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SM shortcomings:

@ SM gauge group: SU(3)¢ x SU(2), x U(1)y

. . . @ Baryon asymmetry
@ Gauge invariance requires massless gauge

bosons, but W* and Z are massive @ Neutrino
@ Higgs mechanism: EWSB breaks oscillations
SU2)t x U(1)y = U(1)em @ Dark matter
+ .
@ One complex doublet ¢ = (?50) with 4 DOF ® Hierarchy problem
=+ .
— 3 Goldstone bosons (W=, Z;) + 1 physical — Motivates
scalar (H) BSM models with
@ Couplings guvv o< m2,/v, gus < me/v, extended Higgs
AHpHH = 3m3, /v sectors

@ v = 246.22GeV and my = 125.09 GeV
measured, Higgs sector is fully determined, no
additional free parameters — minimal sector
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2HDMS

e Two SU(2); doublets @1, ®, with a complex singlet S:

& 5 1 |
o= (\2(w +p1+ im)) y 2= (\1@(V2 + p2 + im)) o= E(Vs+ps+ms)

e tan S = v/ vy, vs: singlet vacuum expectation value

@ Symmetries:
o Zy: &1 = dy, &y - —Py, S— S (suppresses FCNCs)
) Z3Z cbl — d)l, CD2 — e27'”./3cb2, 5 N e—27‘ri/35

o Physical Higgs states:
h1, ho, h3 (CP-even); a; = ags, a» (CP-odd);  HT (charged)

o Type Il Yukawa structure: up-type quarks couple to ®,, down-type
quarks and leptons to ®; (as in the MSSM)
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2HDMS — Mixing Structure

e CP-even mixing (a1, a2, a3):

hy 1 cac 510 S
H H

| =2Z"p|, Z"=[—-(cs2s3 + s1c3) C1C3 — 515253 €83

hs ps —(asc —sis3) —(as3+ sisa) @

where ¢; = cos «;, s; = sinq;

e CP-odd mixing (aa):

ai _ 7A n 7A _ cosog  Sinag
ao ns )’ —sinayg cosay

ay controls the doublet—singlet composition of ags

o Alignment limit:

a3 =(f—a1 —m/2+¢€)-sign(az) =0 h1 ~ hsym
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Couplings in the 2HDMS

Coupling modifiers defined as ratio to SM: nﬁ’é’ = ;"’QHDMS/g;"’SM

e Gauge boson couplings (CP-even only):

Kl = ZH cos -+ Z} sin 3, i (ry)? =1

e Yukawa couplings (Type Il):

H H A
hi Zi hi _ 2. a_ 41 aj _ 7A
u sin 37 kg = cos 3!’ Ky = tan 3’ Kg = Zi1 tanﬁ

@ Trilinear Higgs couplings:

Ahihyh An
_ Mhihihy __ hjagsags
Khhh = ASM Khaa = ASM
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95 GeV Diphoton “Excess”

@ Indications of excess in H — ~~

at ~95 GeV: CMS Preliminary 132.2 o' (13 TeV)
= T L L L L L L LA WL L L L LI
Py THS Y i B
- E Observed 4
CMS __ +0.19 >~ 09F E
/”L"Y’)’ - 0’33—012 (N 2'90) T 0 95 .Expecledt 1o é
ATLAS _ +0.10 T o8 oo
IJ"Y’Y = 0.18_010 (N 170’) o E Expected + 26 E
X |
3 E
@ Combined signal strength: 3 3
combined __ 40.09 = E
JTs =0.24"50 (~3.10) ? E
z
. T . . m
@ LEP: mild bb excess at similar mass X
H H _ © 75 80 85 90 95 100 105 110
(not included since gzza,, = 0) m, (GeV)
@ Interpretation: a; = ags as CP-odd CMS diphoton mass distribution
pseudoscalar in the 2HDMS arXiv:2405.18149
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Theoretical: Experimental:

o Perturbative unitarity: o HiggsSignals: h; properties
scattering amplitudes remain compatible with 125 GeV
perturbative measurements

