features. A fraction of 50% of the events
are used for the training, which are then removed from the analysis. The regression scores
are evaluated for the remaining 50% of the events.

In order to validate the BIT implementation, a background-free BIT training was
performed. The target of the training R(x,z|6,6,) is a joint quantity over the (x,z) space,
but the output of the training is only a function of x, i.e., the detector-level configurations.
Thus, the distributions of the target and output cannot be compared directly. To obtain
comparable quantities, profiling over each of the features used during training is necessary.
In each bin of the profile, the parton-level configurations will be averaged out and this
allows the comparison of the regression output and target on detector-level configurations,
hence the validation of the BIT regression training. An excellent agreement between the
two detector-level quantities was found, demonstrating the ability of the model to learn the
likelihood ratio in the absence of background.

Nonetheless, the background events need to be considered in the training in order to
apply the regression to the analysis. The BIT trainings need to perform two tasks, i.e.,
separate the background events with vanishing EFT weights, as mentioned in section 7.1,
from the signal events, as well as learning the likelihood ratio of the signal component. The
hyperparameters of the BIT are optimized to achieve maximal separation between events
that are not affected by EFT effects and the EFT-relevant signal. The BIT parameters are
optimized by minimizing the loss function for each SMEFT component training individually.
A grid search is performed over hyperparameters to find the optimal number of leaves in
a tree, maximum depth of a tree, minimum number of events in a node to allow a split,
learning rate, and number of boosting iterations. The training data are split into K-folds
for cross-validation in such a way that the proportion of signal is conserved in each part of
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the split. In the resolved and boosted categories, the training data are split in K = 3 and
K = 5 folds, respectively. The training was then performed K times by leaving out one
of the K data sets which was then used as validation data. Out of the set of trainings for
each hyperparameter point in the grid, the one set performing the best on average defines
the optimal hyperparameters for that training.

The EFT-sensitive variables, such as the pp of the vector boson, the invariant mass of
the VH system, as well as the angular variables described in section 2 play an important role
in distinguishing the effects of EF'T operators from the VH signal process as predicted by
the SM, whereas the variables not relevant for EFT effects, e.g., H candidate mass, ratio of
the V boson pt to the H candidate pr, are useful to separate the background contributions
from the SM VH component and the EFT signal. Hence, both classes of input features
are highly ranked by the BIT discriminant.

7.3 Optimization of discriminator shapes

By performing the training described in section 7.2, all the R; and R; ; components in the
expansion of the likelihood ratio in eq. (7.10) are estimated.

An example case of N = 3 arbitrarily chosen Wilson coefficients affecting the VH
production (labeled generically c1, ¢2, and ¢3) is considered. Each point in this three-
dimensional space corresponds to a reweighting of the SM events as described by eq. (7.4).
Therefore, the likelihood ratio for a point 8 = (01, 04, 63) with respect to the SM, i.e., (0,0, 0),
following eq. (7.10) can be written as follows:

1
R(2]0) = 1+ 0, Ry (x) + 03 Rea(x) + O3 Reg(x) + 59%}-’201, (@) +0105R o)+ -+, (7.14)

which is the optimal observable for the separation of the SMEFT signal at a non-SM point @
from the prediction of the SM. However, R(x|@) is not an optimal test statistic separating the
SMEFT signal at a different point, e.g., @' from the SM. In eq. (7.14), the coefficients of the
polynomial are the components of 8, which are extracted in this analysis. In order to retain
the maximum separation power of the likelihood ratio for the Wilson coefficient extractions
based on the binned templates of R.i(x), Re(x), and R.3(x), it would be necessary to
compute different BIT template shapes for each point in the Wilson coefficient space. This
is unfeasible for binned templates since up and down variations of the templates due to
systematic uncertainties would need to be constructed at each Wilson coefficient point. To
address this, a novel template optimization technique is developed. The overall objective of
the template optimization is to define a template that retains as much information in signal
vs. background separation as possible when all six Wilson coefficients under study in this
analysis are profiled together in the fit model. Additionally, for the template optimization
process, it is important to avoid regions in the Wilson coeflicient space that deteriorate the
sensitivity for some coeflicients significantly because of anticorrelation effects. However, the
SMEFT signal extraction in section 9 is performed in the full Wilson coefficient space.
Bayesian optimization is a flexible way of minimizing functions using Gaussian processes
and it is used in this analysis to define the optimal template shape for the extraction of
Wilson coefficient values that encapsulate the SMEFT effects. This model does not assume
a specific functional form for the minimization and is typically used when the function to
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minimize is expensive to compute [108]. This allows global minimization in a limited number
of iterations, without the need to compute derivatives of the function to minimize. The figure
of merit used for this optimization is the product of the fully profiled 95% confidence intervals
on the Wilson coefficients that the analysis has the power to constrain. Therefore, the
optimization consists of finding a candidate point @ in the N-dimensional Wilson coefficient
space, thus defining the observable of eq. (7.14) that maximizes the expected sensitivity to the
N Wilson coeflicients using a fully profiled N-dimensional fit. Correlations between Wilson
coefficients are taken into account in the optimization process because the 95% confidence
intervals in the product are extracted from fully profiled fits in the N-dimensional volume
of the Wilson coefficient space.

