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A search for the standard model Higgs boson decaying to a charm quark-antiquark pair, H — c¢,
produced in association with a top quark-antiquark pair (#7H) is presented. The search is performed with
data from proton-proton collisions at /s = 13 TeV, corresponding to an integrated luminosity of
138 tb~!. Advanced machine learning techniques are employed for jet flavor identification and event
classification. The Higgs boson decay to a bottom quark-antiquark pair is measured simultaneously and the
observed 17H(H — bb) event rate relative to the standard model expectation is 0.917025. The observed
(expected) upper limit on the product of production cross section and branching fraction ¢(1tH)B(H — c¢)
is 0.11 (0.13) pb at 95% confidence level, corresponding to 7.8 (8.7) times the standard model prediction.
When combined with the previous search for H — c¢¢ via associated production with a W or Z boson, the
observed (expected) 95% confidence interval on the Higgs-charm Yukawa coupling modifier, k., is |x.| <

3.5 (2.7), the most stringent constraint to date.

DOI: 10.1103/9nwb-splk

The discovery of a Higgs boson (H) by the ATLAS [1]
and CMS [2,3] experiments was a landmark achievement in
understanding electroweak (EW) symmetry breaking. With
a measured mass of 125.38 +0.14 GeV [4], the Higgs
boson’s observed interactions with gauge bosons and third-
generation fermions [5-15], as well as all its measured
properties [16-24], align with the standard model (SM)
predictions. Following the first evidence of Higgs boson
decays to muons, i.e., second-generation leptons [25],
another important milestone is to observe its couplings
to second-generation quarks.

The charm quark Yukawa coupling, y., can be signifi-
cantly modified in the presence of physics beyond the SM
[26-34]. Searches for Higgs boson decays to a charm
quark-antiquark pair, cc, provide direct access to y.. To
date, the most sensitive approach at the LHC exploits
associated production of a Higgs boson with a V (W or Z)
boson. Using proton-proton (pp) collision data at 13 TeV,
corresponding to an integrated luminosity of about
140 fb~!, the ATLAS [35] and CMS [36] Collaborations
reported observed (expected) 95% confidence level (CL)
intervals on x, = y./y3M of |k.| <4.2 (4.1) and 1.1 <
k.| < 5.5 (k.| < 3.4), respectively. The search in the
dominant gluon fusion production mode yields lower
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sensitivity because of the overwhelming cc¢ background
from quantum chromodynamics (QCD) multijet production
[37]. Despite these advancements, projections for the high-
luminosity LHC [38] indicate that current approaches may
prove insufficient to achieve evidence of H — c¢ decay
within the experiment’s lifetime.

In this Letter, we present a new approach: to search for
H — cc¢ via associated production of a Higgs boson with a
top quark-antiquark pair (f7H) and to measure simulta-
neously the H — bb decay. We use pp collision data at
/s = 13 TeV, collected with the CMS detector in 2016~
2018, and corresponding to an integrated luminosity of
138 fb~! [39-41]. The analogous processes 1Z(Z — c¢)
and 1Z(Z — bb) are measured to validate the analysis
strategy. For t7H(H — c¢) and tfH(H — bb), the presence
of multiple jets, including several b and c jets, poses
significant challenges in identifying the jet origins and in
reconstructing the top quark and Higgs boson decays. To
address this, we employ advanced machine learning algo-
rithms, ParticleNet [42] for jet flavor identification and Particle
Transformer (ParT) [43] for event classification. The resulting
sensitivity is comparable to the best achieved in the VH
channel [36].

The CMS apparatus [44,45] is a multipurpose, nearly
hermetic detector, designed to trigger on [46—48] and
identify electrons, muons, photons, and hadrons [49-51].
A global “particle-flow” algorithm [52] aims to reconstruct
all individual particles in an event, combining information
provided by the all-silicon inner tracker and by the crystal
electromagnetic and brass-scintillator hadron calorimeters,
operating inside a 3.8 T superconducting solenoid, with
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data from the gas-ionization muon detectors embedded in
the flux-return yoke outside the solenoid. The reconstructed
particles are used to build jets, employing the anti-kt
algorithm [53,54] with a distance parameter R = 0.4, and to
compute missing transverse momentum [55,56].

