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Abstract

A search for Higgs boson (H) production at high transverse momentum (pr) in
the WW decay channel is presented. The analysis uses proton-proton collisions at
/s = 13 TeV recorded by the CMS experiment in 2016-2018, corresponding to an in-
tegrated luminosity of 138 fb~!. The visible decay products of the Higgs boson are
reconstructed as a single large-radius jet with one isolated lepton or none (1¢ and
04, respectively; ¢ = e, ). The H-candidate jets are identified using an advanced
transformer-based algorithm and are calibrated with the Lund jet plane reweighting
technique. The 1/ channel is further split into gluon fusion, vector boson fusion, and
associated production with hadronically decaying vector boson categories, while the
0¢ channel considers all production processes inclusively. The measured cross section
times the H — WW branching fraction relative to the standard model expectation is
U= —0.19f8:ig, indicating no evidence of a signal above the background. This mea-
surement represents the first dedicated study of highly Lorentz-boosted H — WW
decays, complementing earlier searches for high-p Higgs boson in other decay chan-
nels.
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1 Introduction

Since the discovery of a 125 GeV Higgs boson (H) by the ATLAS [1] and CMS [2, 3] Collabora-
tions, extensive effort has been devoted to precision measurements of its properties and cou-
plings [4, 5]. Measuring Higgs boson production at high transverse momentum, pry, is a core
component of this program at the CERN LHC. The high-p; regime is especially important be-
cause theoretical predictions feature large logarithmic corrections and substantial higher-order
effects [6], making measurements in this regime a powerful test of standard model (SM) cal-
culations. Additionally, it serves as a sensitive probe for new phenomena, as deviations from
the SM predictions could indicate the presence of effects beyond the SM at energy scales not
directly accessible by the LHC [7-12].

The ATLAS and CMS Collaborations have reported measurements of the differential produc-
tion cross section of the Higgs boson as a function of its transverse momentum, p?, in a num-
ber of decay channels: H — bb,H — vy, H - WW — evuyv, H = 17, and H — ZZ — 4/
(¢ = e, n), [13-17]. Among those, the sensitivity at the highest p? values probed so far is dom-
inated by the H — bb [18-22] and H — 77 decay channels [23], which benefit from large
branching fractions. These studies have enabled differential cross section measurements up to
p? ~ 1TeV [21], thereby placing constraints on potential deviations from the SM in Lorentz-
boosted topologies.

This paper presents the first search for highly Lorentz-boosted Higgs boson production de-
caying into a pair of W bosons, where at least one W boson decays into a pair of quarks,
H — WW — fvqq/qqqq. The analysis is performed using proton-proton (pp) collision data
at a center-of-mass energy of /s = 13TeV, collected with the CMS detector at the LHC in
2016-2018, corresponding to an integrated luminosity of 138 fb™! [24-26].

The W bosons originating from an Higgs boson with p? 2 250 GeV are separated by a small
angular distance AR = /(A)?+ (Ap)? < 0.8, with Ay and A¢$ denoting pseudorapidity
and azimuthal angle difference of the two W bosons, respectively. As a result, their final-state
products are merged into a single large-radius jet. For leptonically decaying W bosons, leptons
within the jet can still be identified as relatively isolated using a custom isolation variable that
depends on the lepton pr.

In the analysis, we categorize events into two channels based on whether they have one isolated
lepton (14) or none (0¢), as illustrated in Fig. 1. Two different and complementary approaches
are employed for these channels. The 0¢ channel considers fully-hadronic WW decays as well
as semileptonic WW decays with nonisolated leptons, while the 1/ channel exclusively targets
1{-+jets decays with an isolated lepton. The two channels feature similar baseline event se-
lection, but adopt different Higgs boson identification and background estimation techniques
tailored to their distinct background compositions.

While the overall measurement considers all Higgs boson production processes inclusively,
the most sensitive channel, 1/, further categorizes events into the three Higgs boson produc-
tion processes with the largest cross section at the LHC: gluon fusion (ggF), vector boson fusion
(VBF), and associated production with a vector boson (VH), where the vector boson, V (W or
Z), decays hadronically. This allows for better modeling of the signal, as the relative contribu-
tions of these processes to the cumulative Higgs boson production cross section are expected to
vary with p? [6]. The associated production with a top quark-antiquark pair, ttH, is not explic-
itly targeted with a dedicated region, although it still contributes as a minor signal component.

The H-candidate jet is identified using a jet tagging algorithm known as the particle trans-



former (PART) [27]. This algorithm uses a self-attention neural network architecture [28] that
dynamically weights jet constituent importance, trained on various large-radius jet topologies
with excellent performance for identifying boosted Higgs boson decays to vector bosons, with
performance and calibration for H — WW decays documented in Ref. [29]. The Higgs boson
four-momentum is reconstructed from the H-candidate jet and the missing py vector, pIss, for
events containing a neutrino in the final state. In the VH category, the V candidate jet is identi-
tied with the PARTICLENET algorithm [30, 31], while the VBF category requires the presence of
two additional well-separated jets. The signal extraction is performed by fitting the invariant
mass distribution of the reconstructed H or V boson candidates. Results are also presented
as simplified template cross sections (STXS) [32] following the stage-1.2 binning scheme [33],
which partitions the production phase space by Higgs boson kinematics.

The paper is organized as follows. The CMS detector is briefly described in Section 2, followed
by details of the event simulation in Section 3 and event reconstruction in Section 4. Section 5
presents the Higgs boson identification using the PART algorithm and its calibration. The 0¢
and 1¢ channel analyses are described in Sections 6 and 7, respectively, including event selec-
tions and background estimation methods. Systematic uncertainties are discussed in Section 8
and results are presented in Section 9, followed by a summary in Section 10. Tabulated results
for this analysis are provided in the HEPData record [34].
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Figure 1: Mlustration of the event topologies analyzed. Right: boosted Higgs boson final states
from the H — WW — (vqq/qqqq decay. Left: associated jets corresponding to the different
production processes. From upper to lower: 0¢ inclusive (all production and decay modes),
and the 1¢ ggF, VBF, and VH production processes.



2 The CMS detector

The CMS apparatus [35, 36] is a multipurpose, nearly hermetic detector, designed to trigger
on [37-39] and identify electrons (e), muons (y), photons, and (charged and neutral) hadrons [40-
42]. Its central feature 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, each composed of a barrel and two endcap sections. Forward calorimeters ex-
tend the pseudorapidity coverage provided by the barrel and endcap detectors. Muons are
reconstructed using gas-ionization detectors embedded in the steel flux-return yoke outside
the solenoid.

Events of interest are selected using a two-tiered trigger system. The first level, 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 4 us [37]. 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 a few
kHz before data storage [38, 39].

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. [35, 36].

3 Event simulation

The ggF Higgs boson production process is simulated at next-to-leading order (NLO) accuracy
in quantum chromodynamics (QCD) using the HJ-MINLO event generator [43]. Finite top
quark mass effects [44] are included following the recommendation of Ref. [6]. The generated
Higgs boson is required to have pr > 200 GeV. The POWHEG generator 2.2 [45—47] is used to
simulate Higgs boson production via VBF, VH, and associated production with a top quark-
antiquark pair, ttH, at NLO accuracy in QCD. The loop-induced gg — ZH process is generated
separately at leading order (LO) with POWHEG [48]. In all signal simulations, the Higgs boson
mass is set to 125 GeV. The inclusive cross sections for the ggF, VBF, VH, and ttH samples are
taken from Ref. [32]. The decay to a pair of W bosons is performed using JHUGEN v7.2.7 [49]
for VBE, WH, and quark-induced ZH samples to properly account for spin correlations and
angular distributions in these EW production processes, while PYTHIA 8.240 [50] is used for the
remaining signal samples where such effects are less critical; all W boson decays are considered.
The analysis includes events with H — ZZ decays from ggF production, simulated with the
HJ-MINLO generator, and H — 77 decays, both of which are treated as background processes
with nearly negligible contributions.