The constraining power of the various channels depends on the Wilson coefficients that
are being targeted. The inclusion of Wilson coefficients with little to no constraining power
leads to unconstrained directions in the likelihood scans, which is undesirable as the variations
of such coefficients in very large ranges impact the optimal working point of the shape
optimization. While the optimization of the template shape is performed on subsets of Wilson
coefficients, which are the sensitive Wilson coefficients for a given channel, all of the six
Wilson coefficients will be profiled together for the EFT signal extraction.

For the 0-lepton channel, the Wilson coefficients that are considered in the Bayesian
optimization are: cgf)l, cg’()l, Ci, and cpq. Such coefficients are mostly constrained by
kinematic properties and carry minimal dependence on angular variables, as in the 0-lepton
channel it is not possible to use angular correlation between the Z boson decay products.

In the case of the 1-lepton channel, only three Wilson coefficients: cg’()l, g;)v W, and gXVW

(which directly translate to g2z % and gfz in terms of numerical values of the coefficients as
explained in section 2) are used in the optimization since those correspond to the operators
that affect the WH production. The optimization in the 2-lepton channel is performed over
all six Wilson coefficients probed in this analysis: cg()l, cg’()l, CHu, CHd, gg Z, and gfz. The
optimization process results in a BIT template, i.e., a binned BIT score, that is optimal only
at one particular set of values of Wilson coefficients and is used for the EFT signal extraction.
The process does not result in an optimal BIT template in the full Wilson coefficient space
— for any other values of Wilson coefficients, the template does not guarantee the optimal

separation of SMEFT signals from the SM background.

Figure 3 shows the distribution of the BIT score for several EFT signal hypotheses for
values of the Wilson coefficients in the 2-lepton channel (resolved and boosted categories)
selected by the discriminant shape optimization procedure described in this section. The
SR binning is defined in order to keep a constant SM signal contribution for each bin of the
BIT observable and the number of bins is chosen by requiring a minimum number of raw
background events: 20 bins are used in the resolved category, while three or four bins are
used in the boosted category, depending on the channel.

The templates, constructed from the sum of all background components, are also reported
for comparison and are found to peak at low values of the BIT score, hence guaranteeing
signal vs. background separation for the EFT signal extraction discussed in section 9.
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Figure 3. Selected template shapes after the optimization process described in section 7.3 in the

resolved (left) and boosted (right) categories of the 2-lepton channel. The template shapes of the

EFT signal components are shown for arbitrary values of the Wilson coefficients: (cgi, c(}f’;, CHus CHd»

gQZZ, gfz) =(1,0.8,1, 1, 2, 2) and (0.2, -0.03, 0.2, 0.2, 1, 1) in the resolved and boosted categories,

respectively, and are referred to as ‘Total EFT". Individual template shapes for each Wilson coefficient,
where only one coefficient is non-zero (set to the same values as above) while the others are set to zero,
are also displayed and labeled by their respective symbols. The SM VH signal is flat by construction.
The background is shown as the grey histogram.

8 Systematic uncertainties

Theoretical uncertainties arising from the choice of PDFs and the value of the strong coupling
constant, 1.9% for the quark-induced ZH and WH processes, and 2.4% for the gluon-induced
ZH process, are derived for each signal and background process following the recommendations
given in ref. [109] and are treated as correlated across data-taking eras. Uncertainties in
the factorization and renormalization scales, up and ugr, are considered for all background
processes and correlated across data-taking eras. These theoretical scale uncertainties are
derived by varying pp and pg individually up and down by a factor of two around their
default values. The theoretical uncertainty in the H — bb branching fraction is 0.5% [45].
The NLO electroweak corrections to the ZH and WH processes have a 2% uncertainty [45].

