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Evidence of Higgs Boson Inclusive Production at High Transverse Momentum Decaying
to a Pair of b-Quarks with the ATLAS Detector
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(ATLAS Collaboration)

(Received 24 March 2026; accepted 6 July 2026; published 11 August 2026)

This Letter reports on the first evidence of inclusive Higgs-boson production at high transverse
momentum in the bb̄ final state, reconstructed in a single large-radius jet. The results are based on proton-
proton collision data recorded by the ATLAS detector at the Large Hadron Collider at a center-of-mass
energies of 13 and 13.6 TeV, corresponding to a total integrated luminosity of 301 fb−1. The study profits
from the large background suppression provided by the use of a new transformer-based algorithm for jet
identification and the sharper mass and transverse momentum, pT, resolution from a dedicated regression
model. The yield relative to the standard model prediction for Higgs bosons produced at pT larger than
450 GeV is measured to be 1.53� 0.27Þþ0.33

−0.27 � 0.17, where the first uncertainty is statistical, the second is
experimental systematic, and the third accounts for theory systematic, corresponding to an observed
(expected) significance of 3.8σð2.5σÞ relative to the background-only hypothesis. Results are also obtained
in three Higgs boson pT intervals and found to be compatible with standard model predictions, where the
first uncertainty is statistical, the second is experimental systematic, and the third accounts for theory
systematic.

DOI: 10.1103/vbxg-71c2

The steady increase in the amount of data collected in
high-energy proton-proton (pp) collisions at the CERN
Large Hadron Collider (LHC), together with advances in
reconstruction techniques using transformer-based [1–3]
models, opens new avenues for exploring phenomena at
the TeV energy scale. Although measured production and
decay rates are so far consistent with the standard model
(SM) [4,5], the study of Higgs boson production at large
transverse momentum (pT) offers the opportunity to unveil
or constrain new phenomena [6–9]. At high pT, Higgs boson
production becomes sensitive to the loop structure of gluon-
gluon fusion (ggF). As a result of modified couplings from
possible new physics contributions, effects from physics
beyond the SM are typically enhanced by factors depending
on the Higgs boson pT. This motivates a dedicated study in
the boosted regime with pT up to and beyond 1 TeV. The
H → bb̄ decay dominates the branching fractions and offers
the best sensitivity of this rare process [10–14].
This Letter reports a study of boosted inclusive Higgs

boson production in pp collisions recorded by the ATLAS
detector. Signal events feature a central high-pT jet con-
taining the two collimated b-hadrons from a H → bb̄
decay, recoiling against additional jets. Because of energy

lost through neutrinos from b-hadron decays and of
detector resolution effects, the Higgs boson candidate
may be reconstructed as either the leading or subleading
jet in pT.
The Higgs boson yield is extracted from the jet mass mJ

distribution, dominated by a smoothly falling nonresonant
multijet QCD background with additional contributions
from hadronic W=Z þ jets and top-quark pair (tt̄) produc-
tion. The resonant Z → bb̄ and H → bb̄ rates are expressed
in terms of signal-strength modifiers μ, defined as the ratio of
the measured yields to their SM predictions, in a simulta-
neous fit that determines the multijet background entirely
from data. The pronounced Z → bb̄ peak serves as an in situ
calibration of the jet tagging rates and the jet mass scale and
resolution in the fit used to extract the Higgs boson signal.
Compared to an earlier Run 2 study [12], the analysis

sensitivity improves by a factor of seven to ten. This
improvement results from stronger multijet background
suppression with a new transformer-based bb tagger, which
also nearly removes the V → qq0 and tt̄ contributions from
the signal region, leaving Z → bb̄ and H → bb̄ as the
dominant resonant processes. Additional gains arise from
the improved jet mass and pT resolution from a trans-
former-based regression model, the simultaneous fit of
signal and control regions to constrain the multijet back-
ground, and a larger analyzed dataset.
The ATLAS experiment at the LHC is a multipurpose

particle detector with a forward-backward symmetric
cylindrical geometry, described in detail in Refs. [15,16].
It consists of an inner tracking detector (ID) surrounded by
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a thin superconducting solenoid, electro-magnetic and
hadronic calorimeters, and a muon spectrometer. This
analysis uses pp collision datasets recorded with the
ATLAS detector totaling 140 fb−1 at

ffiffiffi

s
p ¼ 13 TeV during

Run 2 (2015–2018) and 161 fb−1 at
ffiffiffi

s
p ¼ 13.6 TeV

during the first three years of Run 3 (2022–2024) [17–19].
Monte Carlo (MC) simulated event samples are used to

model Higgs boson production at next-to-leading-order
(NLO) QCD accuracy using Powheg Box [20–22] with parton
showering and hadronization provided by Pythia 8 [23].
Cross sections are normalized to state-of-the-art predic-
tions, corresponding to NNLO QCD calculations for ggF
including exact NLO top-mass effects, NNLO QCD for
vector-boson-fusion (VBF), and NLO QCD for associated
production with a vector boson (VH) or top-quarks (tt̄H)
[24]. The W=Z þ jets and tt̄ backgrounds are simulated
using Sherpa 2.2.14 [25] and Powheg Box [20–22,26], respec-
tively. The detector response is modeled with Geant4 [27],
including pileup effects [28]. The effects of radiation
damage in the Pixel detector [29,30] are included for
samples matching Run 3 data conditions.
Charged-particle tracks are reconstructed in the ID

