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INntroduction

Most of the open questions of particle physics are directly related to
Higgs physics and in particular to the Higgs potential

Origin of EWSB?

Thermal History of Higgs Portal
Universe to Hidden Sectors?

Stability of Universe

Fundamental CPV and
or Composite? Baryogenesis

Is it unique? Origin of masses?

Origin of Flavor?

[S. Dawson et al. ’22]

3
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v

Higgs potential: the “holy grail” of particle physics

Crucial questions related to electroweak (EW) symmetry breaking:
what is the form of the Higgs potential and how does it arise?

Trilinear coupling Quartic coupling Possible couplings involving additional scalars

T ~ ~ ~
V=1/2 mn2 h2 + Vv Aphnh hS8 + Anbbn W4 + ... + V AnnH h2H + vV Ajnn HS + ...
A V()

Known so far:
(h: detected Higgs at 125 GeV)

EW vacuum

Distance of EW minimum
from origin of field space: v

Deeper minimum

Curvature of the potential
around the EW minimum: mn

Deeper minimum

[K. Radchenko ’24]

Absolute minimum
Physics case for an e*e- collider at 500 GeV and above, Georg Weiglein,



Trilinear Higgs self-coupling, Annn: LHC

Sensitivity to Annn from Higgs pair production:
- Double-Higgs production - A _enters at LO - most direct probe of A__

g > —-——==-h BOCCO0000 ~h
. /\hhh//"
o o>t o
¢ S
g —L -k OO ~h

[ Note: Single-Higgs production (EW precision observables) - A, enters at NLO (NNLO) ]

Note: the "non-resonant” experimental limit on Higgs pair production
obtained by ATLAS and CMS depends on ) = Annh / AphhSM: 0

[ATLAS Co//a/oorat/on ’24] [CMS Collaboratijpn. v,22]
- 1°r----r——¥¥¥¥ @ [ T T T T .
2 relimin r '—— Observed limit (95% CL) _ =k,=1 — Observed ----- Median expected |
S| A Py B Using only

e . T \ -y information
¢ SM prediction 1 C ] from dI_nggS
production and

i
o0

>

N F —— Multlepton —— bbyy
= - _ .

67’ - — bbil+EPs® —— bbbb

a(pp —» HH) fb

103E

§ assuming that
| | \ new physics
I 10 § § =
0 75525 "0 25 5 75 10 ) R — S S on|y affects )\hhh
—-12<xm<7.2at95% C.L. —12<)(A<65at95%CL 5
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Anhh: Very large deviations from the SM value possible!

Annh In extended Higgs sectors: potentially large loop contributions

- Leading one-loop corrections to A in models with extended sectors (like 2HDM):
SM top quark loop BSM scalar loops

\\ First found in 2HDM:

4 A 4\ 2\ 9 [Kanemura, Kiyoura,
5(1)>\hhh S 1 [_ 48mt 4 E 4’”(1)771(1) (1 . M > ] Okada, Senaha, Yuan ‘02]

M : BSM mass scale, e.g. soft breaking scale M of Z, symmetry in 2HDM
N : # of d.o.f of field P

2 2 Y ,2
- Size of new effects depends on how the BSM scalars acquire their mass: TItg ™~ M= 4 v

BSM Higgs masses in general receive contributions from two sources:
BSM mass scale M and (quartic couplings) vev2, \v>

Mass splitting can yield loop effects of several 100%, in contrast to h
couplings to gauge bosons and fermions (only up to % level) 6

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



Anhh: Very large deviations from the SM value possible!

Self-Coupling Dominance

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

couplings. Could have

2 2 “ g

5h3 e 4 M Higgs self-
5 ~ 1111 ke & D coupling, ...

Vv e h h 1 arguably

: . : , the most
without fine-tuning any parameters, as big as, important of

them all!”

(4mv/mp)? ~ 600
which is significant! Durieux, MM,

Salvioni. OLR2

7
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Anhh: Very large deviations from the SM value possible!