Background from jets produced via the strong interaction, commonly referred to as QCD mul-
tijet events, is modeled at LO accuracy using the MADGRAPH5_aMC@NLO 2.6.5 generator [51],
including up to four final-state partons in the matrix element calculations. The W ({v)+jets
process for the 1¢ channel is modeled using the SHERPA Monte Carlo generator [52, 53]. In this
setup, NLO matrix elements with up to two extra jets and LO matrix elements with up to four
extra jets are calculated with Comix 2.2.15 package [54]. For the 0¢ channel, the W (/v )+jets
process is simulated at LO accuracy using MADGRAPH5_aMC@NLO, in exclusive Hy ranges,
where Hr is defined as the scalar sum of the transverse momenta of all generated jets, providing
an adequately large event sample. The same Hr-binning procedure is applied to the V(qq)+jets
process for both the 0¢ and 14 channels. Jets from the matrix element calculations and parton
shower description are matched via the MLM scheme [55] for the LO MADGRAPH5_aMC@NLO



samples, while SHERPA uses CKKW-based merging for W (£v)+jets, combining NLO (0-2 jets)
and LO (34 jets) matrix elements [56]. The cross section of the V(qq)+jets process is cor-
rected as a function of the boson pr for higher-order QCD and electroweak (EW) effects. The
QCD NLO corrections are derived using MADGRAPH5_aMC@NLO, simulating W and Z bo-
son production with up to two additional partons and FXFX jet matching [57]. The EW NLO
corrections are taken from theoretical calculations in Refs. [58-61].

The production of top quark-antiquark pairs (tt) and single top quarks (single t), including tW
and t-channel contributions, are modeled at NLO accuracy using the POWHEG generator [48,
62-66]. Single top quark production in the s-channel is simulated with MADGRAPH5_aMC@NLO
at LO accuracy with the MLM jet matching scheme. The Drell-Yan production of lepton pairs
through Z /" is simulated at NLO accuracy with MADGRAPH5_aMC@NLO with up to two ad-
ditional partons, using the FXFX jet matching scheme. The EW production of W and Z bosons
with exactly two additional partons is modeled using MADGRAPH5_aMC@NLO at LO accuracy,
corresponding to O(ag), where ag denotes the strong coupling constant. Diboson processes are
modeled at LO accuracy with PYTHIA 8.226, and the total cross sections are corrected to next-
to-NLO accuracy with the MCFM 7.0 program [67]. Contributions from other processes are
found to be negligible. Parton showering, fragmentation, and hadronization are modeled with
PYTHIA 8.230 using the underlying event tune CP5 [68], with the exception of the samples pro-
duced with SHERPA. The parton distribution function (PDF) set NNPDEFE3.1 [69] at next-to-NLO
accuracy is used for all processes.

For all simulated samples, the CMS detector response is modeled by GEANT4 [70, 71]. In-
dependent samples are generated for each data-taking period using identical generator con-
figurations, but accounting for changes in the accelerator and detector running conditions.
The recorded data samples include additional pp interaction vertices from the same or nearby
bunch crossings (pileup), generated with PYTHIA and added to all simulated events based on
the expected pileup distribution. Corrections are applied to the simulated samples to match
the pileup multiplicity distribution measured in the recorded data by era. Parton showering,
fragmentation, and hadronization are modeled with PYTHIA 8.230 using the CP5 underlying
event tune [68], with the exception of the samples produced with SHERPA.

4 Event reconstruction

The physics objects (e, y, v, charged and neutral hadrons) are reconstructed using the particle-
tflow (PF) algorithm [72], which uses an optimized combination of information from the various
elements of the CMS detector to reconstruct individual particles (PF candidates). The primary
vertex is taken to be the vertex corresponding to the hardest scattering in the event, evaluated
using tracking information alone, as described in Ref. [73].

The PF candidates are clustered into jets using the anti-ky algorithm [74, 75]. The cluster-
ing algorithm, as implemented by the FASTJET package [75], is applied twice over the same
inputs with distance parameter of 0.4 or 0.8, producing the AK4 or AKS jet collections, re-
spectively. The larger radius of the AKS jet effectively captures the decay products of high-
pr Higgs bosons. For AK4 jets, the pileup effect is mitigated by excluding tracks that origi-
nate from pileup vertices and applying an offset correction to account for remaining contribu-
tions. For AKS jets, the pileup-per-particle identification algorithm [76, 77] weights each PF
candidate, prior to jet clustering, based on the likelihood of the particle to originate from the
hard-scattering vertex. Jet energy corrections are derived to match the detector response to
particle-level jets [78], and additional selection criteria remove jets dominated by anomalous
contributions from instrumental effects or reconstruction failures [79]. The P is computed



as the negative vector sum of the transverse momenta of all the PF candidates in an event, and
its magnitude is denoted as p7'* [80]. The p"** is modified to account for corrections to the
energy scale of the reconstructed jets in the event.

The AKS jets must satisfy pp > 200 GeV and |17| < 2.4 to be considered in this analysis. The soft-
drop algorithm [81], with parameters f = 0 and z,; = 0.1, is applied to mitigate contamination
from underlying event and pileup by removing PF candidates consistent with soft and wide-
angle radiation from the jet. For jets originating from the fully hadronic decay of a massive
boson, the soft-drop mass (1m;) distribution peaks near the boson mass, while for quark- and
gluon-initiated jets, m; has a smoothly falling spectrum. Each jet is assigned a discriminant
score quantifying its compatibility with an H or V boson origin, as described in Section 5.

Events with AKS jets compatible with a hadronically decaying V boson from the V(qq)H pro-
duction in the 1/ channel are identified using the PARTICLENET algorithm [30, 31] which is
based on a graph neural network trained to distinguish large-radius jets originating from scalar
particles with two-pronged X — qq decays from QCD jets. Each prong corresponds to the frag-
mentation and hadronization of a colored parton from the X decay. To achieve decorrelation
from the jet mass, signal resonances between 15 and 250 GeV are used, and jets from signal
and background are reweighted to obtain flat m; and pr distributions. Merged V — qq decays
are identified using a probability score defined as the sum of the tagger outputs for X — bb,
X — cc,and X — qq decays.

The V — bb jet tagging efficiency (with quarks other than b flavor) is calibrated in semileptonic
tt events using a tag-and-probe method. For the Z — bb tagging, the efficiency is calibrated
with the QCD proxy-jet method [82], where a boosted decision tree identifies suitable gluon-
splitting, g — bb, jets as proxies for the signal.

The AK4 jets must satisfy py > 30GeV. Jets originating from a bottom quark, denoted as b
jets, satisfy || < 2.5 and are identified with the DEEPJET algorithm [83, 84]. The b jet iden-
tification requirements in this search use two working points (WPs), “medium” and “tight,”
corresponding to tagging efficiencies of about 75% and 60%, and probabilities of misidentify-
ing a light-flavor quark or gluon jet as a b jet of 1% and 0.1%, respectively, as determined in a
sample of simulated tt events.

