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Motivated by several mild excesses around 95 GeV, we investigate the prospects for a light scalar S
produced via Higgsstrahlung, e™e™ — Z(uu™)S, at future et e~ Higgs factories. We take the CEPC as a
benchmark, with a center-of-mass energy of /s = 240 GeV and an integrated luminosity of L = 20 ab~!.
We focus on the decay modes S — 7~ and § — bb. To maximize sensitivity, we employ the particle-level
transformer networks particle transformer (ParT) and its more-interactive variant MIParT, which exploit the
features of all reconstructed objects and their correlations. For a representative signal benchmark, this
approach improves the expected statistical precision on the signal strength by factors of 2.3 in the 7~
channel and 1.4 in the b channel compared to a cut-based analysis. Within the flipped next-to-two-Higgs-
doublet model (N2HDM-F), the CEPC can measure the signal strength with a statistical precision down to
1.0% in the 7"z~ channel and 0.69% in the bb channel using MIParT. It can achieve a 5¢ discovery for
UZ > 1.6 x 1072 or uZ5 > 5.0 x 1073, and reach 1% precision for %5 > 0.93 or uZ5 > 0.14. These gains
are expected to qualitatively carry over to other future lepton colliders such as FCC-ee and the ILC. Our
results demonstrate the potential of particle-level machine-learning techniques to strengthen light Higgs

searches at future e"e™ Higgs factories.

DOI: 10.1103/13h1-zdmz

I. INTRODUCTION

The discovery of the Higgs boson at the LHC in 2012
[1,2] completed the last missing piece of the Standard
Model (SM) puzzle. However, several unresolved questions
continue to cast shadows over the SM, among which the
origin of the baryon asymmetry of the Universe remains
one of the most compelling [3-5]. According to the
Sakharov conditions [6], three criteria must be fulfilled
to generate the observed matter-antimatter asymmetry:
(i) baryon number violation, (ii) sufficient C and CP
violation, and (iii) departure from thermal equilibrium.
In the SM, the C and CP violations are too weak, and the
electroweak phase transition (EWPT) associated with the
125 GeV Higgs boson is merely a smooth crossover rather
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than a strong first-order transition [7,8]. These shortcom-
ings strongly suggest that new physics beyond the SM is
required to account for the baryon asymmetry. A minimal
yet well-motivated approach is to extend the Higgs sector
by introducing additional scalar fields. Such extensions can
naturally provide new sources of C and CP violation and
can also induce a strong first-order EWPT, thereby real-
izing the necessary out-of-equilibrium conditions [9].
Several experimental excesses near 95 GeV have been
reported across different search channels, suggesting in-
triguing hints of a light scalar resonance. The earliest
indication dates back to 2003, when the LEP experiment
observed a local significance of 2.3¢ for a hypothetical
lighter Higgs boson § with a mass around 98 GeV in the
process ete” — ZS(— bb) [10]. In 2018, the CMS
Collaboration reported a local excess of 2.8¢ in the gg —
S — yy channel at a mass of 95.3 GeV, based on the
combined 8 TeV (19.7 fb~') and 13 TeV (35.9 fb~!)
datasets [11]. Additional evidence emerged in 2022, when
CMS reported a 3.1 excess in the pp —» S - 777~
channel near 100 GeV [12]. More recently, in 2024, both
major LHC Collaborations released updated diphoton
results: CMS observed a 2.9¢ excess at 95.4 GeV [13],
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while ATLAS reported a milder 1.7¢ excess at 95.3 GeV in
pp — S — yy [14]. Taken together, these observations may
point toward the existence of a light Higgs boson with a
mass around 95.5 GeV.

The collider phenomenology of the hypothetical light
Higgs boson has been extensively explored in recent studies
through Monte Carlo (MC) simulations [15-19]. Hadron
colliders, such as the Large Hadron Collider (LHC), operate
at high center-of-mass energies, enabling the exploration of a
wide range of physical processes [20,21]. However, the
complex QCD background at hadron colliders poses a major
challenge for precision measurements and for probing subtle
new-physics signals. Our previous analysis indicates that
achieving a 5¢ discovery significance in the top-pair-asso-
ciated diphoton channel, pp — 17S(— yy), at the high-
luminosity LHC (HL-LHC) requires a production cross
section exceeding approximately 0.3 fb [18]. Signals with
smaller cross sections may instead be probed through
alternative decay channels or at future collider facilities.

Future Higgs factories, such as the Future Circular
Collider (FCC-ee) [22,23], the International Linear
Collider (ILC) [24-26], and the Circular Electron-Positron
Collider (CEPC) [27-30], provide a promising avenue for
probing a possible 95 GeV light Higgs boson and measuring
its couplings with high precision. This enhanced sensitivity
stems from the much cleaner environment of lepton colliders
compared to hadron colliders. Our study focuses on the
CEPC, motivated by its suitable center-of-mass energy and
high integrated luminosity. The scenarios of the other two
colliders will be discussed at the end of the paper. The CEPC
aims to study the properties of the 125 GeV Higgs boson with
unprecedented accuracy and is expected to deliver over
20 ab~! at 240 GeV [27-30]. Given that the dominant
production mechanism for a 95 GeV scalar at the CEPC
is the Higgsstrahlung process (e*e™ — ZS), this work is
dedicated to its detailed investigation.

Our previous work [19] demonstrated that machine
learning (ML) algorithms, including extreme gradient
boosting (XGBoost), gradient boosting decision trees
(GBDT), and deep neural networks (DNN), can enhance
the sensitivity of searches for a light Higgs boson around
95 GeV. Furthermore, in recent years, several advanced ML
architectures have shown considerable promise in jet
tagging tasks [31-37]. Among these, transformer-based
models such as the particle transformer (ParT) [36] and the
more-interaction particle transformer (MIParT) [37] have
demonstrated outstanding performance. Their strong per-
formance stems primarily from the attention mechanism,
which effectively captures complex correlations among
final-state particles and yields a more expressive represen-
tation of jet substructure. This capability precisely
addresses a key shortcoming of simpler network architec-
tures, such as DNN. Overall, particle-level ML techniques

offer substantial potential for new-physics searches and are
expected to significantly improve both sensitivity and
measurement precision at present and future colliders.