[see J. Braathen's talk]

Prediction for x\ up to the two-loop level in the 2HDM:

2HDM type I, a = 8 — /2, ma = mpy+, M = myg = 600 GeV, tan 3 = 2

R

201

15}

10|

" k3P = 6.3 (current)

Excluded by the experimental
bound on ky:

Hg\l) > Ky " = 6.3 (current)
/@&2) > Ky " = 6.3 (current)

HL-LHC projection
/1&2) > KEL_LHC =23 (

Excluded by NLO pert. unitarity

projection)

----------------------------------------------------

-
-
-
—_——
—

’/
-
’/
-

700 800

[H. Bahl, J. Braathen, G. W. 22,
Phys. Rev. Lett. 129 (2022) 23, 231802]

= Current experimental
limit excludes important
parameter region that
would be allowed by all
other constraints!

Experimental limit on the
trilinear Higgs coupling
already has sensitivity
to probe extended Higgs
sectors!

8
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first-order EW

current bound

ILC sensitivity 1t

Relation between trilinear H

2T with poter

Iggs coupli

tially olbse

Nng and strong

vable GW signal

[T. Biekétter, S. Heinemeyer, J. M. No, M. O. Olea, G. W. 22|

| ILC-500
[ === HL-LHC
- === ATLAS limit
EW SnR
Trapped
FOEWPT
SNR > 1

_—" 6y

alignment limit,
tanf = 3,
1-loop prediction

region with
potentially
| observable
] gravitational

wave (GW)

\ signal

T region with

300 400 strong first-

myg — mp |GeV]

— Region with strong first-order EWPT and potentially detectable GW
signal is correlated with significant deviation of x) from SM value

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
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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

10
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Prospects for measuring the trilinear Higgs coupling:
HL-LHC vs. ILC (550 GeV, Higgs pair production)

ILC550: 20%

2 —1 Higgs self-coupling projections 1 —r 1T T 1

@) - | =% HL-LHC (single coupl. analysis, ATL-PHYS-PUB-2022-053) ; - K H L' LH C:
< 3 .- we.. €xtrapolation HL-LHC, )-dependencyasof —  [.../.. g ::4 0
~— - x-section significance in ATL-PHYS-PUB-2022-053) : . o 84 A)

% | | == ILC 550 GeV ZHH (2014, full coupl. analysis) &vvHH

O : =——g=—=|LC 1 TeV vvHH (2014, single coupl. analysis) - : ' |LC55O
(<E 2 mmmggm== |LC 550 GeV ZHH &vvHH + 1 TeV vvHH combined, 2014 - . i 9 (y

: : : : R A B : '$ ......... 0

for GW S|gnaE
flrst order EWPT.

E ’i* SI\/IvaIue

-0.5 0 0.5 1 1.5 2

7\"[rue/7\’SI\/|
=> For ) = 2: much better prospects for ILC550 than for HL-LHC
Reason: different interference contributions 11
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Recent ATLAS projection going beyond the
assumption of ¥, = 1

68% CI for i, at 3000 b~ varying K [ATLAS Collaboration '24]

~<~ [TTTTTTTTTTTTTTT T T T T T T T T T T T T T T T T T T T T T T T T T T T T

X _

. ATLAS Preliminary Bl Run2syst. unc. |

= 0 Theo. unc. 50% |

O Vs =14TeV,3ab B Baseline

32 [ HH->bbt*T™ Y _

S 10F Run 2 legacy projection 0syst.unc. 10
© 10| Run2 (SM) -

= Large dependence on actual value of xx o

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



XFEL Compton Collider (XCC): yy = hh at 380 GeV

[T. Barklow '24]

g «| L o HH
b; ______ Y ,
v T b o
------ 3 h
h o
ra h
\/E (GeV) polarization o (fb)
vy > HH 380 +100% » +100% » 0.40

e'ee >7ZHH 500/550 —80% e +30% e 0.20/0.22
13
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How about indirect constraints on Annn from Higgs
factories at lower c.m. energies (CEPC, FCC-ee, ...)?