Signal and background processes are simulated using
various Monte Carlo event generators. The f7H signal
process is generated at next-to-leading order (NLO) accu-
racy in QCD using POWHEG v2 [57-59], with the Higgs
boson and top quark masses set to 125 and 172.5 GeV,
respectively. The main background is ¢7 production with
additional jets (#7 + jets), particularly when these additional
jets originate from the hadronization of b or ¢ quarks, as
such events closely resemble the signal topology. This
background is categorized based on the flavor of the
additional jets, i.e., those that do not originate from top
quark decays. Jets containing at least one b hadron (at least
one ¢ hadron and no b hadron) are defined as b (c) jets,
following the ghost association procedure [60]. The
remaining jets are labeled as light jets. Events containing
one extra b jet are labeled as 7 + b, while those with two or
more are labeled as 17+ > 2b. Similarly, events with no b
jets but one (two or more) extra ¢ jet are labeled as 7 + ¢
(tt+ > 2¢). The remaining 7 + jets events, containing no b
or c¢ jets other than those from top quark decays, are labeled
1t + light. To achieve the highest available accuracy in
modeling the 77+ jets components, a dedicated f7bb
sample is used to predict the 7+ b and t7+ > 2b back-
grounds. This sample is generated at NLO in QCD in the
four-flavor scheme using POWHEG-BOX-RES [61,62] and
OpenLoops [63], explicitly including additional b quarks in
the matrix element calculation. Contributions to 77 4+ b and
ft+ > 2b from double parton scattering—amounting to
~15% of the tibb production cross section—are not
included in the {7bb sample and are modeled separately.
The remaining components, 7+ c, ti+ > 2¢, and
1t + light, are modeled using an inclusive ff sample
simulated with POWHEG v2 at NLO in QCD in the five-
flavor scheme [64]. Measurements of 7+ > 1b and 7+ >
1¢ production [65-68] indicate moderate mismodeling in
simulation, necessitating corrections of the background
estimates based on control samples in data.

Single top quark production in the ¢ channel (s channel)
and in association with a W boson is simulated at NLO
accuracy with POWHEG v2 [69-71] (MadGraph5_aMC@NLO
v2.6.5 [72]). The production cross sections for the /7 and
single top quark samples are computed at next-to-NLO
(NNLO) [73,74]. For t1, the differential cross section as a
function of top quark pr is corrected to the NNLO QCD +
NLO EW prediction [75]. The #fW and tfZ (tWZ) proc-
esses are simulated at NLO (leading order, LO) accuracy in
QCD using MadGraph5_aMC@NLO. The matching of jets from
matrix element calculations and those from parton showers
is done with the FxFx [76] (MLM [77]) prescription for
NLO (LO) samples. For all samples, the proton structure is

described by the NNLO NNPDF3.1 parton distribution
function (PDF) set [78]. Parton showering and hadroniza-
tion are handled by PYTHIA v8.240 [79] with the CP5
underlying event tune [80]. Additional pp interactions
within the same or nearby bunch crossings (pileup) are
simulated with PYTHIA and added to the hard-scattering
process, with events reweighted to match the pileup profile
observed in data. The detector response is modeled with
Geantd [81].

The analysis is carried out in three mutually exclusive
channels targeting the fully hadronic (OL), single-lepton
(1L), and dilepton (2L) decays of the top quark-antiquark
pair. Events are collected using triggers based on high jet
and b jet multiplicities, or on the presence of one or two
well-identified and isolated leptons (electrons or muons). In
the offline selection, only jets with transverse momentum
pr > 25 GeV and pseudorapidity || < 2.4 are considered.
In the OL channel, events must contain at least seven jets, of
which at least six have pr > 40 GeV, and have a jet pr
scalar sum exceeding 500 GeV to satisfy trigger require-
ments. The 1L channel selects events with one isolated
electron or muon with a minimum pt of 26 to 30 GeV,
depending on the lepton flavor and the trigger requirements
in each data-taking year, along with at least five jets. The 2L
channel selects events with two oppositely charged leptons,
at least one with pp > 25 GeV, and at least four jets. To
suppress the Drell-Yan background, events with a dielec-
tron or dimuon invariant mass below 20 GeV or within the
Z boson mass window (76—106 GeV) are excluded. Across
all channels, events must contain at least three jets tagged as
either b or c jets, with at least one tagged as a b jet, using
criteria corresponding to tagging efficiencies of approx-
imately 70% (50%) for b (c) jets. Additional details of the
event selection criteria are provided in Supplemental
Material [82], which includes references [83-90].