Since simulated samples are employed to obtain shapes of observable distributions for
the various background processes, dedicated modeling uncertainties impacting both shape
and normalization of the processes are included in the fit model. These shape uncertainties
originate from the reweighting procedure employed to improve the background modeling, e.g.,
the AR(bb) and H candidate dijet transverse momentum corrections discussed in section 6.4,
and are propagated as shape uncertainties to the fit model. These uncertainties are treated
as uncorrelated between data-taking eras and across background processes.

The corrections applied to account for differences in the electron and muon trigger,
reconstruction, and identification efficiencies in data and simulation are impacted by systematic
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uncertainties stemming from several sources, e.g., the selection conditions applied to the

leptons, the efficiency measurement method, and the limited size of the simulated samples

used in the efficiency measurement. They depend on the lepton pt and |n|, and affect the
miss

process normalizations by 1-2%. An uncertainty in the p1" trigger efficiency correction
is included and has a ~ 1% effect.

Uncertainties in the b tagging efficiency and misidentification rate measurements for
the DEEPJET algorithm used in the resolved topology of the analysis depend on the jet
flavor, pr, and 7. These uncertainties are split into nine independent sources and fifteen
pr and |n| ranges, and treated as uncorrelated between data-taking eras. For the tagging
efficiencies of the PARTICLENET discriminator used in the boosted topology, uncertainties are
extracted for the H — bb events at the particle level. These uncertainties are parameterized
in regions of jet pr (200-300, 300-400, 400-500, 500-600, >600 GeV) and are extracted
for the medium (0.94-0.98) and tight (>0.98) PARTICLENET working points used in the
analysis for the BIT training.

Uncertainties in the jet energy scale (JES) and jet energy resolution (JER) depend on the
pr and |n| of the jets, and affect the kinematic properties of AK4 and AKS jets, as well as the
p%ﬁss in the event. The uncertainties in the JES are split into independent sources accounting
for different experimental effects [87]. Some of these uncertainty sources are uncorrelated
between the different data-taking periods, e.g., when that uncertainty component depends on
the size of the available data sample. For b-tagged jets, to which the previously described b
jet energy regression is used, additional uncertainties in the JES and JER corrections are
considered. To reduce the effects from statistical fluctuations on the alternative JES and JER
template variations, a smoothing technique is applied to templates exhibiting large fluctuations
with respect to the nominal templates. The normalization of the systematic variation is fixed,
and the ratio of the template to the nominal one is smoothed. Additionally, a symmetrization
step is also employed for all templates to construct the up and down-variation template
histograms. Finally, constrained JES nuisance parameters are decorrelated across the SRs and
CRs to release such constraints. The set of uncertainties relevant for the VH samples applies
to the templates of the EFT predictions in the same way those affect the SM prediction.

The uncertainty in the integrated luminosity measurement is 1.2, 2.3, and 2.5% in the
2016, 2017, and 2018 data-taking periods, respectively [110-112], resulting in an overall
uncertainty of 1.6%. These uncertainties are treated as partially correlated between the three
data-taking years. A 4.6% uncertainty in the total inelastic pp cross section, used to evaluate
the pileup profile in data for reweighting to the simulated pileup profile, is applied.

The scale factors correcting the normalization of the main background processes ex-
tracted from simulation, i.e., tt, V4+LF (V4udsgc) and V4+HF (split in V+b, V+bb), are
implemented as freely floating rate parameters and are adjusted by the fit. These scale
factors are constrained mostly in the CRs because of their significant statistical power and
extrapolated to the SRs. These parameters that scale the process normalizations are treated
as uncorrelated between lepton flavors (e, i) for the light-flavor scale factors due to slightly
different data-to-simulation modeling behavior of the electron and muon channels. Such a
split is found to improve the overall goodness-of-fit due to additional degrees of freedom in
the fit model. As we do not observe differences across lepton flavors for the tt and V+HF
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processes, we do not employ the flavor-specific splitting for these processes. In addition
to the process-specific scale factors, additional unconstrained parameters, used to measure
flavor-tagging scale factors in situ in the boosted categories, are employed to account for
the (mis)tagging efficiency difference between data and simulation for high-momentum jets
initiated by b, c, or light quarks and gluons. These parameters are treated as fully correlated
between channels, and are not correlated with the scale factors corresponding to background
processes due to their different nature.

