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The Higgs self-coupling
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The Higgs self-coupling

[Ellis 2013]
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The Higgs self-coupling

* After spontaneous symmetry breaking:
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[Ellis 2013]
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The Higgs self-coupling

* After spontaneous symmetry breaking:
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* In BSM contexts, define coupling modifiers:
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Ky at future e"e™ colliders - direct sensitivity

- Ideal way to probe x, = A\, /\3™: hh production: 0.6 e
- e + e — ZHH

— e+ e — vwHH (WW-fusion)
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 “Direct” or tree-level sensitivity [Barklow et al. '17] 0 400 600 800 1000 1200 1400

Center of Mass Energy / GeV

* kK, extracted from fit to kinematic distributions ‘Bambade et al. '19]
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Ky at future e"e™ colliders - direct sensitivity

- Ideal way to probe x, = A\, /\3™: hh production: 0.6
C e* + e — ZHH ]
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° Direct” or tree-level sensitivity [Barklow et al. '17] 400 600 800 1000 1200 1400

Center of Mass Energy / GeV

* kK, extracted from fit to kinematic distributions ‘Bambade et al. '19]

 However: need+/s = 500 GeV

¢ Maximum +/s at FCC-ee: 365 GeV
> Only achievable at linear e e~ colliders
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K at future ee™ colliders - indirect sensitivity

 Alternative: precision measurements of single h observables
° kK, only present at loop-level
» Need high precision!

* Profits greatly from measurements at different \/s

» Disentangle ~, from other couplings

*  “Indirect” or loop-level sensitivity

» Circular e™e™ colliders

» Studied by several groups [VIcCullough '13, deBlas '25,
ter Hoeve et al. '25, Maura et al. '25]

11/11/2026 Murillo Vellasco - LCWS2026 4


https://arxiv.org/abs/1312.3322
https://agenda.infn.it/event/44943/contributions/263362/attachments/137561/207437/Future_Collider_Comparison.pdf
https://arxiv.org/abs/2504.05974
https://arxiv.org/abs/2503.13719

K at future ee™ colliders - indirect sensitivity

 Alternative: precision measurements of single h observables

° kK, only present at loop-level
» Need high precision!

* Profits greatly from measurements at different \/s

» Disentangle ~, from other couplings

*  “Indirect” or loop-level sensitivity

» Circular e™e™ colliders

» Studied by several groups [VIcCullough '13, deBlas '25,
ter Hoeve et al. '25, Maura et al. '25]

e (Caveat: sensitivity depends on the BSM theoretical
framework, i.e.:

» BSM particles in the loop h
» Theoretical assumptions . ____." \‘.____ .
Rx s R ¢ RX
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Theoretical Frameworks

In order to study the sensitivity of future colliders to x, &+ 1, a framework for BSM physics is
necessary:
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Theoretical Frameworks

In order to study the sensitivity of future colliders to x, &+ 1, a framework for BSM physics is
necessary:
c kappa-framework: Higgs couplings are modified by numerical factors

> e.8. Thopp = Kp * Thopp
» Not fully consistent (cannot apply to different energies)
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Theoretical Frameworks

In order to study the sensitivity of future colliders to x, &+ 1, a framework for BSM physics is
necessary:

a kappa-framework: Higgs couplings are modified by numerical factors
> e.8. Tnopp = Kp * Thopp
» Not fully consistent (cannot apply to different energies)

e Effective Field Theories (EFTs): e.g. SMEFT

» (Some) model-independence
» Which operators to include and where to truncate the EFT expansion?

e UV-complete models: e.g. 2HDM
» Very vast model landscape

Goal of the project: compare the EFT approach with a simple BSM model:
Inert Doublet Model (IDM)
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The Inert Doublet Model (IDM)

2 Higgs doublets:
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The Inert Doublet Model (IDM)

2 Higgs doublets:
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* |Impose invariance under an (unbroken) Z,-symmetry:
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The Inert Doublet Model (IDM)

2 Higgs doublets:
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* |Impose invariance under an (unbroken) Z,-symmetry:

[(I)l — q)l,

q)g > @2]

 Leads to desirable properties, e.g.:

» No coupling between BSM Higgs’ and SM fermions - “Inert”
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The Inert Doublet Model (IDM)

2 Higgs doublets:
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* |Impose invariance under an (unbroken) Z,-symmetry:

[(I)l — q)l,

q)g > @2]

 Leads to desirable properties, e.g.:

» No coupling between BSM Higgs’ and SM fermions - “Inert”

* Crucially: parameter space allows for large «, while keeping all other
Higgs couplings SM-like (See backup)
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The SMEFT 3 5
S .
Standard Model Effective Field Theory (SMEFT) i Phystes
* Assume New Physics has a typical energy scale Ay p E
* SMEFT can parametrize BSM physics at energies < Ayp | Ave  Energy
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The SMEFT g 5
S ' New
Standard Model Effective Field Theory (SMEFT)  Physics
* Assume New Physics has a typical energy scale Ay p E
* SMEFT can parametrize BSM physics at energies < Ayp | Ao Energy
4 )
LSMEFT = E(Séf\)/[ +
N /
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SM
The SMEFT " ,
% i New
Standard Model Effective Field Theory (SMEFT)  Physics
* Assume New Physics has a typical energy scale Ay p # :

* SMEFT can parametrize BSM physics at energies < Ayp | Ao Energy
: 1 1 1 :
LonBrT = £(4) | 0(5)0(5) | 0(6)0(6) + O ( )

