V(h,s)
1.5 «

Low Potential V(h,s) High

B
1.0 -

W
\\\ Global minimum
\ (true vacuum)

Local minimum
(false vacuum)

minimum

[ Another local

Potential barrier

\¢
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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

[S. Dawson et al. ’22]

Origin of EWSB?
Thermal History of Higgs Portal
Universe to Hidden Sectors?
Stability of Universe

Naturalness

Fundamental CPV and
or Composite? Baryogenesis
-

Origin of Flavor?

Higgs discovery < non-vanishing vev v, caused by Higgs potential

The actual form of the Higgs potential that is realised in nature and
the underlying physics giving rise to the Higgs potential are unknown
so far 2
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. J
fleld The Standard Model Higgs Potential Standard Model potential: [ J. Reuter °2 6]

A Single Minimum (Mexican Hat Potential) V(H) = —p*|H'|H + A(H'|H)? (1> >0,1>0)

1

V2 @ Single minimum (degenerate circle):
——— The true vacuum lies at |H| = v.

All directions in field space with the
same magnitude v are equivalent.

; 0
H:H doublet H = fter EWSB
iggs double (v+h)aer

V(h,s)
1.5 .

Low Potential V(h,s) High

@ Unstable maximum at the origin:
H = 0is a maximum (symmetric phase)
and is not the vacuum.

1.0
© No potential barriers:
The field rolls smoothly from the origin

0.5 to the vacuum manifold.

@ Electroweak symmetry breaking (EWSB):
The Higgs field acquires a non-zero
vacuum expectation value v =~ 246 GeV,
giving masses to W, Z and fermions.

. 77/
/
-

Top-down view (contours of V)

B

N Vacuum

-0.5

Degenerate minima
(vacuum manifold)

All points with |H| = v s
have the same lowest
potential.

manifold

1.0 4

-
-
-
-
-

Unstable
maximum

s (imaginary
direction)

s (imaginary direction)

Physical picture v -2v
The "Mexican hat" shape leads to spontaneous symmetry breaking. 2v

The Higgs field chooses a vacuum on the circle |H| = v, giving

particles their masses while preserving electromagnetic gauge

symmetry (U(1),,)- h (Higgs field)

If more than one scalar field is present, the Higgs potential is a multi-
dimensional function of the components of the different scalar fields s
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Example of extended Higgs sector (artist’s (Al) view):
A More Complicated Higgs Potential * Example potential B - [J- Reuter ’26]

N - 1 - As
Potential with Several Minima V(hs) = —pi|H|* + A, |H|* + §m§s2 4 %|H|2s2 t= st + pys?,

H: Higgs doublet (h =~ \/5|H| —v), s:real scalar singlet

V(h,s)
15

@ Global minimum (true vacuum):
Our Universe is (presumably) in this ‘

Low Potential V(h,s) High lowest-energy state.

® Local minima (false vacua):
Metastable states where the Universe |
could get trapped.

1.0 H

© Potential barriers:
Separate minima; quantum tunneling ‘
can allow transitions. |

0.5

\ \u ® Different minima correspond to
Z\\ different possible vacuum states
\ Global minimum

\ R (true vacuum)

with different physical properties.

|

=05 Top-down view (contours of V)

: l
\ N
SN

.30  False
vacuum

0 ; O

.-1.0

s (singlet field)

~_ Another local |
P minimum  §

-2, Global
| minimum

h (Higgs field) 2] 3v -3v;

h (Higgs field)

Shape can drastically differ from single field case, rich structure of
minima, requirement of vacuum stability }/ields important constraints «
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Higgs potential: the “holy grail” of particle physics “$/

o e

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
Exploring the Higgs potential at e+e-



he Higgs potential and the electroweak phase/,e;;w
transition (EWPT) AL
[D. Gorbunov, V. Rubakov]

Temperature evolution of the Higgs potential in the early universe:

_ loop A :
V<¢7 T) — Vb<¢) +V <¢7 T) Veff(qﬁ) ngh temperature

( }) ‘& {iiggééﬁ/\ ((/ ;' (‘ :\(

\ v ""’
Higgs off S s (e

( \ Higgs off

. ./

Critical

i J
 (Mmiggsond temperature

& (‘ N (’ / TC (degenerate
. U Y higgson 0 / minima)
Potential barrier depends
on trilinear Higgs —
coupling(s)
EW baryogenesis: creation C) ~~~~~ Transition
of the asymmetry between |  "Tt--l_ T temperature
matter and antimatter in 0 i ‘3**‘ _ (strong first-
the universe requires b order EWPT)
strong first-order EWPT ~ SM: smooth cross-over 6
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Correlation of strong first-order EWPT with splitting
between BSM Higgs masses of extended Higgs sector