[31,32] and used as components of the jet objects and
for b-tagging. Jets are reconstructed from unified flow
objects (UFO) [33] using the anti-kt algorithm [34] with
R ¼ 1.0 and groomed with Soft-Drop [35,36] and pileup
mitigation techniques [37,38].
Transformer-based models are a key aspect of the

analysis and used to identify and calibrate jets from
resonances decaying to bb̄ (bb-jet). These models are
trained on samples of simulated events containing mixtures
of jet flavors and exploit the kinematic and topological
properties of UFO constituents and other charged particle
tracks.
Jets containing two b-hadrons are identified using an

improved version of the GN2X tagger [2] trained on
simulated event samples corresponding to Run 2 and
Run 3 conditions. The GN2X tagger output is rescaled
in simulated Run 2 events to account for pixel radiation
damage. Mass-dependent selections on the tagger output
(working points, WPs) are defined independently for the
leading and subleading jet categories, pT ranges, and data-
taking years using multijet events simulated with Pythia 8

[39]. These WPs suppress the multijet background by a
nearly constant factor of about 500 across the jet-mass
range, an improvement of more than four times compared
to that of Ref. [12], with signal efficiencies of ∼45%

(∼40%) for leading (subleading) Higgs jets. The efficiency
for selecting Z → bb̄ or H → bb̄ jets is similar, and the
suppression of top-quark jets is comparable to that of
multijet background jets.
The reconstructed jet mass and pT response [40] are

improved using the bJR regression model [3], enhancing
the jet mass and pT resolution by approximately 30% and
20%, respectively, and thereby increasing the analysis

sensitivity by nearly 30%. The pT scale and resolution
are validated using Z → μμþ jet events by exploiting the
balance between the recoil jet and the μþμ− system. Data
and simulation agree at the 3% level, defining the asso-
ciated energy scale (JES) and resolution (JER) uncertainty.
Additionally, if a muon is associated to a subleading jet
passing the GN2X requirement, its four-momentum is
added to the jet, improving its mass resolution by about
12% in simulated Higgs boson events.
The simulation-to-data bb-tagging efficiency correction

factors κGN2Xbb , jet mass scale (JMS), and mass resolution
(JMR) are determined in situ from the Z → bb̄ peak and
applied to the Higgs boson signal templates. The factor
κGN2Xbb ≡ μZ→bb̄=μZ→μμ, where μZ→μμ is obtained from an
independent fit to Z → μμþ jetðsÞ data, ensures that
common Z þ jets production uncertainties versus jet pT
cancel in the ratio [41].
Data events are selected using a combination of unpres-

caled high-level triggers requiring a jet with online pT
thresholds from 420 GeV, with additional jet mass require-
ments used from 2018 [42,43]. Events are required to
contain at least one candidate jet spatially matched to the
jet in the trigger system, pseudorapidity jηj < 2.0, trans-
verse momentum on the trigger efficiency plateau of
pT > 450 GeV, and mJ in excess of 45 GeVand satisfying
2mJ=pT < 1, ensuring well-contained boosted topologies.
After applying the jet corrections above, the study focuses
on the jet mass range 55–160 GeV.
Candidate jets are organized into regions according to

the GN2X tagger output. If the leading jet passes the GN2X
requirement, it enters the leading-jet signal region (SRL).
Otherwise, if the subleading jet is tagged, it enters the
subleading-jet signal region (SRS). Jets failing the tagger
requirement have an mJ distribution that closely resemble
that of the SR due to the definition of the GN2X WPs.
These jets are partitioned into a control region (CR) used to
constrain the multijet background shape in the SR and a
validation region (VR) used to test the multijet model. The
CR is selected to have ten times the SR yield, proportion-
ally across data-taking periods to preserve the time-depen-
dent detector and pileup conditions; the remaining 97.5%
of antitagged jets form the VR. Antitagged leading (sub-
leading) candidate jets populate the CRL and VRL (CRS
and VRS). All regions are studied in three candidate-jet pT
bins: 450–650 GeV, 650–1000 GeV, and above 1000 GeV.
Within the SR, the SM predicts that ggF production

constitutes about 50% of the selected signal in the 450–
650 GeV pT interval, decreasing to ∼40% above 1 TeV,
while the VH fraction increases from ∼25% to nearly 40%,
whereas VBF and tt̄H remain subleading at the ∼20% and
∼5% levels, respectively.
For the bJR validation, trigger efficiency studies, and an

input to κGN2Xbb , the Z → μμþ jetðsÞ sample is selected by
requiring two oppositely charged muons with pT >
50 GeV and a high-pT recoiling jet, using the same jet
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trigger requirements discussed above. The Z → μμ signal
rate is measured in the same three pT intervals considering
a full suite of systematic uncertainties. The jet trigger
efficiency is studied using Z → μμ events collected by a
muon trigger [44].
The mJ spectrum of the multijet background in each SR

and the corresponding CR is described by an exponentiated
polynomial of order N (fN), while residual SR-CR shape
differences are absorbed by a multiplicative transfer func-
tion of order M (tM) multiplied to the CR mJ spectrum,

