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. Introduction: Why study the trilinear Higgs coupling &,
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9., IN BSM models with extended scalar sectors

. Linear Collider at 500 or 550 GeV: guaranteed measurements

s Beyond 500 GeV: guaranteed =~  measur ement
. Sensitivity to new particles at 500 GeV and beyond

. Could BSM Physics Rg? found first i1 n @&



Why Higgs self-coupling?

AHiggs potential:
ADynamics of EW symmetry Breaking
AAspect of EW Phase Transition

H VEV 246 GeV
HH mass 125 GeV

HHH trilinear coupling ?7?? 777
HHHH quartic coupling 27?7
Aé 1 ooy

Crucial for knowing the shape of the potential NE—TYeEY

To To Do I




Aparté: Form of the Higgs potential T a more complete picture

Beyond-the-Standard- A V(P)

Model theory, here with 2
scalar states (as an example)

Y Multiple field directions
Y Multiple trilinlear scalar <co

EW vacuum

Deeper minimum
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Trilinear Higgs self-coupling, Anmn: LHC

Sensitivity to Annn from Higgs pair production:
Double-Higgs production - A enters at LO — most direct probe of A,

g

Y

“H

Using only information from di-Higgs production and assuming that

new physics only affects Annn :

[ATLAS Collaboration '24]
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differential cross section
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[ATL-PHYS-PUB-2022-053]
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oy IN models with extended
scalar sectors



The Two-Higgs-Doublet Model

a

a

CP-conserving 2HDM, with softly-broken Z, s y mme t ,i¥ ¥i,, (,¥i -0.) to avoid tree-level
FCNCs

VA s = m3|® |2 4 m3| @2 — m2(®5 b, + I dy)
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Mass eigenstates:
h, H: CP-even Higgs bosons ( h Y -GE\2 S\M-like state); A: CP-odd Higgs boson;
H*: charged Higgs boson

BSM parameters: 3 BSM masses m,,, m,, m,,,, BSM mass scale M (defined by M?[ 2 /s, ),

angles U (CP-even Higgs mixing angle) and b (defined byt a n Bvwg)v
m2 = M? + \ev?, ®c{H, A H}

BSM-scalar masses take form

We take the alignment limitU  =-"B ¢ al | Hi ggs c dkeptltreetheges ar
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Mass splitting effects (non-d ecoupl i ng ef fects
. 1L BSM contrihinPHDMNS t o @&

[SK, Kiyoura, Okada, Senaha, Yuan 002, 0604]
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« Mass splitting effects, now found in various models
(2HDM, inert doublet model, singlet extensions, etc.)



Mass splitting effects (non-d ecoupl I ng effects

1L BSM contrifhimeHDMNns t o @& . Large effects confirmed at2L in[ Br aat hen, SK
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Probing New Physics with the trilinear Higgs coupling

ULarge effects from New,Ph
due to radiative corrections from extra scalars,
e.g. at leading order

h h
Higgs boson Lemm ’,' RN "l
N 1 [— 4
%?",<\\\ \\\?‘ ’I \‘\\
New scalar(s) “h K h
1 2(M? — m?
m?{) = M? + §ghh<1><1>v2 <  Yhhed = ( 02 o)
U Comparing latest exp. bounds
Ahhh
—1.2 < k) = 0) \s < 7.2
M
(A7 7 )°M [ATLAS 2024
wi th precise t hegnprgvidgsaedi

powerful new tool to constrain BSM models
[Bahl, Braathen, Weiglein Phys.Rev.Lett. 022]

2HDM type I,a=
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Anhh: Very large deviations from the SM value possible!

EFT perspective: [M. McCullough, ICHEP 2024]

Self-Coupling Dominance

No obstruction to having Higgs self-coupling
modifications a “loop factor” greater than all other
couplings. Could have

2 2 5 42
03,3 P 4mv M Higgs self-
s ~ nin ok & Lo coupling, ...
iy e h h 4] arguably
. . . ; the most
without fine-tuning any parameters, as big as, important of
them all!”
(4mv/my)? ~ 600
which is significant! Durieux, MM,

Salvioni. 2022

7
Physics case for an ete collider at 500 GeV and above, Georg Weiglein, 3rd ECFA Workshop on e+e- Higgs, Electroweak and Top Factories, Paris, 10/ 2024