@ Boundedness from below: e HiggsBounds: BSM Higgs
potential is bounded for large bosons not excluded by direct
field values searches at 95% CL

e Vacuum stability (EVADE): @ 95 GeV excess: ags reproduces
EW vacuum is the global observed diphoton signal
minimum @ STU: EW precision data

satisfied
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ete™ Colliders

Circular (e.g. FCC-ee): Advantages over pp:
@ High luminosity from @ Clean initial state: /s,
continuous circulation polarization known
@ Energy limited by @ No QCD background/pile-up/
synchrotron radiation PDF uncertainties
Linear (e.g. ILC, CLIC, LCF): o Higgs-Strahlung ee™ — HZ:
Higgs analysis independent of

e Higher /s accessible decay mode

@ Beam polarization:

P 80% P 4 30% @ Polarized beams enhance/suppress
e — — 0, Fet = ()

specific helicities

ILC: /s up to 1 TeV with beam polarization,
ideal for trilinear coupling measurements
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Higgs Production at ete™ Colliders

@ Measurement of Appp requires
di-Higgs production

Hv.v,

@ ZHH: accessible at moderate
/s, but 1/s fall-off

e vvHH (WW-fusion): log.
growth, dominant above 1 TeV

10% |

o(e’e” — HX) [fb]

o Circular colliders limited to ]
~365 GeV — insufficient for
WW-fusion di-Higgs 10

@ Linear colliders at 1 TeV provide
access to v channels 102t

‘ ‘
1000 2000 3000
Vs [GeV]

Cross-sections for various ete™ — HX
processes as a function of /s

arXiv:1910.11775
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Analysis Workflow

Parameter Scan

. SPheno i
Physical Parameters | Ai 14 vs . Cutes theloretlcal
Basis change, and experimental
mh,-7ma,'7ai7tan/8 8 e
Spectrum generation constraints

No Yes .
Excluded Allowed? Store points

| |

Results: o(v/s)
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Parameter Scan

Scanned parameters:
e tanf €[0.5, 1.5], a4 €[1.7, 37/4]
e ag €[0, /2], a2 €0, /4]
® My, My, May, My+ € [200, 1500] GeV, vs € [10, 1500] GeV
@ Alignment parameter ¢ € [0, 0.12]

Fixed parameters:
e mp, =125.09GeV, m, = 95.4GeV
@ my+ = my, (to satisfy STU constraints)
e 4 = 1000

Derived parameters:

@ From alignment:
a3 =(f—a1 — /24 ¢€) - sign(az)
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Analyzed Processes

Type Process

~ . + - \/g = 550 GeV
Z-associated eTe” — Zhim and 1TeV

Jr —
ete” — Zagsa
95995 @ Compare h; and ags processes

v-associated ete” — velehihy

ILC polarization
(P.-, Pet) = (—80%, +30%)

4 _ Subprocess decomposition via
top-Yukawa ~ eTe” — tth; custom diagram filter

ete™ — Veledgsags

ete™ — ttags
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Results — Z-Associated Cross-sections

ete” — Zhi hy (550 GeV) ete” — Zagsags (550 GeV)

Osule e~ ~ZHH) =2.51x 10" fb V5 =550GeV Osule* e~ —ZHH)=2.51x 10" fb Vs =550GeV 10!
1.0 1.0
3x107!
0.9 0.9 . 10°
. . =
= sm &
08 Mo 08 10§
5 T & N
£ | 2 T
07 e 07 1022
o
5 L
5
2x107!
06 06 1073
0.5 05 10-¢
17 18 19 20 21 22 23 17 18 19 20 21 22 23
a a

@ ~ 0.2-0.3fb @ 550 GeV @ O(107*)-0(10) fb @ 550 GeV

@ near SM value 0.25fb @ Zagsags exceeds SM ZHH
towards higher ais and tan 8
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Results — Z-Associated Cross-sections

ete™ — Zhih (1 TeV)

gsule*e”—»ZHH) =178 x 107} fb Vs =1000GeV
1.0 2x107"
1.9x107!
0.9
. 1§x107
17x107
0.8
16x1070
0.7
1.5x107*
-1
0.6 1.4%10
1.3x107!
0.5
17 18 19 2.0 21 22 23

ag

@ ~0.13-0.2fb @ 1 TeV
@ near SM value 0.18fb

@ 1/s suppression at higher energies
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olete™-Zhyh;) [fb]

ete™ — Zagsags (1 TeV)