The persistent experimental anomalies near 95 GeV have
motivated theoretical interpretations. These interpretations
can be broadly classified according to the decay channels
considered: focus solely on the yy channel [18,38-49],
analyze both yy and bb channels [50-71] or yy and z+7~
channels [72—74], while consider all three channels, yy, bb,
and 77~ [75-93]. These anomalies have been interpreted
through a twin-peak scenario in the Georgi-Machacek model
[87,93,94]. The type-II and flipped next-to-two-Higgs-dou-
blet model scenarios (N2HDM-II and N2HDM-F) provide
particularly elegant solutions. They offer additional scalar
degrees of freedom that can simultaneously account for the
observed bb and r+7~ anomalies [54,56,76-78,95]. In this
study, we perform a comprehensive scan of the N2HDM
parameter space to examine the model’s compatibility with
the observed 95 GeV excess. Subsequently, an MC simu-
lation and a cut-based jet-level analysis are carried out for the
Higgsstrahlung process, e™ e~ — ZS, in various final states
at the 240 GeV CEPC. To further enhance the search
sensitivity and measurement precision for the 95 GeV light
Higgs boson, we extract features from all final-state particles
and employ them to train the ParT and MIParT networks.
Finally, we present a detailed discussion of the achievable
parameter coverage and measurement precision at the CEPC,
both with and without the inclusion of machine learning, and
demonstrate the model-independent discovery potential of
the CEPC.

The remainder of this paper is organized as follows. In
Sec. II, we briefly introduce the N2HDM-F and present the
results of the parameter-space scan. Section III describes
the MC simulation and the cut-based analysis strategy. The
implementation of the ParT and MIParT networks, together
with the corresponding performance studies and discus-
sions, is detailed in Sec. IV. Finally, the conclusions are
summarized in Sec. V.

II. THE BROKEN-PHASE FLIPPED N2HDM

The next-to-two-Higgs-doublet model (N2HDM)
extends the Standard Model scalar sector through the
introduction of a second SU(2), Higgs doublet ®, and
an additional real scalar singlet ®g [96-99]. After electro-
weak symmetry breaking, the model yields three neutral
CP-even Higgs states, one of which corresponds to the
observed SM-like Higgs boson at 125 GeV. A lighter state
can naturally arise around 95 GeV, providing a potential
explanation for the mild excesses reported in several
experiments. In the following, we identify the light CP-
even state H; with the putative 95 GeV resonance and
denote it by S = H,; whenever convenient.
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A. Model setup

The scalar potential of the N2HDM can be written as [99]

A

. A .
V = m?|®@, > + m3,|®, > — m},(®]®, +h.c.) +El (@]®,)2 + E(q’é‘bz)z
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|
The potential respects a softly broken Z, symmetry CayChoa,» i=1,
(®; = —®,) and an exact ZIQ symmetry (®s = —®s), CH,-VV = ~Cp-aSwmSa T CaySp-ays 1= 2, (4)

which forbids linear terms in @ and explains the absence
of certain couplings.

After electroweak symmetry breaking, the N2HDM
particle spectrum contains three CP-even neutral scalars
H, , 3 (the masses of the three H, , ; increase in sequence),
one pseudoscalar A, and a pair of charged scalars H*. The
electroweak sector is in the broken phase when both
doublets and the singlet acquire nonzero vacuum expect-
ation values (VEVs). In this scenario, the three CP-even
scalar fields mix through a 3 x 3 rotation matrix, which
have the following form [99]:

Cy, C Sa. C N

a; oy a;Cay a

R= _(Cal SaySas +sa1 Cag) CoiCay ~SaSa, Sy Ca,Say |»

_Cal sazca3 +Salsag _(Cal Sa3 +sa1 Sazca3) Cazca3

(2)

where ¢, = cos, and s, = sin,. The parameters of N2HDM
can then be parametrized as

me mHz’

ap, as, a3,

where my , my,, my,, my,, and my- denote the masses of
H,, H,, Hs, A, and H*, respectively; a;, a,, and aj; are the
mixing angles of the three CP-even neutral scalars; m?, is
the soft Z,-breaking parameter; v = 246 GeV and vg are
the VEVs of the electroweak doublet and the singlet field,
respectively; and tan 3 is the ratio of the two doublet VEVs.

The most interesting part of the couplings are the CP-
even Higgs boson H; to the massive gauge bosons, the
quarks, and the leptons. The reduced coupling of Higgs
boson H; to the massive gauge bosons V =W, Z (Cy,yy)
can be given by

TCp-a Sy Coy T Sy Sp-ays 1T 3,

where ¢, denotes cos(x) and s, denotes sin(x) for the
angles x = a1, ay, a3, and ff — a;.

In the N2HDM-F scenario, the reduced coupling of
Higgs boson H; to up-type quarks and leptons f (Cy fr)
can be given by

Sa,Car/ Sp» i=1,
CHiff = (Cal Caz — Salsazs%)/sﬁ’ i=2, (5
_(Ca] So, + Sa, SGZC(IS)/S/}, i=3.

The reduced coupling of Higgs boson H; to the down-type
quark g4 (Cp,q,4,) can be given by

Ca,Car/ Cp i=1,
CHi‘qud = _(Cal sazsa3 + Cfl3sfll )/Cﬁ’ = 2’ (6)
—(ca] SeyCay — salsag)/cﬂ, i=3.

In this scenario, the couplings of H; to b quarks and to 7
leptons exhibit distinct dependences on the model param-
eters, which can naturally account for the observed
excesses in the bb and vtz channels. These coupling
patterns illustrate how the N2HDM-F permits independent
control of quark and lepton Yukawa couplings, thereby
providing the flexibility required to simultaneously accom-
modate both bb and 777~ excesses.

If H, is assumed to be the candidate for the possible
experimental excesses and H, is assumed to be the SM-like
Higgs boson with a mass of 125.09 GeV, one can
reparametrize the parameters in terms of effective couplings
and mixing matrix elements,

2
mi,, Ug

tanf3, (7)

mHl, mHz, mH3, mHA, mey+,

2 2 :
Civve Chya sign(Ry3),  Ris,

055025-3



DONG, RUAN, WANG, YANG, and ZHU

PHYS. REV. D 113, 055025 (2026)

exp

Jirnes

16 =
L 6
12 F i
n 5% .
SIS b ® . 4 °’>°€
L %04 4.0, .
3~08 C f 2% B

0.4 S, 2
OOM||||||||||

- 0.8
16 F K
f 0.6 F
12 [
&t 3504 povt Mot
<08 [ R 4
- F Ov .
o -
04 £§ ‘ 0.2 e
0 S Y A A
0.0 02 04 06 08
HE i
FIG. 1.

panel), and pf%°

where C3 vy and C? 71,7 are the effective couplings of H) to

massive gauge bosons and top-quark, R 3,3 are the mixing
matrix elements between H, and the singlet field.