Physics case which deviates
the hhh coupling



EWPT and Baryogenesis

ABaryon asymmetry of the Universe

AScenario of EW Baryogeneis

AB violation (sphaleron transition) — 21
AC, CP violation in BSM
AStrongly 15t order EW phase transition

Main phenomenological impacts

Typically extended Higgs sectors which predict
CP violating processes (various EDM, collider signatures )
and typically a L,aandspecdiegravidatiana wavesn «



15t OPT by nondecoupling quantum effect

Effective Potential \
Ver(,T) = D(T* - Tg)p* = BT + =-¢" +---

atfinite T s HTEX 4
T 210 sM Th it isf
T, ~ ; e condition cannot be satisfied

Non-minimal Higgs can satisfy it due to non-decoupling quantum effects

3/2
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SK, Y. Okada, E. Senaha, 2005




Deviation in the hhh coupling (%)

Test of strongly 1 st OPT

Example mmp
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GW from 1stOPT

K. Enomoto, SK, Y. Mura, 2022
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Aparté: Relation between a_ and strong first-order EWPT

........................ _ [Biekotter,
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Strongly 1 st OPT
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Strongly 1 st OPT

Nearly Aligned Higgs EFT

Colored region satisfies two conditions

2 :
Sphaleron decoupling Fe > 1
< L
Bubble nucleation r
i —_ ~ ]
Kcomplenon |y,

A PBH (Roman detectable fpogy > 10" 4)
A GW (LISA detectable)

A GW (DECIGO detectable)

A Only Higgs couplings can test 1 st OPT

(UAUYKES .

A[GeV]

New Physics Mass

If uiey=-4%+ 1% (LHC+ILC), predicted

135 % kK3 >u55% .
GW and PBH can also be used

2000
1800 -

1600 -
1400 ¢

1200+

1000 -
900 -

800 -
700 -

600 -

500 -

400 -

300

k=4

— AKky=-0.1% — Ak, =—4%|
— Aky=—1% Ak, =-5%
— Aky=-2%  — Aky,=-6%
— Aky,=-3%

boung

-
+y

4
e,

- -
e, .

-
N,
......
'''''
......

'.-.‘..... ......... PBH
RO > LISA

-
e,
-
Q..
LT
.
.,
-
i..

o, N DECIGO

-
b

00 02 04 06 08 1.0

Only
r Higgs

Non-decouplingness couplings

R. Florentino, S.K., M. Tanaka (2024)



= Model CP in the Dark: SM-Higgs (4} = 4,}7) + Dark Sector; 6W signal from SFOPT

hhh
[Basler.Biermann. MM.Miiller.oantes.Viang, 24]

SFOPT typically S Muhlleitner
requires \ /V/ "‘-\\ 4.979
enhanced Ayyy ( S e® | o ® >
20 \{k
T 3 A
Pi strength of the
~ 4.111 W& phasegtransition
%g 1.5
= _— T
~ T
= e ~ [ 3.677
‘\:.\ ® >
1.0 B A L) - 3.244
1 3 5 7 9 11 13 15 tested mainly
SNR(LISA-3yrs) by GWs
[Biermann.Berschensky.Erhardt. MM.Santes.Viang] SFOPT possible
also for

= Vector DM Model: two visible Higgs bosons + Dark phofon/v Sl <509%
Strong first-order phase transition: 617,/ = 8 % e



Guaranteed measurements at a
Linear Collider at 500 or 550
GeV



LC at 500 or 550 GeV: guaranteed measurements

- Higgs couplings to fermions and bosons: Zh + vwh

- tth (c.m. energy slightly above 500 GeV beneficial)

» Higgs pair production process: Zhh, trilinear Higgs self-coupling Annn

Main focus here:
Direct measurement of trilinear Higgs self-coupling is possible a at
lepton collider with at least 500 GeV c.m. energy via Zhh production



Higgs pair production at ete- colliders
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Prospects for measuring the trilinear Higgs coupling:
HL-LHC vs. ILC (550 GeV, Higgs pair production)

ILC550: 20% [J. List et al. "24]
—1 Higgs self-coupling projections T
E B 7 -
(d))] = | === HL-LHC (single coupl. analysis, ATL-PHYS-PUB-2022-053) — H L' LHC .
(< 3 = [ extrapolation HL-LHC, ’.-dependency as of T 0
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= For ¥\ = 2: much better prospects for ILC550 than for HL-LHC
Reason: different interference contributions r
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XFEL Compton Collider (XCC): yy = hh at 380 GeV

[T. Barklow ’24]
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Weiglein

How about indirect constraints on Annn from Higgs
factories at lower c.m. energies (CEPC, FCC-eg, ...)?