Indirect access to Annn via
» single Higgs processes: Annh enters at 1-loop order
- electroweak precision observables: Annh enters at 2-loop order

Loop contribution of Anvhn 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 (Qem, As, mt,
Mp, )

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



A lesson from the past: the blue band plot”, global
fit for the Higgs-boson mass in the SM

6 March 2012 mgmit=15.2 G'?l/ [LEPEWWG ’12]
AOLSa)d = |
ks — 0.02750+0.00033
----- 0.02749+0.00010
4 - -+ incl. low Q° data
We did not claim a
V2 3 measurement of the
< Higgs-boson mass at
5 95 GeV from this
analysis!
1 -
|LEP LHC
0 excluded o Ao excluded
40 100 200
m, [GeV]
= This is not a measurement” of mn, but an indirect constraint from
loop contributions within a specific model (in this case the SM) 15
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Indirect constraints on Annh @are much more difficult to
obtain than the indirect constraints on My in the SM

« Mh is a free parameter of the SM, but Annn is not!
= Cannot vary Annn - Within” the SM, need consistent theoretical
framework for possible deviations in Annn from SM value, e.g. EFT

- EFT: need complete basis of operators, involves model-
dependence: consistent sub-set of operators? dim-6 vs. dim-8
operators? possible effects of light new particles? range of validity
of the EFT description? ...

—> Need much more than avoiding just some blind directions” among
certain operators
Recent SMEFT analysis emphasising importance of complete
operator basis and EW SMEFT corrections

Example of EW precision observables: possible deviations of Mw,
gu—2, Sin20et, ... have given rise to many possible model
interpretations 5

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



How much can we learn about Annn from its impact
on loop corrections?

We want to determine Annn, accounting for the fact that it may differ
substantially from the SM value

If the observables used for a global fit based on data from the LHC
and CEPC or FCC-eg, i.e. no input from the ete- machines on the
Higgs pair production process, show a deviation from the SM
prediction that is compatible with a non-SM value for Annn (Within the
LHC uncertainties) it will be very difficult to show that this deviation
is indeed associated with Annn rather than with other higher-order
contributions

This issue has not at all been demonstrated for the FCC-ee fits so

far; the future experimental results have always been assumed to
perfectly agree with the SM; up to now not even statistical
fluctuations of the assumed central values around the SM

predictions have been taken into account .

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



Anhh and the Higgs pair production process

As a fact of life, Annn (@s well as all other Higgs couplings) as such is
not a physical observable

The actual physical observable in this context is the cross section for
the Higgs pair production process, i.e. gg — hh at the LHC and

ete- = Zhh, ete- = vwwhh at an ete- collider with a c.m. energy of at
least 500 GeV (or yy = hh at a 380 GeV yy collider)

We want to make a precise and model-independent measurement of
this crucial observable at an ete- collider rather than just making an
indirect and necessarily model-dependent prediction!

18
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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
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LHC: HHH production and Higgs self-couplings

Triple Higgs production depends on x3 and x4! L ot
H----e K3 Ay
H H H
H
K3 ST
g SEEETY) o 9 < //H
g T N H AN
g rsTEy “H

Is it possible to obtain bounds from triple Higgs production on
X3 and x4 that go beyond the existing theoretical bounds from

perturbative unitarity? Potential for ¥z constraints beyond the ones
from di-Higgs production?

How big could the deviations in x4 from the SM value (= 1) be in
BSM scenarios? s

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



Bounds from perturbative unitarity

 Process relevant for k3, K, is HH — HH scattering (see also [Liuctal *18])

* Jacob-Wick expansion allows to extract partial waves

B(x,y,2) = a° +y” + 27 — 2xy — 2yz — 222 Wigner functions
S 1
B4 (s, m3, ,m3)BY (s, m, ,m7,)
aﬁ- L QQTFS /dCOS@D/{ uy M(s, cos0)
—1
o
* Tree level unitarity: 60 5 5 :
1 | : :
Ima); > |ay|* = |Read;| < 5 sl - - i
20; -
95%CL | : :
ATLAS current bounds: [—0.4, 6.3] iy 5 5 :
CMS & ATLAS HH projections: (0.1, 2.3 ~20f 5 5 :
[ATLAS 2211.01216] |  —40f— Unitarity :
[CERN Yellow Rep. 1902.00134 | - - ATLAS obs. : ; j
-60F : : .
[— ATLAS 3/ab proj. : ]
AT E T S T S N S S T T R M B )(3

-10 -5 0 5) 10

FTIySICS CcdsSe 10r dil eve” conaer di OuU Gev drid doove, Georg vveigieirl, sra cUrA vVWOrKsSrop orl e+e- riigys, ciecuowedk arid 10p raclories, Fdrls, 1V /7 £cUcz4