B. Parameter scan and constraints

We performed a random scan over the parameter space
of the N2HDM-F using the package ScannerS_v2.0.0
[100,101]. With the mass of my, fixed at 125.09 GeV, the
remaining 11 parameters were varied within the following
ranges:

sign(Ry3) = %1,
580 < mpy+ < 1500 GeV,

95 <my, <96 GeV,
300 < my, 4 < 1500 GeV,
0.8 <tanf < 10, —1<R;3<1,
0.7<Ciyy <10, 07<Cq, <12,

107 <m?, <5x10° GeV?, 1< wvg <3000 GeV.

(8)

The following constraints are considered:
(1) Constraints from perturbative unitarity: The con-
straints require that the eigenvalues M) _, of the
2 — 2 scattering matrix M,_,, satisfy

‘M12—>2| < 8”’ (9)

at tree level [102].

(i) Constraints from vacuum stability: The package
EVADE [103,104] is used to test the stability at
tree level.

(iii) Constraints from B physics and electroweak preci-

sion observables: The global fit result of Ref. [105]

on oblique parameters and flavor constraints at 2¢

level are used.

Constraints from Higgs searches and SM-like

Higgs measurements: The HiggsBounds — 5.10.0

(iv)

0.0 L
0.00 0.08 0.16 0.24 0.32 0.40

"0.00 0.08 0.16 024 0.32 0.40
zs
Hpp

Surviving samples under the above constraints in the u%° versus ,u,,, plane (left panel), the ﬂw versus u’y plane (middle
versus uZ; plane (right panel) with colors indicating the fit result of y3 and the gray samples having y% > 7.82.

package [106] and HiggsSignal — 2.6.0 package
[107] are used to employ the direct searches for
additional Higgs and SM-Higgs measurements con-
straints.

C. Features of the N2HDM-F scenario
Figure 1 shows the SUI'VIVIII% samples under the above
constraints in the x%° versus puf° plane (left panel), the

versus p’ o 5 plane (middle panel), and p%; S versus ybb plane
(right panel), respectively. The colors indicate the fit results

of »3,' defined as
S S
= e e S A N _’_(/‘bb :“Z);p) (10)
SV VEDE (Auz")? (A )?

where 5y and Ausy’ are the central values and their
corresponding 1o uncertainties for the experimental excesses
in the 7+7~, bb, and yy channels, respectively. These are
parametrized as pg;" = 1.2702 [12], p? = 0.117 £ 0.057
[10], and 3" = 0. 24+°08 [13,14], and are marked in the
Fig. 1. The 4% and %S are the signal strength in the gluon
fusion channel (g9 — S — xx) and Higgsstrahlung channel
(ee » ZS(— xx)) and can be parametrized as

U =
osm(99 = hos) x Brey(hos — xx)
and
olete™ = ZS) x Br(S — xx
- ()

~ osmlete™ = Zhys) x Brgy(hos — xx)

'In constructing ;(%, we treat the three excesses as independent
Gaussian measurements and neglect possible correlations among
the experimental systematics. This is sufficient for our purpose of
identifying representative benchmark scenarios and should not be
interpreted as a rigorous global statistical combination.
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FIG. 2. The branching ratios of the light Higgs boson S to bb,
cc,yy, 717, and gg in the N2HDM-F as a function of a;, for the

benchmark points with cosa, = V2/2 and tan g = 2.

where ¢ and Br denote the production cross section and
branching ratio in the beyond the Standard Model (BSM)
scenario, respectively, while ogy and Brgy; represent the
corresponding SM values. All three excesses can be elegantly
explained within the broken phase N2HDM-F scenario. The
best-fit point has a minimum y?% value of 0.24 .

Figure 2 shows the branching ratios of the light Higgs
boson S to bb, c¢, yy, 777", and gg as a function of @, in the
N2HDM-F, for benchmark points with cos @, = \/§ /2 and
tan # = 2. These branching ratios are computed using the
package N2HDECY [108]. It can be seen that S decays
predominantly to bb over most of the a; range, except near
a; ~ +x/2 (where cos a; ~ 0). In this region, the dominant
decay channels become 7777, c¢c, and gg. However, the c¢
and gg channels are associated with a larger SM background
from Z boson hadronic decays [109]. Considering the
channels where experimental signal excesses have been
observed, we focus on the bb and vz~ channels in the
subsequent analysis. The combination of these two channels
ensures good coverage across the entire «; parameter space.

III. MONTE CARLO SIMULATION
A. Signal and background modeling

We focus on the Higgsstrahlung process ete™ — Z(—
utu™)S(— vt (bb)) at the CEPC with a center-of-mass

FIG. 3.

energy of 240 GeV. In this signal process, the hypothetical
scalar § is produced in association with a Z boson, where S
subsequently decays into a pair of 7 leptons or b quarks,
and the Z boson decays into a muon pair. Although the
dominant decay channel of the Z boson is hadronic and
invisible [109], we instead select the dimuon final state to
utilize the recoil mass technique for reconstructing the mass
of S. The recoil mass M. is defined as [110]

Mrecoil = \/S + Miﬂ,— - 2\/E(Ey+ + E/F)’ (13)

where +/s is the collision energy, Mﬁ*u‘ is the square of
invariant mass of dimuon, and E, is the energy of muon.
Other useful observables can be found in Ref. [111]. One
can also choose Z boson decays into a pair of electrons to
calculate the recoil mass, and this situation will be
discussed later in the paper.

For the 777~ decay channel, the dominant irreducible SM
backgrounds originate from the process eTe™ — u "t
in which the y*p~ and 77~ pairs can decay from a Z boson
or a virtual photon. Additionally, the 7z~ pair may also
come from the decay of the SM-like Higgs boson. The
leading Feynman diagrams for the signal and the irreducible
backgrounds in the 7"z~ channel are shown in Fig. 3, where
panel (a) corresponds to the signal, and panels (b), (c), and
(d) represent the irreducible backgrounds. We also consider
the reducible SM background from e™e™ — u™p~xx, where
x denotes a final-state particle from a light-flavor quark, a »
quark, an electron, or a muon, which could be misidentified
as a tau lepton in the detector.

In the case of the bb decay channel, the background
sources are analogous to those in the 777~ channel, with the
roles of bb and 77~ are interchanged. Therefore, we adopt
a common background process for both channels:
ete” = utu xx, where x=u,d,c,s,b, e, u, 7. These
background processes comprise two components: a reso-
nant part, in which the muon pair comes from a Z boson,
and a nonresonant part, where the muon pair originates
from a virtual photon.