SM ANP zk: ks k ! AIQ\IP Ek: k k A%P
N /
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The SMEFT g 5

% i New
Standard Model Effective Field Theory (SMEFT)  Physics
* Assume New Physics has a typical energy scale Ay p ’ :

* SMEFT can parametrize BSM physics at energies < Ayp | Ao Energy
: 1 1 1 A
LaMprT = £(4) | 0(510(5) | 0(6‘0(6) + 0O ( )

Bt oy (0P + g Xek{ol]+ o (5
N /

* Includes all possible (non-renormalizable) operators consistent with Poincaré and
SM gauge symmetries
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The SMEFT g 5
% i New
Standard Model Effective Field Theory (SMEFT)  Physics
* Assume New Physics has a typical energy scale Ay p ’ :
* SMEFT can parametrize BSM physics at energies < Ayp | Ao Energy
: 1 1 1 A
4 5),~ (5 6)|~ (6
Lomrr = L8+ 1= S0P + = SJePp + 0 ()
NP NP " NP
N /

* Includes all possible (non-renormalizable) operators consistent with Poincaré and
SM gauge symmetries

* The Cy are called Wilson Coefficients (WC) — Dimensionless!
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The SMEFT S !
% i New

Standard Model Effective Field Theory (SMEFT) i Physlcs

Assume New Physics has a typical energy scale Ayp ’ :

SMEFT can parametrize BSM physics at energies < App | Ave  Energy

: 1 1 : 1Y

4 5 5 6 6
Lsvrrr = Ly A 2:1015; )iol(c ) - A2 E:IOI(C )Iol(c '+ 0 (A3 )
. NP NP " | NP )

I
Includes all possible (non-renormalizable) operators consistent with Poincaré and

SM gauge symmetries

The Cy are called Wilson Coefficients (WC) — Dimensionless!

Current setup for indirect constraints: dimension-6 SMEFT (~ O(1/A%p))
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Methodology: global SMEFT fits

* Goal: investigate how well would indirect (loop-level) measurements determine a non-
SM value of k;

* Procedure:
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Methodology: global SMEFT fits

* Goal: investigate how well would indirect (loop-level) measurements determine a non-
SM value of k;

* Procedure:
€ select set of IDM benchmark parameter points (BPs)

4 )
IDM BP
\ _ J
JLPrediction
4 t )
KJ)\rue
\ W,
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Methodology: global SMEFT fits

* Goal: investigate how well would indirect (loop-level) measurements determine a non-
SM value of Kk
 Procedure:

€ select set of IDM benchmark parameter points (BPs)
© For each BP, evaluate predictions for observables at future colliders

r N s N

IDM BP ~  Future colliders
N ~ ) Predictions observables

. . Y,
JLPredlctlon
4 )
K&rue
\_ J
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Methodology: global SMEFT fits

* Goal: investigate how well would indirect (loop-level) measurements determine a non-

SM value of Kk

* Procedure:

€ select set of IDM benchmark parameter points (BPs)
© For each BP, evaluate predictions for observables at future colliders

©) Use these results as inputs for a global SMEFT (LO, dim-6) fit
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* Goal: investigate how well would indirect (loop-level) measurements determine a non-

SM value of Kk
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Methodology: global SMEFT fits

* Goal: investigate how well would indirect (loop-level) measurements determine a non-

SM value of Kk

* Procedure:

€ select set of IDM benchmark parameter points (BPs)
© For each BP, evaluate predictions for observables at future colliders

©) Use these results as inputs for a global SMEFT (LO, dim-6) fit

@ Compare fitted K, with the “true” value for the IDM BP

(
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Input measurements: HL-LHC + FCC-ee

Input measurements: Higgs+EW fit from Snowmass 2021 [deBlas et al. '22]

Single-Higgs observables (o and o - BR)
@ HL-LHC, FCC-ee,,, & FCC-eeq;

Electroweak precision observables (EWPOs)
@ HL-LHC, FCC-ee, & FCC-eeyy

Diboson measurements (e e~ — WW)

Collider Energy Int. Lumi.

HL-LHC 14 TeV 6 ab—1

FCC-eey M 150 ab—1
FCC-eeyw 2 My 10 ab—1
FCC-eeayqp 240 GeV 5 ab—1
FCC-eess5 | 365 GeV | 1.5 ab™!

@ HL-LHC, FCC-eeyy, FCC-ee,,, & FCC-eeq;
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https://arxiv.org/abs/2206.08326

Input measurements: HL-LHC + FCC-ee

Input measurements: Higgs+EW fit from Snowmass 2021 [deBlas et al. '22]

Single-Higgs observables (o and o - BR)
@ HL-LHC, FCC-ee,,, & FCC-eeq;

Electroweak precision observables (EWPOs)
@ HL-LHC, FCC-ee, & FCC-eeyy

Diboson measurements (e e~ — WW)

Collider Energy Int. Lumi.
HL-LHC 14 TeV 6 ab—1
FCC-eey M 205 ab~ 1
FCC-eey 2 M/ 19.2 ab—1
FCC-eeaqq 240 GeV 10.8 ab—1!
FCC-ee3s5 | 365 GeV | 2.7 ab™!
Now

@ HL-LHC, FCC-eeyy, FCC-ee,,, & FCC-eeq;

Inputs updated according to latest ESPPU projections
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Naive fit results

“Naive” fits:
* |IDM predictions at 1-loop level
* SMEFT implementation in HEPfit

11/11/2026
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Naive fit results 5 IDM prediction X

