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1. Introduction

Since the discovery of the Higgs boson (H) in 2012 [1-3], extensive measurements at the
CERN LHC have been performed to pin down the nature of its properties and interaction with other
fundamental particles scrutinizing the predictions of the standard model (SM) of particle physics as
well as looking for possible signatures of physics beyond the SM (BSM). New physics, if present,
can induce anomalous couplings of the H boson, which can also be interpreted as the effects of
higher-dimensional operators involving SM fields and satisfying SM gauge symmetries that extend
the SM Lagrangian in an effective field theory (EFT) framework. In the following, results of
a number of differential cross section measurements targeting various H production modes and
analyses designed to probe EFT effects are reported. All results presented in this note use 138 b
of data collected by the CMS experiment [4, 5] in proton-proton collisions at a center-of-mass
energy of 13 TeV.

2. Measurements of differential cross sections

A set of single- and double-differential cross section measurements is performed as a function
)

of several kinematic variables characterizing H production and decay using the H — wrw ) -
e*u vy [6], H— yy [7], and H — ZZ™ — 4¢ [8] final states within fiducial phase space
volumes. The result of a double-differential cross section measurement in the H — vy channel is
shown in Fig. 1 (left). In the H — 77" — 4¢ final state, measurements are also reported as a
function of various angular variables characterizing the H decay, as shown in Fig. 1 (right), as well
as matrix element discriminants sensitive to anomalous couplings of the H to electroweak vector
bosons (V, V = W, Z). Fiducial cross sections of H production are also measured in the H — rr”
final state as a function of H transverse momentum (py) and jet multiplicity targeting the topologies
where the two 7 leptons are well separated [9], i.e., resolved topology, or produced spatially close,
with overlapping decay products, referred to as the boosted topology. In the latter case, a dedicated
algorithm is designed for the reconstruction and identification of hadronic 7 decay [10]. Results of
both H — 7777 analyses are shown in Fig. 2. Measured differential cross sections are compared to
theoretical predictions obtained using various generators for modeling the H production via gluon
fusion (ggF), the dominant mode for H production.

The H — bb decay, which has the largest branching fraction, is leveraged for detailed mea-
surements of rarer H production modes, as discussed in the following. The cross section for Higgs
production in association with an electroweak vector boson is measured in the framework of simpli-
fied template cross section (STXS) [11, 12]. These measurements are performed in exclusive phase
space regions defined by the type and py of the V, as well as the number of additional jets, using
the leptonic decay modes of V and the H — bb reconstruction using either two small-radius jets
originating due to two b quarks or a large-radius jet containing particles from both b quarks [13].
Multivariate techniques are employed to extract the signal, with the results shown in Fig. 3 (left).
A search for H production with high p; (> 450 GeV) via vector boson fusion (VBF) is carried out
using large-radius jets identified through jet substructure information [14]. Events are categorized
into independent regions targeting both VBF and ggF productions utilizing forward small-radius
jets, which are characteristic of VBF production. Signal strength, defined as the ratio of measured
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Figure 1: Double-differential cross section in bins of H pr and number of jets in H — 7y analysis [7] (left).
Differential cross section measured in H — ZZ*) — 4¢ analysis as a function of cosine of the angle, defined
in the H rest frame, between the beam axis and the direction of one of Z bosons from H [8] (right).

138 fb™ (13 TeV,

38 fo™ (13 TeV) — 10. 138 fb* (13 TeV)
FCMS Observed ‘ g > E CMS‘ —I—‘ Observed ‘ E
10 Observed - no regularization _ [ F 99 - H (POWHEG) + XH |
B % gg-H (POWHEG) + XH 3 (O] C - 7

= < ggH (NNLOPS) + XH E e , S gg-H (NNLOPS) + XH
Fd XH = VBF + VH + ttH (POWHEG) ] = 10 XH =VBF + VH + ttH (POWHEG) 3
L I~ El 3
2 g 1