A key challenge in this analysis is accurately identifying
jet flavor—not only efficiently tagging heavy-flavor jets
initiated by b or ¢ quarks but also distinguishing between
them. To address this, ParticleNet [42], a dynamic graph
convolutional neural network [93], is employed to classify
jet flavors by leveraging spatial and kinematic correlations
of individual particles and secondary vertices associated
with the jets. Two discriminants are constructed from the
ParticleNet outputs: pg.c, which differentiates heavy-flavor
from light jets, and pp,c, Which distinguishes b from ¢
jets. Based on these, 11 mutually exclusive tagging
categories are defined as shown in Fig. 1: five b-tagging
categories (B0—B4), five c-tagging categories (C0—C4),
and one untagged category (LO0) enriched in light jets.
Compared to the previously used Deeplet algorithm [94],
ParticleNet improves background jet rejection by up to a
factor of 2 at the same signal jet efficiency, demonstrating
superior performance in distinguishing jet flavors.

To correct for potential mismodeling of tagging effi-
ciencies in simulation, flavor-dependent scale factors are
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FIG. 1. Distribution of b, ¢, and light jets in the two-dimen-

sional PparticleNet discriminant plane. The vertical and horizontal
lines correspond to the edges of the tagging categories. The
numbers in each bin correspond to the tagging efficiencies for b
(red), ¢ (blue), and light (yellow) jets, evaluated on a sample of
simulated fH(H — c¢) events. The contour lines represent
constant density values for each jet type in steps of 5%.

derived using data samples targeting the production of
W + jets, dileptonic #7, and Z + jets, which are enriched in
¢, b, and light jets, respectively. These scale factors, defined
as data-to-simulation efficiency ratios for each jet type in
the 11 tagging categories as functions of jet pr, are
extracted via a simultaneous profile likelihood fit to all
three data samples. Further details about the tagger per-
formance and calibration are provided in Supplemental
Material [82]. The scale factors typically range from 0.75 to
1.5, with uncertainties of up to &15% for b jets and up to
~50% for ¢ and light jets.

A further challenge involves distinguishing the fH
signal from the 7+ jets background. Both processes
produce numerous jets, including multiple » and c jets,
which may originate from top quark or Higgs boson
decays, or from additional quark or gluon radiation. This
complexity hinders precise jet origin identification and full
decay chain reconstruction. To overcome this, a multiclass
event classifier based on ParT [43] is developed to classify
events directly from final-state objects—jets, leptons, and
missing transverse momentum—without requiring explicit
reconstruction of the top quarks or the Higgs boson. For
every object, the classifier receives kinematic inputs in
terms of In(pr/GeV), In(E/GeV), and 7. Jet flavor is
encoded via ten boolean values corresponding to the tagging
categories BO—B4 and C0—C4. For each lepton, a flag is

included to distinguish between electrons and muons. To
better capture event kinematic values and object correla-
tions, ParT constructs pairwise features (e.g., angular sepa-
ration and invariant mass) for all object pairs using their four-
momenta. The classifier is trained to assign likelihood scores
across ten (nine) classes in the OL (1L, 2L) channel—two
t7H classes: ttH(H — c¢), ttH(H — bb); two (iZ classes:
t1Z(Z — c¢), 1Z(Z — bb); five ti + jets classes: 7 + b,
tt+ > 2b, tf + c, ti+ > 2c, tf + light; and (only in the OL
channel) one class for QCD multijet.