fNðxjϕ⃗Þ ¼ ϕ0 exp

�
XN

i¼1

ϕix
i

�

;

tMðxjψ⃗Þ ¼ 1þ
XM

j¼1

ψ jx
j;

where x ¼ ðmJ − 140 GeVÞ=70 GeV and ϕi and ψ j are
free parameters fitted independently to data for each jet
category, pT bin, and dataset. The ϕ0 normalizations are
treated independently in the SR and CR. Studies conducted
with a set of MC generators and fragmentation models
indicate that SR-CR mJ shape variations can arise from
differences in the flavor composition and jet substructure
and can be well described by the transfer function. More
details are given in Appendix. Compared to fits to the SRs
alone, the use of the CRs helps to constrain the multijet
background model. The uncertainties on the fN parameters
are reduced by 20%–30%, improving the statistical pre-
cision on μH by ≃15%–20%. The correlations between μH
and the dominant systematic uncertainties, JMS and JMR,
are also reduced by 15%–40%, leading to smaller system-
atic uncertainties.
The VR mass spectrum provides a good approximation

of the SR multijet background. The determination of the
multijet background is studied using VR events divided
into statistically independent subsets, or slices, with event
counts comparable to the SR. After subtracting the W, Z,
and tt̄ resonant contributions, these slices are reweighted to
match the SR multijet shape using the ratio of fN functions
obtained from independent fits to the SR and CR spectra.
Z → bb̄ and H → bb̄ templates are then injected at varying
signal rates to evaluate the linearity of the fit response and
the presence of spurious signal effects [45]. An ensemble of
these slices are used to perform fits with 3 ≤ N ≤ 5 and
0 ≤ M ≤ 2 for the multijet parametrization.
The N andM orders are determined using these fits [12].

They are chosen such that the average bias of the extracted
signal strength is small and the fraction of fits in which μ

deviates by more than twice the fit statistical uncertainty
σstatfit from the mean is approximately 5%. In each region,
these studies show that N ¼ 4 and M ¼ 2 provide stable
behavior. Small residual biases of 0.1–0.3σstatfit in the
extracted Higgs boson signal strength are incorporated
as a spurious-signal uncertainty, with a minor effect on the

total uncertainty. For the Z → bb̄ rate, the residual bias
is ∼0.15σstatfit .
The strong rejection of more than two-prong jets by the

GN2X tagger and the mJ < 160 GeV requirement greatly
reduce the top-quark background. A boosted semileptonic
tt̄ control region is used to extract simulation-to-data
correction factors from mJ fits and are applied separately
in the SRs and CRs with a 25% uncertainty [46], leading to
a 5% uncertainty on μH.
Signal yields are extracted using a simultaneous profile

likelihood fit [47,48] to the jet mass distributions in the
SRL, SRS, CRL, and CRS categories divided into the three
jet pT bins separately for the Run 2 and Run 3 datasets. In
total, 12 pairs of signal and control regions are included in
the fit. The Z → bb̄ event rates in the κGN2Xbb factors are
treated as independent free parameters for each jet category,
pT bin, and dataset. The likelihood depends on H → bb̄

signal strength parameters μH
�!, 12 κGN2Xbb factors, over 100

systematic uncertainty parameters, and 96 free parameters

ϕ⃗ and ψ⃗ modeling the multijet background.
Higgs boson cross section uncertainties are taken from

Ref. [24], with additional top-quark-mass scheme effects
from Ref. [49]. Acceptance uncertainties (scale, parton
distribution function (PDF), and parton shower variations)
are evaluated from simulation, yielding an uncertainty of
17%–18% depending on pT. These uncertainties are fully
correlated across regions and are the only systematic
uncertainties correlated between datasets.
The dominant experimental uncertainties arise from the

JMS and JMR, shared between the Z → bb and H → bb̄
templates within a region but treated independently across

FIG. 1. Observed Z → μμþ jetðsÞ event rate as a function of jet
pT compared to theoretical predictions from Sherpa 2.2.14 including
QCD NNLO corrections from NNLOJET [50,51] and electroweak
(EW) NLO corrections from Sherpa with uncertainties estimates
from Ref. [52]. The W=Z → qq̄ and Z → bb̄ rates, the latter
uncalibrated for GN2X efficiency, are overlaid for comparison
(upper panel). Fitted values of the leading and subleading κGN2Xbb

factors averaged over datasets are shown within each pT bin in the
lower panel.
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jet categories, pT bins, and datasets. Conservative prior
uncertainties of 5% (JMS) and 25% (JMR) are assigned and
are strongly constrained by the data: the Z → bb̄ peak
position is determined to better than 1% precision in the
lowest pT bin and about 2% at the highest pT, while the
mass resolution is constrained to 3%–18% depending on
pT. These constraints are propagated to the H → bb̄
template. Separate JMS and JMR parameters are used
for the W=Z → qq̄ contribution in the CRs to account for
flavor-composition differences. The full list of systematic
uncertainties is given in Appendix.
As part of the validation of the analysis strategy and the