Muons are identified as tracks in the central tracker consistent with either a track or several hits
in the muon system, and associated with calorimeter deposits compatible with the muon hy-
pothesis [41]. Electrons are identified as a primary charged-particle track and potentially many
ECAL energy clusters corresponding to this track extrapolation to the ECAL and to possible
bremsstrahlung photons emitted along the way through the tracker material. They are identi-
tied with a multivariate discriminant described in Ref. [85]. Isolation algorithms are designed
to measure the amount of energy deposited near an object, such as a lepton. The relative isola-
tion, I, of u (e) is calculated by summing the pt of PF candidates in a cone of size AR < 0.4
(0.3) centered on the lepton, corrected for neutral pileup contributions, and divided by the py
of the lepton [41, 85]. Leptons emerging from the decay chain H — WW — fvqq of high-pr
Higgs bosons may fail I requirements if they are produced inside or close to the jet from the
hadronic W boson decay. However, they can still be identified using an optimized version of
the isolation variable, referred to as “mini-isolation,” I;; [86]. The I;,; is defined identically

to I, but with a pr-dependent cone size AR™M50 of 0.2, 10 GeV / pi, and 0.05 for leptons with
ph < 50GeV, 50 < pk < 200GeV, and ph > 200 GeV, respectively.



5 Higgs boson identification and reconstruction

Higgs boson identification is performed using the PART algorithm, a machine-learning model
based on self-attention mechanisms and the transformer architecture [27]. The PART algorithm
extends the capabilities of PARTICLENET [30], originally developed for distinguishing QCD
jets from hadronically decaying resonances into two quarks (“two-pronged” jets) to a broader
range of jet topologies, including those originating from H — WW — /fvqq/qqqq decays.
Tagging these jets is particularly challenging due to the asymmetric kinematics of the interme-
diate W bosons.

For each jet, the PART algorithm outputs 37 classification scores, each representing the probabil-
ity that the jet belongs to a specific category. These categories distinguish jets by flavor—charm
(c), b, light quarks, and hadronically decayed tau (7;,) leptons—as well as by the number of
the constituents (quarks or leptons), before parton shower and hadronization. In particular,
H — WW — qqqq jets are subdivided into four-pronged (H,,) and three-pronged (Hj,)
classes to account for cases where not all decay products fall within the jet cone. The complete
list of jet classes considered by PART is shown in Table 1.

The PART model is trained on a sample of simulated jets in a kinematic range that satisfies
200 < pp < 2500GeV, || < 24, and 20 < m; < 260GeV. The training set includes jets
from scalar resonances decaying into two-quark and WW channels, and top-like resonances
decaying into bW channels, as well as jets produced in QCD multijet events. The generator-
level resonance masses range from 15 to 250 GeV. The training employs mass decorrelation
via sample reweighting to achieve uniform py and m; distributions, preventing the tagger from
using jet mass as a discriminant and avoiding background mass sculpting effects, following the
PARTICLENET strategy. Additionally, in the training samples, the H and W boson masses are
varied together in order to maintain the W-to-H mass ratio fixed to the SM value of 0.64. This
ensures that one W boson remains off-shell throughout the mass range and that the tagger is
decorrelated from both the H and W boson masses simultaneously. Additional details on the
model architecture and the PART training are documented in Ref. [29].

Table 1: The 37 PART jet classification categories. The categories are based on the decay modes
of H and V bosons, top quarks, and on QCD processes. All listed decay products are assumed
to be contained within the jet cone, except for neutrinos. Numbers like 4q indicate the multi-
plicity of the adjacent quark, while those in parentheses indicate the number of ¢ quarks in the
preceding quark sequence. Classes such as 3q or bq imply that one quark escapes the jet cone
in H — 4q or t — bqq decays, respectively. Subscripts on T indicate hadronic (h) or leptonic
(e, u) decays.

Category and decay mode Final state class and substructure

H — WW fully hadronic ~ 3q(0c), 3q(1c), 3q(2c), 4q(0c), 4q(1c), 4q(2c¢)

evqq(0c), evqq(le), prqq(Oc), pvqq(lc)
H — WW semileptonic 7.vqq(0c), Tevqq(le), T,vqq(0c), T,vqq(le),

T,vqq(0c), T,vqq(lc)

Signal

T t—bW hadror}ic bq(0c), bq(1c), bqq(0c), bqq(lc)

3 t— bW leptonic bev, buv, bt,v, bt,v, bTyV

Eo H,Z,W — qq bb, cc, qq (q =u/d), ss

¢ H,Z-—>r7tT ThTh ThTer ThTy

- QCD b, bb, ¢, cc, others (light q and gluon)

The 04 channel defines a discriminant, P(H,, ), from the sum of all 16 PART H — WW scores,



including both semileptonic and fully hadronic WW signal classes, as denoted in the upper
part of Table 1. Two exclusive selections based on P(H,,) are used: P(H,,) > 0.99 and
0.92 < P(Hy,) < 0.99, defining regions of high and moderate probability of containing H,,

signal events, respectively. These boundaries were chosen to maximize S/+/B (where S and
B denote expected signal and background yields), yielding signal (background) efficiencies of
4.5% (0.02%) and 13.4% (0.35%) for the high and moderate probability regions, respectively.

The 14 channel targets semileptonic WW decays, H,,, by identifying one isolated lepton inside
the AKS jet. This lepton-in-jet topology for background processes constitutes only a small frac-
tion of the PART training sample, as lepton-jet overlap is rare in boosted topologies, limiting
the tagger’s ability to reject W (£v)+jets and similar backgrounds in this channel. To enhance
the signal sensitivity and suppress the W (v)+jets background, a dedicated fine-tuning strat-
egy is therefore developed. Specifically, the activations of the final hidden layer of PART are
used as input to a shallow neural network (multilayer perceptron) that categorizes jets into four
classes: Higgs boson signal, QCD multijet, tt, and W (£v)+jets, following the transfer learning
approach introduced in Ref. [87]. Fine-tuning is performed using a dedicated simulated data
set of AKS jets originating from these processes, selected such that the jets overlap with the
leading lepton within a cone of radius 0.8, reflecting the topology of the single-lepton signal
region (SR).

A separate sample of simulated Higgs boson signal events is used to prevent training data
leakage into the validation set during the fine-tuning. The resulting discriminant, P(H;,), is
defined from the Higgs boson probability output of the fine-tuned model, denoted as PART-
FINETUNED.

Compared to the original PART, the PART-FINETUNED tagger achieves nearly 60% higher sig-
nal efficiency at a background efficiency of 1% for H — WW — fvqq decays. This demon-
strates the value of transfer learning: training large models on a broad set of classes and
datasets, followed by targeted fine-tuning on a smaller subset specific to the topology of in-
terest, as the 1/ final state here. A comparison was also made directly using the CMS statistical
analysis tool COMBINE [88], observing similar increase in expected significance. Tagger perfor-
mance curves (background vs. signal efficiency) for simulated jets are shown in Fig. 2, using a

selection similar to the 0¢ channel: pi. > 400GeV, m; > 50GeV, and |1f)| < 2.4.

The H;qq, Hyg, and Hy, simulated signal jets lack a suitable SM counterpart jet for calibra-
tion. Therefore, to calibrate the P(H,,) and P(H;,) discriminants, the Lund jet plane (LJP)
reweighting technique [89] is applied to simulated jets with a fixed number of quark-initiated
prongs. The method reclusters each jet into subjets, each representing the radiation pattern of
an individual quark from the hard interaction. Corrections for each subjet are derived based on
data-to-simulation ratios of LJP densities [90], which provide representations that capture the
phase space density of different types of splittings in the two-dimensional space of momentum
transfer and angular separation. These per-splitting corrections, measured in data using sub-
jets from W — qq decays [89], are combined into a total correction for the simulated jet. In this
analysis, the LJP reweighting is used to correct the signal selection efficiency in the P(H,,) and
P(H,,) discriminants and to estimate the associated uncertainties. The corresponding scale
factor (SF), is defined as the ratio of efficiencies after the LJP reweighting to those from the
uncorrected simulation.