Osu(e*e”—=ZHH) =178 x 10"} fb Vs =1000GeV
1.0
10°
0.9
¢ -
£
Mo
0.8 L ©
@ 10 %
5 §
2 b
'
i
0.7 3
L
102%
0.6
1073
0.5
17 18 19 20 21 22 23

ag

@ O(107%)-0(1)fb @ 1 TeV

@ 1/s suppression at higher energies
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Results — Neutrino-Associated Cross-sections

ete™ — Z/Z7hlh1 (550 GeV) ete™ — VvDagsaos (550 GEV)

-2
Osule* e =viHH) = 2.82 x 102 fb V5 =550GeV. 38x10 osule e ~viHH) =2.82 x 102fo V5 =550Gev
1.0 10 10!
36x1072
3.4x102
0.9 0.9 10°
‘ 32x10723 )
0.8 3x102 £ 0.8 101 %,
@ £ @ 3
e H c i
= Mx102T 2 M7
.
0.7 Py 07 109
v
26x107% 2
s 5
o 2.4x1072 06 1073
05 22x1072 05 104
17 18 19 20 21 22 23 17 18 19 20 21 22 23

as

@ ~ 0.022-0.038fb @ 550 GeV @ up to O(10) fb @ 550 GeV
@ near SM value 0.028 fb
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Results — Neutrino-Associated Cross-sections

ete™ — vihih (1 TeV) ete™ — viagsags (1 TeV)
Osule e~ ~viHH) = 1.81 x 10~ fb VS = 1000 GeV Osule e~ -viHH) = 1.81x 107} fb VS =1000GeV 102
1.0 1.0
09 3x107 09 10t
2 £ 2 108
s i s H
0.7 2 0.7 - Eu
2x107 ¢ 102
0.6 M 0.6
1072
0.5 0.5
1.7 1.8 1.9 2.0 21 2.2 23 17 18 19 2.0 21 2.2 23
as ag
@ ~0.2-0.3fb @ 1 TeV @ up to O(10%)fb @ 1 TeV
@ Order-of-magnitude increase at @ Largest cross-sections of all
1TeV from WW-fusion growth channels, benefits from both

WW-fusion topology and enhanced
trilinear hyagsags coupling
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Results — Top-Associated Cross-sections

ete™ — tth; (550 GeV)

Osule *e~ tiH) = 1.87fb VS =550GeV 2.00
1.0
1.95
0.9
1.90
g
M=
08 185 £
T
'
)
1.80 «
0.7 o
°
175
0.6
170
0.5
17 18 19 2.0 21 22 23

@ ~1.7-2.0fb @ 550 GeV

@ closely distributed around
SM value 1.87fb
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ete™ — ttags (550 GeV)

sM

Osule e tiH) = 1.87fb Vs =550GeV
1.0
0.9
6x1072
0.8
4x1072
0.7
3x1072
0.6
0.5 2x1072
17 18 19 2.0 21 22 23

@ ~ 0.02-0.06 fb @ 550 GeV

@ slightly suppressed coupling
Rttags ™~ 0.35-0.65

Feb. 19, 2026
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Results — Top-Associated Cross-sections

ete™ — tthy (1 TeV) ete™ — ttags (1 TeV)
osule* e~ ~tH) =339 VS =1000Gev 37 oole et = 3,391 V5 =1000Gev "
1.0 1.0
36 4x107!
0.9 0.9
35 é‘ 3x107! E
0.8 E 08 :;
@ 3 @ £
2 o £ 2x107
0.7 33 %, 0.7 Z'é
06 3.2
X 0.6 g
31 .g.:' 3 107t
0.5 05 ’<~"',
1.7 18 1.9 2.0 2.1 2.2 23 17 18 19 2.0 2.1 22 23
ay as
@ ~3.1-3.7fb @ 1 TeV @ ~0.1-04fb @ 1 TeV
@ SM value 3.4fb @ far below SM reference value
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Cross-section Summary

