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This Letter presents a constraint on the total width of the Higgs boson (I';;) using a combined measurement of
on-shell Higgs boson production and the production of four top quarks, which involves contributions from off-
shell Higgs boson-mediated processes. This method relies on the assumption that the tree-level Higgs-top Yukawa

coupling strength is the same for on-shell and off-shell Higgs boson production processes, thereby avoiding any
assumptions about the relationship between on-shell and off-shell gluon fusion Higgs production rates, which
were central to previous measurements. The result is based on up to 140 fb~! of proton—proton collisions at a
centre-of-mass energy of \/E = 13 TeV collected with the ATLAS detector at the Large Hadron Collider. The
observed (expected) 95% confidence level upper limit on I';; is 450 MeV (75 MeV). Additionally, considering
the constraint on the Higgs-top Yukawa coupling from loop-induced Higgs boson production and decay processes
further yields an observed (expected) upper limit of 160 MeV (55 MeV).

1. Introduction

The discovery of the Higgs boson [1-6] by the ATLAS [7] and
CMS [8] collaborations at the Large Hadron Collider (LHC) has ushered
in a new era for particle physics, marked by precision measurements in
the Higgs sector. The total width of the Higgs boson (I'y) is sensitive to
the potential presence of beyond the Standard Model (SM) Higgs boson
decays that are not covered by direct experimental searches, making it a
crucial parameter for exploring new phenomena. The Higgs boson mass
has been measured to be 125.09 + 0.24 GeV based on LHC Run 1 data
collected by the ATLAS and CMS experiments [9], and more recently to
be 125.11£0.11 GeV based on Run 1 and Run 2 data collected by the AT-
LAS experiment [10]. At the measured Higgs boson mass value around
125 GeV, the SM predicts the value of I'y; to be only 4.1 MeV [11].
Due to limited detector resolution, the total width of the Higgs boson
is inaccessible via direct measurement of the Higgs boson line shape or
flight distance [12] at the LHC experiments. However, a combined mea-
surement of on-shell and off-shell Higgs boson production processes can
constrain the total width of the Higgs boson based on specific model
assumptions [13-16]. The on-shell Higgs boson production and decay
rates depend on both the Higgs boson coupling strength to particles in-
volved in the production and decay processes, and the total width of the
Higgs boson. In contrast, the off-shell Higgs boson production and de-
cay depend only on the off-shell Higgs coupling strength. If the relation
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between the on-shell and off-shell Higgs boson couplings is known, the
combined measurement of on-shell and off-shell Higgs boson production
processes allows the determination of I'y;.

Recently, both the ATLAS and CMS experiments placed constraints
on I'y; using combined measurements of on-shell and off-shell Higgs
boson production processes in the Z Z® final states, yielding 95% con-
fidence level (CL) upper limits of 10.2 MeV [17] and 8.5 MeV [18],
respectively, superseding earlier constraints obtained by the two exper-
iments with Run 1 data using the same assumptions [19,20]. These mea-
surements assume that the strength modifiers, which are multiplicative
factors of the Higgs boson couplings, are the same between off-shell and
on-shell production processes specifically for its interactions with glu-
ons and vector bosons. However, the loop-induced effective Higgs-gluon
coupling could vary differently between on-shell and off-shell produc-
tion processes if not-yet-detected coloured beyond SM (BSM) particles
are contributing to the Higgs-gluon coupling [21-23].

This Letter presents a constraint on I';; using a combined measure-
ment of on-shell Higgs boson production in association with a top-quark
pair (t7H) and the simultaneous production of four top quarks (¢717),
which involves contributions from off-shell Higgs boson-mediated pro-
cesses through the Higgs-top Yukawa coupling. Fig. 1 shows representa-
tive Feynman diagrams of those processes involving a Higgs boson in the
final state or a virtual Higgs boson mediator. This measurement assumes
that the tree-level Higgs-top Yukawa coupling strength is the same for
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Fig. 1. Example leading-order Feynman diagrams for the (a) ##H and (b) Higgs-
mediated 717 processes.