L1 HHH‘
do,/dp

g

|

N
NI

L LIIIIIIIIIIIIIIIIIIIIIILY.

do/dp_ (H) (fo/GeV)
-

Ratio to NNLOPS
Ratio to NNLOPS

500 1000 1500 2000
Pl (GeV)

Figure 2: Differential cross section as a function of H py in analyses targeting H — 777~ decay with
resolved (left) [9] and boosted [10] (right) topologies.

cross section and SM expectation, is measured at the detector level in two bins of the invariant
mass of the forward jets for the VBF category and six bins of the p of the H candidate for the ggF
category as shown in Fig. 3 (right). The cross section of H production in association with a pair of
top quarks (ttH) is measured in different p bins of the H candidate within the STXS framework
using final states with up to two leptons [15]. The events are categorized by the multiplicity of
jets and by the number of those tagged as initiated by b quark(s). The ttH signal is discriminated
against backgrounds using artificial neural networks and extracted using a fit to their outputs.
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Figure 3: (Left) differential cross section of H production in association with a W/Z boson a function of
vector boson pr [13]. (Right) signal strength in bins of H p for ggF production and invariant mass of
forward jets for VBF production [14].

3. Search of effective field theory effects

In this section, the latest results looking for EFT effects in the interaction between H and top
quark (t), as well as H coupling to vector bosons of both electroweak and strong interactions, are
presented.

3.1 Higgs boson to top quark couplings

The EFT effects modifying the charge-parity (CP) nature of H-t Yukawa coupling are probed
using event samples enriched in ttH and H production with a single top quark followed by the
H — bb decay [15] discussed in the previous section and results are found to be compatible with
SM expectations within two standard deviations. A combination of analyses targeting other H
decay modes: H — yy [16], H — z7® s 4¢ [17], and H — %7~ [18], as shown in Fig. 4
(left), provides stronger constraints on the CP structure of the H-t coupling and the pure CP-odd
H-t coupling hypothesis is excluded at 3.7 standard deviations. Searches for the effects of multiple
dimension-six EFT operators involving H and modifying the H-t coupling as well as giving rise
to four-particle interaction are performed in ttH production using Lorentz-boosted H, decaying
to a pair of b quarks, exploiting jet substructure techniques to identify the H — bb decay [19].
Yields in analysis bins defined using p; and soft-drop mass [20] of the H candidate jet and a
deep neural network score separating H or Z production in association with a top quark-antiquark
pair from SM backgrounds are used to probe the effects of EFT operators. Results are consistent
with SM predictions, and constraints are set on eight operator coefficients by fitting them to data
simultaneously or individually. Constraints on the two-dimensional plane of Wilson coefficients
corresponding to two operators involving H are shown in Fig. 4 (right).
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Figure 4: Observed and expected negative log-likelihood scans as functions of CP-even and -odd H-t Yukawa
couplings [21] (left) and Wilson coefficients of two dimension-six operators involving H [19] (right).

3.2 Higgs boson to gauge boson couplings

The effects of EFT operators on H to vector boson interactions are probed using an anomalous
coupling approach, as discussed in the following. The coupling of H to spin-1 gauge bosons is
parameterized by the scattering amplitude:
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where a; is an SM-like coupling, x|, k,, and a, are CP-even anomalous couplings, and a; is a
CP-odd anomalous coupling. For the effective interaction of H with gluon (g), a;, ;, k, are 0
to maintain gauge invariance. Anomalous coupling contributions are probed experimentally by
measuring the effective cross section fractions defined as:
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In general, to probe H to gauge boson couplings, one needs multi-dimensional measurements over
a large number of observables that fully characterize the system of H production followed by its
decay, which is difficult due to the limited volume of data and simulation currently available.
This problem is solved using the matrix element likelihood approach (MELA) [22], which takes
kinematic variables describing the H production and decay and builds discriminants sensitive to
the BSM signature of an anomalous coupling and its interference with other processes, including in
the SM. With this approach, one needs to measure a smaller number of observables while retaining
most of the information about SM-BSM separation.