Indirect access to Annn via
- single Higgs processes: Annh enters at 1-loop order

* electroweak precision observables: Annn enters at 2-loop order

Loop contribution of Annh competes with much larger lowest-order
contributions, other loop contributions (e.g. top loop) that are
numerically dominant and potentially with BSM loop contributions

Indirect sensitivity via loop effects is limited by the experimental
errors of the considered observables and by the theoretical
uncertainties that are induced by unknown higher-order contributions
and via the experimental errors of the input parameters (dem, As, Mt,
Mp, )

14



Single Higgs Production
Indirect Access below Higgs pair threshold

xa= AHHH/ (AHHH) M

[1711.03078]
0.025 . :
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0.010"
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0.005"
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.. . 0,000t
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Double Higgs Production
Direct Access above Higgs pair threshold

double Higgs-strahlung: ete™ — ZHH

0.5 e B e
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03}
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M.M. Mithlleltner, KIT ~The Future of Collider Physics”, PESY, 2729 Nov 2024
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Muhlleitner

11 Preision on Trlinear Higgs Seif-coupling |

Collider Muon HE-LHC
T LHC HL-LHC | FCC-eesss CEPC ILC CLIC . 27TeV, FCC-hh
Observable Collider 15ab-!
FCC-ee | CEPCaao+ | ILCas0/ | CLIC3g0
w/HL-LHC | HL-LHC C3250 50%
Single Higgs 33% [55] 35% 49% [54]
[82] [5152]
16,57 FCCeesrp
w/HL-LHC
24% [55]
-14-75 50% ILCs00/ | CLICis00 | Muonztey | 95%CL 30 ab-!
[3.4] [5.6] C3s50 36% 15-30% | ~30% |3.4-7.8%
o 20% [54] [64] [11] [79]
bi-Higgs [10,51 52]
| 5:31,0 IL Ci000 CLIC3000 | Muoniotev | 68%CL
10% ~9% 4% ~15%
[7] [9,54] [64] [11]

References in backup

M.M. Mithllettwner, KIT

~The Future of Collider Physics”, DESY, 2729 Nov 2024
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RSN o Trilinear Higgs self ColpINE

Taken from: S. Dawson et al., arXiv:2209.07510 [hep-ph]

collider Indirect-h hh combined
HL-LHC [78] 100-200%  50% 50%
ILC250/C?°-250 [51, 52]  49% - 49%
ILCs00/C3-550 [51, 52]  38% 20% 20%
CLICss0 [54] 50% — 50%
CLIC1500 [54] 49% 36% 29%
CLICs000 [54] 49% 9% 9%
FCC-ee [55] 33% - 33%
FCC-ee (4 IPs) [55] 24% — 24%

FCC-hh [79] - 3.4-7.8% 3.4-7.8%

u(3 TeV) [64] - 15-30%  15-30%
1(10 TeV) [64] - 4% 4%

Sensitivity at 68% probability on 4,,,. Values for indirect extraction from single Higgs below the
first line are taken from [2]. The quoted values are combined with an independent determination of

Appn With BO% uncertainty from the HL-LHC.  [2] 7. de Blas et al,, THEPOI (2020) 139, arXiv:1905.03764 [hep-ph]
Muhlleitner
References in backup

M.M. Mithllettwner, KIT ~The Future of Collider Physies”, PESY, 27-29 Nov 2024 24