Table 1

Summary of on-shell and off-shell measurements used as input
for the total width measurement. For the on-shell analyses,
this table specifically breaks down the processes targeted by
the measurement into production and decay modes. The off-
shell measurement is included but not broken down in this

manner.
Target processes Reference
Off-shell measurement
pp — titt [26]
On-shell measurement
Production Decay
ggF, VBF, WH, ZH, tTH, tH H->yy [31]
ttH + tH H - bb [32]
WH, ZH H - bb [33,34]
VBF H — bb [35]
ggF, VBF, WH + ZH, tiH + tH H—->ZZ [36]
ggF, VBF H->WW [37]
WH, ZH H->WW  [38]
ggF, VBF, WH + ZH, tiH + tH H- 1t [39]
ggF+ tTH + tH, VBF+ WH + ZH H — up [40]
Inclusive H— Zy [41]

on-shell and off-shell Higgs boson production processes [24,25]. Differ-
ent from the Higgs-gluon coupling, the presence of unknown coloured
particles would not modify the tree-level Higgs-top Yukawa coupling
and its scale dependence. Another assumption made in this study is that
no BSM contributions affect the 7t production. Both ATLAS and CMS
experiments have observed #7#7 production in proton—proton (pp) colli-
sions at \/E = 13 TeV and used the measurements to set constraints on
possible BSM contributions that may affect this process [26,27]. In sum-
mary, the constraint on I'; derived from the combined measurement of
the t7H and ¢tf processes represents a complementary approach based
on different assumptions from existing studies [17,18].

2. Input measurements

This combined measurement uses results from individual measure-
ments performed by the ATLAS experiment [28] as input, summarised
in Table 1. The sensitivity to the total width of the Higgs boson pri-
marily comes from the t#H and #7tf processes. However, measurements
targeting other Higgs boson production modes are also included to con-
strain contributions from Higgs boson couplings beyond its top Yukawa
coupling. These additional modes include gluon—gluon fusion (ggF),
vector boson fusion (VBF), associated production with a vector boson
(WH/ZH), and associated production with a single top quark (tH),
which also contributes to the Higgs-top Yukawa coupling measurement.

The input measurements rely on the two-level trigger system used
to select the events [29], and a software suite [30] that is used in data
simulation, in the reconstruction and analysis of real and simulated data,
in detector operations, and in the trigger and data acquisition systems
of the experiment.

An overview of the on-shell Higgs boson measurements is detailed in
Ref. [42]. Based on pp collision data collected by the ATLAS experiment
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during LHC Run 2 at a centre-of-mass energy of \/E = 13 TeV, corre-
sponding to integrated luminosities ranging from 36.1 fb~! to 139 fb~!,
the t7H cross-section is determined to be 0.37 + 0.12 pb assuming SM
Higgs boson decay branching ratios. The measured value is in agreement
with the SM prediction of 0.50 + 0.05 pb [11]. The sensitivity is mainly
contributed by the H — yy [31], H — bb [32], and multi-lepton [43] fi-
nal states. In the H — yy analysis, a multi-class Boosted Decision Trees
(BDT) classifier is first used to divide data into regions enriched with
ttH or Higgs bosons produced through other modes. Then binary BDT
classifiers are deployed to further discriminate the target signal from
background processes. The t7H signal is extracted by fitting the dipho-
ton invariant mass spectra in categories defined by the multi-class and
binary BDT boundaries. The background is estimated from data-driven
interpolation in the data side-band. The H — bb analysis, on the other
hand, first separates data into one-lepton and dilepton final states (elec-
trons or muons), with the presence of b-tagged jets, then uses either
a BDT or a Deep Neural Network (DNN) algorithm to reconstruct the
Higgs boson. A classification BDT is used to further separate the 17 H sig-
nal from background processes. The 7 H signal cross-section is extracted
by fitting the classification BDT score distribution to data in most analy-
sis categories. The dominant background is from the #7(+ > 1b) process,
which is modelled by Monte Carlo (MC) simulation with its normalisa-
tion determined from data. Finally, the measurement from the multi-
lepton final states [43], which includes contributions from H - ZZ,
H - WW,and H — t7 decays, is removed from the work reported in
this Letter due to its partial overlap with the 77t data set [26]. After the
removal, the overlap of data sets between the on-shell measurement and
the #71f measurement is negligible.