determination of the GN2X tagging efficiency, the Z þ jets
event rate is probed in three complementary final states (see
Fig. 1). The Z → μμ event rate is extracted from the 96%-
pure Z → μμþ jetðsÞ sample with a relative precision of
3%–14%. The excellent agreement with state-of-the-art
theory predictions [50,51] across the full pT range validates
the denominator of κGN2Xbb . The inclusive W=Z → qq̄ event
rate derived from fits to the (antitagged) VR, which
contains 99.8% of the selected jets, is also consistent.
The uncalibrated Z → bb̄ rate, without κGN2Xbb applied,
extracted simultaneously with the Higgs boson signal
strength, is averaged and overlaid for comparison. With
increasing pT, it exhibits a mild upward trend, consistent
with residual differences in the GN2X tagging efficiency
between data and simulation. This behavior is captured in
the in situ determination of the twelve κGN2Xbb factors,
represented in the lower panel of Fig. 1 after averaging

over datasets. For pT > 1 TeV, the Z → bb̄ signal is
observed with a significance exceeding five standard
deviations from the background-only hypothesis (see
Fig. 2), demonstrating the performance of boosted bb
reconstruction and flavor tagging in the TeV regime.
The signal strength for Higgs bosons with reconstructed

jet pT ≥ 450 GeV extracted across all signal regions is
μH ¼ 1.53� 0.27ðstatÞþ0.33

−0.27ðsystÞ � 0.17ðtheoÞ and corre-
sponds to an observed (expected) significance of 3.8ð2.5Þσ
relative to the background-only hypothesis. Among the
experimental uncertainties, the JMR and JMS parameters
contribute �0.20 to the uncertainty on μH, while the κGN2Xbb

parameters contribute �0.17, as determined from the
impact method [53]. These are largely statistical in origin,
reflecting the finite precision of the Z → bb̄ sample that
constrains them, and are expected to decrease with increas-
ing data. The combined postfit distributions are shown in
Fig. 2 and exhibit good agreement between the fitted model
and the data for all pT bins.
The Higgs boson yield is also extracted with three

independent signal strengths corresponding to intervals of
its truth transverse momentum pH

T in a simplified template
cross section STXS-like framework [54–56]. The yield of
migrated Higgs boson events with truth pH

T < 450 GeV
are constrained to the results from Ref. [57]. The fitted
μH values are 1.98 � 0.36ðstatÞþ0.53

−0.40ðsystÞ � 0.17ðtheoÞ,
0.23� 0.67ðstatÞ � 0.49ðsystÞ � 0.17ðtheoÞ, and 2.3�
1.4ðstatÞþ1.3

−1.1ðsystÞ � 0.2ðtheoÞ for pH
T intervals of 450–

650 GeV, 650–1000 GeV, and > 1000 GeV, respectively,

(a) (b) (c)

FIG. 2. Postfit jet mass distributions in the (a) 450 < pT < 650 GeV, (b) 650 < pT < 1000 GeV, and (c) pT > 1000 GeV signal
regions, summed over jet categories and datasets. The middle panel shows the data with the multijet background subtracted, and the
bottom panel shows the data with all backgrounds subtracted. The fit is performed simultaneously across the twelve signal-control
region pairs, with the Higgs boson contribution scaled to the fitted μH .
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corresponding to observed (expected) significances of
3.9ð1.9Þσ, 0.3ð1.3Þσ, and 1.3ð0.5Þσ. The measurements
are compatible with the SM expectations at the 16% level.
Signal strengths extracted separately in Run 2 and Run 3,
and in individual signal regions, are compatible with the
reported results, with p-values of ∼40%–80%. The stability
of the results has been tested under variations of the fit
configuration. Changing the order of fN by �1, correlating
κGN2Xbb across runs or jet categories, and decorrelating the
JMS and JMR parameters between the Z andH components
result in shifts in the measured μH that are compatible with
the reported results.
Measured inclusive Higgs boson production signal

strengths for the combined Run 2 and Run 3 dataset are
shown in Fig. 3 as a function of pH

T . The EW NLO
corrections derived using the HAWK package [58] are shown
for the average of the VH, VBF, and tt̄H Higgs boson
production processes, for which they are known, weighted
by their acceptance in this analysis.
Separately measuring μH in Run 2 and Run 3 data with

the same fit yields σ × BðH → bb̄Þ values at 13 TeV of
40

þ21

−16
fb, 2.6� 1.7 fb, and 1.0þ1.0

−0.8 fb for increasing pH
T

intervals of 450–650 GeV, 650–1000 GeV, and
> 1000 GeV, respectively. At 13.6 TeV the corresponding
values are 43

þ22

−17
fb for 450–650 GeV, < 8.7 fb at 95%

confidence level for 650–1000 GeV, and 0.36� 0.72 fb for
> 1000 GeV [59].
In conclusion, the ATLAS experiment reports a study of

inclusive Higgs boson production at large transverse
momentum using the H → bb̄ decay channel. Evidence
is observed for pT ≥ 450 GeV with a signal strength of
1.53� 0.27ðstatÞþ0.33

−0.27ðsystÞ � 0.17ðtheoÞ, corresponding
to an observed (expected) significance of 3.8ð2.5Þσ relative
to the background-only hypothesis. Measurements in three
pH
T intervals are consistent with standard model

predictions. This result is enabled by advances in trans-
former-based jet reconstruction and a simultaneous fit
strategy that determines the multijet background from data.
It provides the most precise determination to date of Higgs
boson production at high transverse momentum and
extends sensitivity to potential deviations from the SM
at the TeV scale.
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End Matter

Appendix A: Analysis selection—Candidate jets are
organized into regions according to the GN2X tagger
output. The SRs are populated with leading or subleading
candidate jets passing the GN2X tagger requirements.
Antitagged jets populate either the CR or the VR. Jets are
sorted into the various regions according to criteria given
in Table I.

