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The Higgs self-coupling
The Standard Model Lagrangian
Lom =~ 3 FuF + 309

+ Yiyii® + h.c.
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The Higgs self-coupling at future colliders

The Higgs self-coupling
The Standard Model Lagrangian
1 _
Lsm =~ FuF" + YDy
+ Yiyijthj® + h.c.

+ Dy —|V(®)

[Ellis.2013]
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The Higgs self-coupling at future colliders

The Higgs self-coupling
The Standard Model Lagrangian
1 _
Lsm == 7 FuwF™ + YDy
+ ¥y + hec.

+ Dy —|V(®)

[Ellis.2013]

After spontaneous symmetry breaking:

1 1
V- Em,z,hz + Avh® + Z)\4h4
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The Higgs self-coupling
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The Higgs self-coupling at future colliders

The Higgs self-coupling

SR CL e 2 LR ELEE After spontaneous symmetry breaking:
1 = 1 1
Lsm = — ZF,WF“”HMW V- 5mi/72+/\3,u/f“+ 21)\4h4
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@ In the Standard Model:
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[Ellis.2013]
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The Higgs self-coupling
The Standard Model Lagrangian
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After spontaneous symmetry breaking:
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@ In the Standard Model:
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@ In BSM contexts: define coupling
modifiers:
A3 Y

R3 : R4 :)\27'\/'

= \SM
A3
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The Higgs self-coupling at future colliders

Future e™ e~ colliders

“An electron-positron Higgs factory is the
highest-priority next collider.” [ESPP.2020] J

@ Will provide model-independent
measurements of Higgs width and
couplings

@ Direct and/or indirect sensitivity to A3

Electroweak precision observables
(EWPOs) at sub-per-mille precision
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Future e™ e~ colliders
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Direct and/or indirect sensitivity to As 3
Electroweak precision observables 107 T
(EWPOs) at sub-per-mille precision Center-of-Mass Energy [TeV]
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Murillo Vellasco (U. Bonn) EPS-HEP Marseille 2025 July 8, 2025 3/19



The Higgs self-coupling at future colliders

Future e™ e~ colliders

“An electron-positron Higgs factory is the
highest-priority next collider.” [ESPP.2020]

@ Will provide model-independent
measurements of Higgs width and
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@ Direct and/or indirect sensitivity to A3

@ Electroweak precision observables
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k) at future eTe colliders - direct sensitivity

Ideal way to probe r) = A\3/A3M: hh production

e z

06 T T T T T
e"+e —ZHH

0 e*+e — vwHH (WW-fusion)

5 — e*+& —vwHH (Combined)

04F MH)=125GeV P(e.e")=(-0.8,+0.3)

0.3

0.2

ete™ — vvhh

Cross Section / fb

0.1

@ Occurs at tree-level

I [P BRI B
400 600 800 1000 1200 1400
Center of Mass Energy / GeV
@ k) extracted from fit to kinematic [Bambade.2019]
distributions

@ “Direct” or “on-shell” sensitivity
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k) at future eTe colliders - direct sensitivity

Ideal way to probe r) = A\3/A3M: hh production

e ve @ However: need /s = 500 GeV
> Only achievable at linear e™e™
colliders
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@ “Direct” or “on-shell” sensitivity Center of Mass Energy / GeV

@ k) extracted from fit to kinematic [Bambade.2019]
distributions
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The Higgs self-coupling at future colliders

k) at future eTe™ colliders - indirect sensitivity

Alternative: precision measurements of single h observables

@ k) only present at loop-level — need high
precision!

@ Profits greatly from measurements at two
different energies (e.g. 240 & 365 GeV)

> Disentangle ~, from other couplings

@ “Indirect” or “off-shell” sensitivity

> Circular ete™ colliders
> Studied by several groups [deBlas.2025,
ter Hoeve.2025, Maura.2025]
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The Higgs self-coupling at future colliders

k) at future eTe™ colliders - indirect sensitivity

Alternative: precision measurements of single h observables

@ k) only present at loop-level — need high
precision!

@ Profits greatly from measurements at two
different energies (e.g. 240 & 365 GeV)

> Disentangle ~, from other couplings

@ “Indirect” or “off-shell” sensitivity

> Circular ete™ colliders
> Studied by several groups [deBlas.2025,
ter Hoeve.2025, Maura.2025]

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

> BSM particles in the loop [ZN N
> Theoretical assumptions
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Theoretical frameworks

Theoretical Frameworks

In order to study the sensitivity of future colliders to Ky # 1, a framework
for BSM physics is necessary:
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Theoretical frameworks

Theoretical Frameworks

In order to study the sensitivity of future colliders to Ky # 1, a framework
for BSM physics is necessary:

© kappa-framework: assumes Higgs couplings are modified by a simple
numerical factor (e.g. Th_pp — n% . F%'\_’!bb)

> Not fully consistent (cannot be applied to measurements at different
energies)
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expansion?
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@ Effective Field Theories (EFTs) (e.g. SMEFT)
> (Some) model-independence

> Which operators to include and where to truncate the EFT
expansion?