To account for the finite sizes of the simulated samples, each bin of the simulated signal-
plus-background template is allowed to vary within its statistical uncertainty, independently
from the other bins in the distribution, following the Barlow-Beeston “light” approach [113].
Here, signal refers to the SM VH signal production.

9 Results

Signal-enriched and background-enriched regions are used to extract the SMEFT signal and
to constrain the main background processes (tt and V+ light /heavy-flavor jets), respectively.
The definition of the SR and CRs used in the analysis is reported in section 6.

In the resolved category of the analysis, the background predictions in the heavy-flavor
CRs are extracted by using a template with bins corresponding to exclusive combinations of
DEEPJET b tagging scores, binned by working point, of the leading and subleading b-tagged
AK4 jets. The contribution of the tt process is constrained by its rate measured in tt-enriched
CRs. As discussed in section 8, the process scale factors correcting the normalization of the
main background processes extracted from simulation, i.e., tt, V+LF, V4+HF are considered
inclusively in vector boson p and in other observables of the analysis. In the 0- and 2-lepton
channels the V+b and V+bb components are split, while in the 1-lepton channel, a freely
floating parameter for the V+bb process is used in addition to a prior constraint that governs
the ratio of V+b to V+bb. This implementation is needed because the yields of V+b events
in the 1-lepton channel are limited due to the tight b tagging requirement applied in the
selection and the suppression of the W+b process due to the small size of the corresponding
mixing parameters. This approach follows the strategy used in ref. [11]. Furthermore, all
other systematic uncertainties described in section 8 are included in the fit model.

A statistical analysis is performed to probe for the potential presence of SMEFT operator
effects in VH production with a binned maximum likelihood fit using the CMS statistical
analysis tool COMBINE [114], which is based on the ROOFIT [115] and ROOSTATS [116]
frameworks. The BIT template shapes, which were defined as described in section 7, are
used in the SR for extracting the SMEFT effects. The modified frequentist approach [117—
119] is used in this search to set intervals on the set of the Wilson coefficients specified in
section 2. Goodness-of-fit tests using the saturated model test statistic [120] show excellent
closure of the systematics model to data in the SRs and CRs after the application of the
maximum likelihood fit.

Distributions of BIT scores in the SR are shown in figures 4, 5, and 6 for the resolved
and boosted categories of 2-lepton, 1-lepton, and 0-lepton final states, respectively, after the
background-only fit to data is performed. For the boosted category in figure 4, a smaller
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Figure 4. The BIT templates obtained using a background-only fit to data in the 2-muon (left) and
2-electron (right) final states in the SR for resolved (upper row) and boosted (lower row) categories con-
sidering the 2017 data set. The SM VH signal has been scaled by 20 and 5 for the resolved and boosted
BIT templates in the upper and lower row, respectively, for better visualization. The lower panels
show the ratio of the data to the background expectation after the background-only fit to the data.

number of bins is used compared to the template shown in figure 3 in order to reduce the
bin-by-bin uncertainty.

In the asymptotic regime, the intervals in one dimension, where the test statistic falls
below 1 and 4, can be interpreted as 68% and 95% confidence interval (CIs), respectively. This
regime applies to results obtained under the model with a linear SMEFT parametrization, and
the corresponding intervals have the correct coverage. It does not apply to the results obtained
with the quadratic model, because the quadratic dependence of the yields in analysis bins
on the Wilson coefficients violate the regularity conditions for asymptotic convergence [121]
as set out by Wilks theorem [122]. The likelihood ratio intervals for the quadratic model
may thus undercover or overcover. However, for consistency, intervals for both models are
reported using the same definition.