Appendix B: Higgs boson sample generation and

theory uncertainty—Higgs boson ggF production was
simulated at next-to-leading-order (NLO) QCD accuracy
with finite mass effects by using the Hj-MiNLO [61–64]
prescription with the Powheg Box program [20–22]
and NNPDF3.0nnlo [65] parton distribution function
(PDF). NLO QCD accuracy for VBF and tt̄H production
and LO accuracy for gg → VH (where V is a W or Z
boson) production was achieved using the Powheg Box

[20–22,66,67] program and NNPDF3.0nlo [65] PDF. The
Higgs boson production cross sections were scaled to

match predictions at next-to-next-to-leading order

(NNLO) in QCD using the heavy-top effective field

theory combined with exact NLO top quark mass effects

for ggF production, NNLO for VBF production, and

TABLE I. Assignment of events to analysis signal or control-
validation regions based on the GN2X tagging decisions of the
leading and subleading candidate jets. The symbol “…” indicates
the jet is not included in the jet mass distribution of any region.

GN2X tagging decision Jet’s assigned region

Leading jet Subleading jet Leading jet Subleading jet

Pass Pass SRL …

Pass Fail SRL CRS=VRS
Fail Pass CRL=VRL SRS
Fail Fail CRL=VRL CRS=VRS
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NLO for VH and tt̄H production [24]. The reweighting
is performed in bins of Higgs boson transverse
momentum using scale factors defined as the ratio of the
higher-order calculation values to the corresponding
generator predictions. The resulting corrections are
typically at the 5%–10% level for ggF and VBF, at the
few-percent level for tt̄H, and up to ∼10% for VH at
high pT. As differential predictions at

ffiffiffi

s
p ¼ 13.6 TeV

are not yet available at the same perturbative accuracy,
the pT-dependent scale factors derived at 13 TeV are
applied to the Run 3 samples. Corrections for EW NLO
effects are derived using the HAWK package [58] for
VH, VBF, and tt̄H Higgs production processes.
The theoretical cross section uncertainties are taken from

Ref. [24]. The accuracy for the different production proc-
esses, known at different orders in QCD, varies considerably.
They are included conservatively applying the scale variation
uncertainty estimated for the approximate NNLO calculation
of the ggF cross section to all Higgs boson productionmodes
(11%). Top-quark mass scheme uncertainties, estimated at
10%–18% for the ggF process [49], are included. In addition
the PDF uncertainty for ggF is derived comparing to the
alternative PDF4LHC15NLO PDF set [68]. A flat 10%
difference is observed in pH

T and mJ. Acceptance effects

from the variation of the pH
T distribution from a seven-point

scale variation is estimated and found to vary with pH
T

between 2% and 5%. No substantial differences are observed
in the mass shape when jet shower systematics are evaluated
by comparing Pythia to Herwig. These uncertainties are
propagated to the total signal yield according to the relative
contribution of each production mode, resulting in an overall
uncertainty of approximately 17%–18% depending on pT.

Appendix C: Multijet modeling—The modeling of the
multijet background was validated using simulated QCD
samples produced with different generators and
fragmentation models, namely Pythia 8 with the Lund
string fragmentation model [69,70], Herwig 7 [71] with the
cluster [72] and Lund fragmentation models, Sherpa with
the native Ahadic fragmentation model [72] and Powheg

+Pythia 8. These studies show generator-dependent
differences in the shape of the tagged and antitagged jet
mass spectra, driven primarily by variations in heavy-
flavor composition and parton-shower modeling. The ratio
of the normalized SR and CR spectra is well described
by a second order function in all tested models,
supporting the robustness of the parametrization used in
the fit to data.

TABLE II. Summary of the systematic uncertainties used in the fit model. Ranges in the magnitude column
describe the envelope of uncertainty size across pT, where larger uncertainties usually affect the highest pT bin.
Magnitudes for shape-only variations represent effective up and down variations of the involved quantity, i.e., the jet
mass resolution (scale) changes the peak width (position) by the relative amount shown in the table. The uncertainty
contribution on the Higgs boson signal strength from the given source of systematic uncertainty is noted in the last
column labeled δμH as calculated with the impact method [53].