© UV-complete models (e.g. 2HDM)
> Limited applicability (model might not be realized in nature)
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Theoretical frameworks

Theoretical Frameworks

In order to study the sensitivity of future colliders to Ky # 1, a framework
for BSM physics is necessary:

© kappa-framework: assumes Higgs couplings are modified by a simple
numerical factor (e.g. Th_pp — /ﬁ:% . F%'\_’!bb)

> Not fully consistent (cannot be applied to measurements at different
energies)

@ Effective Field Theories (EFTs) (e.g. SMEFT)
> (Some) model-independence

> Which operators to include and where to truncate the EFT
expansion?

© UV-complete models (e.g. 2HDM)
> Limited applicability (model might not be realized in nature)

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:

G+ H
1= (%(v+ h+ iG°)> P2 = (\/%(HJF iA))
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The Inert Doublt Model
The Inert Doublet Model (IDM)

@ 2 Higgs doublets:
G*t Ht
q) = . q) = .
! (%(v—i—h—i—/Go)) R (\/ii(H—i—lA))

@ Impose invariance under a Z,-symmetry: ®; — &4, and ®, — —P,

@ Restrict parameter space such that Zj-symmetry is not spontaneously
broken: (¢;) = 75 (P2) =0

> No coupling between BSM Higgs and SM fermions ( “inert”)
> No tree-level flavour changing neutral currents (FCNC)
> Higgs sector alignment (at tree-level), and no mixing (to all orders)
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The Inert Doublt Model
The Inert Doublet Model (IDM)

2 Higgs doublets:

G+ H+
1= (%(H h+ iG°)> ) P2= (\/%(HJF iA)>

@ Impose invariance under a Z,-symmetry: ®; — &4, and ®, — —P,
@ Restrict parameter space such that Zj-symmetry is not spontaneously
broken: (®) = \[, (P,) =0

> No coupling between BSM Higgs and SM fermions ( “inert”)
> No tree-level flavour changing neutral currents (FCNC)
> Higgs sector alignment (at tree-level), and no mixing (to all orders)

Crucially: parameter space allows for large «), while keeping all other
Higgs couplings ~ SM-like
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Methodology: global SMEFT fits

e Goal: investigate how well would indirect (loop-level)
measurements determine a non-SM value of x),
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Methodology: global SMEFT fits

e Goal: investigate how well would indirect (loop-level)
measurements determine a non-SM value of «)

@ Procedure:
@ Select set of IDM benchmark parameter points (BPs)
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Methodology: global SMEFT fits

e Goal: investigate how well would indirect (loop-level)
measurements determine a non-SM value of «)

@ Procedure:

@ Select set of IDM benchmark parameter points (BPs)
@ For each BP, evaluate predictions for observables
© Use these results as inputs for a global SMEFT fit
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Methodology: global SMEFT fits

e Goal: investigate how well would indirect (loop-level)
measurements determine a non-SM value of «)

@ Procedure:

@ Select set of IDM benchmark parameter points (BPs)

@ For each BP, evaluate predictions for observables

© Use these results as inputs for a global SMEFT fit

© Compare resulting ~) with the “true” value for the IDM BP
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G e S iR
Methodology: global SMEFT fits

e 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)

@ For each BP, evaluate predictions for observables

© Use these results as inputs for a global SMEFT fit

© Compare resulting ~) with the “true” value for the IDM BP

. e HEPfit [deBlas.2020]
flt > Performs global fits over a variety of BSM models

(e.g. SMEFT)

o Bayesian Analysis Toolkit (BAT) [Beaujean.2015]

B \I‘ > Uses Markov Chain Monte Carlo (MCMC) to obtain
- A Bayesian posterior distributions

BAYESIAN ANALYSIS TOOLKIT
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Methodology - Global SMEFT fits

oz, prediction: IDM vs. SMEFT

IDM calculation:

@ Full 1-loop BSM Z — Zh vertex and
external leg corrections, e.g.:
e V4

et

e
H S many more
et h + Y

SMEFT calculation:
@ Full dim-6 tree-level SMEFT

-+ many more

+ contributions involving kx (1-loop SM-like diagrams with insertions of one or two
powers of kx; formally of 2-/3-loop order)

Murillo Vellasco (U. Bonn)
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Methodology - Global SMEFT fits