[T. Biekotter, S. Heinemeyer, J. M. No, M. O. Olea, G. W. °22]

2HDM, N2HDM, ... : the parameter region giving rise to a strong first-
order EWPT (if along Higgs field direction), which may cause a
detectable gravitational wave signal, yields an enhancement of the
trilinear Higgs self-coupling and smoking gun” signatures at the LHC

2HDM of type Il, alignment limit, tan3 = 3: current bound

1000

900

HL-LHC sensitivity

/\47r [GGV]
L 2HDM: c_q =0, tg =3, my = miy/(spcg), ma = mp= |

Sy T T T T T
& ATLAS [Phys. Rev. Lett. 133 (2024) 101 01]5

700}

600

CMS [Phys. Lett. B 861 (2025) 139210] ]

region with [JCAP 03 (2023) 031]

6F No strong 1%*-order EWPT: &, < 1

potentially S\ == strong 1™-order EWPT: &, > 1
observable ZETEN e T 00 2]
gravitationals 4f
wave (GW) *=

signal g

— &h>1

® Ay <mgyormy

region with —
® Short-lived EW vacuum | :

strong first-

of
400 500 600 700 800 900 1000 order EWPT

mp [GeV] ma —mp [GeV]
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Determination of the trilinear Higgs self-coupling:
' HC, ete- LC and yy collider

Most direct access to trilinear Higgs self-coupling #a = Annn/ AnnnSM: 0

Higgs pair production process, requires for ete- a Linear Collider,
not accessible at FCC-ee!

In most analyses at the LHC and future collider studies so far:
only X, allowed to vary, all other coupling modifiers fixed to their
Standard Model (SM) values

However: EWSB mechanism realised in nature may yield deviations
from the SM in x) and further x’s

— Need to take into account possible variations of other coupling
modifiers (or EFT operators), in particular of the ones that are not
well constrained by single Higgs production processes!

8
Exploring the Higgs potential at ete- and yy colliders, Johannes Braathen, Georg Weiglein, LCWS2026, Tsukuba, 11/ 2026



LHC: limits from non-resonant di-Higgs production

[ATLAS and CMS Collaborations ’25]

Using only information from di-Higgs production and assuming that
new physics only affects Annn (Only X allowed to vary):

— Combined

— 104_| r r r r. 1 1 11 T+ 1 1t 1 © 1 1 1 ° T 1
0O u

= | ATLAS and CMS Preliminary ==
I - LHC Run 2 I
\Iu'f - Vs =13 TeV —_—
= | — ATLAS =
L 103k — cwms 2
OCD

L B B B B
Expected 10
Expected +20
Observed
Expected .
Theory prediction
SM prediction =

-2In A

30

81

7

6

X\ = Anhh/ AhhnSM. 0

IIII’IIIIIIIIIIIIII

B | | I | | | | I | | | | I | | | | I | | | | I | | | | I | | | | I_
[ ATLAS and CMS Preliminary — ATLAS 7
—LHC Run 2 —— CMS -
B \/—= 13 TeV —— Combined ]
— All other « fixed to SM —— Obs.: 95% CL[-0.71,6.1] —

-—-- Exp.: 95% CL[-1.3,6.7]

obs: —-0.7 <xa<6.1at95% C.L., exp.: -1.3 <xn < 6.7 at 95% C.L.
— Upper bound on Annn Of currently about 6 x (SM value)

Exploring the Higgs potential at ete- and yy colliders, Johannes Braathen, Georg Weiglein, LCWS2026, Tsukuba, 11/ 2026
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LHC: impact of relaxing the ass
other couplings are fixed to theil

Contributions at the LHC:

g 0099999009999 ~ H g 9999999000099, >
\\ )'(}\ v
4 A Y

- SM va

-
-
-
-
-
-
-
-
-

-
-
~

~

H g 0000000099999 <
(b)
q
Hov
v Rav
v
q
(c) (d)
g H //f{
Cggh Chhh
_______ ) :
H
g H m
(f) (g) (h)

umption that all

ues

10
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LHC: impact of relaxing the assumption that all
other couplings are fixed to their SM values

Particularly important in this context: (effective) couplings that are
not well constrained by single Higgs measurements: xi and oy

* Xit: Xt = 0 in the SM, can e.g. be generated by lowest-order
contribution of additional neutral - Xh T T e ’
Higgs boson or loop contribution “ \

to the tthh coupling g

® (® ()

* ¥ov: Xov= 1 in the SM, connection of the VVhh coupling (x2v) to the
Vhh coupling (xv) via the BEH mechanism?