The presence of anomalous H to electroweak vector boson couplings is probed in VBF topology
with the H — 777~ decay [18] as well as using H —» ZZ" — 4¢ [17]and H > WW® -
e v [23] final states where EFT effects can be present both in production (via fusion of
V’s and in association with V) and decay. A set of MELA discriminators is used to distinguish
between H production and SM backgrounds, to differentiate various H production modes, as well
as to separate the effects of different anomalous couplings. Anomalous couplings are extracted



Higgs boson differential cross section measurements and effective field theory interpretation with CMS
experiment Suman Chatterjee

from multi-dimensional distributions using several MELA variables along with simple kinematic
variables, if relevant. Constraints on these couplings are reported under two approaches: approach
1 assumes anomalous H-W and H-Z couplings to be equal, while approach 2 applies SU(2)xU(1)
symmetry to relate those. The constraints on anomalous couplings are translated into bounds on
sizes of dimension-six EFT operator coefficients in Higgs and Warsaw bases [11, 24]. Constraints
on cross section fractions due to CP-even and -odd H-V anomalous couplings derived from the
H —» WW™ " - ¢*,%y7 analysis and a combination of H — ZZ*) — 4¢and H — "7~
analyses are shown in Figs. 5 and 6, respectively.
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Figure 5: Observed and expected negative log-likelihood scans as function of the cross section fractions of
CP-even (left) and CP-odd (right) H-V anomalous couplings from the H — WHw™ ) 5 e* /f v;¥; analysis
following approach 2 [23].
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Figure 6: Observed and expected negative log-likelihood scans as function of the fractional cross sections
of CP-even (left) and CP-odd (right) H-V anomalous couplings from the combination of H — 77 — a¢
and H — 7777 analyses [18] in approach 1.

The presence of a CP-odd anomalous coupling in the effective Higgs-to-gluon vertex is investi-
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gated using analyses targeting the H — 777~ [18], H - ZZ"™ — 4¢[17],and H > W"W )
e™ 1" v 7 [23] final states. Combining the H — 77" - 4¢andH — 41~ analyses, the hypothesis
of a purely CP-odd H-to-gluon coupling is disfavored by the data at the level of 2.4 standard devia-
tions. In the H —» WHW™ ) — ¢* u" v, v, analysis, the observed values of negative log-likelihood
gradually exceed the expected ones for larger cross section fractions of the CP-odd H-to-gluon
anomalous coupling due to downward statistical fluctuations in the data for a few bins where the
effects of this coupling are expected to be significant. Fig. 7 illustrates the constraints on the cross-
()

section fractions for the CP-odd H-g anomalous coupling from the H — W W™ — e* w3,

analysis (left) and a combination of H — 77" - 4fandH — 777~ analyses (right).
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Figure 7: Observed and expected negative log-likelihood scans as function of the cross section fraction of
the CP-odd H-gluon anomalous coupling from the H — Ww ™" - e* v, analysis [23] (left) and the
combined H — ZZ") — 4fand H — 777~ analyses [18] (right).

4. Conclusion

The CMS experiment has performed comprehensive measurements to thoroughly characterize
the production and decay of the Higgs boson across a wide range of kinematic spectra using data
from Run 2 of the LHC. Studies are also conducted to probe potential signs of new physics at
high energy manifesting itself by altering interactions of the Higgs boson with electroweak vector
bosons, gluons, and the top quark in the framework of effective field theory. So far, results are found
to be in agreement with the predictions of the standard model. While no significant evidence of
new physics has been found, our understanding of the Higgs boson has greatly improved thanks to
the larger data set and more advanced analysis techniques. Nonetheless, experiments will continue
to hunt for any possible signatures of new physics, targeting uncharted territories and exploiting the
data from LHC Run 3.
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