Triple Higgs production: HL-LHC vs. lepton colliders

[P Stylianou, G. W. '24]

| ©J Unitarity

1 7 1Tev e 2 Jab

| T 3Tever5 /ab

| M 10 TeV ££10 /ab

]~~~ LHC 5b3/ab

—— 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 y

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



Sensitivity to new particles at 500 GeV and beyond

Pair production of BSM particles

—> best prospects at highest c.m. energy!
In particular: very robust exclusion and discovery reach for charged
particles (charged Higgs bosons, charginos, ...) via photon exchange
(remember the LEP limits!) /M. Berggren et al. '16]

SGV 500 GeV,500 fb", P,g; 40
> T T L L B B B —
o B 1 > [ /
936000 ~ep () 250 — Exclusion 95% cL I LD T
= 1 O | —— Discovery 99.99994% CL
B5000 |- sSM ] " )
S : o 2001
E— : B SUSY | 2—' _ ILC500, both polarisations
4000 bkg - -
- 1500 o
I : j i Qv
3000 [ f - i O
[ . ] R o0
I ) ] 1 OO__ é\o
2000 | .. - i .\S}o
: | : ! \Z
— | : 50
1000 - | . -
_ . I EERPexclusion at 95% CL
O :l OO ] ] ] ] | ] ] ] 1 | ] ] ] ] | ] ] ] ] | ] ] ] ]

50 100 150 200 250
M. [GeV]

0 20 40 60 80 100 120

Elepton[GeV]
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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 Basler, S. Dawson, C. Englert, M. Muhlleitner '20]

[H. Bahl, R. Kumar, ¢ — = cores oy o |
G. W. '24] : " seman
4 —-+ Sig1-Sig2 Intf. B
i Total result
g 2 Resembles
Rl 5 | shape for a single
= — e particle at lower
i oo = [T. =84.22GeV||
) . = &% | Mass;
2 n-eee]  Nighest sensitivity
B0 - =" | inthe region just
400 500 600 “00 800600 000 above the tt
m(t) [GeV] 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

B3SM Higgs boson”?

CMS + ATLAS excess in yy channel at 95 GeV:

1.0

0.2 F

20 exp
|l loexp

obs. 95% CL e Typell
—==exp. 5% CL e TypelV

=== ATLAS exp.
— ATLAS obs.

ATLAS+CMS
..Ilew.v...l.... A BN B
8D 90 95 100 105

mp

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

Example
interpretation:
S2HDM,

type Il and

1 = Good description

In extended Higgs
sectors with an
additional doublet
and a singlet

25

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?

 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 ete- Higgs factory

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

E.g.: CP-odd Higgs boson at 95 GeV
— EXxpect 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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Conclusions

The Higgs self-couplings are crucial for gaining experimental access to
the Higgs potential!

Direct measurements with the best possible precision are needed!
CEPC and FCC-ee will not be able to tell us much about the Higgs
potential beyond what we will know from the LHC

An ete- Linear Collider with c.m. energy of at least 500 GeV can
directly measure Annn in the Zhh production processs: qualitative game-
changer compared to capabillities of lower-energy Higgs factories

This, in combination with the significantly extended reach for BSM
searches, is a strong motivation for designing a future ete- Higgs
factory such that an upgrade to at least 500 GeV is possible

The highest-energetic lepton colliders provide sensitivity for
constraining the quartic Higgs self-coupling o7

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



Sackup

28
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Properties of the detected Higgs boson (h125)

The Standard Model of particle physics uses a minimal” form of the
Higgs potential with a single Higgs boson that is an elementary particle

h125: inclusive )

. . A
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The LHC results on the discovered Higgs boson within the current
uncertainties are compatible with the predictions of the Standard Model,

but also with a wide variety of other possibilities, corresponding to very
different underlying physics
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Properties of the detected Higgs boson (h125)

Couplings of the detected

llll I I Illllll
ATLAS Run 2

S>>
. . g2
Higgs boson to other particles: é 1
. y _ E i Kc = K¢ E
[ATLAS Collaboration '22] s [ % xeisafree parameter =
ELL“E’ 10 E_ SM prediction _E
< F :
10< = =
; Leptons Quarks §
107 B - |EE o E
E Force carriers Higgs boson E
10—4 — C+ 9 /4 H =
;I I IIIIII 1 | | llIllI | | | llIIII | —
M> 1-4 __I_IIII I | LI IIII I | IIIIIII | | IIIIIII I 0
S 12F -
T8 : J
< Pt i ) g i :
NObe/Prize 2013 0'8:_|||||" ] ] ||Y|||| ] {I ||||||| ] ] ||||||| |——
107 1 10 10°

Particle mass [GeV]

= Agrees with predictions of the Brout-Englert-Higgs (BEH) mechanism
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What is the underlying dynamics of electroweak
symmetry breaking?