4 - ® Fit results

“Naive” fits: X
3 -

* |IDM predictions at 1-loop level -

* SMEFT implementation in HEPfit 5 -

SRR

* Mismatch between fitted K ; value and

)
IDM K ; prediction S o7 ¢
X
* IntheIDM, k,-dependent corrections to | - t 3
7 — Zh are 2-loop effect = )
1 2 3 4

K€ (IDM predictions)
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Naive fit results 5 IDM prediction X

4 - ® Fit results

“Naive” fits: X
3 -

* |IDM predictions at 1-loop level -

* SMEFT implementation in HEPfit 5 -

SRR

* Mismatch between fitted K ; value and

IDM K, prediction

* Inthe DM, k,-dependent corrections to
/ — Zh are 2-loop effect

 Another approach: include 1L SM-like diagrams 1 : 2 3 4
rue : :
with insertions of k; into IDM predictions Ky (IDM predictions)
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0, prediction: IDM vs. SMEFT

 Full 1-loop BSM Z — Zh vertex and external

IDM calculation

leg corrections, e.g.:

€

11/11/2026

7
A,o’/
oo H

H e

SMEFT calculation

e Full dim-6 tree-level SMEFT
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0 4, prediction: IDM vs. SMEFT

IDM calculation

 Full 1-loop BSM Z — Zh vertex and external
leg corrections, e.g.:

SMEFT calculation

e Full dim-6 tree-level SMEFT

+ 1-loop SM-like diagrams with insertions of one or two powers of k; (formally of 2-/3-loop order)
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o 71, expression in SMEEFT

* Assuming x, #+ 1, one can parametrize the Zh cross-section as: [Degrassi et al. '16]
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o 71, expression in SMEEFT

* Assuming x, #+ 1, one can parametrize the Zh cross-section as: [Degrassi et al. '16]
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o 71, expression in SMEEFT

* Assuming x, #+ 1, one can parametrize the Zh cross-section as: [Degrassi et al. '16]

-

\_

Ok IZh’,@\ --(1—|— ky - O )

~N

J

. is the leading-order cross-section
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o 71, expression in SMEEFT

* Assuming x, #+ 1, one can parametrize the Zh cross-section as: [Degrassi et al. '16]

~N

J

. is the leading-order cross-section

. : (1 —rK36Z,)" 1 is the resummed k5
contribution to the wave function renormalization

(WFR) constant of the Higgs field, with

9 2T
0L, = — —
" 164/272 (3\/§

~ —1.536 x 10"
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o 71, expression in SMEEFT

* Assuming x, #+ 1, one can parametrize the Zh cross-section as: [Degrassi et al. '16]

- )
O-I{A :.. (1 —I_ K:A . )

\ W,

. is the leading-order cross-section

. : (1 —rK36Z,)" 1 is the resummed k5

contribution to the wave function renormalization
(WFR) constant of the Higgs field, with

. corresponds to the momentum-dependent
contributions to the ZZh vertex [Di Vita et al. '17]

€

f

9 27 REER
0Ly = — —1)Grm? ~ , ____& ®----
" 16v2n (3\/5 ) PR T RS AT

~ —1.536 x 10"
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o 71, expression in SMEEFT

* Assuming k, =+ 1, one can parametrize the Zh cross-section as: [Degrassi et al. '16]

- )
O-I{A :.. (1 —I_ K:A . )

\ W,

. is the leading-order cross-section

. : (1 —rK36Z,)" 1 is the resummed k5

contribution to the wave function renormalization
(WFR) constant of the Higgs field, with

. corresponds to the momentum-dependent
contributions to the ZZh vertex [Di Vita et al. '17]

€

h
9 27T PASEEN
0L = — —1)Grms ~ , ___& ®----
" 16+/272 (3\/§ ) i " H’)‘.\j_t_/.’{’)‘ " -+
~ —1.536 x 10~°
(o 1-6Z, 14+ mCh
. . . o — K
* The ratio of the cross-section with respect to Zh_ — . 26; 1 2) 1
. A= _
the SM value is then: _97n kAOZn 1+ 0 )
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Truncation o, of the expression in SMEFT

o _ 162, 1+k\C * Expandingin powers of 0k, = (k, — 1) gives different
o~ 1—=r30Z, 1+ C) possible expressions:
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Truncation o, of the expression in SMEFT

oy, 1—=0Z, 14 k\Cy * Expandingin powers of 0k, = (k, — 1) gives different
o=t 1 =nr30Z, 1+ Cy possible expressions:

* No (9(1/A*) contributions: expand up (k) terms

11/11/2026

13



Truncation o, of the expression in SMEFT

oy, 1—=0Z, 14 k\Cy * Expandingin powers of 0k, = (k, — 1) gives different
o=t 1 =nr30Z, 1+ Cy possible expressions:

* No (9(1/A*) contributions: expand up (k) terms

o)
Hfil ~ 1+ 0K (Cl + 25Zh)
A
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o=t 1 =nr30Z, 1+ Cy possible expressions:

* No (9(1/A*) contributions: expand up (k) terms
* Expand up O((dk, )?) terms

* Expansion up to (((dx, )?) terms, excluding WFR/vertex mixing (o< C - 67,
» implemented in HEPfit
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Truncation o, of the expression in SMEFT

oy, 1—=0Z, 14 k\Cy * Expandingin powers of 0k, = (k, — 1) gives different
o=t 1 =nr30Z, 1+ Cy possible expressions:

* No (9(1/A*) contributions: expand up (k) terms
* Expand up O((dk, )?) terms

* Expansion up to (((dx, )?) terms, excluding WFR/vertex mixing (o< C - 67,
» implemented in HEPfit