The simulation is calibrated separately for each dominant signal component: H,,, Hy,, and
H/qq, corresponding to jets containing four, three, and two quark-originated subjets, respec-
tively. Jets are matched to their generator-level category and reclustered into the appropriate
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Figure 2: Performance curves showing the identification probability of background jets versus
H — WW signal jets for PART and PART-FINETUNED. Left: Discrimination performance of the
PART model for various H — WW decays against the dominant QCD multijet background.
Right: Comparison of P(H;,) before and after fine-tuning, following the event selection in the
14 channel. The background includes jets originating from QCD multijet events, W ({v)+ets,
and top quark processes.

number of subjets based on their quark content, using the exclusive ky algorithm [91, 92]. The
splitting pattern is extracted using the clustering history of each subjet. For H, jets, the high-
est pr lepton and PF constituents within AR = 0.2 are removed before reclustering, to isolate
its hadronic component. Individual SFs derived for each signal component are then combined
to produce a global SF applicable to all signal jets in each analysis category. The resulting SFs
range from 0.84 to 0.98, with total uncertainties of 9-27%, as described in Section 8.

The procedure is validated in regions enriched in tt events, which closely resemble the sig-
nal topology in the 0¢ and 1¢ channels and require at least one b-tagged jet. Generator-level
information from the top quark decay is used to classify top quark jets as “matched” or “un-
matched,” with the reweighting applied only to the matched jets using the L]JP ratios. For
hadronic top quark decays (which serve as a proxy for jets with four or three quark-originated
subjets), the matched component corresponds to t — bqq decays, where all the W boson
daughter quarks and the b quark are within the jet radius. For jets with two quark-originated
subjets and one lepton, the matched component comes from tt events where both top quark
decays are separated by small angular distances and the visible products from a leptonic W
boson and a hadronic W boson decays are contained within the jet radius; this selection results
inat — ¢qq topology. The agreement between data and simulation in the distributions of
P(H,,) and P(H,,) after reweighting the matched component is used to validate corrections to
the signal efficiency.

In this analysis, the Higgs boson is reconstructed as a single large-radius jet corrected for the
potential presence of a neutrino. For signal jets, the m; distribution exhibits a sharp peak near
the nominal Higgs boson mass for H, jets and a broader peak for the H;, and H,y, compo-
nents, due to the partial reconstruction of the WW system. To improve the mass resolution for
the H,, signal, the reconstructed Higgs boson four-momentum is calculated as the sum of the
jet four-momentum and the estimated four-momentum of the neutrino. The four-momentum



of any lepton within the AKS jet cone is included in the H-candidate jet momentum, since
leptons within the jet cone are treated as PF constituents at jet reconstruction. The pIUss is at-
tributed solely to the neutrino, with i, = pI. Since the H-candidate jet is highly boosted, the
neutrino is expected to be collinear with the jet axis, thus we assume 7V = 7J, enabling full four-
momentum reconstruction for the neutrino. Then, the corrected mass of the H-candidate jet,
referred to as m;, is evaluated as the invariant mass of the reconstructed Higgs boson system.
This definition aligns the peak position of the m distribution for H,, signal jets to 125 GeV.

The correction to the jet mass is applied only to events with significant pT* aligned with the

candidate jet. In the 0¢ channel, this is quantified by requiring the ratio pi* / pl. to be greater
than 0.1 and the azimuthal angle between pIss and the jet, |A¢(j, PIs*)|, to be less than 0.8.
For events that do not meet these conditions, the mass of the H-candidate jet is taken as . For
all 14 channels, the correction to the jet mass is always applied.

6 Analysis of the 0 channel

The analysis in the 0/ channel considers all major Higgs boson production processes (ggF,
VBF, VH, and ttH) decaying into final states without a lepton (H,q, Hs3;) or with a lepton
that fails the isolation requirements (H,, ). Four orthogonal SRs are defined, with background
predictions derived from a combination of control region (CR) in data and simulation.

6.1 Event selection

Events in the 0¢ channel are selected using a combination of hadronic triggers. The hadronic
triggers impose a minimum threshold on either the py of an AKS jet or the event Hry, defined
here as the scalar pp sum of all AK4 jets in the event with py > 30GeV and || < 2.4. For
AKS jets used in the trigger selection, a minimum trimmed jet mass of 30 or 50 GeV is also
required [93]. The combined hadronic trigger efficiency is 75-80% for 200 < pt < 400 GeV, 80—
95% for 400 < pr < 450GeV, and nearly 100% for pr > 450 GeV. The efficiency is measured
using AKS8 jets in an independent sample of pi+jets tt events collected with a single-muon trig-

ger.

Offline, events are selected with two or three large-radius jets. To ensure high trigger efficiency,
the highest pt jet and the highest mass jet are required to satisfy pr > 400 GeV and m; > 50 GeV,
respectively. The jet with the highest P(H,), ) discriminant value is identified as the H-candidate
jet and must also satisfy m; > 40GeV. Events with isolated leptons, as defined in Section 4,
are vetoed in the 0¢ channel, but events with nonisolated leptons are included and contribute
significantly to the sensitivity of this channel.

In signal events, the dominant contribution originates from Hy, jets (=30%), followed by a
balanced presence of Hj, and H 4 jets (=15%). The remainder, designated as “Other,” com-
prises events with unmatched or misreconstructed Higgs bosons. When the Higgs boson is
insufficiently boosted, individual W bosons—either from H decay, from associated WH pro-
duction, or from top quark decays in ttH events—can be misidentified as the H-candidate jet
(~15%) due to their two-pronged substructure. Finally, only a small fraction of the signal has
the candidate jet unmatched or matched to a gluon- or quark-initiated jet.

Figure 3 shows the distributions of the H-candidate jet mass m, P(H,,) discriminant, p?iss / p]T,
and |A¢(j, p2ss)|, in simulated background and signal events, where j corresponds to the H-
candidate jet. The H,, signal, which is associated with energetic neutrinos aligned with the jet
axis, can be isolated from the other signal components and the multijet background by selecting
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on P/ py and [A¢(j, pi)|.
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Figure 3: The distributions for the total simulated background and total signal (scaled by a
factor of 3x10* for visibility) passing event selection in the 0/ channel. The signal is split into
classes as defined in the text. The upper left and upper right panels show the soft-drop mass
and PART score distributions for the H-candidate jet (j) P(H,, ), respectively. The lower left and

lower right panels display the piss/ pjT ratio and the angle |A¢(j, Pi%)|, respectively. Vertical
lines indicate the selection conditions imposed to define the SRs.
The SR is defined by P(H,,) > 0.92. It is first divided into two main categories based on the

ratio of piss to the H-candidate jet py: SRy with piss /pl. < 0.25, which includes contributions
from all three major signal components, and SR, with pi /p}. > 0.25, where an additional
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requirement of |A¢(j, Pis*)| < 0.8 ensures alignment between the reconstructed neutrino and
the H-candidate jet in the transverse plane. Each category is further divided by signal purity
into SR, (P(Hy,) > 0.99) for high purity and SR;, (0.92 < P(H,) < 0.99) for medium purity,
resulting in four statistically independent signal regions labeled SR;,, SRy}, SR,,, and SRy,.