Figure 4 shows the surviving samples in the tan f versus
a; planes with the colors indicating the square of the

T

()

Representative Feynman diagrams of the signal and irreducible backgrounds in the 77~ decay channel, where panel

(a) corresponds to the signal, and panels (b)—(d) represent the irreducible backgrounds. Diagrams in panels (c) and (d) also imply those
related by fermion-antifermion exchange, u <> 7 interchange, and Z <> y exchange.
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FIG. 4. Surviving samples in the tan f§ versus a; plane with the colors indicating the square of the reduced coupling of S to Z boson
(left panel), the cross section of the bb channel (middle panel), and the cross section of the z+z~ channel (right panel).

reduced coupling of S to the Z boson C3,,, (left panel), the
cross section of the bb channel (middle panel), and the
cross section of the 7z~ channel (right panel). The cross
section for the bb and v*7~ channels is computed as

o =ogy(ete” — ZS)lmh:95.5 Gev X C%zz

X Br(Z = ytp~) - Br(S —» v (bb)), (14)
where ogyi(et e = ZS)],, _os5 gev is the SM cross section
for this process with a Higgs mass of 95.5 GeV, calculated at
leading order using the MadGraph5_aMC@NLO_v3.6.2
package [112,113]. The branching ratio of Br(Z — u*u™)
takes the SM value of 3.3662% as given by the PDG
[109]. The C%,, and Br(S — 777~ (bb)) provided by the
N2HDM-F.

As shown in the left panel, the squared reduced coupling
C%,, can reach up to 0.23 for the samples near a; ~ 0.8. In
contrast, C%,, approaches zero for samples with
cos(ff — a;) ~ 0, where the light Higgs boson S couples
weakly to massive gauge bosons and could escape detec-
tion at the CEPC. The middle and right panels indicate that
the cross section for the bb channel can reach 2.8 b for the
samples with a; ~ 0.8, while that for the 77z~ channel
reaches 1.1 fb near a; ~ £x/2. As anticipated, except for
the samples near cos(ff — a;) ~ 0, where the cross section
of the bb channel is suppressed, the cross section of the
777~ channel becomes comparatively larger, as can be
inferred from a combined interpretation of all three panels.
In the following MC simulations, the cross sections for the
77~ and bb decay channels are assumed to be 1/5 of their
SM values as a benchmark point.

B. Event generation and selection in the 7+ 7~ channel

The MadGraph5_aMC @NLO _v3.6.2 package [112,113]
is used to perform the MC simulation. During the simulation,

jet clustering is performed using the eek; algorithm
through FastJet [114], and the tau jet tagging efficiency
adopted the lower limit 80% as given in Ref. [115]. The
particle decays are handled by PYTHIA_v8.2 [116] through
the MG5a — MC_PY8.interface. The CEPC detector
response is simulated using the CEPC fourth-card with
Delphes_v3.5.0 [117,118]. More than one million events
of signal and background are generated through the MC
simulation.

In the event selection, two muons in the final state are
required to calculate the recoil mass M., to reconstruct
the mass of S. We apply the following basic cut to the
events:

N = 2, ()] < 25,
AR(uy, pp) > 0.4,

pr(u) > 10 GeV,
66 < M,, <116 GeV, (15)

where 7, ¢, and pr denote the pseudorapidity, azimuthal
angle, and transverse momentum, respectively;

ARG ) = \/ O, =1, + (B, + ,)* gives  the

angular separation between the two muons; M,, =

\/(EM1 + E,,)* = (Py, + P,,)* is the invariant mass of

the muon pair.

In the signal process, the muon pair originates from the
Z boson decay, and its invariant mass distribution is
expected to peak near the Z boson mass. In contrast, a
significant fraction of the background events involve
muon pairs not produced from a Z boson resonance and
thus, do not exhibit such a peak in their invariant mass
distribution. To suppress this nonresonant background
component and ensure robust signal retention, we require
that 66 < M, < 116 GeV.
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FIG.5. Normalized event distributions for the signal and background in the recoil mass M ...; (upper left panel) and the z-jet number
N [z-jet] (upper right panel), along with the signal and background cross sections under different selections on these variables (lower left
panel), as well as the corresponding measurement precision of the signal strength after applying these selections (lower right panel) in

the 777~ channel.

The normalized event distributions of the recoil mass
(M ecoin) and the number of z-jet (N [z-jet]) for signal and
background after the Basic cut are shown in the upper left
and upper right panels of Fig. 5, respectively. The upper left
panel shows that the signal M., distribution peaks
sharply around 95.5 GeV, consistent with the mass of
the light Higgs boson S. In contrast, the background
distribution exhibits peaks near 91 GeV and 125 GeV,
corresponding to the masses of the Z boson and the SM-
like Higgs boson, respectively, with the peak at 91 GeV
being considerably broader. The upper right panel indicates
that only about 2% of background events contain at least
one 7 jet, whereas for the signal, this fraction reaches
approximately 25%. Therefore, applying selections on
M ..o and the number of 7 jets can effectively suppress
the background.

A fine-grained scan of the AM..,; window from O to
5 GeV is performed. The signal region is defined as
|M ecoit — 95.5 GeV| < AM ..o, and the cross sections of
signal and background are calculated based on the number
of surviving events in each window. The lower-left panel of
Fig. 5 shows the signal and background cross sections after
applying different selections on the recoil-mass window
AM ..;i and on the number of 7 jets (N[z jet]). The

corresponding statistical precision of the signal strength
measurement is shown in the lower right panel, calculated
using [119],

(16)

where S and B denote the number of expected signal and
background events for different AM ...;; windows, and both
are calculated by their cross sections, assuming an inte-
grated luminosity of 20 ab™! at the CEPC.

As shown in the lower left panel of Fig. 5, the background
cross section exceeds that of the signal by more than 1 order
of magnitude if no selection is applied on the number of 7 jets,
regardless of the M,..; cut. However, by selecting events
with at least one 7 jet and applying an appropriate M ; cut,
the signal and background cross sections can be brought to
the same order of magnitude. Furthermore, for any given
M con cut, the measurement precision is significantly
improved when requiring a 7 jet in the final state. The
optimal precision of 6.04% is achieved for events containing
a 7 jet and satisfying AM ... < 0.60 GeV. The choice
reflects a balance between background suppression and
signal retention: while a narrower window reduces
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TABLE I

Cut flow of signal and background in the 777~

channel at 240 GeV CEPC with L = 20 ab~!.

Cross section (fb)

Cuts Signal Background Precision (%)
Initial 0.218 84.250 29.81
Basic 0.159 53.373 32.56
7-jet 0.039 1.000 18.41
M ecoin 0.026 0.024 6.04

background more effectively, it also excludes a significant
fraction of signal events, thereby degrading the overall
precision. Based on this, we apply the following z-jet cut
and M .. cut that require

N[z —jet] > 1

and

AMrecoil = 0.60 GeV.