Effect on observable

Systematic Magnitude (%) Norm. Shape Processes concerned δμH

Experimental systematics

SR jet mass resolution (JMR) 25 ✗ ✓ Z → bb̄, H → bb̄
SR jet mass scale (JMS) 5 ✗ ✓ Z → bb̄, H → bb̄
CR jet mass resolution 25 ✗ ✓ W=Z þ jets
CR jet mass scale 5 ✗ ✓ W=Z þ jets
JMRþ JMS �0.19

Z → μμ normalization 3–14 ✓ ✗ Z → bb̄

κGN2Xbb
5–30 ✓ ✗ Z → bb̄, H → bb̄ �0.17

pT resolution 1–7 ✓ ✗ H → bb̄ �0.02
Trigger efficiency 2 ✓ ✗ all MC �0.02
tt̄ normalization 25 ✓ ✗ tt̄ �0.05
CR W=Z þ jets normalization 10 ✓ ✗ V ¼ W þ Z → qq̄ �0.07
Higgs spurious signal 0.1–0.3σstatfit ✓ ✗ H → bb̄ �0.15

Theoretical systematics

Higgs cross section 11 ✓ ✗ H → bb̄
Top-quark mass scheme 10–18 ✓ ✗ ggF → H
Higgs PDFs 10 ✓ ✗ H → bb̄
Higgs scale variations (acc. only) 2–5 ✓ ✗ H → bb̄
Higgs theory uncert. �0.17–0.18
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Appendix D: Systematic uncertainties and stability tests

—The correlation between the fitted μH and the Z → bb̄

rates, determining the κGN2Xbb factors, is found to be
smaller than 20% across all regions.
The in situ determinations of the simulation-to-data bb

tagging efficiency correction factors κGN2Xbb and the jet mass
scale (JMS) and resolution (JMR) factors require the transfer
of results on jet tagging and mass performance from the Z to
the Higgs. This assumes coherence in response and simu-
lation modeling between the two resonant states.
Several checks were performed to ensure the validity of

this procedure. Possible generator-related differences
between H → bb̄ (Powheg+Pythia) and Z → bb̄ (Sherpa) pro-
duction are evaluated through MC-to-MC comparisons.
Variations of the Sherpa fragmentation model change from

the native Ahadic to the Lund string model induce a change
of the Z → bb̄ tagging efficiency by about 5%, which is
small compared to the uncertainty from the GN2X data-to-
simulation efficiency correction factors (�0.17 on μH). No
additional uncertainty is assigned.

Compatible JMS and JMR behavior for pT > 450 GeV is
seen in studies of boosted V → qq0 jets from tt̄ events
generated with Powheg+Pythia and Sherpa. As a cross-check, the
JMS and JMR parameters are decorrelated between the Z →
bb̄ and H → bb̄ templates in the fit; the resulting μH values
remain consistent with the baseline result within uncertain-
ties. The JES and JER uncertainties are derived from
measurements in Z þ jet, Z → μμ events dominated by
light-flavor jets and applied to the b-tagged jets used in this
analysis. The bJR response correction is consistent between
simulated Z → qq̄ and Z → bb̄ events, indicating that the
regression is largely flavor independent, as expected from its
training dataset including all jet flavors in multijet samples.
The full set of systematic uncertainties is summarized in

Table II.
As an additional consistency check, μH has been

determined for the Run 2 and Run 3 datasets separately.
The result is μH ¼ 1.89� 0.65ð1.28� 0.49Þ for the Run 2
(3) datasets, where the quoted uncertainty accounts for
statistics and experimental systematics.
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E. S. Haaland ,126 A. Haas ,118 M. Habedank ,58 C. Haber ,18a R. J. Haberle ,171 H. K. Hadavand ,8 A. Haddad ,40

A. Hadef ,49 A. I. Hagan ,91 J. J. Hahn ,144 M. Haleem ,168 J. Haley ,122 G. D. Hallewell ,102 J. A. Hallford ,47

K. Hamano ,167 H. Hamdaoui ,163 M. Hamer ,25 S. E. D. Hammoud ,65 E. J. Hampshire ,95 L. Han ,112a L. Han ,61

S. Han ,14 K. Hanagaki ,82 M. Hance ,137 D. A. Hangal ,41 H. Hanif ,145 M. D. Hank ,129 J. B. Hansen ,42

P. H. Hansen ,42 T. Harenberg ,173 S. Harkusha ,175 M. L. Harris ,103 Y. T. Harris ,25 J. Harrison ,13 P. F. Harrison,169

M. L. E. Hart ,96 N.M. Hartman ,110 N.M. Hartmann ,109 R. Z. Hasan ,95,135 Y. Hasegawa ,143 D. Hashimoto ,111

F. Haslbeck ,37 S. Hassan ,126 R. Hauser ,107 M. Haviernik ,134 C.M. Hawkes ,21 R. J. Hawkings ,37 Y. Hayashi ,156

D. Hayden ,107 R. L. Hayes ,116 C. P. Hays ,127 J. M. Hays ,94 H. S. Hayward ,92 M. He ,14,112c Y. He ,47 Y. He ,96

N. B. Heatley ,94 V. Hedberg ,98 J. Heilman ,35 S. Heim ,47 T. Heim ,18a J. J. Heinrich ,124 L. Heinrich ,110

J. Hejbal ,132 M. Helbig ,49 A. Held ,172 S. Hellesund ,17 C.M. Helling ,166 F. N. E. Henry ,58 H. Herde ,98
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24b
INFN Sezione di Bologna, Bologna, Italy