Because of the high-pTiss requirement, SR,, and SRy, are dominated by the H (qq COmponent,

accounting for 75 and 93% of the total signal events, respectively. Despite the low-pTis® se-
lection, the composition of signal events in SRy, is also dominated by H,,, at 63% because of
the greater efficiency at high P(H,,) (Fig. 2, left; Fig. 3, upper right) compared to H4q, which
follows at 27%. The SRy;, is populated by H,, at 57%, followed by H, , at 19%. The Hj, con-
tribution ranges from 1 to 8%. Therefore, the sensitivity to Higgs boson production in the 0/
channel is driven by the semileptonic WW decays with a nonisolated lepton. The presence of
H/yq across all SRs necessitates a specialized Higgs boson mass reconstruction, incorporating
information about the neutrino via p™ and |A¢(j, )| even in the low-pM* regions SR,
and SR;y,, as described at the end of Section 5. All kinematic requirements defining the four SRs
and two CRs (described in Section 6.2) are summarized in Table 2. All conditions and selection
boundaries in Table 2 were chosen to maximize S/+/B.

The dominant H, , signal exhibits a broad m; distribution peaking at masses lower than the
Higgs boson mass due to the missing neutrino. The rightmost column of Table 2 specifies con-
ditions defining the phase space where m; is corrected for neutrino reconstruction and replaced
by m; elsewhere, m = m;. These conditions are designed to shift the mean of the H, , mass
distribution toward the Higgs boson mass and to minimize its width. This replacement shifts
the mass distributions for all events in the affected regions to higher values.

Table 2: Kinematic requirements used to define the SRs and CRs in the 0¢ channel. The right-
most columns list the conditions, combined with logical “AND”, under which m; is replaced

by the corrected m;” mass. The A¢ denotes the azimuthal angle difference between pmiss and
the Higgs boson candidate pt vector.

Region piiss / pjT P(Hy)  Ap(j, priss) Apply piss correction if

SR, <0.25 >0.99 any Ap < 0.8, pmiss /ph. > 0.1
SRy <025  0.92-0.99 any Ap < 0.8, piiss /p > 0.1
SRy, >0.25 >0.99 Ap < 0.8 always
SRy, >025  0.92-0.99 A¢ < 0.8 always
CR, <0.25 <0.92 any Ap < 0.8, piss /ph. > 0.1
CR, >0.25 <0.92 Ap < 0.8 always

6.2 Background estimation

The statistical analysis is performed over the m;" spectra in the four SRs, with background pre-
dictions derived separately for QCD multijet and other processes. The QCD multijet produc-
tion dominates SRy,, SRy}, and SRy}, (>90%) and contributes subdominantly to SR,, (30%); it
is estimated using a data-driven method. The W ({v)+jets and top quark backgrounds, which
contribute significantly to SR,,, as well as diboson processes, are estimated from simulation
and validated in data.

6.2.1 The QCD multijet background

The QCD multijet process is the dominant background in all the SRs, except for SR,,. We
estimate this background using a data-driven method implementing two CRs, the CR; and
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CR,, defined by requiring P(H,,) < 0.92, but still fulfilling the piiss/ pjT condition of SR; and
SR,, respectively.

The QCD multijet background in each SR;, (i = 1,2; r = a,b) is estimated from the data distri-
bution in the corresponding CR, multiplied by a polynomial transfer function (TF;,) to account
for the shape differences between the SR and CR. These differences arise from the kinematic
correlation between m]* and the variables defining the SR, as well as residual differences in
PART efficiency between data and simulation for background processes.

The prediction of the QCD background yield in SR;, takes the form
k k xk
Ne > = Ngg > TF,, (m™), (1)

where mj*k is the center of the kth m]* bin, N&CD,k is the estimated number of QCD background

events in bin k of SR;,, and Nglg Dk is the number of data events minus the number of predicted
non-QCD background events in bin k of CR;.

The QCD background in SR;, and SR,, is estimated from CR; and CR, using two transfer func-
tions, TF,, and TF,,, which share the same shape (determined by a simultaneous fit across all
four regions) and have independent normalizations. For SR;;, and SR,,, the QCD background
is estimated with two independent transfer functions, TF;;, and TF,,,, each having its shape and
normalization determined by a fit to its corresponding CR and SR pair. The resulting transfer
functions are shown in Fig. 4 (right).

The polynomial transfer function, TF;,, is defined using the Bernstein basis:
n
TF;, (m) = Y ajb; ,(m") (2)
1=0

where g, are fitted coefficients, and b, ,, are the m]* -dependent one-dimensional Bernstein basis
polynomials of degree n, properly transformed to the m; range probed. The optimal order of
the transfer function, TF;,(m"), is determined to be 3 for TF;, and 6 for TF;,, based on the results

j
of a Fisher F-test [94], performed independently for regions “a” and “b”.

The parameters of the polynomial function are treated as unconstrained in the fit to data. The
post-fit results of the four TFs are shown in Fig. 4 (right). They demonstrate monotonic behav-
ior and a smooth shape variation near the 125 GeV region, where the signal is most abundant.
The predicted spectra for the QCD process are presented and discussed in Section 9.

6.2.2 Other background processes

The background from W (¢v)+jets and top quark production are predicted by simulation. Their
normalization is validated in data in two background-enriched samples within a kinematic
phase space consistent with SR,,. The first sample is the subset of SR,, defined by requiring
the m]* range of 50-80 or 160-250 GeV, while the second sample is defined as SR, but inverts
the angular requirement |A¢(j, pM¢)| > 0.8. These samples receive equal contributions from
top quark and W ({v)+jets production processes. The simulated events match the data my
distribution in both normalization and shape within statistical uncertainties. Furthermore, this
consistency has been verified under the following conditions: (a) applying a stricter than the
SR piss / p]T > 0.25 requirement, which further suppresses QCD contributions, (b) excluding
narrow b-tagged jets, thereby enhancing W+jets fraction, and (c) requiring at least one b-tagged
jet, increasing the presence of the top quark background.
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Figure 4: Illustration of the SRs and CRs, and the TFs used to relate the QCD background in the
different regions (left). The TFs used to predict the QCD process in the four SRs as a function
of the mzf" (right).

Furthermore, because of the limited sizes of these samples and to account for potential under-
lying mismodeling in cross sections, the rates of W+jets and top quark processes are assigned
a 5% uncertainty each. The magnitude of this uncertainty is justified by the agreement be-
tween data and simulation in a tt- and W+jets-dominated validation sample, as well as in the
1¢ channel, all of which require a high PART score.

Events originating from the H — ZZ — 4q process are suppressed relative to H — WW — 4q
decays because of the smaller branching fraction and reduced PART tagger efficiency, by factors
of 10 and 3, respectively. This small fraction of background events entering SR, is estimated
using simulation.

7 Analysis in the 14 channel

The analysis in the 1¢ channel focuses on events with one isolated lepton, targeting the H,
tinal state. Events are partitioned into three mutually exclusive categories, targeting the ggF,
VBF, and VH production processes.

7.1 Event selection

Online, events are collected using a combination of single-lepton (y or e) triggers. For u (e),
these triggers require a py threshold of 50 (115) GeV and no isolation requirement, or a pr above
24-27 (27-35) GeV and a I requirement. The range indicates the difference in triggers across
the different data-taking periods. At high pr, single-electron triggers are complemented by
a single photon trigger with thresholds of pr > 175GeV for the 2016 data-taking period and
pr > 200GeV for the 2017 and 2018 periods. The isolated-lepton triggers allow for a lower pg
threshold, even if they are less efficient for the signal. This motivates the following definition
of an “isolated lepton” in the offline analysis. Muons require I;; < 0.8 for pt > 55GeV and
I < 0.2 for 30 < pr < 55GeV. Electrons require I, < 0.15 for 38 < pr < 120GeV, with no
Imini Tequirement for pr > 120 GeV.