* No loop corrections beyond 1L: no resummation of 0 Zh contribution

K\
Ozn
kx=—1 —
Ozn

~ 1+ 0K (Cl 4 2(5Zh) + (5I£A)25Zh
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Truncation o, of the expression in SMEFT

oy, 1—=0Z, 14 k\Cy * Expandingin powers of 0k, = (k, — 1) gives different
o=t 1 =nr30Z, 1+ Cy possible expressions:

* No (9(1/A*) contributions: expand up (k) terms
* Expand up O((dk, )?) terms

* Expansion up to (((dx, )?) terms, excluding WFR/vertex mixing (o< C - 67,
» implemented in HEPfit

* No loop corrections beyond 1L: no resummation of 0 Zh contribution

* Expand up O((dk,)?) terms
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Truncation o, of the expression in SMEFT

oy, 1—=0Z, 14 k\Ch * Expandingin powers of 0k, = (k, — 1) gives different

A=l 1 — k267, 1+ Ch possible expressions:

Ozn

* No (9(1/A*) contributions: expand up (k) terms

* Expand up O((dk, )?) terms

* Expansion up to (((dx, )?) terms, excluding WFR/vertex mixing (o< C - 67,
» implemented in HEPfit

* No loop corrections beyond 1L: no resummation of 0 Zh contribution

* Expand up O((dk,)?) terms

* Use full expression
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» implemented in HEPfit

* No loop corrections beyond 1L: no resummation of 0 Zh contribution

* Expand up O((dk,)?) terms

* Use full expression
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Estimating theoretical uncertainties ono .,

atter points: IDM predictions for o, at+/s = 240, 365 GeV

* Select of benchmark points (BPs)

 Apply simplified “matching” to SMEFT
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Estimating theoretical uncertainties ono .,

atter points: IDM predictions for o, at+/s = 240, 365 GeV

e Select

 Apply simplified “matching” to SMEFT
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Estimating theoretical uncertainties ono .,
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Estimating theoretical uncertainties ono .,

atter points: IDM predictions for o, at+/s = 240, 365 GeV

*  Without O(1/A*) terms, SMEFT predictions are

far off!

* Choice of how to truncate the 1/A expansion
leads to different predictions!

> Theoretical uncertainties!
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Estimating theoretical uncertainties ono .,
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Fit results

Incorporate these uncertainties as new nuisance parameters (NPs) in the global SMEFT fits
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Fit results

Incorporate these uncertainties as new nuisance parameters (NPs) in the global SMEFT fits

* Fits without new nuisance parameters:

»> Fit able to determine “true” K,

» |Important cross-check

IDM inputs: 1L BSM + k,-dependent diagrams
5 4 @ Original fits
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Fit results

Incorporate these uncertainties as new nuisance parameters (NPs) in the global SMEFT fits

* Fits without new nuisance parameters:

»> Fit able to determine “true” K,

» |Important cross-check

* Estimates without the ((1/A?) SMEFT curve

> Little effect on K uncertainty

11/11/2026 Murillo Vellasco - LCWS2026

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

5 4 @ Original fits
@ Unc. estimates w/o ©(1/A?) curve I}
J H
I f g
1 2 3 4 5

k¢ (IDM predictions)



Fit results

Incorporate these uncertainties as new nuisance parameters (NPs) in the global SMEFT fits

IDM inputs: 1L BSM + k,-dependent diagrams
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Statistical analysis with toy fit studies

e |nvestigated fit consistency with tovy studies
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Statistical analysis with toy fit studies

11/11/2026

* Investigated fit consistency with toy studies

* [Introduced “experimental noise” to central
values of fit observables

> ‘“Non-Asimov” fits
e 1000 such toy fits

e Results are consistent
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Statistical analysis with toy fit studies

IDM BP O preliminary

100 1 nyoys = 1000
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Number of toy fits
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- == Fits without new NPs - linear fit
1 Fits with new NPs

- == Fits with new NPs - linear fit
- = Significance level = 0.05

0.4 0.6 0.8 1.0

p-value

Investigated fit consistency with toy studies

Introduced “experimental noise” to central
values of fit observables

> “Non-Asimov” fits
1000 such toy fits

Results are consistent

p-value distributions: mostly flat v/
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Statistical analysis with toy fit studies

IDM BP 0 * |nvestigated fit consistency with toy studies
preliminary

1009 nioys = 1000 Fits without new NPs * Introduced “experimental noise” to central
| — = Fits without new NPs - linear fit .
- [Z1 Fits with new NPs values of fit observables
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| — « Significance level = 0.05 > ”Non-Asimov” fits
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* 1000 such toy fits
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o

e Results are consistent

N
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Number of toy fits

« p-value distributions: mostly flat v

N
o

* For small K, NPs have little effect
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p-value
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Statistical analysis with toy fit studies

IDM BP 1 * |nvestigated fit consistency with toy studies
preliminary
| Mtoys =1000 =30 Fits without new NPs * [Introduced “experimental noise” to central
100 I - == Fits without new NPs - linear fit .
= Fits with new NPs values of fit observables
! == == Fits with new NPs - linear fit
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* For small K, NPs have little effect
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Statistical analysis with toy fit studies

* Investigated fit consistency with toy studies
IDM BP 2 preliminary
Ntoys = 1000 =3 Fits without new NPs * [Introduced “experimental noise” to central
100 - I — = Fits without new NPs - linear fit .
: =3 Fits with new NPs values of fit observables
! = = Fits with new NPs - linear fit
30 — - Significance level = 0.05 > “‘Non-AsimovV” fits