(17)

(18)

Table I shows the cut flow for the 777~ decay channel of the
signal and background at the 240 GeV CEPC with an
integrated luminosity of L = 20 ab~!. After the 7-jet cut,

the background is suppressed by approximately 2 orders of

magnitude while about 25% of the signal is retained,
improving the signal strength measurement precision from
32.56% to 18.41%. A subsequent M .., cut further sup-
presses the background by over an order of magnitude and
preserves about 67% of the signal, leading to a final precision
of 6.04%.

After applying the basic cut, Fig. 6 shows the normalized
distributions of the transverse momenta, pseudorapidities,
and azimuthal angles of the two muons and the leading jet,
as well as the angular separations AR between the two
muons and between the leading muon and the leading jet.
As shown in this figure, the significant overlap between the
signal and background means that further cuts on these
kinematic observables do not lead to a significant improve-
ment in signal significance or measurement precision.

C. Event generation and selection in the bb channel

The event generation for the bb channel follows the same
procedure as that for the z+z~ channel, with the b-jet
tagging efficiency also set to 80%. In the event selection,

the basic cut is also the same as that in the 777~ channel.

The only difference is that selecting a b jet in the final state

can reduce the reducible background. Figure 7 shows the
cross sections for signal and background processes (left
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FIG. 6. The normalized distributions of the transverse momenta, pseudorapidities, and azimuthal angles of the two muons and the
leading jet, as well as the angular separations AR between the two muons and between the leading muon and the leading jet, after

applying the basic cut.
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panel) and the corresponding precision on the signal
strength (right panel) after applying different selections
on the recoil-mass window AM,...; and on the number of
b-jets (N[b-jet]). Unlike the z+z~ decay channel, the signal
and background cross sections become comparable by
applying only the M. selection. Selecting events that
contain a b jet suppresses the background by approximately
1 order of magnitude, but also reduces the signal efficiency.
Consequently, this combined selection fails to achieve the
maximum measurement precision attainable with the
M ..o selection alone. The signal strength can be measured
with a precision of 1.17% by selecting events with
AM ...i = 0.60 GeV and without requiring a b jet in the
final state. This choice of window is optimal to maximize
the measurement precision because a narrower window
would discard too much signal, while a wider one would
introduce excessive background. Then the M .. cut are
performed that require the event be satisfied for

|M et — 95.5| < 0.60 GeV. (19)

The cut flow for the bb decay channel of the signal and
background at the 240 GeV CEPC with an integrated
luminosity of L = 20 ab™! is shown in Table II. It can be
seen that the M., cut suppresses the background more
than 1 order of magnitude while retaining about 69% of the
signal. The corresponding measurement precision is
improved from 3.76% to 1.17%. The bb channel is also

TABLE II. Cut flow of signal and background in the bb
channel at 240 GeV CEPC with L =20 ab~!.

Cross section (fb)

Cuts Signal Background Precision (%)
Initial 2.099 84.250 3.13
Basic 1.391 53.373 3.76
M 0.963 1.585 1.17

recoil

The cross sections of the signal and background (left panel),
different selections on the M .., and N [b jet] in the bb channel.

=
o

without select b jet

select one b jet

&
[N

24 ¢

(0.60, 1.17)

Measurement precision [%]

0 JQ S AN AVESAVEN ARV MR
0 1 2 3 4 o
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and the signal strength measurement precision (right panel) under

plagued by a limitation similar to that in the 7z~ channel.
Despite successive cuts on jet-level kinematic observables,
the measurement precision does not improve significantly.

In fact, through a systematic exploration of additional

selection criteria for 77~ and bb channels, we find that
imposing additional cuts on fundamental jet- or lepton-
level observables does not translate into a noticeable
improvement in precision over the presented results.
This provides strong evidence that the current cut-based
analysis is close to optimally configured. The further
improvement of measurement precision using the cut-based
method in the 7+7~ and (bb) decay channels is primarily
constrained by two technical limitations:

(i) First, despite a general z-tagging efficiency of up to
80%, only about 25% of hadronically decaying z
leptons are successfully identified as 7 jets in the 77~
channel, leading to significant signal loss. While the
situation in the bb channel is better, it similarly suffers
from a substantial loss of signal events.

(i) Second, event selection that depends on recon-
structed jet information inevitably discards a con-
siderable amount of information from the final-state
particles, some of which may be critical. Further-
more, the high multiplicity and diversity of final-
state particles make it challenging for the cut-based
method to fully exploit all available information and
capture the underlying correlations among them.

To enhance the search sensitivity for the 95 GeV light

Higgs boson and improve the measurement precision, we
employ deep neural networks (DNNs), specifically the
ParT [36] and MIParT [37] architectures. Both architec-
tures are based on the transformer model, which excels at
capturing complex correlations within the data.

IV. APPLICATION OF TRANSFORMER
NETWORKS

ParT [36] incorporates pairwise particle interactions into
the attention mechanism, achieving superior particle tagging
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performance compared to standard transformer architectures
and previous ML models. Building upon ParT, MIParT [37]
introduces a more-interaction attention mechanism that
increases the dimensionality of particle interaction embed-
dings. This enhancement not only significantly reduces the
model size but also leads to further performance gains. These
methods can exploit a richer and more complex set of
information from the event data compared to cut-based
analysis.

For the cut-based analysis, the available information
comprises jet-level observables (e.g., jet four-momenta),
lepton-level observables (e.g., muon four-momenta), and
event-level variables (e.g., the invariant mass and recoil
mass of the dimuon system). ParT and MIParT can both
train directly on final-state particle-level features.

In our ML-based analysis, events are first preselected
according to the basic cut of Eq. (15), and the ParT and
MIParT networks are subsequently trained on these events
using the following event-level features:

(1) The recoil mass of two muons: Mrecml

(i)) The invariant mass of two muons: M,

(iii) The average azimuthal angle of two muons

(@, + &) /2-

¢ =

The reason why we use averaged quantities such as
¢ = (¢ + ¢,)/2, is that the architecture of the original ParT
and MIParT networks needs a reference direction. We therefore
define the reference direction as the average of the two muon
directions. We have tested that the choice of reference direction
has almost no impact on the network’s performance.

Cut-based features

Schematic comparison of the available features used in jet-level cut-based and particle-level ML analysis.

(iv) The average pseudorapidity of two muons: 7 =
My + 1,)/2.
The following features at the particle-level are also used:
(i) The transverse momentum of the final state par-
ticles: Ph™".