11
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Possible variations of xy and Xoy

[C. Englert, W. Naskar, D. Sutherland °23]

1.8
5 HL-LHC (13 TeV, 3 ab™!)
1.6 - .. .= ee-Collider (3 TeV, 5 ab™1)
' -"."".0 FCC-hh (100 TeV, 30 ab™1)
,,,,,,,,,,,,,,,,,,, mmmm=  Real Singlet Scalar
144 et m— OTIDM
m— NCHM
Hyperbolic CHM
2= < ] Georgi-Machacek Model
e T Higgs-Dilaton Mixing
———————————— lﬁl%/ = Rovy
® SM
064 Tt et
0.4 -
02 T T T T T T —
0.900 0.925 0950 0975 1.000 1.025 1.050 1.075 1.100
Ry
= Xov can be independent of xv; example: Georgi-Machacek model -

Exploring the Higgs potential at ete- and yy colliders, Johannes Braathen, Georg Weiglein, LCWS2026, Tsukuba, 11/ 2026



Khhww

-xtended Georgi-Machacek model

1.40 -

[T.-K. Chen, C.-W. Chiang, S. Heinemeyer, G. W. ’26]

1.35
1.30-3
1.25
1.20-3
1.15

K

1.10{ -

1.05 -

* BeSt'ﬁt .

D35+ 125 <0, DYfs < 6.18
Ax2, <0, Axis <6.18

0.65

0.70 0.75 0.80 0.85 0.90 0.95 1.00
Khww

1.08 ;
1.06 -
1.04
1.02

1.00

Khhzz

0.98 -
0.96 -

0.94 1

0.92 L

+ DX35:125 <0, Oxfs<6.18

Ax2, <0, Axis <6.18
*  Best-fit

< B

0.9

25 0.950 0.975 1.000 1.025 1.050 1.075
Khzz

=> Xov does not have to be the same for W and Z, i.e. can have Xow # Xoz

Exploring the Higgs potential at ete- and yy colliders, Johannes Braathen, Georg Weiglein, LCWS2026, Tsukuba, 11 /2026

13



L HC: combined determination of », and A

AUtt

Ctthh

| | | I | | | | I | | | | I | | | | I | | | | I | | | | I | |
i ATLAS —— Observed 68% CL

- == (QObserved 95% CL

- } B 1
- Vs =13 TeV, 126—140 fb %+ Bestfit (-3.5, 0.74)