' Higgs potential
The vacuum structure is caused by 995> P

the Higgs field through the Higgs = /
potential. We lack a deeper

understanding of this!

We do not know where the Higgs
potential that causes the structure of =~
the vacuum actually comes from and
which form of the potential is realised
INn nature. Experimental input is

needed to clarify this!

Single doublet or extended Higgs sector? (new symmetry?)

Fundamental scalar or compositeness? (new interaction?)

31
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Higgs potential: the “holy grail” of particle physics

Crucial questions related to electroweak symmetry breaking: what is
the form of the Higgs potential and how does it arise?

Vacuum expectation value Only known so far:
(9) = 5 a —. the location of the EW minimum:
VvV = 246 GeV
B / - the curvature of the potential around the EW minimum:
7 m, = 125 GeV
7 / VAR [J. Braathen '24]

N m% =
v (125 GeV)?

K"

Higgs potential

v = 246 GeV

Information can be obtained from the trilinear and quartic Higgs
self-couplings, which will be a main focus of the experimental and
theoretical activities in particle physics during the coming years .

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



transition (EWPT)

he Higgs potential and the electroweak phase

[D. Gorbunov, V. Rubakov]

Temperature evolution of the Higgs potential in the early universe:

V(9. T) = Vo(¢) + V*(o,T)

3 [AF G
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Strongly first-order EWPT in the 2HDM

Barrier is related to a cubic term in the effective potential

Arises from higher-order contributions and thermal
potential, in particular:

corrections to the

fh : 3/2
2 y /
H A Agsh® # 1lg
o7 45 |
— For sizeable quartic couplings an effective cubic term in the Higgs
potential is generated V() [M. O. Olea "23]
/IQT
— Yields mass splitting between the (T*-T) &

BSM Higgs bosons and sizeable
corrections to the trilinear Higgs coupling

Physics case for an e*e- collider at 500 GeV and above, Georg Weiglein, 3rd ECFA Workshop ¢
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First-order vs. second order

=W

oT

[D. Gorbunov, V. Rubakov]
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<p>
@ T

1st order

<> 2nd order

\ VD

[K. Radchenko ’23]

Potential barrier needed for first-order EWPT, depends on trilinear

Higgs coupling(s)

Deviation of trilinear Higgs coupling from SM value is a typical

feature of a strong first-order EWPT
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Simple example of extended Higgs sector: 2HDM

Two Higgs doublet model (2HDM):

: . OF 2
- CP conserving 2HDM with two complex doublets: @, = ful+pl+ml D5 = § b i

NG
ﬁ 4@2 4@2 4@} [K. Radchenko *23]
Softly broken Z, symmetry (O, > @ ; O, — -, ) entails 4 Yukawa types
- Potential: | Vonpnm = 77231((1”;(1’1) + m§2(<1>§<1>2) — 772%2(<I>.‘I<I>2 52 <I>£<I>1) L %(@I(I)l)? )\) (q) P, )2+
Ay (B 1) (R52) + Ay(B]D,)(B1Dy) + %wb’{w— + (B5@,)?),

2 tanﬁ = UQ/?)l
- - TNp, 1M m M+, TN tan COS — X ) U
Free parameters. h, H, A, H=, 125 /8, (/6 )1 UQ _ U% 4 ’U% N (246 GQV)Q

In alignment limit, cos( — a) = 0: h couplings are as in the SM at tree level
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Masses of the BSM Higgs fields

my = [miy/(viva) — 2Xs] (v§ +-v§) m%r — [m%Q/ (Ulvz) — A — )\5] (U% T U% )

In general: BSM Higgs fields receive contributions from two sources:

m?p — M? +5\q>112, bec{H A H}

where M2 = 2 m122 /sin(2[3)

Sizeable splitting between m¢ and M induces large BSM
contributions the the Higgs self-couplings (see below)
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Trilinear Higgs self-coupling and the Higgs pair
oroduction process: LHC and ete- collider