(ii) The energy of the final state particles: EP™,

(iii)) The renormalized transverse momentum of the final

state particles: Ry = PY" /(P4 + Pi?).

The renormalized energy of the final state par-

ticles: Rgpn = EPY/(EM + EF2).

(v) The difference between the azimuthal angle of the

final state particles and the average azimuthal angle

of two muons ¢: A@PPM™ = PP — ¢,

The difference between the pseudorapidity angle of

the final state particles and the average pseudor-

apidity of two muons 7: ApP™ = pPat —p,

The angular separations between the final state

particles to the event 5 and ¢: ARP™ =
VP =) + (P — ).

The charge of the final state particles: CP** = +1 for

charged particle and CP*" = 0 for neutral particle.

The particle identification of the final-state particles:

charged hadron, neutral hadron, photon, muon, or

electron.

A schematic diagram comparing the available features
used in the jet-level cut-based analysis versus our particle-
level ML-based analysis is presented in Fig. 8. Compared to
the cut-based analysis, which only utilizes information from
jets, muons, and event-level variables, our ML-based analysis

@iv)

(vi)

(vii)

(viii)

(ix)

055025-10



PARTICLE-LEVEL TRANSFORMERS FOR 95 GEV HIGGS ...

PHYS. REV. D 113, 055025 (2026)

8
ParT (AUC =0.9980) — T ParT
<o
—— MIParT (AUC =0.9984) 7O\ —— MIParT

=] Cut based (6.04
9 6 —————————————————————— (———)—
=
o
o]
=

5

751)) ‘é 4 +

(0.66, 826) é H (0.66, 2.78)
s [ g
5oL (0.75, 2.59)
wn L
<
o]
—=
= L
co b b b b

v e b b b ay

E 10° &
i ParT (sig) [ MIParT (sig) &
i ParT (bkg) =73 MIParT (bkg) =
o 10t & & r
ES g = 10% |
Z i 2 E
< 100 L g f
H oy i
E Fl = 103 b
S h = E
Té 107! o = F
= F s, 2 L
= F i =
g o I S a &0102 E
107~ ¢ =} E
F < r
E [as} L
I R ATI SN AT 1
0.0 02 04 06 08 1.0 0.0 0.2

Response

0
04 06 08 1.0 00 02 04 06 08 1.0
Signal efficiency

Signal efficiency

FIG. 9. The normalized distributions of the classifier response scores for the signal and background events in the testing dataset (left
panel), the background rejection rate as a function of signal efficiency (middle panel), and the signal strength measurement precision

versus signal efficiency (right panel) in the 777z~ channel.

incorporates a wider set of features at the particle level. These
features are difficult to leverage effectively with cut-based
methods but can be fully exploited by models such as ParT
and MIParT, which possess strong information processing
capabilities.

During data preprocessing, the following features were
standardized after applying a logarithmic transformation:

art .
pr, EP Ry, and R gran. To reduce computational cost,
T

the maximum number of particles per event was set to 50.
We constructed a balanced dataset of over 300,000 events
(with 150,000 signal and 150,000 background events) for
training and evaluating the ParT and MIParT models. The
dataset was split into a training set (90% of the data) and a
validation set (10%). Other architectural hyperpara-
meters, such as the embedding dimension, number of
transformer blocks, number of attention heads, and
hidden dimension in the feedforward network, followed
the default configurations used in ParT [36] and MIParT
[37]. The models were trained with a batch size of
256 and an initial learning rate of 0.001. After 20 epochs,
the model achieving the best validation performance
was selected, and its final performance was evaluated
on a separate, held-out test set consisting of 100,000
events.

A. Performance in the z*7~ channel

Figure 9 presents the normalized distributions of the
classifier response scores for signal and background events
in the testing dataset (left panel), the background rejection
rate as a function of signal efficiency (middle panel), and
the signal strength measurement precision versus signal
efficiency (right panel) in the 77z~ channel. The signal
efficiency corresponds to the fraction of true signal events
correctly identified, while the background rejection rate
indicates the fraction of background events successfully

rejected.” The AUC of ParT and MIParT can reach 0.9980
and 0.9984, respectively. Physically, the signal efficiency
represents the fraction of true signals correctly identified,
while the background rejection rate indicates the fraction of
background events successfully rejected.

For the benchmark point, the z77~ channel signal
strength measurement precision reaches 2.78% using
ParT at a signal efficiency of 0.66, which corresponds to
a background rejection rate of 826, as shown in the right
panels of Fig. 9. A marginal improvement is observed with
MIParT, which delivers a precision of 2.59% at a higher
signal efficiency of 0.75 and a higher background rejection
rate of 751, indicating its superior performance in this
scenario. Relative to the 6.04% measurement precision
obtained with the cut-based analysis, the precision is
improved by factors of 2.2 and 2.3 when using ParT and
MIParT, respectively. This improvement is consistent with
the findings of Ref. [120], which demonstrated that a
holistic event-level approach combined with advanced
color singlet identification (ACSI) can enhance the
expected precision by factors of two to six in processes
where the SM-like Higgs boson is produced in association
with neutrino or quark pairs and decays into light-flavor
quarks or gluons.

A detailed comparison between the cut-based and ML-
based analysis for the 7'z~ channel is presented in
Table III. The signal efficiency and background rejection

The signal efficiency is equivalent to the true positive rate
(TPR), &4, = Ntp/ (N1p + Ngn), and the background rejection
corresponds to 1/FPR, where FPR = Ngp/(Ngp + N1n). Here,
Ntp, Ngp, Npn, and Nty denote the number of true positive, false
positive, false negative, and true negative events, respectively. A
background rejection rate of 200 at signal efficiency is 50%
means that for every 200 true background events, approximately
one is misclassified as signal, while half of the true signal events
are correctly identified.
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TABLE III. Comparison of the cut-based and the ML-based TABLE 1V. Comparison of the cut-based and the ML-based
analysis in the 77~ decay channel. analysis in the bb decay channel.

Background Background
Method Signal efficiency rejection rate Precision (%) Method Signal efficiency rejection rate Precision (%)
Cut-based 0.16 2224 6.04 Cut-based 0.69 33.7 1.17
ParT 0.66 826 2.78 ParT 0.71 126.3 0.85
MIParT 0.75 751 2.59 MIParT 0.78 89.9 0.84

rate here are evaluated relative to the events after the basic cut.
The substantial improvement in measurement precision from
the ML-based analysis arises from a markedly higher signal
efficiency, achieved with only a modest compromise in
background rejection rate. It is worth noting that, compared
to the improvements offered by jet-level ML algorithms such
as extreme gradient boosting, gradient boosting decision
trees, and deep neural networks in our previous work [19],
the enhancement from particle-level transformers here is
even more pronounced. This enhancement can be attributed
to the efficient use of particle-level features and the superior
ability of the ParT and MIParT architectures to extract
underlying correlations among them.