The measurement of #7tf production is detailed in Ref. [26]. It uses
pp collision data at \/E = 13 TeV from LHC Run 2, corresponding to
an integrated luminosity of 140 fb~!. Events with multi-lepton final
states are selected, specifically those with two leptons of the same elec-
tric charge or at least three leptons (electrons or muons). These events
are also required to have at least two b-tagged jets. Major background
processes include ##W, tiZ, and tfH processes, with dedicated control
regions defined to constrain the corresponding templates built from MC
simulation. The rates of fake and non-prompt lepton background and
charge mis-assignment background are also estimated and corrected us-
ing data-driven methods. A Graph Neural Network (GNN) classifier is
used to further separate the 717 signal from background processes. The
titf cross-section is measured by fitting the GNN score distribution to
data. The observed significance of the #7t7 signal is 6.1 standard devi-
ations (¢), with an expected significance of 4.3 6. The measured 77
production cross-section is 22.5:?2 fb, consistent with the SM predic-
tion of 12.0 + 2.4 fb [44-46] within 1.8 ¢.

3. Combination framework

The combined measurement uses the profile likelihood ratio and its
asymptotic distribution to set upper limits on the total width of the
Higgs boson [47,48]. The likelihood function of this combined mea-
surement incorporates systematic uncertainties as constrained nuisance
parameters and correlates those consistently defined between input
measurements. To incorporate the updated ATLAS integrated luminosity
measurement [49] since the publication of Ref. [42], the luminosity un-
certainties in the on-shell measurement are revised and correlated with
the t7tf measurement. In addition, the uncertainties in the reconstruc-
tion and calibration of electrons, muons, jets, and missing transverse
momentum, the uncertainty in the pile-up modelling by the MC simu-
lation, and the theory uncertainties in #7H, titf, and t7Z MC modelling
are all treated as correlated between the on-shell and #7t7 measurements.
The impact from the potential correlation in other systematic uncertain-
ties between the on-shell and #7tf measurements on the upper limit of
I'y; is checked and found to be negligible. The expected results corre-
sponding to the SM prediction are evaluated based on an Asimov data
set [48], which is generated with a set of nuisance parameters deter-
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mined by a fit to data where the signal cross-sections are fixed to their
SM values.

To parameterise the event rates of on-shell and off-shell Higgs bo-
son production processes, the so-called x-framework [50] is adopted.
The signal strength of any Higgs boson production and decay process
i > H — f in the on-shell measurement, defined as the ratio of the to-
tal Higgs boson signal yield to its SM prediction, is parameterised as
Kiz Kf, /Ty /T fIM ) under the narrow-width approximation, where «; and
ks are the coupling strength parameters modifying the production and
decay rates, respectively, and I" flM is the SM value of the total width
of the Higgs boson. The strength parameters for the tree-level couplings
to top quark (x;), bottom quark (x}), tau-lepton (x,), muon (KM), and
weak bosons (k and «y,) are free parameters determined by the data.
The strength parameters for the three loop-induced effective couplings,
namely, the Higgs-gluon coupling (x,), the Higgs-photon coupling (x,),
and the Higgs-Z-photon coupling (kz,)), are free parameters in the fit as
well. The coupling for the gg — Z H process k4, 7 1), on the other hand,
is parameterised as a function of k, and k,. The current data set does
not have the statistical power to constrain the gg — Z H process. The
titf process is a minor background in the t#fH, H — bb measurement,
and its normalisation is fixed to the SM prediction within uncertainties.
The constraint on the Higgs-top Yukawa coupling strength «; primarily
comes from the #7H production cross-section measurement. As a cross-
check of this constraint, a fit is performed by parameterising I'j; as a
function of coupling strengths for SM particles based on the data used
in the on-shell measurement. The fit yields x, to be 0.86 + 0.13. This is
9% lower than the value reported in Ref. [42] due to the removal of the
tf H multi-lepton final states from the on-shell measurement. The uncer-
tainty in «, also increases by 18% when removing the #H multi-lepton
final state.