Muhlleitner

Vi

[1] CMS Coll., CMS-PAS-HIG-19-005 (2020)
[2] ATLAS Coll., ATLAS-CONF-2021-053 (2021)
[3] ATLAS Coll., Phys. Lett. B 843 (2023) 137745
[4] CMS Coll., CMS-HIG-23-006
[5] M. Cepeda et al., arXiv:1902.00134 [hep-ph]
[6] ATLAS Coll., ATL-PHYS-PUB-2022-005. [78]
[7]J. De Blas et al., THEP 01 (2020) 139, arXiv:1905.03764 [hep-ph], Table 5
[9] P. Roloff et al., arXiv:1901.05897 [hep-ex].
[10] Bliewert List MNtounis, Tian, Torndal arXiv:2410.15323 [hep-ex]
[11] Gonalves et al., Phys. Rev. D97 (2018) no. 11, 113004, arXiv:1802.04319 [hep-ph]
[61] ILC International Development Team Collaboration, I. Adachi et al., "The International
Linear Collider: Report to Snowmass 2021" arXiv:2203.07622 [physics.acc-ph]
[52] 5. Dasu et al., "Strategy for Understanding the Higgs Physics: The Cool Copper Collider,”
in 2022 Snowmass Summer Study. 3, 2022. arXiv:2203.07646 [hep-ex]
[54] A.Robson, P.Roloff, arXiv:1812.01644 [hep-ex]. CLICdp-MNote-2018-002.
[65] 6. Bernardi et al., arXiv:2203.06520 [hep-ex].
[64] Muon Collider Collaboration, "The physics case of a 3 TeV muon collider stage,” arXiv:2203.07261 [hep-ph]
[69] M. Forslund and P. Meade, "High Precision Higgs from High Energy Muon Colliders,” arXiv:2203.09425 [hep-ph].
[78] ATLAS Collaboration Collaboration, http://cds.cern.ch/record/2802127, ATL-PHYS-PUB-2022-005.
[79] Mangano,Ortona,Selvaggi Eur. Phys. J. CB0 |, noll (2020), arXiv:2004.03505 [hep-ph]
[80] 5. Dawson et al., arXiv:2209.07510 [hep-ph], Table VI
[82] F. An et al., Chines Phys. C43 (2019) 043002, arXiv:1810.09037 [hep-ex]
[83] H. Cheng et al. arXiv:2205.08553 [hep-ph], Fig.3

M.M. Midhlleitner, KIT ~The Future of Collider Physics”, PESY, 27-29 Nov 2024 35



Beyond 500 GeV: guaranteed measurements”

- Higgs couplings to fermions and bosons, vvh: high statistics

- Zhh, vwhh

« Zhhh, vwhhh, quartic Higgs self-coupling

Main focus here:
access to the quartic Higgs self-coupling via triple Higgs-boson

production: Zhhh, vwhhh

19
Physics case for an e*e collider at 500 GeV and above, Georg Weiglein, 3rd ECFA Workshop on e+e- Higgs, Electroweak and Top Factories, Paris, 10 /2024



Triple-Higgs production



/ s are obtained only
:;]>H<f‘3 “#  from triple Higgs
g “H production; no

93:aa~

9

R single Higgs

. trilinear coupling modifier
. quartic coupling modifier

Triple Higgs production: HL-LHC vs. lepton colliders

[P Stylianou et al. '24]

Note: the BV A S S f
1 displayed results Ll y

1 &) Unitarity

1 7 1Tevee2 /ab

| B 3Tevees Jab

{ M 10 TeV ¢¢ 10 /ab

information from
di-Higgs and

K4

production is - - = LHC 5b 3/ab

o used here —— LHC 5b 6/ab

- - - LHC 3b27 3/ab

— LHC 3b27 6/ab

HL-LHC is competitive to 1 TeV lepton collider; higher-energetic
lepton colliders have better sensitivity 3

Direct searches, Georg Weiglein, German strategy workshop “The future of Collider Physics” in preparation of the ESPP update, DESY, 11 / 2024



Sensitivity to new particles at
500 GeV and beyond



Recent CMS result: 9 o excess near tt threshold

[CMS Collaboration '24]

tt bound state? Which rate? tt + ..

.? CP-odd Higgs? ALP?

Overlap of two heavier CP-mixed states (here: =600 GeV)? ...

C2HDM, result for BP 3 of [P Basier 8 Dawson C. Englert, M. Muhlleitner *20]

[H. Bahl, R. Kumar,
G. W. ’24]

Events/GeV

I
6— 593 57 Ge‘u" [Slg1}—
I - 601,52 GeV (Sig2)
== Sig1-Bkg Intf,
—=- Sig2-Bkg Intf.
. Sig1-Sig2 Intf,
4 | —
2 0 i .
hoaaea
. --'.I.'.‘f: .......
| s = L
0 -- —— L L T
Rt Tt = [Ty, =34.22 GeV|]
Ly — __I —a cq =0.58
- &4 =-0.88
-
-2 : Iy =19.76 GeV ]
| Za1=0.75-0.051 | 1 Gz =-0.85
|| Za2=0.63+0i Cip =-0.68 |
Zpi=-063-0011 | o _J .
| 2,2=0.75-0.04i |15% smearing] i
_4 1 L 1 | 1 L 1 L I L 1 L 1 | 1 1 L 1 | 1 L 1 L | L 1 L 1 | 1 L 1 1 |
400 500 600 700 800 900 1000
m(th) [GeV]

Total result

Resembles
shape for a single
particle at lower
mass;

highest sensitivity
in the region just
above the tt
threshold!