102 =
V5 =550GeV
Vs =1TeV
10! --- SM reference
10°
g 107t
s}
1072
1073
1074
A\ ol A cd M ey
A o & 'Q'b“‘;b © &
N
Channel

@ Most promising channels: vDagsags and Zagsaos (cross-sections can exceed SM
di-Higgs by orders of magnitude!)
@ ags pair production is possible but not guaranteed, dependent on a4 and tan 3
@ hy-like channels (Zhihy, vDhihy, tthi) remain near SM predictions,
insufficient to distinguish 2HDMS from SM
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Results —

10°

10!

o(e*te™-X) [fb]

1073

1073

300 500 1000 2000 3000
Vs [GeV]

@ Higgs-Strahlung: early threshold, 1/s fall-off
@ WW-fusion: logarithmic growth with /s
@ vDagsags surpasses Zagsags at ~500 GeV, exceeds 10 fb above 1 TeV
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Results — Trilinear Couplings

Khyhhy N the (aa, tan 3) plane Khyassags 1N the (au, tan B) plane
3
10 10 o
10
2
0.9 0.9
R .
1
0.8 . 0.8
0.7 0.7
& - -
0.6 0.6
-2
-10
0.5 0.5
17 18 19 2.0 21 22 23 17 18 19 2.0 21 22 23
s L
@ Kmmm € [—2.96, +3.04] Q@ Khagsars € [—13.22, +12.98]

@ stronger couplings towards
higher a4 and tan 3

Note: kp,, normalized to )\E,ﬂ/,[ effective vertex strength differs by

factor 3 because of symmetry factors for identical particles (3! = 6, 2! = 2).
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Results — Kp,hyhy VS. Khyagsacs

Colored by o(Zhyhy) Colored by o(Zagsags)
—————— sM e SM 100
10 LN 3x 101 10
3 o 10°
N
5 ¥ 5
g 10*‘?
£ o B g o H
-5 R -
b
e 2x107
J .
“10 -10
107
-15 -1.0 -05 0.0 0.5 1.0 15 2.0 -3 -2 -1 ] 1 2 3
Knhh Khhh
@ larger |Kp pn | — higher o(Zhih1) @ larger |k agsags| — higher o(Zagsags)

@ gap at |knmn| < 1 from alignment
and experimental constraints
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Results — Top-Yukawa Couplings

Ktth, in the (ag, tan ) plane Kttags IN the (aa, tan j3) plane
1.0 1.04 1.0
. 0.65
0.9 1.02 0.9 0.60
.
St . 055
0.8 ;' 0.8
Q K 1.00 - @ ]
5 < g 050 &
0.7 0.7 0.45
0.98
0.40
0.6 0.6
0.96 0.35
0.5 0.5
17 18 19 2.0 21 2.2 23 17 18 19 2.0 21 2.2 23
s L8
o Ktthy S [0967 104] o Rttags S [0357 065]
@ alignment forces near-SM values @ slightly suppressed
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Results — Ktthy VS. Kttags

Colored by o(tth;) Colored by o(ttags)

0.70 3 2x10° 0.70
0.65 . - - 1.95x 10 0.65
0.60 19x10° 0.60 ox10-2
055 ale 055
: 1.85x 10° §
5050 = £ 0.0
= 18x10° § =
0.45 0.45
0.40 1.75 x 10° 0.40 R 3x1072
0351 o 1.7x10° 0.35 :
0.30 0.30 2x107?
0.96 0.98 1.00 1.02 1.04 0.96 0.98 1.00 1.02 1.04
Ktth, Keth,
@ larger |Kun, | correlates with @ larger |Kitags | correlates with
higher o(tth:) higher o(ttaos)
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@ 2HDMS Type Il can accommodate the 95 GeV diphoton excess as a CP-odd
pseudoscalar ags while satisfying all theoretical and experimental constraints