Truncation of oz, expression in SMEFT

Assuming ky # 1, with A3 = n,\)\gM, one can parametrize the Zh cross-section as:

Ory = Zhy *

oo (L+ky G )

Murillo Vellasco (U. Bonn)
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Truncation of oz, expression in SMEFT

Assuming kx # 1, with A3 = n,\/\gM, one can parametrize the Zh cross-section as:
Oy = Zhyr,y -- (1+kr G )|, where:

O is the leading-order cross-section

Murillo Vellasco (U. Bonn) EPS-HEP Marseille 2025 July 8, 2025 10/19



Methodology - Global SMEFT fits

Truncation of oz, expression in SMEFT

Assuming kx # 1, with A3 = n,\/\gM, one can parametrize the Zh cross-section as:
PN :‘-(1—1—/@ G )|, where:

@[ 010 |is the leading-order cross-section
_ 2 -1 . 2 . . .
) = (1 — k30Zy)"" is the resummed k3 contribution to the wave function
renormalization (WFR) constant of the Higgs field, with:

9 27 b
§Zp=——" (= —1) Grm? ~ S
’ 16+/2m2 (3\/§ ) P h==5s® , ®arth
~ —1536 x 1073
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Truncation of oz, expression in SMEFT
Assuming kx # 1, with A3 = m/\gM, one can parametrize the Zh cross-section as:

o B)@) 0+ 1@

@[ 010 |is the leading-order cross-section

) =(1- ni(;Z;,)_l is the resummed I{i contribution to the wave function
renormalization (WFR) constant of the Higgs field, with:

where:

9 21 b
§Zp=——" (= —1) Grm? ~ S
h 16272 (3\/§ ) Flh = h--c0 8 ~-h
~ —1.536 x 1073

° corresponds to the momentum-dependent
contributions to the Zh vertex

Then, one can write the ratio of the cross-section with respect to the SM value as:
Oky 1-6Z, 1+k2C
Ory=1 T 1— Iii(;Zh 1+CG
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Methodology - Global SMEFT fits

Truncation of oz, expression in SMEFT (cont.)

Oky 1-62y 14+k0G
JnA:l_l—K&(SZh 1+ G

Expanding the ratio in powers of (k) — 1) gives different possible expressions:

(Exact formulas in the backup slides)
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Methodology - Global SMEFT fits

Truncation of oz, expression in SMEFT (cont.)

Oky 1-0Z, 1+k2G
om:l_l—nf\éZh 1+G

Expanding the ratio in powers of (k) — 1) gives different possible expressions:

® No O(1/A*) contributions: expand up to O((kx — 1)!) terms

(Exact formulas in the backup slides)
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Methodology - Global SMEFT fits

Truncation of oz, expression in SMEFT (cont.)

Oky 1-0Z, 1+k2G
om:l_l—nf\éZh 1+G

Expanding the ratio in powers of (k) — 1) gives different possible expressions:

® No O(1/A*) contributions: expand up to O((kx — 1)!) terms

® No loop corrections beyond 1L: no resummation of 47, contribution

(Exact formulas in the backup slides)
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Methodology - Global SMEFT fits

Truncation of oz, expression in SMEFT (cont.)

Oky 1-0Z, 1+k2G
om:l_l—nf\éZh 1+G

Expanding the ratio in powers of (k) — 1) gives different possible expressions:
® No O(1/A*) contributions: expand up to O((kx — 1)!) terms
® No loop corrections beyond 1L: no resummation of 47, contribution

® Expansion up to O((kx — 1)?) terms

(Exact formulas in the backup slides)
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Methodology - Global SMEFT fits

Truncation of oz, expression in SMEFT (cont.)

Oky 1-0Z, 1+k2G
om:l_l—nf\éZh 1+G

Expanding the ratio in powers of (k) — 1) gives different possible expressions:
® No O(1/A*) contributions: expand up to O((kx — 1)!) terms
® No loop corrections beyond 1L: no resummation of 47, contribution
® Expansion up to O((kx — 1)?) terms

@ Expansion up to O ((r, — 1)?) terms, excluding WFR /vertex mixing
(ox C1-6Z,) — implemented in HEPfit

(Exact formulas in the backup slides)
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Methodology - Global SMEFT fits

Truncation of oz, expression in SMEFT (cont.)

Oky 1-0Z, 1+k2G
om:l_l—nf\éZh 1+G

Expanding the ratio in powers of (k) — 1) gives different possible expressions:
® No O(1/A*) contributions: expand up to O((kx — 1)!) terms
® No loop corrections beyond 1L: no resummation of 47, contribution
® Expansion up to O((kx — 1)?) terms
[

Expansion up to O((r, — 1)?) terms, excluding WFR /vertex mixing
(ox C1-6Z,) — implemented in HEPfit

Including O((kx — 1)3) terms

(Exact formulas in the backup slides)
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Methodology - Global SMEFT fits

Truncation of oz, expression in SMEFT (cont.)