* 1000 such toy fits

e Results are consistent

Number of toy fits

« p-value distributions: mostly flat v

* For small K, NPs have little effect
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Statistical analysis with toy fit studies

IDM BP 3 * Investigated fit consistency with toy studies
preliminary
120 q Ntoys =1000 == Fits without new NPs * [Introduced “experimental noise” to central
I = == Fits without new NPs - linear fit .
=3 Fits with new NPs values of fit observables
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* 1000 such toy fits

e Results are consistent

Number of toy fits

« p-value distributions: mostly flat v

* For small K, NPs have little effect
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Statistical analysis with toy fit studies

IDM BP 3 * Investigated fit consistency with toy studies
preliminary
120 q Ntoys =1000 == Fits without new NPs * [Introduced “experimental noise” to central
I = == Fits without new NPs - linear fit .
=3 Fits with new NPs values of fit observables
100 - I == == Fits with new NPs - linear fit
— « Significance level = 0.05 > ‘“Non-AsimoV” fits

* 1000 such toy fits

e Results are consistent

Number of toy fits

» p-value distributions: mostly flat v/

* For small K, NPs have little effect

0.0 0.2 0.4 0.6 0.8 1.0 * Forlarge Kk, NPs help flatten the distribution
p-value (slightly)
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Discussion and conclusions

Loop-level extraction of K, via eTe™ — Zh:

 Using IDM predictions as pseudo-data for future colliders: SMEFT fit can detect
presence of New Physics in Ky

11/11/2026 Murillo Vellasco - LCWS2026

18



Discussion and conclusions

Loop-level extraction of K, via eTe™ — Zh:

 Using IDM predictions as pseudo-data for future colliders: SMEFT fit can detect
presence of New Physics in Ky

* Addressed uncertainty in the truncation of the SMEFT o ; expression

» Introduced new nuisance parameters into the fit

» Upto 2.5X increase in K, uncertainty!
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Discussion and conclusions

Loop-level extraction of K, via eTe™ — Zh:

 Using IDM predictions as pseudo-data for future colliders: SMEFT fit can detect
presence of New Physics in Ky

* Addressed uncertainty in the truncation of the SMEFT o ; expression

» Introduced new nuisance parameters into the fit

» Upto 2.5X increase in K, uncertainty!
* Additional higher-order corrections needed to control uncertainties

* Toy studies show consistency of fits
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Toy fits without new NPs «, distributions (1)
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Toy fits without new NPs k, distributions (2)

Posterior distribution
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otoys = 0.299
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Toy fits

Posterior distribution

11/11/2026
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IDM BP O
T
[ Unc. estimates with ©@(1/A?) curve Ogist = 0.331
1 BP 0 modes (toy fits) Otoys = 0.4
=== |[DM BP O (k) = 1.10)
+ —_
ot =0.355

Oftys = 0.469

Ogist = 0.264
Otoys = 0.381

Ntoys = 1000

0.00

Posterior distribution

with new NPs k, distributions (1)

IDM BP 1

1.75 -

1.50 -
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1.00 -

0.75 -

0.50 -
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1 Unc. estimates with ©(1/A?) curve

1 BP 1 modes (toy fits)
— = |[DM BP 1 (k) = 2.39)

0.00

Murillo Vellasco - LCWS2026

Odist = 0.605
atoys = 0.505
Ogit = 0.625
o, = 0.838
05 = 0.392
Otoys = 0.429

ntoys —_ 1000
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Toy fits with new NPs ~, distributions (2)

IDM BP 2 IDM BP 3
1.75 - T |
1 Unc. estimates with ©(1/A?) curve Ogqist = 0.844 1.2 -4 E=3 Unc. estimates with ©(1/A%) curve Ogist = 0.936
1 50 _ 1 BP 2 modes (toy fits) O'toys — 0.612 1 BP 3 modes (toy fits) atoys —_ 0.782
C . - = |[DM BP 2 (k) = 3.34) - = = |[DM BP 3 (k) = 4.33)
= ! s - | ot =0.826 S 10- | ot =1.14
3 l Oy = 1.01 3 | Oys = 1.11
= : = 0.8 - :
o 1.00- Ogise = 0.514 o | O = 0.524
© Oroys = 0.549 © 0.6 - I Oroys = 0.725
= =
Q ntoys = 1000 Q 0.4 ~ ntoys = 1000
+ 0.50 - 4
o £
0.25 - 0.2 -
0.00 | | 0.0 | |
2 4 6 8 2 4 6 8 10
KA K
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Benchmark Point (BP) selection

IDM Benchmark Points

\.»  The IDM BPs are constrained to satisfy:
ol I | e Perturbative unitarity
1 B 10 .
0010 * | * Boundedness-from-below of the potential
_ 0.008- ife * |k — 1] < 5% for all single Higgs coupling modifiers x
' 0.0061 - , : : :
AN 3 ife = They also satisfy the following experimental constraints:
0.004 -
1  Dark matter phenomenology
0.002 - BPO (k; =1.1) -4 . .
“}f 3P 1 (;=2_39) i * Electroweak precision observables (EWPOs)
0.000 - = - _
NSRS - e » Collider searches
~0.002 1 | | | ]
R Final selection includes 4 BPs
Zh
n3 [GeV?] A1 A2 A3 A4 As  mpy |GeV] mgy [GeV] mpyg+ [GeV] k)
BP 0]1.178 x 10% 0.2581 6.213 7.169 —4.512 —3.143 1079 1164 1181 1.1
BP 1|3.666 x 10° 0.2581 3.084 11.46 —5.68 —5.109 622.2 834.8 845.1 2.387
BP 2(3.922 x 10° 0.2581 10.06 14.19 —6.974 —6.407 645.6 897.3 906.8 3.345
BP 3|3.432 x 10° 0.2581 8.985 15.83 —7.704 —7.4 604.3 902.1 907.2 4.333




hhhvs. hZZ couplings

(1)