@ Cross-sections computed for Z-associated, neutrino-associated and
top-Yukawa channels at /s = 550 GeV and 1 TeV with ILC beam
polarizations

@ viragsags yields the largest cross-sections (O(101-102)fb), driven by
WW-fusion and enhanced trilinear h;agsags coupling

@ Subprocess h; — agsags dominates in both Zagsags and vivagsags

@ ags pair production is viable across a significant portion of the allowed
parameter space, but depends strongly on a4 and tan

@ Kup, ~ 1 (alignment), ks, suppressed
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@ Overall analysis of a95 production at e+e- colliders,
study accessibility of ags

o lIdentify regions of 2HDMS parameter space where ags pair
production could be observed at eTe™ colliders; how to probe
inaccessible regions?

CP-even interpretation of 95 GeV excess (hgs) for comparison
Include higher-order corrections (currently NLO with MadGraph5)
LHC Run 3 data: updated constraints on 95 GeV signal strength

Broader parameter scan ranges and additional production channels
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Thank you for listening!
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Backup: 2HDMS Potential

Varipms = mi; @101 + mydldy — miy (0301 + hc.) + 3 (P01)7 + 3 (9h2)°
+ A3(PID1)(DLDy) + Mg (DI dy) (Dby) + m2STS
+ N (STS) (@] 1) + N5 (STS)(@hda) + 23 (STS)?
+ 51(S3 4 ST 4 gn (ST, + STol o)
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Backup: Constraints — Detailed

Theoretical constraints:

@ Perturbative unitarity: lower bounds on couplings:  |\;| < 87
@ Boundedness from below (BFB): potential V — +oo for |®;],|S| = oo

@ Vacuum stability (EVADE): electroweak vacuum is the global minimum and
must preserve electric charge and CP-symmetry

@ STU parameters: x27, < 5.99 (95% CL); my+ ~ mp,

Experimental constraints:

@ HiggsSignals: compatibility with 125 GeV measurements:
IX* = x| < 5.99

@ HiggsBounds: parameter point not excluded by direct searches at 95% CL

@ 95GeV diphoton excess: Y3 < 1

Checking order: Unitarity — BFB — STU — Vacuum stability
— HB — HS — 95 GeV excess
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Backup: Why /s = 550 GeV?

The direct measurement in ete~ — t£H production requires a center-of-mass energy of at least
500 GeV. The cross section rises sharply around that energy; raising the center-of-mass energy to
550 GeV enhances the production rate by a factor or approximately four and the measurement of
the ¢tH coupling by a factor two. Several groups have performed detailed full-simulation studies at
center-of-mass energies ranging from 500 GeV to 1.4 TeV [526, 527, 525]. With 4 ab™! at 550 GeV,
a precision of 2.8% is expected on the top Yukawa coupling, which could improve to 1% with 8 ab™!
at 1 TeV. Measurements at multiple center-of-mass energies and with different beam polarizations
can further characterize the t£H coupling [528].

ILC Report to Snowmass 2021

arXiv:2203.07622

e ete™ — ttH requires \/s > 2m; + my ~ 470 GeV

@ Cross-section rises sharply:
e 500 — 550 GeV: production rate increases by factor ~4
e ttH coupling measurement improves by factor ~2

@ 550 GeV also provides a sufficient phase space for vivagsags (onset of
WW-fusion)
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Backup: Benchmark Point

Masses (GeV):

mp, =125.09 m, =95.4 Cross-sections (fb):

my, = 835.6  m, = 1082.8

mp, = 1010.6  my: = 1010.6 Process  550GeV 1TeV

.. Zhih 0.26 0.17

Mixing angles and 7305305 1.11 048
other parameters: V7 agsdgs 1.68 752

tan 8 = 0.82 a; =041

ar =1.39 az = —1.27

oy =1.97 vs = 392.4 GeV

1 = 1000 GeV
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Backup: Subprocesses (Zh1h;)

et M

L,

h M e h M
Intermediate ags — Zhy: negl. Double HS: 26.2% (SM: 13.9%)

et z z

z

o h

_ hy \\\<//’/

e h

Quartic ZZhyhy: 30.5% (SM: 33.1%)

hy

hy — hyhy: 12.9% (SM: 9.6%)
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Backup: Subprocesses

ags dgs
ags ags
h; — dgsdos . 103.4% hy — dgsdos - 0.2%
z o
+ Jlﬁ
e by
V4 ,’, \395
.
e~ 495

Quartic ZZagsags: 0.2%
h; — Zags: negl.