For the 7tf measurement, the expected signal production rate in each
bin of the GNN classifier discriminant is parameterised as a polynomial
in k;, up to (9(1(,4). The constant term arises from #7tf production me-
diated by gluons or Z/y*, the (‘)(K‘tz) term arises from the interference
between off-shell Higgs boson-mediated production and gluon- or Z /y*-
mediated production, and the (‘)(K;‘) term represents the contribution
from off-shell Higgs boson-mediated production. There are no terms at
odd orders of k, since there are always two Higgs-top Yukawa coupling
vertices in the Higgs-mediated #7t7 production diagrams. The polynomial
is derived based on leading-order MC simulation samples [26]. The tf H
process is included in the #7tf measurement as a background, and its
normalisation is a free parameter determined from data. As discussed in
Section 4, this treatment has a small impact on the determination of I'y;.
Using this configuration, the 7t measurement yields an observed (ex-
pected) 95% CL upper limit on |x,| of 2.3 (1.9) [26]. This observation
is consistent with the SM at 1.8 standard deviations.

4. Results

With k, and other Higgs boson coupling strength parameters as de-
scribed in Section 3 profiled, the observed (expected) combined 95%
CL upper limit on I'j; is 450 MeV (75 MeV), corresponding to 110 (18)
times the SM prediction. The profile likelihood ratio as a function of
I'y is shown in Fig. 2. The observed value of the total width of the
Higgs boson is 'y = 86:1&0 MeV, which is 2.0 ¢ away from the SM ex-
pectation. The tension with the SM prediction arises primarily from the
1.8 ¢ difference between data and SM prediction in the #7tf measure-
ment. Assuming the loop-induced ggF, H — yy, and H — Zy rates can
be modelled as a function of k;, and other SM coupling strengths [42,50],
the observed (expected) 95% CL upper limit on I';; becomes 160 MeV
(55 MeV) owing to the better constraint on k, contributed by these loop-
induced processes. The deviation from the SM expectation in I';; under
this alternative scenario remains 2.0 o.

The 68% and 95% CL contours in the I'y; and «, plane are shown in
Fig. 3. Because of the degeneracy among coupling strength parameters
and I'; in the on-shell measurement, the best-fit value of x, = 1.9 is
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Fig. 2. The observed (expected) profile likelihood ratio, —21In A, as a function of
I';; is shown as a solid (dashed) line. The Higgs-top Yukawa coupling strength «;
and other Higgs boson coupling strength parameters as described in Section 3
are profiled. The 95% confidence interval is indicated by the intersections of
the horizontal line with the —2In A curves. The vertical line indicates the SM
prediction.
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Fig. 3. The 68% CL (solid line) and 95% CL (dashed line) contours for a simulta-
neous measurement of I';; normalised to the SM prediction and «,. The best-fit
value and the SM prediction are also indicated in the figure.

determined by the measurement of fft7 cross-section that is larger than
the SM prediction. The best-fit value of I'y; is in turn scaled together
with k, and other coupling strengths parameters along the flat direction
of the likelihood function for the on-shell measurement.