] I L1 1 1

- HH - bbT*T~ + bbyy + bbbb Expected (SM) 68% CL _

Expected (SM) 95% CL
%  SM prediction

- All other ¢ fixed to SM

~~~-—’

L I L I L I L I
L1 1 I L1 1 1 I L1 1 | I L1 1 1 I

-10 -5 0 5 10 15
Chhh

— Large degradation of the sensitivity to x,!

Exploring the Higgs potential at ete- and yy colliders, Johannes Braathen, Georg Weiglein, LCWS2026, Tsukuba, 11/ 2026

A\

14



L HC: combined determination of . and

[CMS

-1
Att N CMSSIUpplleme?tary S 13§ i) I(.1.3. TeV) Collaboration °25]
O 1.5 Kk, = 1.0 (SM) ¥ SM N
¢ Bestfit (SM) 68% CL
- — = Floating x; = 95% CL
10 B { Best fit (Floating) _
I ~——=" N\
0.5 -
0.0F -
_0o5- Observed -
[ Ky =Ky, =1
v v vy vy v e b b e by e By g By
-8 6 4 -2 0 2 4 6 8 10 12
Ka o

— Large degradation of the sensitivity to x,! .
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L HC: combined determination of . and

[J. Braathen, W. Naskar, D. Nath, G. W. '26]
2HDM case: effective values of xw up to xit = = +0.3 possible

t —— ATLAS 2406.09971
—— CMS 2510.07527
1.0
-h
0.51 P
............................................................................... ’
) : Rtt
RN e — : LA
1 ~
1 ~
....................... ' .
1 ~
~0.5-
: ~h
1
1
—1.01 :
1

~10 _5

— Possible BSM contributions to xit have large impact on x, determina’[ion}6
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Higgs pair prod. at ete- linear colliders (Ecm = 500 GeV)

e AHHH
\®
- - -<
/78N
AN
N
N
AN
et Z
e A e
Z 0““ Z
-‘: EEEEN H lllllllll
L 2
L
L 4
’0
L 4
€+ S H €+
) I o ]
o, [ e+e—>ZHH ]
< _e++e—>wHH ......... -
= ) == ZHH & vvHH Combined '
© 10° E

é P(e+,e-)=(0.3,-0.8): — Higgs-strahlung (ZHH)
p 0.5 — WW-fusion (v_v,HH)
C
2 04
(&
3
* 0.3
S
" S 0.2
0.1
-',:““.H O.I PP B PP BRI B |
Z ., 400 600 800 1000 1200 1400
7 centre of mass energy [GeV]
[LC Vision document ’25]
10 = ! 3 —_ T T T T T T T T T T T T T T
“:i ; | | | T § _8 1 :—r | 5 | | | -1 ]
(@) i T N B eI Ly 1 S R Ax, (abs.), 550 GeV, 4 ab i
5 4L : 4 & 0.8 =1 < —gte” — ZHH o
) = : et L L { 4 4 [ m— e*e”— vvHH i
n S T 3 | === combine .
% - A . o6\ ) bined . b
8 10~ > ‘;9?,',2’,‘, — i ]
1 el \ h
- 550 GeV - — 1
102 . == ZHH,P(e,e")=(-1,0) C ]
E ------ ZHH, P(e ,e*)=(1, 0) E 02 - —]
- : . : — vvHH, P(e',ze+)=(-1, 0) i : ]
o IR S S N S N SR U SO AR SRR R
-2 0 2 4 6 8
Az / )\‘SM -2 0 2 4 6 Kf

Xov = 1 assumed!

= 11% accuracy on x) for SM case, constructive interference for A > Asm
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ete~ Linear Collider (LC) with 550 GeV (or higher)

[F. Arco, G. W, ’26]

Here and for results above: - .
Xov = 1 assumed >M/ .
lo uncertainty with Koy = 1 7 h‘}()\
0.2- :
0.1 |
2 0.01
4.>£<
0.1
g
—0.2
—0.3
] —— HL-LHC, S2 +3 TeV :
—0.41 — +550 GeV ---- ‘without HL-LHC [
] 41 TeV [
—0.5 +————+—————t———_——_ N EEREREEEEEEEEEEEEE '
-4 -3 -2 -1 0 1 2 3 4 5 6 7 8
lig\rue
= Good prospects for ete- LC for xov = 1, large improvement over
HL-LHC, input from HL-LHC plays minor role for LC results 18
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ete- LC: impact of varying Xov

Without (left) and with (right) HL-LHC input: [F- Arco, G. W. "26]

1o projections (only rates for eTe~ colliders) lo projections (only rates for eTe™ colliders)

—— Zhh, 550GeV  —— 4uihh, 1TeV % SM —— HL-LHC (52) +Zhh, 1TeV. Y SM
— —|—Vﬂhh, 550 GeV —|—I/ﬂhh, 3TeV K/‘g\rue —1 — -I—Zhh, 550 GeV = ‘i‘Vﬂhh, 1TeV N K}‘g\rue —
—— 4 Zhh, 1TeV * e = —— +vihh, 550 GeV +vohh, 3TeV Ko =
OG- | 1.20 1
9201 i 1.15 1
: 1.10-
1.5 1 ]
I 1.05 -
; 0.95 1
0.9 -
_ 0.90 1
0.0 : 0.85 1
I I 0.80 - -
)5
—2 —1 0 1 2 3 4 0.50 0.75 1.00 1.25 1.50
K\ R\

— Accuracy on X, significantly reduced, HL-LHC input is crucial for
LC550 results (here: "pessimistic” HL-LHC projection, see below)

19
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ete- LC: impact of varying xov

[F. Arco, G. W. ’26]

-
—_
|

1

<
-]
1
T

|
—
—_
]
T

=

|
S
(N
I

Ky — kY (1o interval)