Offline, events are required to contain at least one large-radius AKS jet with pr > 250 GeV and
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exactly one isolated y or e. The H-candidate jet is defined as the AKS jet satisfying P(H;,) >
0.75 and m; > 40 GeV, with an isolated lepton located in its vicinity, requiring the AR distance
between the lepton and the jet axis to lie within 0.03 < AR < 0.8. Therefore, the lepton is one
of the PF candidates of the jet, contributing to its mass and momentum.

The VBF category (1¢ VBF) selects events with two additional AK4 jets accompanying the H-
candidate jet, with the requirement that the jets be well separated and do not geometrically
overlap. The two AK4 jets are required to have a pseudorapidity separation of [Ar;| > 3.5 and
an invariant mass of m; > 1TeV; the selection criteria were chosen to maximize the sensitivity
to VBF production. If an event contains more than two AK4 jets, the two highest-pr jets are used
to compute Az and m;;. Events containing fewer than two AK4 jets, or where [A7;| < 3.5 or
my < 1TeV, fall into the VH or ggF categories. Events with an additional AK8 jet tagged by the
PARTICLENET algorithm as originating from a V boson (P(V) > 0.9), satisfying py > 250 GeV
and m; > 40 GeV, are assigned to the VH category. This V boson identification corresponds to
selection efficiencies of approximately 33 and 0.5% for signal and background jets, respectively.
Events without additional jets satisfying the above criteria are assigned to the ggF category. The
H-candidate jet must also satisfy tagger requirements specific to each category: P(H;,) > 0.93
for the ggF category, and P(H;,) > 0.905 for the VBF and VH categories.

For the ggF and VBF categories, we require p™is* > 20GeV and, since signal events feature
pmiss aligned with the H-candidate jet, we apply |A¢(j, pMi¢)| < 7/2. To suppress tt and
single t backgrounds, events must not contain any b-tagged AK4 jets with the tight WP in
the hemisphere opposite to the H-candidate jet. In the VH category, we reject events with a
b-tagged AK4 jet that does not overlap with V- or H-tagged large-radius jet. Furthermore,
events are required to have pTiss > 30 GeV, but there is no requirement on |A¢(j, P2%)| in this
category.

The ggF category is subdivided into three bins based on the py of the reconstructed H-candidate
jet (pjT), with ranges of 250-350, 350-500, and >500 GeV. These bins are chosen to maximize
the diagonal elements of the migration matrix, which is formed using pjT at the reconstructed
level and the corresponding p? at the generator level. The corresponding p? bins are 200-
300, 300450, and >450 GeV, consistent with the recommendations of the simplified template
cross section (STXS) framework version 1.2 [32, 33]. This choice facilitates future combined
measurements of the differential Higgs boson production cross section as a function of p?.

The signal extraction is performed with a binned maximum likelihood fit, using the ;" in the

ggF and VBF channels, and the V-candidate jet soft-drop mass (mjv) in the VH channel. The m
distribution exhibits a broad peak, with the resolution limited by the presence of one or more
neutrinos from decays of W bosons or T leptons. For the VH channel, the m. distribution
exhibits a sharper peak and more distinct shape differences from key backgrounds compared
to m]* , making it the preferred discriminant for this channel. A coarse binning is applied to the
mjv distribution, concentrating most signal events in a single bin (70 < m]V < 110GeV) that
captures events from both WH and ZH production processes. Limited event yields prevent a
two-dimensional fit using both resonance masses.

7.2 Background estimation

The dominant sources of background are the W (¢v)+jets and tt processes, where a high-pr lep-
ton from a W boson decay is merged within a jet. Both contributions are estimated from simu-
lation with corrections derived from data CRs. The background from events with misidentified
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leptons or leptons from heavy-flavor hadron decays (nonprompt leptons) is suppressed by the
identification and isolation requirements imposed on the y and e candidates, as well as the
PART tagger selection, while the remaining contribution is estimated directly from data. Other
subdominant sources of background originate from the Z+jets and diboson processes, and are
estimated from simulation.

7.2.1 Nonprompt-lepton background

Background events containing nonprompt leptons misidentified as prompt, isolated leptons
could be selected for the SR. This background includes the QCD multijet process. The contri-
bution of this background is obtained by reweighting events from a control sample containing
lepton candidates that pass looser selection criteria than those of the SR, but fail the SR require-
ments. This sample has a minor contribution from EW processes containing genuine prompt
leptons, which is subtracted from data using the simulation-based estimate. The weights, called
misidentified-lepton factors, are measured in QCD enriched samples, as €isp/ (1 — €misip ),
where €,;p is the probability of a nonprompt lepton satisfying the less stringent criteria to
also pass the SR criteria. The misidentified-lepton factors are parameterized as a function of
the pr and 5 of the leptons. The uncertainty relative to the subtraction of the prompt-lepton
background is also propagated into the misidentified-lepton factors. This method is described
in detail in Ref. [95].

7.2.2 The W+jets and top quark backgrounds

The background contributions from W (/v )+jets and tt processes are estimated from simula-
tion, with their rates constrained using data from CRs enriched in these processes. The CRs
are defined by minimally modifying the selections of each SR to ensure orthogonality while
preserving the same kinematic features.

To estimate the W (/v )+jets contribution, a single “W+jets CR” is defined as a sideband in
the PART discriminant, P(H;,) € [0.75,0.90]. In the combined fit, this CR simultaneously
constrains the W (£v)+jets background in the ggF, VBE, and VH SRs, yielding a normalization
SF of 0.897013.

The tt contribution rate is estimated using two CRs: the “ggF/VBF Top CR” for the ggF and
VBF categories collectively, and the “VH Top CR” specific to the VH category. These two CRs
select distinct regions of phase space to account for potential mismodeling of the P(V) selection
efficiency, applied only in the VH category, allowing an independent normalization in the fit.
The ggF/VBEF Top CR requires P(H;,) > 0.90 and at least one b-tagged jet at the tight WP. The
VH Top CR requires P(H;,) > 0.75, at least one b-tagged jet at the medium WP, and a V-tagged
AKS jet. In the combined fit of all channels, the tt normalization scale factors are 0.97f8:%i
for the ggF and VBF categories, and 2.011“83513 for the VH category. To account for potential
differences between the ggF/VBF Top CR and the VBF SR, which additionally requires two
forward AK4 jets, an extra 20% uncertainty is assigned to the tt background normalization
based on a sideband study.

8 Systematic uncertainties

We consider several sources of systematic uncertainties of experimental and theoretical nature
which are summarized in Table 3. They are included as nuisance parameters in the signal
extraction procedure treated according to the frequentist paradigm [96].
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Table 3: Systematic uncertainty sources considered in the analysis. Left to right columns: the
sources, the channels, whether the uncertainty affects signal (S) or background (B), its influence
on shape (s) or rate (r), and whether the nuisances are (un)correlated (u or v') among different
process models (P) or among the data-taking years (Y).

Channel Effect Corr.