Interference: —3.9% = h; — agsags overwhelmingly dominant
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Backup: Subprocesses (vagsags)

et

e

. . 0
WW-fusion, h; — agsags: 101.9% Z-med. h; — agsags: 4.5%

et

€ ags

Quartic W+ W~ 295305 0.2% Quartic ZZagsaos: negl.

Interference: —6.6% = WW-fusion h; — agsags overwhelmingly dominant
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Backup: Trilinear Couplings (Benchmark Point)

Khymn (Only vary ag and tan )

-

independent of au

@ stronger coupling towards
lower tan 3

.0

=

o
w

Knnn (fixed parameters)

2

Khyagsass (ONly vary cu and tan )

o ~ N
o o o
Khaa (fixed parameters)

o
°

o
o

@ depends on a4 through
Z” mixing
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Backup: Top-Yukawa Couplings (Benchmark Point)

Keh, (only vary ag and tan ()

@ stronger for lower tan 8

Ayla Tutus

Kun, (fixed parameters)
tang

0.9

CP-odd Higgs at 95 GeV in the 2HDMS at future et e~ colliders

@ stronger for lower tan 8
and higher a4

Feb. 19, 2026

Kttags (ONly vary ag and tan j3)

14

o
®

Kttays (fixed parameters)




Backup: Kp ik, VS. Khyagsaos

Colored by tan g Colored by ay

,,,,,, sm 1.0 Y 10
10 10
0.9 ‘ 0.9
5 5 —
e 0.8 Y i 08
s 0 e @ = 0 » . . o % - @
2 c 2 - c
5 5 . D g
< o 8 < . . o .
2 . 25
3 0.7 2 0.7
s o -5 o
S ¥
0.6 06
-10 -10
-3 -2 -1 0 2 3 -3 -2 -1 [ 1 2 3
Khhh Khhh

Larger |Khyagsa0| COrrelated with higher o and tan 8
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Backup: Kith, VS. Kttas

Colored by tan 8 Colored by ay

0.70 1.0 0.70 23
0.65 0.65
22
0.9
0.60 0.60
0.55 0.55 21
0.8
§ 050 ’ e £ 050 3
F e . 8 & . 20°
0.45 07 045
. 19
0.40 . 0.40
- . 0.6 -
035] 0351 .
18
0.30 0.30
0.96 0.98 1.00 1.02 104 0.96 098 1.00 102 104
Kith, Kethy

@ No strong correlation between K¢, and Kitags

@ Stronger Kita for higher tan 5 and higher oy
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Backup: k., Coupling scaling

CP-odd top-Yukawa coupling (Type II):

Kttags, = — COt 3 COS tg

Contributing factors:

@ cotf from up-type Yukawa structure in Type Il 2HDMS

@ cosay = Z{j from CP-odd mixing matrix
Scan ranges:

tan 3 € [0.5, 1.5] = cotf € [0.67, 2.0]
ag € [1.7,37/4] = |cosaq| € [0.13, 0.71]
= ‘Httag5|max ~ 1.41, |"€tta95|min ~ 0.09

But observed range: k¢, € [0.35, 0.65]  (below 1, suppressed)

@ Experimental constraints (HiggsSignals, 95 GeV excess) seem to exclude
regions where cot 8 and | cos as| are simultaneously large

@ The suppression is a consequence of the allowed parameter
space, not physical

Ayla Tutus CP-odd Higgs at 95 GeV in the 2HDMS at future et e~ colliders Feb. 19, 2026 40/42



Backup: Correlation Matrices — Trilinear Couplings
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Pearson correlation: r =
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Backup: Correlation Matrices — Top-Yukawa Coupling
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