= Strong motivation for BSM Higgs searches at TeV scale ete- collider! ,,

Physics case for an e*e collider at 500 GeV and above, Georg Weiglein, 3rd ECFA Workshop on e+e- Higgs, Electroweak and Top Factories, Paris, 10/ 2024



Different case: how about a light BSM Higgs boson?

CMS + ATLAS excess in yy channel at 95 GeV:
Type 11
o TypelV

— == ATLAS exp.
—— ATLAS obs.

1.0

0.2 F

20 exp

ATLASH+CMS

oy

| lo exp

| 1 1 1

obs. 95% CL
- == exp. 95% CL

"85

90

95

mp,

T100 105

[T. Biekotter,
S. Heinemeyer,
G. W. 23]

Example
interpretation:
S2HDM,
type Il and IV

= Good description

In extended Higgs
sectors with an
additional doublet
and a singlet
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Different case: how about a light BSM Higgs boson”?

 Possible signal (h95) with significant ZZ h95 coupling (possibly
explaining also the "LEP excess” near 95 GeV)
= h95 can be studied in detail at 250 GeV e+e- Higgs factory

- Possible signal (h95) explaining only the LHC excess in the yy channel

E.g.: CP-odd Higgs boson at 95 GeV
— Expect sizeable coupling of h95 to top quarks
Prospects at ete~ colliders?
ete- = tt h95, ete- = Z h95 h95 (via intermediate h125), ...
= Need higher c.m. energy (about 500 GeV for t t h95 final state) and
high luminosity

26
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Could BSM Physics be
detected firstin a_ ?

I. How do BSM effects in the trilinear and single Higgs couplings scale?
i.Example 1: Cwgri(hmhhtao)n ian an I nert Doubl e
lii. Example 2: Effective couplings at one and two loops in a Z,-symmetric singlet model

Iv. Example 2b: Effective couplings at one loop in an Inert Doublet Model



BSM effects in Higgs couplings: power counting (1L) M = M+ Sananr’
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Correlation between a_and BR(h Y 2)an the ID

Inert Doublet Model (IDM)
In scenario with heavy DM

candidate 1.00
E 0.98
=| =
=120.96
Ol =
=z
% |m
n 0.92
-+ My DM candidate §
— 500 GeV 090
=
= 2  BSM mass scale g 0.88
N A
N
N 0.86
0.84
o

M[Alko,

+

m,,= m, varied
along the curves

my =500 GeV, us =(499.9)% GeV?

—-— 20 (ATLAS)
- 20 (CMS)
20 (HL-LHC)

/

1

— 1] Expected bound on o, at

(until limit from pert.
unit.)

Expected bounds on
R[ B R (oWt HL-LHC

HL-LHC

[ 2 inert doublet self-coupling]

Braatf
Braat hen,



Correlation between a_and BR(h Y 2)an the IDM

Inert Doublet Model (IDM)
In scenario with heavy DM
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Correlation between a_and BR(h Y 2)an the IDM

What about the situation at an e*e collider ?

[Given here:
10 pros

ILC-250 4.5% [1] Indirect
ILC-500 2.6% [1] 239% [4,5]
FCC-ee 3.1% [2] Indirect

ANPhysics Case for the 250 GeV Stage of the 1In
., 1710.07621

AHI ggs physics opportunities at ttdket GHER 2024e Cii
NHIi ggs Boson studies at futul9e508/64 ti cl e colll i
B. Bliewert, J. List et al. 2024

AOpportunities & Experi melmtpali nClrea If |tadkretd @S 2B Tt

O WN 2=



https://arxiv.org/pdf/1710.07621
https://indico.cern.ch/event/1291157/contributions/5876729/attachments/2899194/5088459/2024_07_18%20-%20ICHEP2024%20-%20Higgs%20physics%20opportunities%20at%20the%20FCC.pdf
https://arxiv.org/pdf/1905.03764
https://agenda.linearcollider.org/event/10134/contributions/54212/attachments/39578/62446/HiggTop_LCWS2024.pdf
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