Source of uncertainty Sand/orB sorr P Y
Integrated luminosity 00 & 14 S&B r v v
Pileup 00 & 14 S&B s v u
Trigger 00 & 14 S&B r v v

Jet energy scale 00 & 14 S&B s v v

Jet energy resolution 00 & 14 S&B s v u

Jet mass scale & resolution 00 &1/ S&B S v u
Prefiring 00 & 14 S&B s v u
Unclustered energy 00 & 14 S&B s v v
Simulated sample size 00 & 14 S&B s u u

S  PART tagging efficiency 04 & 14 S r u v
S /e rejection 0¢ S s — Vv
g QCD background estimate TFs 0/ B S — Vv
8. QCD estimate statistical uncertainty 0¢ B s — u
& Top quark & W+jets bkg. normalization 0¢ B r — Vv
PARTICLENET tagging efficiency 14 S r u Vv

b tagging efficiency 14 S&B r v o

1 /e reconstruction, & isolation 1¢ S&B r v v

tt & single t floating normalization 10 B r v v

W +jets floating normalization 14 B r v v
Misid. / rate, stat. uncertainty 10 B s — u
Misid. ¢ rate, EW SF stat. uncertainty 14 B s v v
Misid. ¢ rate, SF flavor & normalization 14 B r v Vv
Branching fraction B(H — WW) 00 &1/ S r v

Qg 00 & 14 S&B r v oV

?} Parton shower model 00 &1/ S S u v
E) Ren. & fact. scales, rate & acceptance 0/ &1/ S S u v
g PDF 00 & 14 S s u Vv
£ PDF acceptance 00 & 14 S s u v
QCD LO/NLO correction V+jets 14 B s u Vv

EW NLO correction V+jets 14 B r u Vv

Common experimental uncertainties between channels, affecting all simulation samples (both
signal and background), include the uncertainty in the integrated luminosity, which varies
between 1.2 and 2.5% for individual data-taking periods and amounts to 1.6% overall [24-26],
and the uncertainty in the modeling of pileup interactions, evaluated by varying the total pp
inelastic cross section by £4.5% [97]. The jet energy scale and resolution corrections, as well as
those of unclustered particles, are varied within their uncertainty as a function of jet pr and 7,
and are propagated to the acceptance and mass observables of SRs. These uncertainties range
from 0.5 to 8.0%.

Uncertainties in the trigger efficiency for the combination of single-lepton triggers, and the
efficiencies for lepton reconstruction, identification, and isolation are evaluated as functions of
lepton pr and 7. The overall magnitude of these uncertainties is 0.5% for the trigger efficiency
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uncertainty and 3-5% for uncertainties in the reconstruction and identification efficiency for u
and e.

The jet mass scale and resolution are corrected using data-to-simulation scale factors close to
unity (0.98-1.00 and 0.80-1.20, respectively), indicating good agreement between data and sim-

ulation [82]. The corresponding uncertainties are propagated to the analysis observables, m

and mjv, for signal processes and background W boson matched jets, ranging from 0.5 to 7.0%.

During 2016-2017, mistiming in the ECAL endcaps (2.5 < |¢| < 3.0) caused partial trigger effi-
ciency loss (“prefiring”) [37], corrected in simulation using control samples in data. The asso-
ciated shape and rate uncertainties were found to have a minor impact but are included for all
simulation-based samples.

The H — WW efficiency corrections for P(H,,) and P(H;,) are applied exclusively to signal
processes, as only these processes contain such a genuine H-candidate jet. Uncertainties from
the LJP reweighting method are propagated to these corrections and have a relative impact
ranging from 5 to 15%. Three main sources of uncertainty are considered: (1) statistical, due to
limited event count used to derive the data-to-simulation ratio of LJP densities; (2) systematic,
from modeling effects impacting the simulation in the ratio’s denominator; and (3) extrapola-
tion, related to applying the correction to subjets with higher pt than those used in the control
sample. The dominant uncertainty stems from the LJP method’s assumption that jets can be
reclustered into a prescribed number of subjets, each matching a quark. This uncertainty is de-
composed into three components: (3a) “number of prongs,” corresponding to the ambiguity in
choosing the number of subjets and assessed by varying the number of subjets used in reclus-
tering; (3b) “unclustered,” corresponding to the presence of a generator-level quark failing to
match any subjet even after varying the number of subjets, evaluated by scaling the weights
for such events by factors of 5 and 1/5; and (3c) “distortion,” arising from limitations in the
reclustering procedure, such as misassignment of PF candidates to subjets, which can distort
the reconstructed splitting tree. The latter component, which is the dominant one, is estimated
by comparing LJP densities from the original W+jets sample and simulated signal, with their
ratio providing the corresponding uncertainty. Details are given in Ref. [89].

The LJP-based correction to the signal efficiency for the P(H,,) discriminant, combining H,,,,
H,,, and Hy, final states, is 0.847(7; for P(H,,) > 0.99 and 0.95" (2 for 0.92 < P(Hy,) < 0.99.
For the P(H;,) discriminant, considering the H,yq final state, the correction is 0.9801% for

P(H,,) > 0.905 and 0.95%)9 for P(H,,) > 0.93. Unclustered quarks dominate the uncertainty,
with rate effects ranging from 11 to 16% for P(H,,,) and from 9 to 27% for P(H,).

In the VH regions, the signal and top quark processes are assigned V-candidate jet tagging
efficiency uncertainties of 3-7%, determined from calibration in semileptonic tt events for W
boson decays [98] and from the QCD proxy method for Z boson decays [82], respectively.

There are also experimental uncertainties in the estimation of the nonprompt-lepton back-
ground in the 1/ channel. This background is affected by the statistical uncertainty in the data
sample used to derive the misidentified-lepton factors and by the uncertainty in the estimate
of the prompt lepton contamination from EW processes that is subtracted from that sample.
An overall 25% normalization uncertainty is assigned to the nonprompt-lepton background
template based on a closure test in a QCD multijet-enriched sample, accounting for systematic
uncertainties in the €,,;qp determination.

The W (£v)+jets and tt background yields are determined by floating normalization parameters
constrained by the corresponding CRs as detailed in Section 7.2.2. The resulting uncertainties
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in the fitted normalizations, corresponding to the statistical uncertainties, are about 15% for
W (¢v)+ets and 20% for tt.

In addition to experimental uncertainties, theoretical uncertainties are included in the final fit
to account for inaccuracy in the modeling of SM processes. Uncertainties in the V(qq)+jets
processes account for missing higher-order QCD and mixed QCD-EW effects beyond those
described in Section 3, following the prescription of Ref. [61]. The uncertainties due to the
renormalization and factorization scales chosen for the simulated Higgs boson samples are
propagated to the total expected yield of the Higgs boson signal according to the prescription
recommended in Ref. [6].

Uncertainties in the event yields due to initial- and final-state radiation are also calculated for
all Higgs boson production processes by varying the renormalization scale and non-singular
term using the PYTHIA 8 showering algorithm [50]. The PDFs and ag uncertainties are further
split between the cross section normalization uncertainties computed in Ref. [32] for the Higgs
boson signal and their effect on the acceptance. These uncertainties are neglected for other
processes estimated from data.

Finally, the uncertainties due to the limited number of events in the simulated samples are
included independently for each mass distribution bin in each category. These uncertainties
are modeled with a single nuisance parameter per bin, following the Barlow—-Beeston proce-
dure [99] using the simplifying approximation from Ref. [100].

The dominant systematic uncertainty in the 0¢ channel arises from the modeling of the QCD
multijet background through the fitted coefficients of the transfer function. In the 1/ channel,
the dominant uncertainty arises from the asymmetric uncertainty in the PART tagger efficiency
and the size of simulated signal samples in the VBF category.