One-dimensional likelihood scans for the six Wilson coefficients targeted in the analysis
are performed by considering up to linear or quadratic terms due to dimension-six operators

— 26 —



415" (13 TeV) 415" (13 TeV)
2] T T L 2] T — T T T T T T T T
c o
< CMS ¢ Data CIVV+HF | § CMS ¢ Data [JVV+HF
o 1-lepton (u) mW+b I W+bb 51 25001 fiepton (e) WW+b [ W+bb 1
3000 sR (resolved) mW+c mm W+udsg SR (resolved) EW+c  EEW-+udsg
I Z+bb 1Z+b Z+bb 7
Z+c I Z+udsg 2000 0 Z+ Z+c ]
m m VV+LF @ Z+udsg Mt
2000 M Single t %% Unc. I VV+LF [ Single t
— SM VH (x20) 1500 2:Unc.  —SMVH (x20)

o o
x X
w w
» 2
Qo Qo
o o
BIT score BIT score
415" (13 TeV) 41517 (13 TeV)
%] T T T T T T T (2] L T L B
£ 250r CMS ¢ Data O VV+HF g 200 CMS ¢ Data  [JVV+HF
o [ T-lepton () mW+b m W+bb & 1-lepton (e) mW+b @ W+bb
[ SR (boosted) mW+c mm W-+udsg SR (boosted) EW+c  [EW-+udsg
200+ I Z+bb [1Z+b 1 W Z+bb  [JZ+c
[ ]Z+c I Z+udsg 150 - ]
[ mt mmVV+LF B Z+udsg MRt
150k mm Single t ¢ Unc. ] I VV+LF W Single t
i — SM VH (x5) gUne. — SM VH (x5)
Qo o 9
i o 15
= = 1 . R ] "
2 8 05 - :
(o] . . | e} '0 R S L .
0 1 2 3 4 0 1 2 3 4
BIT score BIT score

Figure 5. The BIT templates obtained using a background-only fit to data in the 1-muon (left) and
1-electron (right) final states in the SR for resolved (upper row) and boosted (lower row) categories con-
sidering the 2017 data set. The SM VH signal has been scaled by 20 and 5 for the resolved and boosted
BIT templates in the upper and lower row, respectively, for better visualization. The lower panels
show the ratio of the data to the background expectation after the background-only fit to the data.

in the SMEFT expansion, eq. (7.4) or (7.10). For each one-dimensional likelihood scan,
all Wilson coefficients are allowed to float freely at every point of the scans to account for
correlation across Wilson coefficients, referred to as a profiled scan. Results are also provided
for the case where all other Wilson coefficients are set to their SM values, i.e., 0, except
for the one in the scan, and this scenario is referred to as the frozen fit. In figure 7, the
summary of intervals on the Wilson coefficients satisfying ¢ < 1 and ¢ < 4 after combining
results from all final states and eras with other Wilson coefficients profiled or set to the
SM values are presented. Results are shown separately for SMEFT expansions up to linear
and quadratic terms. For the linear-only SMEFT expansion, ¢ = 1 and ¢ = 4 correspond
to 68% and 95% CIs on Wilson coefficients, respectively. For all Wilson coefficients, the
quadratic components dominate the SMEFT sensitivity, except for cg’;, where the linear
and quadratic terms have comparable sensitivity and therefore result in better constraints

on the Wilson coefficient observed values.
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Figure 6. The BIT templates obtained using a background-only fit to data in the O-lepton final state
in the SR for resolved (left) and boosted (right) categories considering the 2017 data set. The SM
VH signal has been scaled by 20 and 5 for the resolved and boosted BIT templates in the upper and
lower row, respectively, for better visualization. The lower panels show the ratio of the data to the
background expectation after the background-only fit to the data.

After including quadratic terms in the SMEFT expansion, the constraints for Cg()p
corresponding to ¢ < 1, has two intervals. This is due to the fact that the likelihood
function contains two minima after including the quadratic terms due to the interplay of the
interference and pure new physics terms, while it has only one minimum when only the linear
term in SMEFT expansion is considered. The p-value compatibility of the profiled scans
with respect to the SM expectation is 73% while considering only linear SMEFT effects, and
84% when including SMEFT expansion up to quadratic terms. The p-value compatibility of
the profiled scans, when including the SMEFT expansion up to quadratic terms, is subject
to the same caveat on the coverage discussed earlier regarding the use of the asymptotic
approximation for the quadratic model.

Lower limits on the energy scale A are extracted for different assumptions of the Wilson
coefficient values while fixing the other Wilson coefficients to their SM expectations separately
for linear and quadratic SMEFT parameterizations and shown in figure 8. Three assumptions
on the values of the Wilson coefficients in figure 8 are chosen to extract lower limits on
the energy scale A under several EFT realizations and those approximately correspond to
weakly-coupled models (0.01), no assumptions on the coupling (1), and strong-coupling
perturbativity limit (167r2), respectively.