The Higgs boson decay contributions from the minor #7H back-
ground in the 7717 measurement were not incorporated into the k-
framework based event rate parameterisation because the input mea-
surement did not preserve information about the relative fractions of
various Higgs decay final states in the signal region. However, this has
minimal impacts on the interpretation. Up to a 6% (2%) decrease in the
observed (expected) limit on I'j; is estimated when the #7H background
in the #7tf measurement is parameterised as functions of I'; and «; in the
combined fit, assuming either a 100% H — W W or a 100% H — 77
branching ratio. Note that the H - W'W and H — 77 are the two lead-
ing Higgs boson decay channels that contribute to the multi-lepton final
state targeted by the #7tf measurement. The assumption of full branching
ratios is expected to provide a maximum estimate of the impact. Simi-
larly, the input on-shell measurement did not consider the contribution
from the #f1f process in constraining x,. When the f##f normalisation in
the tfH, H — bb measurement is parameterised as a function of K, [24]
in the combined fit, the observed (expected) limit on I'y; changes by
0.6% (0.5%).

The impact of various groups of systematic uncertainties in I'y; is
evaluated by individually removing each group from the fit. This is
achieved by fixing the associated nuisance parameters to their best-fit
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Table 2

Impact of the main sources of systematic uncertainties in the expected and
observed 95% CL upper limit on the total width of the Higgs boson I'y.
The impact is quantified as the reduction of the upper limit when the cor-
responding systematic uncertainties are removed from consideration by
fixing the associated nuisance parameters at the best-fit values. The im-
pacts shown here are not a breakdown of uncertainties, and one does not
expect that the quadratic sum of individual impact values will be the same
as the total impact value.

Impact on 95% CL upper limit on I';

Systematic uncertainty Expected [%] Observed [%]

Theory 37 33
titf production 25 13
Higgs boson production/decay 5 6
Other processes 10 16

Experimental 2 2
Jet flavour tagging 2 1
Jet and missing transverse energy <1 <1
Leptons and photons <1 <1
All other systematic uncertainties <1 <1

values and then quantifying the change in the upper limit on I'y;. As
shown in Table 2, theory uncertainties have the most significant im-
pact on the result. The largest impact on the expected limit, at 25%,
comes from the theory uncertainties in the ##f process, which include
missing higher-order QCD corrections evaluated from varying renormal-
isation and factorisation scales, MC generator choices, and the parton
shower modelling. Details of the #77f MC simulated sample are provided
in Ref. [26]. Conversely, the largest impact on the observed limit, at
16%, arises from the theory uncertainty in other physics processes, no-
tably the 7(+ > 1b) background in the t#H, H — bb measurement. Due
to a larger-than-SM best-fit value, the uncertainty in the #7¢f cross-section
measurement has a smaller observed impact on the I'; measurement
than in the expected case, owing to the non-linear mapping between
the two measurements. Experimental uncertainties, such as those in jet
energy calibration and flavour tagging, contribute only a 2% impact on
the limit. Removing all systematic uncertainties would decrease the ob-
served (expected) upper limit to 280 MeV (44 MeV).

5. Conclusions

In this Letter a constraint on the total width of the Higgs boson I'; is
obtained through a combination of measurements of on-shell Higgs bo-
son production and ##t7 production with contribution from the off-shell
H — 1f process. The input analyses are based on up to 140 fb~! of pp
collisions at a centre-of-mass energy of \/E =13 TeV, collected with
the ATLAS detector at the LHC. The study assumes that the Higgs-top
Yukawa coupling strength k, remains the same between the on-shell and
off-shell regimes. The resulting 95% CL upper limit on I'j; is 450 MeV,
corresponding to 110 times the SM prediction, while the expected upper
limit is 75 MeV, corresponding to 18 times the SM prediction. Assum-
ing that only SM particles contribute to the loop-induced gluon-gluon
fusion, H — yy, and H — Zy processes, the observed (expected) up-
per limit decreases to 160 MeV (55 MeV). The tension between the data
and the SM prediction is 2.0 ¢ in both scenarios, driven by the 1.8 ¢
difference between data and SM in the #7tf measurement. This result rep-
resents the first constraint on the total width of the Higgs boson using
both on-shell and off-shell production processes involving the Higgs-top
Yukawa coupling. It explores model assumptions distinct from those em-
ployed in similar studies based on diboson final states, thereby testing
the robustness of our current understanding of the Higgs boson total
width.
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