9 Results

The signal is extracted from a binned maximum likelihood fit to the mj* (or mjv) distribution us-
ing the sum of the signal and background contributions. In the 0¢ channel, the 2 distribution
spans the 50250 GeV range with 10 GeV binning. In the 1¢ channel, it covers the 75-235GeV
range with 20 GeV binning. In the VH channel, the V-candidate jet soft-drop mass covers 40—
180 GeV with a variable bin width. The test statistic chosen to determine the signal yield and
the associated confidence intervals is based on the profile likelihood ratio [96],

= —2In (WW) , ©
£(,7)

where £ denotes the combined likelihood function, and y is the signal strength, defined as the
ratio of the measured cross section to the SM expectation, taken as the parameter of interest.

The 71 is its best fit value, while (i) and 7 represent the conditional and global maximum
likelihood estimators of the nuisance parameters, respectively. The following results have been
determined using COMBINE tool [88], which is based on the ROOFIT [101] and ROOSTATS [102]
frameworks.

Separate fits are first performed for each production process and final state: the six regions of
the 04 channel (two CRs and four SRs) and the eight regions in the 1/ channel (three CRs and
five SRs), to extract individual results. A simultaneous fit of all the regions is then performed
to obtain the combined result. The observed data, post-fit background, and pre-fit signal distri-
butions are shown in Figs. 5, 6, and 7. These correspond, respectively, to the 0¢ SRs, the 1¢ (ggF
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Figure 5: Post-fit m]* distributions in the 0¢ channel, showing the predicted background with
total uncertainty, observed data, and the expected pre-fit signal scaled by the labeled strength
i. From left to right, upper to lower, the plots correspond to SR;,, SR,,, SRy, and SR,,,. The
lower panel of each plot presents the pull distribution, as well as the oy normalized to the oy,;.

and VBF) SRs and CRs, and the 1/ VH SR and Top CR. The lower panels display the pull dis-
tributions, defined as the difference between the observed and post-fit predicted background
event yields divided by the statistical uncertainty in the data, o,,. The total fit uncertainty oy,
(also normalized to o) is overlaid. The data and fitted distributions are summed for all data-
taking periods. Each signal production process is shown together with its sum, using pre-fit
predictions scaled to the signal strength indicated in the legend, to allow direct comparison
with the background.

The best fit value of the signal strength y, defined as the measured cross section times the
H — WW branching fraction relative to the SM expectation, and a 68% confidence level (CL)
interval are extracted as y = —0. 19*8 ig following Ref. [103]. Figure 8 shows the observed
scan of the test statistic f, as a function of y for the combination of all channels. The re-

sult is decomposed into statistical and systematic uncertainties, yielding y = —0.19°032 =
0.37
—0.197930 (syst) "a; (stat).
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Figure 6: Post-fit m]* distributions in the 1¢ channel, showing the predicted background with
total uncertainty, observed data, and the expected pre-fit signal scaled by the labeled strength
u. Left to right and upper to lower: Top CR, W+jets CR, VBF SR, and the ggF SRs binned in py
as [250,350), [350,500), and [500, +-o0) GeV, respectively. The lower panel of each plot presents
the pull distribution, as well as oy, normalized to the o;.
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Figure 7: Post-fit m]V distributions in the VH channel, showing the predicted background with
total uncertainty, observed data, and expected signal, split by production process. Left to right:
VH SR and VH Top CR. The lower panel of each plot presents the pull distribution, as well as
0y normalized to the o,,. The predicted pre-fit signal is scaled for visibility.

To estimate the signal significance, we use the test statistic g, for the discovery of a positive

signal,
—21 (0, V(O)) if 71
Go = n ( £(y,ﬁ) HH >0 (4)
0 otherwise.

The expected and observed significances of the signal are estimated using the asymptotic for-
mulae, Zy = /4, [104]. The expected significance is 1.860, while the observed significance is
found to be 0.0¢ as the best fit value of the signal strength is negative. The observed result lies
below the SM expectation, it = 1, by 2.1 standard deviations when allowing for negative signal
strength based on the uncapped test statistic ¢, [104].

The results are summarized in Table 4. The signal strength scales all the signal processes by the
same factor.

Table 4: Observed and expected signal strength u (second column) and significance ¢ (third
column) for H — WW in the 0¢ and 1¢ channels, followed by the combined results.

Signal strength u Significance o
Channel Observed  Expected Observed Expected
0¢ (Inclusive)  +3.617311  +1.0013%  1.32 0.36
1¢ (ggF+VBF) —03070% +1.0070%  0.00 1.68
14 VH +0.031197  +1.00113  0.01 0.65
Combination —0.1975%  +1.00752  0.00 1.86

Figure 9 shows the observed and expected signal strength (left) and significance (right) for
H — WW in all the channels for the full data set. Combined results are shown alongside in-
dividual contributions from each channel. For the 1¢ channel, results are also shown for an
alternative measurement using four independent signal strengths for the ggF and VBF pro-
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Figure 10: Unfolded measurement of the STXS cross sections in generator-level bins for three
bins of Higgs boson pr and one bin of m;; in the 1/ channel. Measured cross sections are di-
vided by standard-model expectations. Blue and orange uncertainty bands include theoretical
uncertainties affecting the signal acceptance.

cesses, corresponding to different STXS generator-level p? bins introduced in Section 7.1. For

the ggF process, a signal strength is assigned to each bin of p?: [200,300), [300,450), and
[450, +00) GeV. For the VBF process, an additional signal strength is assigned to the contri-
bution satisfying m; > 1TeV for two forward generator-level jets.

Finally, the unfolded fiducial cross sections for the alternative measurement in the 1/ channel
are shown in Fig. 10, together with predictions from the signal event generators. The cross sec-
tion is extracted simultaneously in generator-level ggF and VBF bins following the STXS stage
1.2 scheme, similar to Ref. [105], as described in Section 7.1, to enable future combined differ-
ential cross section measurements in p? bins. A maximum likelihood unfolding technique is
employed to correct for detector acceptance and resolution effects in the measured production
cross section. Each of the three cross section bins is modeled as a separate process with an
independent signal strength parameter in the likelihood fit. Only theoretical uncertainties that
impact the signal acceptance in the analysis selection are considered. The best fit cross sections
and their uncertainties are obtained by scaling each fitted signal strength and its uncertainty
by the corresponding simulated SM cross section.

10 Summary

A search for Higgs boson (H) production at high transverse momentum is presented in the de-
cay channel H — WW. The analysis uses proton-proton collision data collected at /s = 13 TeV
with the CMS experiment, corresponding to an integrated luminosity of 138 fb~!, and focuses
on WW decays with one or no isolated lepton (1¢ and 0/, respectively; £ = e, u) in the final
state. The final states are characterized by a single large-radius jet containing the hadronic de-
cay products of the W bosons, utilizing the jet substructure resulting from the Lorentz-boosted
topology of the Higgs boson decay. The 1/ channel categorizes events by the dominant Higgs
boson production mechanisms: gluon fusion, vector boson fusion, and vector boson associ-
ated production, while the 0¢ channel remains inclusive across all production processes. The
particle transformer algorithm leverages advanced machine-learning techniques to identify H-
candidate jets with intricate substructure, missing transverse momentum aligned with the jet,
or leptons inside the jet. It is calibrated with the Lund jet plane reweighting method and fine-
tuned to optimize the expected signal significance in the 1¢ channel, achieving 60% higher sig-
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nal efficiency than the baseline tagger. The invariant mass of the candidate jet H or vector boson
is used for signal extraction. The expected signal significance is 1.86 standard deviations, while
the observed signal strength relative to the standard model expectation is y = —O.19f8:32, indi-
cating no evidence of a signal above the background. These measurements represent the first
dedicated study of highly Lorentz-boosted H — WW decays, complementing earlier searches
for high transverse momentum Higgs boson production in other decay channels and produc-

tion processes.
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