B. Performance in the bb channel

The same ML methodology is applied to the bb decay
channel. Figure 10 shows the normalized distributions of
classifier response scores for signal and background events
in the testing dataset (left panel), the background rejection
rate as a function of signal efficiency (middle panel), and
the signal strength measurement precision versus signal
efficiency (right panel) in the b channel. The AUC values
for MIParT and ParT reach 0.9914 and 0.9909, respectively,
with MIParT slightly outperforming ParT.

As shown in the middle and right panels of Fig. 10, the
ParT model in the bb channel achieves a signal strength

measurement precision of 0.85% at a signal efficiency of
0.71, while maintaining a background rejection of 126.3. In
comparison, MIParT achieves a precision of 0.84% at a
slightly higher signal efficiency of 0.78, with a background
rejection rate of 89.9. Although MIParT exhibits a margin-
ally higher AUC, the difference in measurement precision
between the two models is negligible in this case.
Compared to the cut-based analysis, which yields a
precision of 1.17%, the ML-based analysis improves the
measurement precision by a factor of 1.4 in the bb channel.
A detailed comparison of the cut-based and the ML-based
analysis in the bb decay channel is provided in Table V.
The ML-based analysis enhances both the signal efficiency
and background rejection rate, leading to an overall
improvement in measurement precision.

It is worth noting that the improvement achieved by
MIParT over ParT is more pronounced in the 77z~ channel
than in the bb channel. This observation can be understood
from the underlying event topology. The 7z~ final state
involves missing transverse energy and multiple decay
modes, resulting in more diverse kinematic and substruc-
ture patterns. The additional interaction layers in MIParT
enable the network to capture these complex interparticle
correlations more effectively. In contrast, the bb final state
carries relatively complete and less ambiguous information;
hence, the performance gain from enhanced interaction
modeling in MIParT is naturally smaller.
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FIG. 10. The normalized distributions of the classifier response scores for the signal and background events in the testing dataset (left
panel), the background rejection rate as a function of signal efficiency (middle panel), and the signal strength measurement precision

versus signal efficiency (right panel) in the bb channel.
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C. Comparative discussion

To assess the coverage of the N2HDM-F parameter
space at the 240 GeV CEPC by the cut-based and the ML-
based analysis, Fig. 11 shows the surviving samples in the
tan f# versus a; plane. The color scale indicates the signal
strength measurement precision in the 77z~ channel with-
out ML (upper left), with MIParT (upper right), in the bb
channel without ML (lower left), and with MIParT (lower
right), assuming an integrated luminosity of L = 20ab~! at
the CEPC. Gray points represent samples that cannot be
covered at the 50 signal significance level in the corre-
sponding scenario. The signal significance is computed
using the Poisson formula [121],

Z =/2[(S+ B)In(1 +S/B) -S|, (20)

where S and B denote the expected numbers of signal and
background events, respectively.
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tan 8
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The following conclusions can be drawn from the Fig. 11:

®

(i)
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As shown in the upper two panels, for a given aj,
samples with larger tanf are more challenging to
detect than those with smaller tan . Meanwhile,
samples with |a| close to z/2, which corresponds to
|sina;| near 1, can be measured with higher
precision. This observation is consistent with
Eq. (5), which indicates that the coupling of S to
7 is proportional to sin a; and inversely proportional
to sin . The surviving samples with the maximum
signal strength in the z*7~ channel can be detected
with 2.2% precision without ML, and with 1.0%
precision when using MIParT.

From the lower two panels, one can see that almost
all the surviving samples can be covered at the So
level in the bb decay channel except the surviving
samples with cos(ff — a;) =~ 0, as it is the dominant
decay channel for most parameter space. In addition,
the use of MIParT can further improve the signal
strength measurement precision; the maximum can
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FIG. 11. The surviving samples in the tan  versus a; plane. The color represents the signal strength measurement precision in the
77~ channel without ML (upper left), with MIParT (upper right), in the bb channel without ML (lower left), and with MIParT (lower
right), based on an integrated luminosity of L = 20ab~! at CEPC. Gray points indicate samples that cannot be covered at the 5o signal
significance level under the corresponding scenario.
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FIG. 12. The cross section (left panel) and the signal strength measurement precision (right panel) as a function of the model parameter
a; in the 777~ decay channel (red lines) and the bb decay channel (blue lines) for the benchmark points with cosa, = v/2/2

and tanf} = 2.

be improved from 0.93% without ML to 0.69% with
MIParT.

As we expect, the samples with small tan f# and ||
close to 7/2 are hardly be detected in bb channel,
but can be detected in 7'z~ channel at high
measurement precision.

For a detailed discussion on the improvement in CEPC
coverage capacity provided by the ML-based analysis over
the cut-based analysis, Fig. 12 shows the cross section (left
panel) and the signal strength measurement precision (right
panel) as a function of the model parameter @, in the 77~
decay channel (red lines) and the bb decay channel (blue
lines) for the benchmark points with cosa, = v/2/2 and
tan = 2. Without ML, only samples in the range 0.2 <
a; < 1.4 can be measured with 1% precision in the bb
decay channel, while no samples satisfy the 1% precision
requirement in the 77z~ channel. After applying MIParT,
samples with @; < —1.4 or @; > 1.3 can be measured at 1%
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precision in the 777~ decay channel. Only those in the
region —1 < a; < 0 remain undetectable at this precision
level in both the bb and 77~ channels. In terms of 5¢
discovery potential at the 240 GeV CEPC with an inte-
grated luminosity of L =20 ab™', signal regions are
considered covered for the cross section exceeds
0.018 fb in the 7*z~ channel or 0.051 fb in the bb channel.
The only parameter region inaccessible at this significance
is —0.55 < a; < —0.37.