|
-
o
1

|
o ¢
S
PEREE R N T T N T N T T B

+3 TeV L Similar results
---- ‘without HL-LHC — fOund by

0.5 / - [I. Barklow, K. Fujii,
4 41 5 6 7 & J Tian’16]

— Accuracy on Xy significantly reduced, HL-LHC input is crucial for LC
results, higher LC energy stages yield only rel. small improvement
compared to LC550 + HL-LHC (reduce dependence on HL-LHC input) 2o
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¥ov: LHC Run 2 combination and HL-LHC projection

[ATLAS and CMS Collaborations ’26, '25]
Run 2 combination (left), observed limit at 68% C.L.: 0.87 < nov < 1 16

<8IIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIII i AZOO

£ [ ATLAS and CMS — ATLAS %‘ ATLAS+CMS PrOJectlons ESPPU 2026
S 7 LHC Run?2 — CMS 71 2175 Vs =14 TeV, 3 ab~! per experiment
- Vs =13TeV — Combined ] i Boosted VBF HH - bbbb
S Al other « fixed to SM — Obs. 95% CL:[0.73,1.3] 7 | 15.0f All other couplings fixed to SM

--- Exp. 95% CL:[0.66, 1.4]

12.5F — S2,68% CL kyy €[0.87,1.16]
S3, 68% CL Koy €[0.90, 1.13]

ot

. 1.0 1.1 1.2 1'3
Observed Run 2 result is already as good as the ATLAS+CMS HL-LHC”
projection for S2 scenario of improved theoretical uncertainties!

Further significant improvements expected from 20 x Run 2 luminosity,

analysis improvements (have already occurred in Run 3) and improved
theoretical uncertainties! >
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ete- LC: accuracy for x), depending on H

iINnput for Xov

LHC

0.6 lo projections for ki =1, kij}® =1 ]
| = HL-LHC m— ] TeV e Fixed Koy =1
0.44 = +550GeV +3TeV :

0.2-

: !
2= | T = L e e e T S Lo
© —_— e S S U S - U O R S

| | |
R S S ————— R

—0.2- ’

1 @)

T

- :

—0.4 - =

| i

01%  1.0%  10.0% 100.0%

AHJQV

[F. Arco, G. W. ’26]

— Improvement in accuracy on xov (e.g. factor 2-3) w.r.t. (pessimistic)
HL-LHC projection (based on only one channel, does not include latest
analysis improvements) will significantly improve LC determination of X\
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Another possibility: yy collider (combined with ete-

or S’[aﬂd—alOﬂe) [M. Berger, J. Braathen, G. Moortgat-Pick, W. Naskar, G. W. ’26]

« Compton backscattering

e it
» Getting access to yy and ye processes /\fe‘j\j\

e the optical-laser setup, with r < 4.8

IP
w ¥(e) de’{,e\}"
o the XFEL-based setup, or XCC (XFEL Compton —

g
Collider), with = > 1000.

b
B 4E0W0 2 Q - EO wo - & /:
v m2ct R T 153 [TeV] [eV} =19 [TeV] [ V. I. Telnov 2020
Optical or XFEL-like laser:
Optical, ee energy of 380 GeV: XFEL-like, ee energy of 270 GeV.:
0.12 0.5
— Total —— Total
50104 — =0 — — J;=0
] 0.10 o 04 )
'g 0.08] Ié .
2, 0.06- 2
) = 0.2
go.ow g
3 0.02] 3 01
Y,
0-00,5700 150 200 250 300 350 400 000100 150 200 250 300
V3 [GeV] V& [GeV] 23
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yy — hh at 380 GeV and 270 GeV: optical laser and

XF :I_ (XCC) [M. Berger, J. Braathen, G. Moortgat-Pick, W. Naskar, G. W. ’26]
Bl L E )
! S /y'%mdrll 1 dlyy s (59y) + — ALy (s )]
g S O e SIS S S A ) 2Lz dr T T prs odr TV
,,,,,,,, dmy [ YY YY
yj&/\/} ’L{)\ 1 yj/i/%v h fy ,,,,,,,,,
olyy = hh) £ | X'CCém' Tew 1 1 HEFT analysis
105__ lﬁltt:O -
n XCC380 :
© | — Optical380
i | — Optical550
2 10%}
n I
c
)
>
D)
80 103
o0 1U07F E
T :
L
102 1 1 1 1 1 1 1 1 1 1 1 1
—4-3-2-101 2 3 4 5 6 7 8 9
R\
= yy collider at 270 GeV has high sensitivity to x» 24
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Prospects at HL-LHC, ete- linear and yy collider

Xov = 1 assumed [LC Vision document ’26]

0.1

—~ 08377 T T
p] B : : . : : " -
@ : —n 1 HL-LHC
N—" 025 TR SRR T RN R —
!‘< _ . § ; «, absolute uncertainties P it = 0
<] ~ m " : . ™ HL-LHCESPPU 2025 & -
02 ......................... ........... I B — ot*e’, 550 GeV, 8ab! assumed
- A T e'e,1TeV,8ab",vwwHH "
- i : . m—@*e’550 GeV + 1 TeV -
0.15 i ] ‘ ....... vy — HH, 280 GeV, 4ab™ ... —
B ' : J : e*e’ 550 GeV +yy 28_0 GeV ~

0.05

O 1

N