The parT classifier is used to refine event selection and
categorization. In the OL channel, a stringent requirement on
the QCD multijet discriminant suppresses this background
by nearly 4 orders of magnitude, allowing it to be neglected
relative to 17 + jets and enabling a uniform event categori-
zation strategy across all three channels, as depicted in Fig. 5
in the End Matter. Only events with a high H or fiZ
likelihood—defined as D;x > 0.6, where D,y is the sum of
all four #7H and t7Z discriminants—are retained for signal
extraction and background estimation. A requirement on the
tt + light discriminant, Dy jign < 0.05 (0.02) in the OL and
2L (1L) channels, further reduces ¢+ light contami-
nation. Events passing these criteria are categorized
into four signal regions (SRs) with Dgy > 0.85, each
enriched in 7H(H — ct), {tH(H — bb), 1Z(Z— ct), and
t1Z(Z — bb), along with five control regions (CRs) with
0.6 < Dgx < 0.85, which are used to estimate the normal-
izations of various 77 + jets background components in a
phase space similar to that of the SRs. Additional require-
ments on heavy-flavor jet multiplicity enhance purity: at
least three b jets are required in the b-enriched regions
[ttH(H — bb), {iZ(Z — bb), i+ >2b, and fi+ b], at
least two c¢ jets in the c-enriched ffH(H — cc),
11Z(Z — cc), and ti+ > 2c¢ regions, and at least one ¢ jet
in the 77 + ¢ region. A signal-depleted sideband region,
defined by 0.4 < Dj;x < 0.6 with an analogous SR and CR
structure, is used to validate the background estimation
strategy.

Production rates of the signal processes are determined
via a binned profile likelihood fit to data. The fitted variable
is the parT classifier discriminant for each category. For each
of the #H(H — cc), ftH(H — bb), #1Z(Z — cc), and
t1Z(Z — bb) processes, the expected yield is scaled by
an independent signal strength modifier p, defined as
(6B) s/ (6B)gy- Here o is the production cross section
and B is the branching fraction, which is allowed to freely
float in the fit, following the procedure in Ref. [17]. The
dominant background, 7 + jets, is estimated by including
CRs in the fit, with the normalizations of the 7+ c,
tt+ > 2c, ti+ b, fi+ >2b, and (7 + light components
allowed to float independently. The normalization factors
for each 7 + jets component are shared between the 1L and
2L channels but not with the OL channel, to account for
potential phase space differences due to the requirement of
more energetic jets in the OL case. Minor backgrounds,

011801-3



PHYSICAL REVIEW LETTERS 136, 011801 (2026)

such as single top quark production, #W, and tWZ, are
estimated directly from simulations assuming SM produc-
tion rates. Results are obtained using COMBINE [95], the
CMS statistical analysis tool based on the RooFit [96] and
RooStats [97] frameworks.

Systematic uncertainties affecting normalizations and
shapes of fitted variables are incorporated via nuisance
parameters that encode the appropriate correlations across
channels. The contributions of each uncertainty source to
the total uncertainty in the fitted p;7(1-cc) and pgp (-5
are summarized in Table II in the End Matter. For
Hit(H—ce)» the leading uncertainty is statistical because
of the limited number of events in the SRs as well as in the
CRs used to extract background normalizations. The main
systematic uncertainty arises from the theoretical modeling
of the 17 + ¢ and 7 + light processes, contributing ~32%
and ~29% of the total uncertainty, respectively. For
i (r—bb)» the largest uncertainties are theoretical, includ-
ing those associated with the renormalization and factori-
zation scales, flavor scheme, and parton shower modeling
in the r7bb simulation, representing ~60% of the total
uncertainty. Theoretical uncertainties in the #7H signal
simulation contribute an additional ~47%. For both
measurements, the primary experimental uncertainty is
associated with jet flavor identification efficiencies, repre-
senting =~39% (~28%) of the total uncertainty in
HitH(H—c?) (ﬂﬁH(H—»bB))-

The analysis is validated by measuring the #7Z signal
strengths:

Kiiz(z—ce) = lozjggé?’
Hiiz(z—bb) = 1475048, (1)

which are consistent with the SM prediction within
uncertainties and with measurements in the leptonic decay
channel [98-100]. The significance of the excess over the
background-only hypothesis is computed using the asymp-
totic distribution of a test statistic based on the profile
likelihood ratio [101,102]. The observed (expected) sig-
nificance is 1.2 (1.3) standard deviations for 7Z(Z — ¢¢)
and 3.5 (2.4) standard deviations for 17Z(Z — bb).