Sensitivity to the trilinear Higgs self-coupling from Higgs pair
production:

- Double-Higgs production - A _enters at LO — most direct probe of A__

g - ===k 00000 h
. )‘hhh//’
L o> -h .
¢ S o
g —L - h OO ~h

[ Note: Single-Higgs production (EW precision observables) - A, enters at NLO (NNLO) |

Note: the non-resonant” experimental limit on Higgs pair production
obtained by ATLAS and CMS depends on ®x = Annhh/ ApnnSM: O

ete- Higgs factory:

Indirect constraints from measurements of single Higgs production
and electroweak precision observables at lower energies are not
competitive

Direct measurement of trilinear Higgs self-coupling is possible a at
lepton collider with at least 500 GeV c.m. energy 38

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



wo-loop predictions for the trilinear Higgs coupling
iNn the 2HDM vs. current experimental bounds

The largest loop corrections to Annn in the 2HDM are induced by the
quartic couplings between two SM-like Higgs bosons h (where one
external Higgs is possibly replaced by its vacuum expectation value)
and two BSM Higgs bosons ¢ of the form

2(M? — m?b)

V2

Ihhdd = ®c{H A H*}

Leading two-loop corrections involving heavy BSM Higgses and the
top quark in the effective potential approximation

1h 1h 1h

—>Incorporation of the highest powers in ghhoo

Analysis is carried out in the alignment limit of the 2HDM (a =3 - 11/2)
—h has SM-like tree-level couplings .
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Constraints in the mass plane of H and A

[H. Bahl, J. Braathen, G. W. '22]

2HDM type I, M = myg, ma = mpy+, tanf =2, a =3 — /2

1400 Sensitivity to x) at

— the HL-LHC

1200

= 1000
< Excluded by other
= 800 Eecluded by: constraints:
AN /ig\l) . .
n___ /@&2) only nggs phySICS,
600 | Gy 5 other boundedness from
| o] below
100f S NLO perturbative
200 600800 1000 1200 1400 unitarity, ...

= LHC limits exclude parameter regions that would be allowed by all
other constraints; high sensitivity of future limits / measurements!
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Connection between the trilinear Higgs coupling
and the evolution of the early Universe

2HDM, N2HDM, ... : the parameter region giving rise to a strong
first-order EWPT, which may cause a detectable gravitational wave
signal, is correlated with an enhancement of the trilinear Higgs self-

coupling and with “smoking gun” signatures at the LHC
[T. Biekétter, S. Heinemeyer, J. M. No, M. O. Olea, G. W. 22]

/\47T [GGV]

2HDM of type Il:

1000 Parameter region

_—giving rise to a
strong first-order
EWPT

alignment limit,

tanf3 =3 900

300

mA [GGV]

700}

— &> 1
I ®© Ay <myormyg
600 i ® Short-lived EW vacuum |

400 500 600 700 800 900 1000

mpg [GGV] 41
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Higgs couplings to fermions and ga

the quest for identifying the ur

derlyi

Uge bosons:

Ng physics

 Future Higgs factories: what can we learn from the enhanced
precision (~factor 10 better than HL-LHC) in comparison to the
direct searches at the HL-LHC (existing limits and future

prospects)?

« How significant will possible patterns of deviations be? How
stringent are indirect hints for additional particles (typically scale

like coupling/mass?)?

- How well can one distinguish between different realisations of

possible BSM physics?

Questions of this kind have hardly been touched upon, for instance,
at the previous update of the European Strategy for Particle Physics,
but they are crucial for making the case for a (low-energy) ete- Higgs

factory in the wider scientific community
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Higgs pair production at ete- colliders