The dominant uncertainty in the SMEFT signal extraction is of statistical nature. The
main systematic sources impacting the measurement are related to the V+jets background
modeling uncertainties and the limited size of the NLO V +jets simulated samples in analogy
with ref. [11].

To explore correlation between Wilson coefficients, two-dimensional likelihood scans
are presented considering different pairs of Wilson coefficients. In figures 9, 10, 11, 12, 13,
two-dimensional likelihood scans for different pairs of Wilson coefficients are shown while
setting other coefficients to their SM values or allowing other Wilson coefficients to float
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Figure 7. Summary of results in terms of best fit value of the Wilson coefficients and the intervals
where the test statistic is below 1 and 4, with up to the linear (upper row) and quadratic (lower
row) terms in the SMEFT parameterization. These results are obtained either by allowing all Wilson
coefficients to float freely at every point of the scan (profiled fit), or by keeping all other Wilson
coefficients to their SM values, i.e., 0, except for the one that is being considered in the scan (frozen
fit). The multiplication factor applies to the sizes of intervals satisfying ¢ < 1 and ¢ < 4 but not
to the values of the intervals on the right-hand side of the figure, which correspond to the profiled
constraints in all cases.
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freely at every point of the scan. We observe a correlation between different coefficients
to various extents depending on the size of cross terms in the SMEFT expansion, which is
especially significant for the two-dimensional likelihood scans involving the Wilson coefficients
impacting the gauge couplings (gQZ Z) and the four-point interaction (cg’()l) in figure 11. In
figure 9, we also observe a double-minimum structure in the likelihood scan for cgc)l, which
is consistent with the result obtained in one-dimensional likelihood scan including up to

quadratic terms in SMEFT expansion as reported in the lower row of figure 7.

10 Summary

A standard model effective field theory (SMEFT) analysis is performed in the Higgs-strahlung
process, where the Higgs boson is produced in association with a vector boson (V = W,Z),
probing nonresonant new physics effects. Final states with the Higgs boson decaying to
a pair of bottom quarks are targeted. Proton-proton collision data collected by the CMS
experiment during 2016-2018 at a center-of-mass energy of 13 TeV are used, corresponding
to an integrated luminosity of 138 bt Leptonic decay modes of W and Z bosons (W — ¢v,
Z — 0l and Z — vv) are considered, and both resolved- as well as merged-jet topologies are
exploited for the H — bb decay. A multivariate analysis strategy based on likelihood-free
inference methods is adopted for the first time in the CMS experiment to probe the effects
of multiple SMEFT operators including those giving rise to C'P violation. The strategy
employing boosted decision trees makes use of the angular information which is sensitive to
the CP structure of SMEFT operators in this final state. Results are consistent with the
standard model expectation. Constraints on the Wilson coefficients of six relevant SMEFT
operators (Cgc)p cg’c)l, CHu> CHd 92Z Z, and gfz) are obtained by performing a simultaneous fit to
the data. Constraints on the vector-coupling operators are slightly more stringent than those
on the gauge-coupling operators. Lower limits on the energy scales associated with various
SMEFT operators are also presented, offering further constraints on different classes of new
physics models. Additionally, constraints on two-dimensional planes of Wilson coefficients for
all possible pairs are presented to explore correlations between pairs of Wilson coefficients.
This constitutes the most comprehensive SMEFT analysis in this channel to date.
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Figure 9. Observed two-dimensional likelihood scans for different pairs of Wilson coefficients: C%{ ;

vs. cg’()l (upper row), cg()l vs. cg, (middle row), cg ()1 vs. cgq (lower row) while allowing the other

coefficients to float freely at each point of the scan (left) or fixed at their SM values (right) after
combining results from all data-taking years and final states.
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vs. gQZ z (upper row), cggl vs. gQZ z (middle row), cg, vs. 92Z z (lower row) while allowing the other

coefficients to float freely at each point of the scan (left) or fixed at their SM values (right) after
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Figure 12. Observed two-dimensional likelihood scans for different pairs of Wilson coefficients: cgé

vs. gfz (upper row), cggl vs. gfz (middle row), cg, vs. gfz (lower row) while allowing the other

coefficients to float freely at each point of the scan (left) or fixed at their SM values (right) after
combining results from all data-taking years and final states.
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