Figure 2 shows the observed and expected event yields
from all CRs and SRs as a function of log;((S/B), the
logarithm of the ratio of ##H(H — c¢) [or ttH(H — bb)]
and background yields. The best fit signal strengths for 17H
production are

HKiH(H—ce) = —-1.6 £4.5,
HiH(H—bb) = 0-91J—r<()).'2226 ) (2)

with an observed (expected) significance of 4.4 (4.5)
standard deviations for the fZH(H — bb) process. The
best fit pt35(4.p5) Value is closer to the SM prediction than

was the previous measurement [103], with a compatibility
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FIG. 2. Observed and expected event yields from all SRs and
CRs as a function of log;y(S/B), where S are the expected
ftH(H — c¢) (upper) and 1fH(H — bb) (lower) yields, and B
are the post-fit total background yields. Signal contributions are
shown for the best fit signal strength (red) and for the SM
prediction, ¢ = 1 (orange). The lower panel shows the ratio of the
data to the post-fit background predictions, compared to the
signal-plus-background predictions.

p value of 10% (3%) between the two measurements,
assuming uncorrelated (50% correlated) systematic uncer-
tainties. Because of a very different background model, a
more inclusive event selection, and a low correlation of the
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FIG. 3. The 95% CL upper limits on y;p(y—.cz). The yellow and

blue bands indicate the expected 68% and 95% CL regions,
respectively, under the background-only hypothesis. The vertical
red line indicates the SM value pppce) = 1.

neural network scores, the total systematic uncertainty can
be considered mostly uncorrelated. No excess over the
background-only hypothesis is observed in the search for
ttH(H — c¢). An upper limit on gy (y_cz) is extracted
using the CL criterion [104,105]. The test statistic is the
profile likelihood ratio modified for upper limits [101],
with the asymptotic approximation [102] used in the limit
setting procedure. The observed (expected) 95% CL upper
limit on pyH-ce) 18 7.8 (8.7), corresponding to an
observed (expected) upper limit on o(17H)B(H — cc) of
0.11 (0.13) pb. The contributions from the individual
channels are summarized in Fig. 3. Tabulated results are
provided in the HEPData record for this analysis [106].

The result is interpreted in the x framework [107,108] by
reparameterizing B(H — c¢) and B(H — bb) in terms of
the charm and bottom quark Yukawa coupling modifiers «,
and «;, assuming that only the Higgs boson decay widths
are altered:

K2BIS-11\Z>L‘Z‘
B(H = cc) = S =,
) e B 1 (2 - VB
_ 281‘1—»[7/_7
B(H — bb) = b= sm (3)

1+ (k2 = 1)BETC + (k3 — 1)BEGPP

Figure 4 shows the two-dimensional profile likelihood scan
of k. and k;,. When fixing «, to the SM expectation, the
observed (expected) 95% CL interval is |«.| < 3.0 (3.3).
A combined analysis with the previous search in the VH
channel [36] is performed. Common experimental uncer-
tainties are correlated, except for jet flavor tagging, which
differs in algorithms and calibration methods. Background
modeling uncertainties are uncorrelated because of differ-
ing dominant backgrounds, while theoretical uncertainties
in Higgs boson production and decay for the same

138 fb~! (13 TeV)

20— L T ]
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15F ¢ Expected 95% CL
; ttH(H - c/bb) ]
10F
5F 1
< oF 4 ]
_5} =
-10F
-15F .
_20: v b b by e b by b by 0
-4 -3 -2 -1 0 1 2 3 4
Ko

FIG. 4. Constraints on the Higgs boson coupling modifiers ..
and «;,. The 68% (95%) CL intervals are indicated by the dashed
(solid) lines. The observed (expected) best fit values are shown by
the orange (blue) markers.

processes are correlated. The expected 95% CL upper
limit on uy_, .z, assuming SM production rates for //H and
VH, is 5.6, representing a 36% (26%) improvement over
the /fH (VH) channel alone. The observed limit is 9.3,
driven by a small upward statistical fluctuation in the VH
channel. For x,., the combination improves the expected
95% CL interval to |«.| <2.7, while the observed
is |x.| < 3.5.