0.5 [ T | T | T | T T . . )
04 eTe — Zhh |
ete™ — vihh
ete™ — vhh (WW-fusion only)
03 _
=
0.2k .
0.1 _
0.0 I I I
' 400 600 800 1000 1200 1400
- < ) ) + - —
e*e” - Zhh Ve e'e” - vvhh
4 T T T T I T T T T [ T T T T T T T T T 4 T T T T T T T T | T T T T I T T T T I T T T T I T T T T
| —— ILC 500 GeV, P(e”,e")=(¥0.8,£0.3), g13 fb | | ——= |ILC 1 TeV, P(e™,e")=(-0.8,0.2), 0.13 fb
ILC 1 TeV, P(e”",e")=(-0.8,0.2), 0.17 fb 1 Y CLIC 1.4 TeV, unpolarized, 0.15 fb
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3r CLIC 3 TeV, unpolarized, 0.03 b - 3! \ ’ ’ /
I | %\
S 2 2PN\
B SRR
N D ittt L S S PTr NG
L ILC500GeV (£16.8%) | emmert e L N ;\‘i\
L
LILC 1TeV (+37%)
| | CLIC 1.4TeV (+44%)
OIIIIIIIII ““““‘* OIIIIIIIIIIIIIIIIIIIIIIIIIIII
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6KA (5K/\
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—Xperimental constraints on x,

Combination assumption Obs. 95% CL Exp. 95% CL Obs. Valuetll‘;

HH combination —0.6 < k3 < 6.6 2.1 <Ky <78 Ky = 3.13‘%
Single-H combination 40 <k <103  52<ki <115 k=258
HH+H combination -0.4 <ky <6.3 -19<ky <7.5 Ky = 3.01:3
HH+H combination, «; floating —-04 <Ky <6.3 -1.9 <k <7.6 Ky = 3_03:3
HH+H combination, k;, Ky, Kp, Ky floating —1.3 < k) < 6.1 —2.1 <k <7.6 Ky = 2.33'5

g 1_4_ | | | | I | | | | I | ! | | I | | ! ! I 1 ! I I I | | | | i

. ATLAS —— 68%CLHH+H

[ Vs=13TeV, 126—139 fo" =R doniGllinl ]

1.3_- All other K fixed to SM — Sg:f gtg S

: Observed B g

B =w=: 95% CL HH &

1 2__ SM prediction

N Best fit HH + H ]

1.1 .

1+ .

0.9F ! .

| I | l L1 I 1 I | I | l | l {— l | I | |
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Kx 44
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Check of applicability of the experimental limit on x,

The assumption that new physics only affects the trilinear Higgs self-

coupling is expected to hold at most approximately in realistic
models

BSM models can modify Higgs pair production via resonant and
non-resonant contributions

The current experimental limit can only probe scenarios with large
deviations from the SM

— Direct application of the experimental limit on X, is possible if
sub-leading effects are less relevant
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Check of applicability of the experimental limit on x,

Alignment limit: h has SM-like tree-level couplings

Resonant contribution to Higgs pair production with H or A in the
s channel is absent in the alignment limit

The dominant new-physics contributions enter via trilinear coupling

LVVOe00) R — e ———
, o, h O h

S A —</ | P 4 Y | P

\\ | |
LC0600000) o Lo . (2

X (’)(ytgf’bhq@) included X O(yfgihq@) not included

= The leading effects in gnhhee 10 the Higgs pair production process are
correctly incorporated at the 1- and 2-loop order via the corrections

to the trilinear Higgs coupling!
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Higgs self-couplings In extended Higgs sectors

Effect of splitting between BSM Higgs bosons:

Very large corrections to the Higgs self-couplings, while all couplings
of h125 to gauge bosons and fermions are SM-like (tree-level

couplings agree with the SM in the alignment limit)
[H. Bahl, J. Braathen, M. Gabelmann, G. W. 23]

M L = 400 GeV . Non-decoupling in k) for various aligned SU(2); multiplets
- Current limit / / ]
6F ]
" IDM
| —— THDM-II
43_ —— TSMy_ -
¢ [ —— GeorgiMachacek i
3r :
L HL-LHC o
- ; ]
2; 1=_—"///::;:::;;;==:;;;;;;;;;;,¢¢’9, —¢ L/F+ ;
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Single-Higgs processes: A enters at loop level

[E. Petit '19]
"™ How to measure deviations of )\3 Note: this is
based on the

¢ The Higgs self-coupling can be assessed using di-Higgs production and :
single-Higgs production assumptlo_n

¢ The sensitivity of the various future colliders can be obtained using four that there is a
different methods: large shift in A,

but no change
anywhere else!

v

di-Higgs single-H

exclusive

global
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Single-Higgs processes: A enters at loop level

[B. Heinemann ’19]

Sensitivity to A: via single-H and di-H production

Higgs@FC WG

B di-H, excl. [ di-H, glob. [ single-H, excl. [ single-H, glob.