25
Physikalisches Institut, Universität Bonn, Bonn, Germany

26
Department of Physics, Boston University, Boston, Massachusetts, USA

27
Department of Physics, Brandeis University, Waltham, Massachusetts, USA

28a
Transilvania University of Brasov, Brasov, Romania

28b
Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest, Romania

28c
Department of Physics, Alexandru Ioan Cuza University of Iasi, Iasi, Romania

28d
National Institute for Research and Development of Isotopic and Molecular Technologies,

Physics Department, Cluj-Napoca, Romania
28e
National University of Science and Technology Politechnica, Bucharest, Romania

28f
West University in Timisoara, Timisoara, Romania

PHYSICAL REVIEW LETTERS 137, 071801 (2026)

071801-19

https://orcid.org/0000-0002-1512-5506
https://orcid.org/0000-0002-2483-4937
https://orcid.org/0000-0002-1765-0603
https://orcid.org/0000-0001-7367-1380
https://orcid.org/0000-0003-3554-7113
https://orcid.org/0000-0002-0204-984X
https://orcid.org/0000-0002-1452-9824
https://orcid.org/0000-0002-9201-0972
https://orcid.org/0000-0001-8524-1855
https://orcid.org/0000-0002-3335-1988
https://orcid.org/0009-0001-6625-7138
https://orcid.org/0000-0001-9274-707X
https://orcid.org/0000-0002-7864-4282
https://orcid.org/0000-0002-3245-7676
https://orcid.org/0000-0003-0586-7052
https://orcid.org/0000-0002-3372-2590
https://orcid.org/0000-0002-1827-9201
https://orcid.org/0000-0002-6689-0232
https://orcid.org/0000-0003-1988-8401
https://orcid.org/0000-0001-5858-6639
https://orcid.org/0000-0003-3268-3486
https://orcid.org/0009-0005-3380-478X
https://orcid.org/0000-0003-4762-8201
https://orcid.org/0000-0001-9834-7309
https://orcid.org/0000-0002-0991-5026
https://orcid.org/0000-0002-8452-0315
https://orcid.org/0000-0001-6470-4662
https://orcid.org/0000-0002-4105-2988
https://orcid.org/0000-0001-5626-0993
https://orcid.org/0000-0002-3366-532X
https://orcid.org/0009-0001-5924-868X
https://orcid.org/0000-0002-9330-8842
https://orcid.org/0000-0001-7909-4772
https://orcid.org/0000-0002-4499-2545
https://orcid.org/0000-0003-2770-1387
https://orcid.org/0009-0006-5900-2539
https://orcid.org/0000-0002-4687-3662
https://orcid.org/0009-0003-5125-086X
https://orcid.org/0000-0003-2280-8636
https://orcid.org/0000-0002-2032-442X
https://orcid.org/0000-0001-8265-6916
https://orcid.org/0000-0002-9720-1794
https://orcid.org/0000-0002-4198-3029
https://orcid.org/0009-0005-2620-5738
https://orcid.org/0000-0002-9726-6707
https://orcid.org/0000-0001-7335-4983
https://orcid.org/0009-0004-3574-1842
https://orcid.org/0000-0002-4380-1655
https://orcid.org/0000-0002-9907-838X
https://orcid.org/0000-0002-9336-9338
https://orcid.org/0009-0000-4105-4564
https://orcid.org/0000-0002-9177-6108
https://orcid.org/0000-0002-8265-474X
https://orcid.org/0000-0002-8480-2662
https://orcid.org/0000-0003-4104-3835
https://orcid.org/0000-0003-2029-0300
https://orcid.org/0000-0001-6274-7714
https://orcid.org/0000-0001-7287-9091
https://orcid.org/0009-0008-5416-8147
https://orcid.org/0000-0002-7936-8419
https://orcid.org/0000-0002-7853-9079
https://orcid.org/0000-0002-0415-7721
https://orcid.org/0000-0002-6638-847X
https://orcid.org/0000-0002-6427-0806
https://orcid.org/0000-0003-0494-6728
https://orcid.org/0000-0001-6758-3974
https://orcid.org/0000-0001-8178-8861
https://orcid.org/0000-0002-3360-4965
https://orcid.org/0000-0002-9748-3074
https://orcid.org/0009-0006-9951-2090
https://orcid.org/0009-0009-4992-5219
https://orcid.org/0000-0002-2079-996X
https://orcid.org/0000-0002-8323-7753
https://orcid.org/0000-0001-9377-650X
https://orcid.org/0000-0002-9810-0020
https://orcid.org/0000-0002-0034-6576
https://orcid.org/0000-0002-1775-2511
https://orcid.org/0009-0009-4876-1611
https://orcid.org/0009-0009-4564-4014
https://orcid.org/0009-0006-9010-8809
https://orcid.org/0000-0002-5278-2855
https://orcid.org/0000-0001-7964-0091
https://orcid.org/0000-0003-0996-3279
https://orcid.org/0000-0003-2468-9634
https://orcid.org/0009-0000-5752-9288
https://orcid.org/0000-0003-0277-4870
https://orcid.org/0000-0002-5117-4671
https://orcid.org/0000-0002-2891-8812
https://orcid.org/0000-0003-4236-8930
https://orcid.org/0000-0002-0993-6185
https://orcid.org/0000-0003-2138-6187
https://orcid.org/0000-0001-8110-0801
https://orcid.org/0000-0003-2073-4901
https://orcid.org/0000-0002-9397-2313