The CEPC signal strength measurement precisions of 5%,
2%, and 1% for the 77z~ and bb channels are presented in
Fig. 13 on the Br(S — 7777) versus Cg,, plane (left panel)
and the Br(S — bb) versus Cgy, plane (right panel),
respectively. The shadow area can be covered at the 5o
level, and the regions above the contours correspond to
parameter spaces accessible at the corresponding precision.
The signal strength in the 7+ 7~ or bb decay channel from the
Higgsstrahlung process is defined as

S — bb with MIParT

1.0 .
L »1\1 — 2%
B \ — 1%
0.8 R
:Brs‘\,[(h% v bb) ‘\%
o \
02 ~~
r ugs =0.005
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FIG. 13. The CEPC sensitivity in the 7"z~ and bb channels on the Br(S — z*77) versus Cs,, plane (left panel) and Br(S — bb)
versus Cygz, plane (right panel). The shadow area can be covered at the 5o level and the range upper the lines can be detected at the

corresponding precision.
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S Br(S—>r+r_(bl_9))_ '
webb) 522 7 Brow(hes — v (bb))

(21)

Based on this definition, the 5¢ discovery thresholds are
uZ8 > 0.016 and pZ5 > 0.005 for the 777~ and bb channels,
respectively. Furthermore, the minimum signal strengths
required to achieve specific measurement precisions are
outlined below:

(i) For a 5%, 2%, or 1% precision in the 777~ channel,

uZS should exceed 0.082, 0.29, or 0.93, respectively.

(ii) Correspondingly, in the bb channel, uZ should be

greater than 0.022, 0.061, or 0.14.

Throughout this work, we report purely statistical
uncertainties on the signal strength. A realistic CEPC
analysis will, however, also be subject to experimental
and theoretical systematic uncertainties. Primary sources of
systematic error include jet reconstruction, jet energy scale
and resolution, as well as theoretical uncertainties in the
predictions for cross sections and spectral shapes. Based on
studies from the CEPC Technical Design Report [122], the
total systematic uncertainty is estimated to be on the order
of 2%. A shift from statistical to systematic uncertainty
dominance is expected to occur with our ML method,
especially in the 77~ channel.

In the process of ete™ — ZS, as long as the mass of S is
fixed, the observables are almost entirely determined by its
mass. The coupling constants primarily affect the cross
sections and branching ratios, whereas they do not signifi-
cantly alter the event shapes. Consequently, their impact on
the simulation results is relatively limited. These results
then are also applicable to other multi-Higgs models
featuring a light Higgs boson with a mass around 95.5 GeV.

The signal channel with the Z boson decaying to electrons
has also been investigated using the same MC simulation.
Due to the comparable tracking and calorimetric perfor-
mance for electrons and muons in the CEPC baseline
detector, the resulting sensitivity is similar. When the electron
and muon channels of the Z boson are combined, the
measurement precision can be further improved. A detailed
discussion of the electron channel is omitted here for brevity,
but it does not change our main conclusions. The hadronic
Z — qq decays, which have a much larger branching ratio,
are in principle also promising, but require a dedicated
analysis with more challenging QCD backgrounds and jet
reconstruction. We therefore leave the exploration of had-
ronic recoil channels for future work.

V. CONCLUSIONS

In this work, we have explored the prospects for detecting
a light Higgs boson with a mass of 95 GeV at future e™ e~
Higgs factories. We take the CEPC as a benchmark, with a
center-of-mass energy of /s = 240 GeV and an integrated
luminosity of L = 20 ab~!. The analysis leverages the ParT
architecture and its more-interactive variant, MIParT, which

are specifically designed to process particle-level observ-
ables and extract their complex correlations. This advanced
capability translates directly into superior measurement
precision: on the same MC samples, our ML-based analysis
outperforms the cut-based analysis, improving the expected
statistical precision by factors of 2.3 and 1.4 in the 7+ 7~ and
bb channels, respectively. A shift from statistical to system-
atic uncertainty dominance is expected to occur with our ML
method, especially in the 77~ channel. Consequently, the
region of the N2HDM-F parameter space accessible to high-
precision measurement (1%) at the CEPC is significantly
expanded. This improvement originates from the efficient
exploitation of final-state particle information and the supe-
rior capability of transformer architectures to capture global
event features and interparticle dependencies.
Most of the parameter space in the N2HDM-F can be
probed at the 50 significance level when the 77z~
and bb channels are combined, except in regions near
cos(ff — a;) =~ 0, where the coupling of the 95 GeV scalar
S to the Z boson is highly suppressed, leading to small
production rates. For the surviving points with the largest
signal strength, a measurement precision of 2.2% (0.93%)
can be achieved in the 77z~ (bb) channel using a cut-based
analysis, which improves to 1.0% (0.69%) when the MIParT
architecture is employed.
To present the results in a model-independent way, we
express the sensitivities of the 20 ab~' CEPC in terms of
the signal strength % and u?y. The ML-based analysis
yields the following sensitivity reaches:
(i) 7~ channel: A 5¢ discovery can be achieved for
uZ8 > 1.6 x 1072, while a 1% precision measure-
ment is attainable for uZ5 > 0.93.

(ii) bb channel: A 5S¢ discovery can be achieved for
U8 > 5.0 x 1073, and a 1% precision measurement
for uZ3 > 0.14.

These results demonstrate that particle-level transformer
networks can significantly enhance the sensitivity to light
Higgs states, thereby improving the measurement precision
at future lepton colliders. Although this study is performed
using the CEPC baseline detector and luminosity assump-
tions, the conclusions are broadly applicable to other future
et e Higgs factories such as FCC-ee [22,23] and ILC [24—
26]. Since the ParT/MIParT classifiers rely mainly on
kinematic features that depend on the collider energy
and on myg, rather than on machine-specific details, we
expect the relative improvements over cut-based analysis
demonstrated here to hold quite generally for other e e~
Higgs factories. Our work offers a compelling blueprint for
applying ML-based analysis to advance the precision Higgs
physics program and explore BSM Higgs sectors.
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APPENDIX: DETAILS OF THE ParT AND MIParT
IMPLEMENTATIONS

We briefly summarize the main hyperparameters and setup
for our ParT and MIParT implementations. Both architec-
tures follow the original designs presented in Ref. [36] (ParT)
and [37] (MIParT), with the following specific choices:

(1) Embedding dimension d 4. : 128 for ParT, 64 for
MIParT.

(ii) Transformer blocks: ParT uses eight particle- and
two class-attention layers; MIParT uses five MI-
particle, five particle, and two class-attention layers.

(iii) Attention heads: Ny..qs = 8 for all attention layers.

(iv) Feed-forward hidden dimension dg: 512 for ParT,
256 for MIParT.

(v) Dropout rate: 0.1.

(vi) Optimiser: RAdam with an initial learning rate
of 1 x1073.

(vil) Loss function: Cross entropy with equal class
weighting to mitigate class imbalance.
(viii) Batch size: 126.

(ix) Training epochs: 20.

The dataset was randomly split into 90% for training and
10% for validation. An independent sample of 100k events
was held out for testing. No signs of overfitting were
observed; the performance on the test set was consistent
with that on the validation set.

Further architectural details, along with the complete
training code, can be found in the original references and
the associated GitHub home page: weaver [123], ParT
[124], and MIParT [125].
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