In summary, a search for the SM Higgs boson decaying
to a charm quark-antiquark pair via ffH production is
presented, alongside a simultaneous measurement of the
Higgs boson decay to a bottom quark-antiquark pair. Novel
jet flavor identification tools and event classification
techniques using advanced machine learning algorithms
are developed for this analysis. The observed ffH signals
relative to the SM predictions are pp(gce) = —1.6 = 4.5
and gy (gopp) = 0917935, with an observed (expected)
significance of 4.4 (4.5) standard deviations for the
{tH(H — bb) process. The observed (expected) upper
limit on o(17H)B(H — c¢) is 0.11 (0.13) pb, correspond-
ing to 7.8 (8.7) times the theoretical prediction for an SM
Higgs boson mass of 125.38 GeV. When combined with the
previous search for H — cc¢ via associated production with
a W or Z boson, the observed (expected) 95% CL interval
on the charm quark Yukawa coupling modifier, ., is |k.| <
3.5 (2.7). This represents the most stringent constraint on «..
to date.
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End Matter

Analysis strategy and event selection—The ParT event
classifier is used to select and categorize events, as
illustrated in Fig. 5. The classifier outputs ten (nine)
likelihood scores that sum to unity for the OL (1L and
2L) channel. These include four scores for the signal
processes, Dyiz(z—-cz)» and

}— No: reject

DﬁH(H—»cE)’ Dt?H(H—»bB)’

Digx > 0.6
Dityigne < 0.05 (0.02in 1L)
(OL only) Dgcp < 0.0001

Yes: keep

argmax(
100 - Dthugm,
12 Dgyos

R Dd+22u
2 Dﬁ+b/

1- Dy, >0)

tt+c tH+>2c
CR CR

Event categorization flowchart.

Yes: X — cC

Dx—ce > Dy 5

No: X — bb

tH(H — bb)
SR

ti+light
CR

FIG. 5.

Djiz(z—-pp)> and six (five) for the background processes,
le+light9 leJrc’ thwLZZC’ leer’ le+22b’ and DQCD (the
last applies only to the OL channel). The sum of the
four signal scores is defined as Dy, while the sum of

the five 77 + jets background scores is defined as Dz jeis-

In the OL channel, an initial requirement of Dgep <
0.0001 suppresses the QCD multijet background to below
1% of the tf + jets background, allowing the QCD multijet
contribution to be neglected. To reduce the 77+ light
background, a requirement of Dy gy < 0.05 (0.02) is
applied in the OL and 2L (1L) channels. Events with Dy >
0.85 are assigned to one of four SRs based on two pairs of
signal discriminants, Dy vs Dz and Dy_ .z vs Dx_ 5
where Dy =Din(t—ce) T Dinu—vb)> Piz=Drz(z—ce)t
thZ(Z—>bI_))’ DX—»CE :IDﬁH(H—wZ‘) +DITZ(Z—>CZ‘)’ and DX—»bI_J =
Diiti(—vb) + Diiz(z—pp)- Events with 0.6 < Dy < 0.85
are categorized into one of the five CRs, determined by
the background class with the highest weighted score. The
weights—100, 12, 4, 2, and 1 for Dy jighis Diztes Dizrnocs
Diirp> Dyis0p, respectively—are optimized to enhance the
purity of each CR.

Figure 6 shows the fitted event yields in each bin for the
CRs and SRs.
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CMS Supplementary 138 fb~1 (13 TeV)
6

Post-fit { Data N tiH(H—-cC) EM tiZ(Z-cT) [ tiH(H—other) WM tt+>2b B tt+22c [ 1 ti+light
p-value =085 77 Totalunc. = fiH(H—bb) WM fiZ(Z—bb) [ iZ(Zoother) WM ti+b [ fivc W Other
Jo50L 1L 2L ]
g5, |5 & 3 g |5 5 H & 5 & §l5]./5.|55(5|5
2 ° 2 s 8 z 8 13 18 X 8 £18|0|g 5 ig [18]8
R K ‘T’ T2 P 7 7 7 7 28151512887 %

= = N N I = = N N I I = e e s s N N T I

104

=i

Number of events

Data/Prediction

Event classifier discriminants

FIG. 6. Distributions of the ParT discriminants in data (points) and predicted signal and backgrounds (colored histograms) after the fit
to data. The vertical bars on the points represent the statistical uncertainties in data. The hatched band represents the total uncertainty in
the sum of the signal and background predictions. The lower panel shows the ratio of the data to the sum of the signal and background
predictions.

The ftt+ jets background model—Simulated 7+ jets 7+ light. The 7+ >2b and 7+ b events are taken
events are divided into five mutually exclusive  from a dedicated f7bb sample, where the f7bb matrix
components: i+ >2b, tt+b, tt+>2c, tt+c, and  elements are calculated at NLO in QCD using the

TABLE 1. Best fit values of the 77 + jets background normalization factors for each analysis category (Cat.).