28g
Faculty of Physics, University of Bucharest, Bucharest, Romania

29a
Faculty of Mathematics, Physics and Informatics, Comenius University, Bratislava, Slovak Republic

29b
Department of Subnuclear Physics, Institute of Experimental Physics of the Slovak Academy of Sciences, Kosice, Slovak Republic

30
Physics Department, Brookhaven National Laboratory, Upton, New York, USA

31
Universidad de Buenos Aires, Facultad de Ciencias Exactas y Naturales, Departamento de Física, y CONICET, Instituto de Física de

Buenos Aires (IFIBA), Buenos Aires, Argentina
32
California State University, Long Beach, California, USA

33
Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom
34a
Department of Physics, University of Cape Town, Cape Town, South Africa

34b
iThemba Labs, Western Cape, South Africa

34c
Department of Mechanical Engineering Science, University of Johannesburg, Johannesburg, South Africa

34d
National Institute of Physics, University of the Philippines Diliman (Philippines), Quezon City, Philippines

34e
Department of Physics, Stellenbosch University, Matieland, South Africa

34f
University of KwaZulu-Natal, School of Agriculture and Science, Mathematics, Westville, South Africa

34g
University of South Africa, Department of Physics, Pretoria, South Africa

34h
University of Pretoria, Department of Mechanical and Aeronautical Engineering, Pretoria, South Africa

34i
University of Zululand, KwaDlangezwa, South Africa

34j
School of Physics, University of the Witwatersrand, Johannesburg, South Africa

35
Department of Physics, Carleton University, Ottawa, Ontario, Canada

36a
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Faculté des Sciences, Université Ibn-Tofail, Kénitra, Morocco

36c
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72a
INFN Sezione di Pavia, Pavia, Italy

72b
Dipartimento di Fisica, Università di Pavia, Pavia, Italy
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CPPM, Aix-Marseille Université, CNRS/IN2P3, Marseille, France

103
Department of Physics, University of Massachusetts, Amherst, Massachusetts, USA

PHYSICAL REVIEW LETTERS 137, 071801 (2026)

071801-21



104
Department of Physics, McGill University, Montreal, Quebec, Canada
105

School of Physics, University of Melbourne, Victoria, Australia
106

Department of Physics, University of Michigan, Ann Arbor, Michigan, USA
107

Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan, USA
108

Group of Particle Physics, University of Montreal, Montreal, Quebec, Canada
109

Fakultät für Physik, Ludwig-Maximilians-Universität München, München, Germany
110

Max-Planck-Institut für Physik (Werner-Heisenberg-Institut), München, Germany
111

Graduate School of Science and Kobayashi-Maskawa Institute, Nagoya University, Nagoya, Japan
112a

Department of Physics, Nanjing University, Nanjing, China
112b

School of Science, Shenzhen Campus of Sun Yat-sen University, Shenzhen, China
112c

University of Chinese Academy of Science (UCAS), Beijing, China
113a

School of Physics, Nankai University, Tianjin, China
113b

Institute of Frontier and Interdisciplinary Science and Key Laboratory of Particle Physics and Particle Irradiation (MOE),

Shandong University, Qingdao, China
113c

School of Physics, Zhengzhou University, Zhengzhou, China
114

Department of Physics and Astronomy, University of New Mexico, Albuquerque, New Mexico, USA
115

Institute for Mathematics, Astrophysics and Particle Physics, Radboud University/Nikhef, Nijmegen, Netherlands
116

Nikhef National Institute for Subatomic Physics and University of Amsterdam, Amsterdam, Netherlands
117

Department of Physics, Northern Illinois University, DeKalb, Illinois, USA
118

Department of Physics, New York University, New York, New York, USA
119

Ochanomizu University, Otsuka, Bunkyo-ku, Tokyo, Japan
120

Ohio State University, Columbus, Ohio, USA
121

Homer L. Dodge Department of Physics and Astronomy, University of Oklahoma, Norman, Oklahoma, USA
122

Department of Physics, Oklahoma State University, Stillwater, Oklahoma, USA
123

Palacký University, Joint Laboratory of Optics, Olomouc, Czech Republic
124

Institute for Fundamental Science, University of Oregon, Eugene, Oregon, USA
125

Graduate School of Science, University of Osaka, Osaka, Japan
126

Department of Physics, University of Oslo, Oslo, Norway
127

Department of Physics, Oxford University, Oxford, United Kingdom
128
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IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France
137

Santa Cruz Institute for Particle Physics, University of California Santa Cruz, Santa Cruz, California, USA
138a

Departamento de Física, Pontificia Universidad Católica de Chile, Santiago, Chile
138b

Millennium Institute for Subatomic physics at high energy frontier (SAPHIR), Santiago, Chile
138c

Instituto de Investigación Multidisciplinario en Ciencia y Tecnología, y Departamento de Física,

Universidad de La Serena, La Serena, Chile
138d

Universidad Andres Bello, Department of Physics, Santiago, Chile
138e

Universidad San Sebastian, Recoleta, Chile
138f

Instituto de Alta Investigación, Universidad de Tarapacá, Arica, Chile
138g
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