D i -H iggs : All future colliders combined with HL-LHC
- HL-LHC: ~50% or better? HLLHC |
o Improved by HE-LHC (~15%), HE-LHC - ? ? ?
'F',‘C5°° (';27b%) CEILCICW? (;3‘; o) FCC-ee/eh/hh Z°i° | , ;
° rrecisely by 3000 0
FCC-hh (~5%), POC-000 — — —
- Robust w.r.t other operators FCC'ee%S ;3%: ;
i : LCos0 4 5 5 5 5
Single-Higgs: (TR E— S— — e
- Global analysis: FCC-ee365 and ILC. 7 [ — T
ILC500 sensitive to ~35% when 500 37, ; ; 2
comblned with HL- LHC CEPC
: v Ut CLICsso _______________________________________________________________________________________________________________________________________________
o Exclusive analysis: too sensitive CL|C150O j-
to other new physics to draw CLIC, 7 [ | e
conclusion 3000 . L.
0 10 20 30 40 a0
May 2019 68% CL bounds on x5 [%]

Ny
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Correlation of deviati

couplings”? Real sca

oNs IN X With effects in other

ar Sl

nglet model

This plot caused some discussions in the context of strategies for
future colliders (displayed points feature a FOEWPT):

Real Scalar Singlet Model

- 1 §I
| | A
EN _ current—
N
Ué’ O'1OO§HL—LHC
N :
)=
S _
— 0.010}
®)) E
=
Qo FCC-—
3 0.001} whee
— T T
O : O @
N o 9
- 10—4;_ g g
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hhh Coupling: A3/A3,SM
—> Do the deviations in x) have to be small if the FCC-ee does not find a
deviation in the h125 Couglinvg to ZZ7?

Physics case for an e*e- collider at 500 GeV and above,

org

[FCC Midterm Report '24]

'{ [P. Huang, A. Long,
| L. Wang ’16]

| In this plot: no

| higher-order

1 contributions to
|y included,

| partial loop

| effects for hZZ
| coupling

— [investigation of

the effects in
progress]
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2HDM of type ll: region of strong first-order EWPT

[T. Biekétter, S. Heinemeyer, J. M. No, M. O. Olea, G. W. 22|

Constraints from 1000 T I I -
“vacuum trapping”: 3
the universe may
remain trapped” in a
symmetry-conserving =
vacuum at the origin, S
s

because the
conditions for a
transition into the 700
deeper EW-breaking

minimum are not me v e Vacuum trapping _:

fulfilled 100 500600 700 800000

[—=" & >1
4 e Global min. in origin 7
e <1
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Correlation of ¥, with the signal-to-noise ratio

(SNR) of a gravitational wave signal at LISA
[T. Biekétter, S. Heinemeyer, J. M. No, M. O. Olea, G. W. '22]

R
2.0 2.1 2.2
L A
| Vacuum trapping N .

Tyrs

= Region with potentially detectable gravitational wave signal:
significant enhancement of ¥, and non-vanishing mass splitting .
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GW spectra of scenarios fitting the excess

Type I, my+ = my, miy, =m3szcs, tan B =15, cz_o =0 [T. Biekétter,
Y S. Heinemeyer,
10791 W J. M. No,
M. O. Olea,
10-13- K. Radchenko,
G. W. 23]
10—17-
&
= 10—21_

10—25_
mpyg = 417.2 GeV, my4 = 660.8 GeV Q
mpy = 432.8 GeV, my4 = 673.4 GeV

—— my = 453.6 GeV, my = 686.4 GeV
mpyg = 445.7 GeV, my4 = 677.1 GeV

10—29_

10733 - - -
1077 107° 1073 1071 101

f [Hz]
= Prospects for GW detection depend very sensitively on the precise
details of the mass spectrum of the additional Higgs bosons 53
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Triple Higgs production at ete- colliders

1.2 . . . . 3 . . -
WBF HHH (¢5= 0,65 = 0) s
WBF HHH (¢G5 = 0,¢5 = —1)
! 25F WBF HHH (¢6=0,c3 = 1) m == -
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Prospects for the HL-LHC: 6b and 4b2t channels comb.

[P. Stylianou, G. W. *24]

 Assumption: No correlations

Combination of further
channels and improvements
of tagging/reconstruction

methods could enhance

results further
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