K
= yy collider at =280 GeV could yield big improvement of thé

measurement of the trilinear Higgs coupling 25
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yy — hh at two energies, HEFT analysis:

simultaneous determination of ¥, and Xov
[M. Berger, J. Braathen, G. Moortgat-Pick, W. Naskar, G. W. ’26]

Assumed true values: xtrue = 1, Hoytrue = 1 95% C.L. limits from ATLAS + CMS

1.4- XCC270 1.4 XCC330 1.4- \ Combined
1.2- 19-
2 =
0.81 0.81
0.6 0.6
3 5 7 1 1 3 5 7 1 1 3 5 7
R R\ K\

B oY% CL e 68% CL *  SM (k) =1, Koy = 1) *  Hypothesis (k) =1, Koy = 1)

= High sensitivity for simultaneous determination of ) and xov
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yy — hh at two energies, HEFT analysis:

simultaneous determination of ¥, and Xov
[M. Berger, J. Braathen, G. Moortgat-Pick, W. Naskar, G. W. ’26]

Assumed true values: xtrue = 2, Hoytrue = 1 95% C.L. limits from ATLAS + CMS

AN

1.4- XCC270 1.4 XCC380 1.4- \ Combined
1.21 1.21 1.21
¢ 107 &'1.0 1.0
0.8 0.8 0.8
0.6 0.6 0.6
1 1 3 5 7 —1 1 3 5 7 —1 1 3 5 7

B 9°Y% CL e 68% CL *  SM(k)=1, koy = 1) %  Hypothesis (k) = 2, Koy = 1)

= High sensitivity for simultaneous determination of x) and xov
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yy = hhat 270 GeV: HEFT analysis

[M. Berger, J. Braathen, G. Moortgat-Pick, W. Naskar, G. W. ’26]

Constraints in (X, Xu) plane in comparison to current limit from ATLAS

2.0 A
Xov = 1 assumed
1.51 XCC 270 GeV
1.01
Y ANANANANANANN . //// h 05_
/'431;7;///
tA C < 0.0 'r
t \\\\
Y ANANANANANNN ~ h _05_
—1.07 s 95% CL
e 63% CL
—1.57 %  SM (k) = 1,k =0)
*  Hypothesis (k) = 1.0,k = 0.0)
—2.0 . . .
—10 0 10
R\
— Large improvement compared to present situation, good prospects for
simultaneous determination of X, X, Xov 28
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Conclusions

Via the Higgs self-couplings we are starting at the LHC to probe the
shape of the Higgs potential realised in nature and its connection to the
EW phase transition and the thermal evolution of the early universe

Sensitivity to ) can be limited by dependence on other coupling
modifiers: x: at the LHC, »ov at the LC

For ete- LC stand-alone: going beyond the theoretical assumption of
¥ov = 1 leads to drastic reduction of the accuracy for x)

HL-LHC results for xov will be crucial for the x)\ determination at e+e- LC!

yy collider at 270 GeV and 380 GeV: good prospects for simultaneous
determination of Xy, Xit, Xov!
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Sackup

30
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Constraints on At from tthh production
[G. Di Gregorio, MBI Workshop '26]

JHEP 08 (2026) 020 (&
AT LAS

Results

Maximum likelihood fit performed in all SRs + CRs 1n all the three channels

No significant excess over the bkg-only hypothesis g meq//
Same contribution from statistics and systematics uncertainties

_ H
e Observed (expected) upper limits @ 95% CL on p,; <20 (21) s
« Both 1L and SSML re-interpreted with HEFT A T H
to constrain g m\\
0 _
<
ATLAS —e— Observed limit < ATLAS —— Combined
----- Expected limit N _ ----- 1L
Vs =13/136TeV, 140/56 fb~! Expected limit +20 I 8_\/_= 13/13.6 TeV, 140/56 fb~?!
ttHH 1L + SSML + bbyy Expected limit +10 ttHH 1L + SSML SSML
o6, (H&E:F;_ ) Observed
. 6F \ Combined: i
.l i \ 95%: Cuiiy € [-3.9, 3.3] /
bovy *’ R o8%: com<25,200 [/ /|
SSMLr * 40 38 [ : S
Lr } 26 29
Combined 20 o1
10’ 107

95% CL upper limit on Ly

—> Accuracy not sufficient to help in combined (X, xi) determination

Exploring the Higgs potential at ete- and yy colliders, Johannes Braathen, Georg Weiglein, LCWS2026, Tsukuba, 11/ 2026



Gravitational waves as a probe of the early universe

Relaxion
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during inflation 30
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—WPT: are there additional sources for CP violation