Ky

(2)

Ky

(2)

Ky

51
5
52)

gnzz
ghzz 1

gnhzz

10~

-------- 0.3% precision on gzz -
-------- 50% precision on A\pu; |
—-—- 20% precision on Apup,

—4m

10773 5 3 4 5 6 7 1077 107
(2)

Ky [LCVision '25]

03;, » -+ deviation of the hZZ coupling relative to the SM

[LCVision '25]

101

Even in simple models, can have |dg,, .| < 0.3% (FCC-ee projection) and large k;

True irrespective of details of the theoretical predictions
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6thZ VS. KA in the IDM (1)

Option A, 0WMgnzz(p? = pi = p2 = 0), Ky and ATy at 1L

I A 70.00  —
| : |
N 1001 2
0 5 3
N —0.02 7
=
—0.03 =
S —
N ~—
...NQ ............................................................................... _0.04 %
= ey
= 3
= —0.05
T
| <2
1030 | | B —0.06 =
L] : =
- e FCC-ee lim. on gnzz —0.07
r : """" 50% precision on Appp - _ %
~ ‘i : —-—- 20% precision on Appn —0.08 ‘T"L‘"‘f
A <
1 2 3 4 5! 6 7
(1)
2\ Plot by J. Braathen

* kyand Al : 1-loop level

* 0(gpzz: strictly 1-loop level (only BSM vertex and external-leg corrections)
¢ /s =0 GeV (left) and /s = 240 GeV (right)



89nzz Vs. Ky in the IDM (2)

Optlon A: k) and AT}, at 2L; W gnzz(p? = p3 = p3 =0)

0 g7z

........ FCC-ee lim. on gz7 |

|
I
I
I
L
S
U
|
|
|
|
|
: ........ 50% precision on Appp
|

&

- - /&\ T

—-—- 20% precision on Apu T
<]

* kyand AL, :2-loop level

1072F | | =

L (¥ - —0.02 S
:‘i ¢ e s | T
e ' =

0 g7z

1073

-------- FCC-ee lim. on gz7 |
........ 50% precision on Appp %t

—-—+ 20% precision on Ay

Plot by J. Braathen

* 0(gpzz: strictly 1-loop level (only BSM vertex and external-leg corrections)

¢ /s =0 GeV (left) and /s = 240 GeV (right)
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6gnzz VS. Kz in the IDM (3)

Optlon B: k) and Al'j,, at 2L; 14:(21}{([)1 =0,p3=m%,pi=m})—1 Option B KJ)\ and Al'y_,, at 2L; KJ(Z}{( = (240 GeV)%, p3 = m%,pi =m3) — 1
| """"""""""""""""""" —
: | : ] |
i d z
| —
c
|
_ —0.02 <
— I
| 107 e ,.o" ; 1
s ¢° —
= & |.‘ ....................................................................... %
= | : ‘ —
N . E =
: : N 9 S
g 10-3 I —0.06 0
= | =
Qt‘ | ~
"""" FCC-ee lim. on gz7 | - I ‘ e FCC-ee lim. on grzz | —0.08
"""" 50% precision on A, | : o e 50% precision on A\ppp | T?
—-—- 20% precision on Ay | | ‘ —-— 20% precision on Ay i\‘r; <
.................... 10—4 | . A R P S S T <]
5) §) 7 1 2 3 4 5 6 7
% Plot by J. Braathen 2%
Plot by J. Braathen

* kyand AL, :2-loop level

* 09pnzz: 1L BSM corrections + 1L SM-like diagrams with 1 insertion of «
¢ /s =0 GeV (left) and \/s = 240 GeV (right)
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The Inert Doublet Model (IDM)

2 Higgs doublets: &, = (\}5(0 + thz'GO)) P2 = (\}5(H+@A)>

* Impose invariance under a Z,-symmetry: &, — ®,, and ¢, - —®,

* Restrict parameter space such that Z,-symmetry is not spontaneously broken:

(@) =2, (@) =0

AF
K
» No coupling between BSM Higgs and SM fermions (“inert”) ‘@’
» Exact alignment in the Higgs sector to all orders in perturbation theory =
/ 2 2 2 2 )\1 4 )\2 4 2 2 \
V = p3|®1|* 5| P +7\<I>1\ +7|<I>2\ + Az|@1]7|P2| "+ w

A
+ A @] @ ? + 2 [(qf{@g)? + h.c.]

» No tree-level flavour changing neutral currents (FCNC)

o /

* Crucially: parameter space allows for large «,, while keeping all other Higgs
couplings SM-like (See backup)

oyuayopey euAialey Ag suimelq



The Higgs self-coupling in the SMEFT

In the Warsaw SMEFT basis, the dim-6 operators which contribute to the A\, are:

Oy = (HUHY,  Opn= (HUHO(HH),  Oyp = (H'D,H) (H D" H)

The ratio ky, = A\ /A3 is then:

Q02 12 302 1

* Assuming C' ;- ~ U =~ 0, requiring the v is a global minimum and that the potential is
bounded from below, we have [Degrassi et al. '16]:

mi,

2

<COrp <0 —= 1<k,<3
U

* Valid s, range in SMEFT is restricted

e 2HDM: dim-8 have been shown not to be negligible [Dawson et al. '22]
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LI ' Luminosity vs Energy of Future e'e Colliders

Do : mmsmm FCCee, 4 IPs [FCCee EPPSU submission]
mmssm CEPC, 2 IPs [TDR, arXiv:2312.14363]
ssmnn CEPC, 2 IPs, lumi up [ditto]

megpem |LC baseline

sngnn |ILC lumi upgrade

_I_

............................................