Cat. 1+ > 2b tt+b tt+ > 2c tt+c tt + light
2L/1L 0.88 + 0.07 0.92+0.16 1.39£0.23 1.41 £0.36 0.89 £0.11
OL 1.12+£0.11 0.89 +£0.18 2.03 £0.41 0.95 +0.34 0.89 +£0.17

TABLE II. The absolute (relative) contributions to the total uncertainties, Ay (Au/Apyy).

Ap (Ap/ Apior)

Uncertainty source HiiH(H—c?) HiH(H—bb)
Statistical 33 (74%) 0.14 (57%)
tf + jets normalizations 1.4 (32%) 0.06 (26%)
{1Z normalizations 0.4 (8.4%) 0.06 (30%)
Theory 2.1 (47%) 0.18 (75%)
Signal 0.7 (15%) 0.11 (47%)
tt+>1b 0.7 (15%) 0.14 (60%)
tt+ > lc 1.4 (32%) 0.01 (5.8%)
tf + light 1.3 (29%) 0.01 (5.2%)
Minor backgrounds 0.2 (4.6%) 0.01 (4.6%)
Experimental 2.0 (47%) 0.07 (31%)
Jet flavor tagging 1.7 (39%) 0.07 (28%)
Size of the simulated samples 1.1 (24%) 0.05 21%)
Jet energy scale and resolution 0.8 (18%) 0.02 (8.6%)
Lepton identification 0.3 (6.0%) 0.02 (6.3%)
Integrated luminosity 0.1 (2.0%) 0.02 (6.2%)
Total 4.5 (100%) 0.24 (100%)
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four-flavor scheme (4FS). The b quark mass is set to
4.75 GeV, and the 4FS NNLO NNPDF3.1 PDF set is
used to describe the proton structure. The t7hb
production cross section is computed at NLO in 4FS.
The ti+ >2c¢, tf+c, and ff+ light components are
extracted from the inclusive 77 simulation after removing
the 7+ > 2b and ff + b contributions, thereby avoiding
double counting. This inclusive 7 sample is generated at
NLO in QCD with up to one additional parton included
at the matrix-element level, while additional emissions
are modeled via parton showering with PYTHIA. The
matrix element calculation is performed in the five-flavor
scheme (5FS) using the SFS NNLO NNPDF3.1 PDF
set, where the b quarks are treated as massless. A
subcomponent of f+ b (¢t + c), referred to as 7 + j,
(ft + j..), consists of events where the additional b (c)
jet contains two or more b (c) hadrons. These events
predominantly arise from collinear g — bb (g — c¢)
splittings, which are not well modeled in simulation. To
account for this modeling limitation, an additional 50%
uncertainty is assigned to the 7+ j,, and {7+ j..
contributions in the background estimation.

Production of f7bb via double parton scattering (DPS)
also contributes to the 77+ > 2b and 7 + b categories. This
contribution is included in the inclusive {7 sample but not in

the dedicated ffbb sample. It is therefore modeled

separately by generating 7 production at NLO in QCD
using POWHEG, with additional b5 production simulated by
PYTHIA at LO in QCD using the SecondHard option. The
cross section for this process is estimated to be 8 pb,
assuming an effective DPS cross section of 30 mb [109]
and an inclusive bb cross section of 0.3 mb, the latter
estimated from simulation. In the background estimation,
the DPS contributions are included in the corresponding
i+ > 2b and 7 + b categories, with a 50% uncertainty
assigned to the normalization of the DPS components.

Table I summarizes the best fit values of the ¢7 + jets
background normalization factors obtained from a simul-
taneous fit to all CRs and SRs.

Uncertainty  breakdown—The  contributions  of
individual uncertainty sources to the total uncertainties
in the fitted pip(5—ce) and pip - pp) are summarized in
Table II. The values are determined by repeating the fit
with the nuisance parameters associated with each
category fixed to their best fit values, and then
subtracting the resulting uncertainty in quadrature from
the total uncertainty. The total uncertainty differs from
the quadrature sum of the individual components
because of correlations among nuisance parameters in
the fit.
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