N the Higgs sector?

Baryogenesis: creation of the asymmetry between matter and anti-
matter in the universe requires a strong first-order electroweak phase
transition (EWPT)

First-order EWPT does not work in the SM

The amount of CP violation in the SM (induced by the CKM phase) is
not sufficient to explain the observed asymmetry between matter
and anti-matter in the universe

First-order EWPT can be realised in extended Higgs sectors
could give rise to detectable gravitational wave signal

h . Vi
—> Search for additional sources of CP violation N

Two-loop “Barr-Zee”’
electron EDM contribution

But: strong experimental constraints from limits on electric dipole
moments (EDMs) 33
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ow about indirect constraints on Annn from circular
iggs factories (CEPC, FCC-ee) below hh threshold?

ndirect access to Annh Via

» single Higgs processes: Annh enters at 1-loop order
e Z e Z e

e \h et
(& . (b) (c)
- electroweak precision observables: Annh enters at 2-loop order

Loop contribution of Anhn coOmpetes 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,

34
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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

Case where the observables used for a global fit based on data from
the LHC and CEPC or FCC-ee, 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): how well can such a deviation be associated
with Annn rather than with other higher-order contributions??

This issue had not been addressed for the FCC-ee fits so far; the
future experimental results had always been assumed to perfectly
agree with the SM (even without accounting for statistical
fluctuations of the assumed central values around the SM
predictions)

35
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—FT fit for the case where x, # 1

Considered: case where a certain BSM scenario is realised in nature;
example: IDM, used to generate pseudo-data” as input for SMEFT fit

IDM inputs: 1L BSM + k,-dependent diagrams

5 ] % Srrwicg.izzltifrir:jates w/o O(1/A?) curve
£ Une. catmotes win o) curve E [H. Bahl, P. Bechtle,
47 J. Braathen, S. Heinemeyer,
23] E‘ - J. List, M. Vellasco, G. W.
< B} B '26, prelim.]
5 |
A H

1K,t\“‘e (IzDM pridictioé:ws) 5
—> Result of the SMEFT fit sensitively depends on the treatment of higher-
dimensional operators (dim. 6 vs. dim. 8, ...) and of theoretical
uncertainties
The determination of SMEFT coefficients in a global fit is very different
from experimental measurements of physical observables; the resulting
pattern of SMEFT coefficients may be very difficult to relate to the

physics scenario that is actually realised in nature 36
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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 A 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) 37
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Indirect constraints on Annn @are much more difficult to

obtain than the indirect constraints on Mn In t

« Mh is a free parameter of the SM, but Annn is not!

ne SM

= 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
of the EFT description? ...

validity

—> 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

38
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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- = vvhh 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!
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Triple Higgs production at yy collider

[M. Berger, P Bossuyt, J. Braathen, G. Moortgat-Pick, W. Naskar, G. W. '26, pelim.]
o(yy — hhh)/fb

100 - 1

10 \ \ /

§
\
1072 \

—e— E=640, pol=(1, 1)

—— E=660, pol=(1, 1)
71 —e— E=680, pol=(1, 1 \/ 10-3
—e— E=1000, pol=(1, 1)

section (fb)

-60 -40 =20 0 20 40 60

— Potential for constraining x4 beyond unitarity bounds
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