Future e” e~ colliders

1 IIIIIII

sspns LCF-SCRF 10Hz, low power

megpem LCF-SCRF 10Hz, full power

n 1418 LCF-SCRF Z pole optimized
CLIC baseline [arXiv:2203.09186]
CLIC luminosity upgrade [ditto]
C3 60Hz [PRAB 27.6 (2024): 061001]
C3 120Hz [ditto]

* Model-independent measurements of Higgs width
and couplings

* Direct and/or indirect sensitivity to

* Electroweak precision observables (EWPOs) at sub-

('\l_l
-
O
(/p)

<
™

o

2 10
7p)
@)
-
=

2

per-mille precision

N
<

1
Center-of-Mass Energy [TeV]

[https://github.com/linearcollider/ILC plots and graphics]

- Euture

Damping Ring
“Circular .

_ﬁi_'oc;‘olllde‘r o

[OPEN-PHO-ACCEL-2019-001]

(a) Circular colliders (FCC-ee, CEPC) (b) Linear colliders (LCF, ILC, CLIC)
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LI s T Luminosity vs Energy of Future e'e Colliders
CIrCUIar mmemm FCCee, 4 IPs [FCCee EPPSU submission]
PN : mmssm CEPC, 2 IPs [TDR, arXiv:2312.14363]
: ssmnn CEPC, 2 IPs, lumi up [ditto]
—— ILC baseline
sAns |LC lumi upgrade
sAns LCF-SCRF 10Hz, low power
* LCF-SCRF 10Hz, full power
1411 LCF-SCRF Z pole optimized
CLIC baseline [arXiv:2203.09186]
CLIC luminosity upgrade [ditto]
C3 60Hz [PRAB 27.6 (2024): 061001]
C3 120Hz [ditto]

_I_

—h
-
W

Future e” e~ colliders

1 IIIIIII

—
-
N

* Model-independent measurements of Higgs width
and couplings

* Direct and/or indirect sensitivity to

........................................................................................

* Electroweak precision observables (EWPOs) at sub-
per-mille precision

Luminosity [10°* s1cm2]
=

.
5
Q) -.
q
| IIIIIIII

1
Center-of-Mass Energy [TeV]

[https://github.com/linearcollider/ILC plots and graphics]
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[OPEN-PHO-ACCEL-2019-001]

(a) Circular colliders (FCC-ee, CEPC) (b) Linear colliders (LCF, ILC, CLIC)
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     (  k  Z h ) 2 ≡    𝜎  Z h   𝜎  Z h SM


   𝜎  Z h


   𝜎  Z h


   s = 240, 365


     (  k  Z h ) 2 ≡    𝜎  Z h   𝜎  Z h SM


   𝜎  Z h


   𝜎  Z h


   s = 240, 365


     (  k  Z h ) 2 ≡    𝜎  Z h   𝜎  Z h SM


   𝜎  Z h


   𝜎  Z h


   s = 240, 365


     (  k  Z h ) 2 ≡    𝜎  Z h   𝜎  Z h SM


   𝜎  Z h


   𝜎  Z h


   s = 240, 365


   𝜎  Z h


     (  k  Z h ) 2 ≡    𝜎  Z h   𝜎  Z h SM


   𝜎  Z h


   𝜎  Z h


   s = 240, 365


  𝒪 ( 1 /  Λ 4 )  


  1 / Λ  


  →


  →


     (  k  Z h ) 2 ≡    𝜎  Z h   𝜎  Z h SM


   𝜎  Z h


   𝜎  Z h


   s = 240, 365


  𝒪 ( 1 /  Λ 4 )  


  1 / Λ  


  →


  →


     (  k  Z h ) 2 ≡    𝜎  Z h   𝜎  Z h SM


   𝜎  Z h


   𝜎  Z h


   s = 240, 365


  𝒪 ( 1 /  Λ 4 )  


  1 / Λ  


  →


  →


     (  k  Z h ) 2 ≡    𝜎  Z h   𝜎  Z h SM


   𝜎  Z h


   𝜎  Z h


   s = 240, 365


  𝒪 ( 1 /  Λ 4 )  


  1 / Λ  


  →


  →


     (  k  Z h ) 2 ≡    𝜎  Z h   𝜎  Z h SM


   𝜎  Z h


   𝜎  Z h


   s = 240, 365


  𝒪 ( 1 /  Λ 4 )  


  1 / Λ  


  →


  →


     (  k  Z h ) 2 ≡    𝜎  Z h   𝜎  Z h SM


   𝜎  Z h


   𝜎  Z h


   s = 240, 365


  𝒪 ( 1 /  Λ 4 )  


  1 / Λ  


  →


  →


     (  k  Z h ) 2 ≡    𝜎  Z h   𝜎  Z h SM


   𝜎  Z h


   𝜎  Z h


   s = 240, 365


  𝒪 ( 1 /  Λ 4 )  


  1 / Λ  


  →


  →


     (  k  Z h ) 2 ≡    𝜎  Z h   𝜎  Z h SM


   𝜎  Z h


   𝜎  Z h


   s = 240, 365


  𝒪 ( 1 /  Λ 4 )  


  1 / Λ  


  →


  →


     (  k  Z h ) 2 ≡    𝜎  Z h   𝜎  Z h SM


   𝜎  Z h


   𝜎  Z h


   s = 240, 365


  𝒪 ( 1 /  Λ 4 )  


  1 / Λ  


  →


  →


     (  k  Z h ) 2 ≡    𝜎  Z h   𝜎  Z h SM


   𝜎  Z h


   𝜎  Z h


   s = 240, 365


  𝒪 ( 1 /  Λ 4 )  


  1 / Λ  


  →


  →


     (  k  Z h ) 2 ≡    𝜎  Z h   𝜎  Z h SM


   𝜎  Z h


   𝜎  Z h


   s = 240, 365


  𝒪 ( 1 /  Λ 4 )  


  1 / Λ  


  →


  →


     (  k  Z h ) 2 ≡    𝜎  Z h   𝜎  Z h SM


   𝜎  Z h


   𝜎  Z h


   s = 240, 365


  𝒪 ( 1 /  Λ 4 )  


  1 / Λ  


  →


  →


     (  k  Z h ) 2 ≡    𝜎  Z h   𝜎  Z h SM


   𝜿 𝝀


  𝒪 ( 1 /  Λ 2 )


     𝜿 𝝀


  𝓞 ( 𝟏 /  𝚲 𝟐 )


   𝜿 𝝀


   𝜿 𝝀


  𝒪 ( 1 /  Λ 2 )


     𝜿 𝝀


  𝓞 ( 𝟏 /  𝚲 𝟐 )


   𝜿 𝝀


   𝜿 𝝀


  𝒪 ( 1 /  Λ 2 )


     𝜿 𝝀


  𝓞 ( 𝟏 /  𝚲 𝟐 )


   𝜿 𝝀


   𝜿 𝝀


  𝒪 ( 1 /  Λ 2 )


     𝜿 𝝀


  𝓞 ( 𝟏 /  𝚲 𝟐 )


   𝜿 𝝀


  𝒑


   𝜿 𝝀


   𝜿 𝝀


  𝒑


   𝜿 𝝀


   𝜿 𝝀


  𝒑


   𝜿 𝝀


   𝜿 𝝀


  𝒑


   𝜿 𝝀


   𝜿 𝝀


  𝒑


   𝜿 𝝀


   𝜿 𝝀


  𝒑


   𝜿 𝝀


   𝜿 𝝀


  𝒑


   𝜿 𝝀


   𝜿 𝝀


  𝒑


   𝜿 𝝀


   𝜿 𝝀


   𝜿 𝝀


   e +  e − → Z h


   𝜿 𝝀


   𝝈  𝒁 𝒉


  2 . 5 ×


   𝜿 𝝀


   𝜿 𝝀


   e +  e − → Z h


   𝜿 𝝀


   𝝈  𝒁 𝒉


  2 . 5 ×


   𝜿 𝝀


   𝜿 𝝀


   e +  e − → Z h


   𝜿 𝝀


   𝝈  𝒁 𝒉


  2 . 5 ×


   𝜿 𝝀


   𝜿 𝝀


   e +  e − → Z h


   𝜿 𝝀


   𝝈  𝒁 𝒉


  2 . 5 ×


   𝜿 𝝀


   𝜅 𝜆


   𝜅 𝜆


   𝜅 𝜆


   𝜅 𝜆


   | 𝜅 − 1 | < 5 %


  𝜅


  h h h


  h Z Z


  𝛿  g  h Z Z


  h Z Z


   | 𝛿  g  h Z Z | < 0 . 3 %


   𝜅 𝜆


  𝛿  g  h Z Z


   𝜅 𝜆


   𝜅 𝜆


  Δ  Γ  h → 𝛾 𝛾


  𝛿  g  h Z Z


   s = 0


   s = 240


  𝛿  g  h Z Z


   𝜅 𝜆


   𝜅 𝜆


  Δ  Γ  h → 𝛾 𝛾


  𝛿  g  h Z Z


   s = 0


   s = 240


  𝛿  g  h Z Z


   𝜅 𝜆


   𝜅 𝜆


  Δ  Γ  h → 𝛾 𝛾


  𝛿  g  h Z Z


   𝜿 𝝀


   s = 0


   s = 240


   ℤ 𝟐


   Φ 1 →  Φ 1


   Φ 2 → −  Φ 2


   ℤ 𝟐


   ⟨  Φ 1 ⟩ =  v   2 ,      ⟨  Φ 2 ⟩ = 0


   𝜅 𝜆


   𝜆 3  


   𝒪 H =    (  H † H ) 3


   𝒪  H □ =  (  H † H ) □  (  H † H )


   𝒪  H D =    (  H †  D 𝜇 H ) ∗  (  H †  D 𝜇 H )


   𝜅 𝜆 ≡  𝜆 3 /  𝜆 3 SM


   𝜅 𝜆 = 1 −   2  v 2   m h 2    v 2   Λ 2 ⋅  C H +     3 v 2   Λ 2  (  C  H □ −  1 4  C  H D )


     C  H □ ≈ C  H D ≈ 0


  v


  −    m h 2   v 2 <  C H < 0         →         1 <  𝜅 𝜆 < 3


   𝜅 𝜆


   e +  e −


   𝜅 𝜆


   e +  e −


   𝜅 𝜆