Expanding the ratio in powers of (k) — 1) gives different possible expressions:

Oky 1-0Z, 1+k2G
om:l_l—nf\éZh 1+G

® No O(1/A*) contributions: expand up to O((kx — 1)!) terms
® No loop corrections beyond 1L: no resummation of 47, contribution
® Expansion up to O((kx — 1)?) terms
@ Expansion up to O ((r, — 1)?) terms, excluding WFR /vertex mixing
(ox C1-6Z,) — implemented in HEPfit
® |ncluding O((kx — 1)3) terms
® Use full expression
(Exact formulas in the backup slides)
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oz, prediction: IDM vs. SMEFT

Potential drawbacks of the current SMEFT approach:

@ Power counting: description of large r values requires O(1/A}p)
terms h

AN
’ \

> Significant 13 contribution to oz, h--7;8 | ®:--h
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oz, prediction: IDM vs. SMEFT

Potential drawbacks of the current SMEFT approach:

@ Power counting: description of large r values requires O(1/A}p)
terms h

PRSREN
’

> Significant 13 contribution to oz, h--7;8 | ®:--h

@ Lack of full NLO: apart from x) contributions, no other 1-loop
contributions are included (in the public version of HEPfit)

> Already implemented, should become available soon!
[deBlas.2025]
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oz, prediction: IDM vs. SMEFT

Potential drawbacks of the current SMEFT approach:

@ Power counting: description of large r values requires O(1/A}p)
terms h

PRSREN
’

> Significant 13 contribution to oz, h--7;8 | ®:--h

@ Lack of full NLO: apart from x) contributions, no other 1-loop
contributions are included (in the public version of HEPfit)

> Already implemented, should become available soon!
[deBlas.2025]

@ Truncation of oz, expression in terms of (k) — 1) (see backup for details)
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oz, prediction: IDM vs. SMEFT

Potential drawbacks of the current SMEFT approach:

@ Power counting: description of large r values requires O(1/A}p)
terms h

AN
’ \

> Significant 13 contribution to oz, h--7;8 | ®:--h

@ Lack of full NLO: apart from x) contributions, no other 1-loop
contributions are included (in the public version of HEPfit)

> Already implemented, should become available soon!
[deBlas.2025]

@ Truncation of oz, expression in terms of (k) — 1) (see backup for details)

Q@ SMEFT vs. IDM mismatch: potentially due to light new physics
(not in decoupling limit described by SMEFT)
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Methodology - Global SMEFT fits

Estimating theoretical uncertainties on oz,

IDM predictions for oz, at /s = 240, 365 GeV (scatter points)

@ Includes only k)-dependent terms + FCC-ee Projections

BSM contributions to the Higgs 0.04 4 12
external-leg
0.02 10
8
~ 0.00 !”

240 _

N
) 6
—0.02 4 o
4
—0.04 4
2
—0.06 T T T T T T
—0.10 —0.08 —-0.06 —0.04 —-0.02 0.00
K35 1
2. Ozh
where (K/Zh) = v
Zh
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Methodology - Global SMEFT fits

Estimating theoretical uncertainties on oz,

IDM predictions for oz, at /s = 240, 365 GeV (scatter points)

@ Includes only k)-dependent terms + FCC-ee Projections

BSM contributions to the Higgs 0.04 { —— IDM Benchmark Points 12
external-leg
@ Select specific line of benchmark points 0.02 - 10
(BPs) to investigate
@ Obtain corresponding Cyy, Cy to ~  0.004 8
evaluate SMEFT predictions O'
8 <
o 6
—0.02 4
4
—0.04 4
2
—0.06 T T T T T T
—0.10 —0.08 —-0.06 —0.04 —-0.02 0.00
K365 1
2. Ozh
where (kz,)" = —5
Zh
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Methodology - Global SMEFT fits

Estimating theoretical uncertainties on oz,

IDM predictions for oz, at /s = 240, 365 GeV (scatter points)

Includes only x-dependent terms +
BSM contributions to the Higgs
external-leg

Select specific line of benchmark points
(BPs) to investigate

Obtain corresponding Cyy, Cyg to
evaluate SMEFT predictions

Without O(1/A}p) terms, SMEFT
predictions are far off! Lt

Murillo Vellasco (U. Bonn)

1

240
Kzn™ —

FCC-ee Projections

0.04 1 —— IDM Benchmark Points 12
—— No O(1/A%)
0.02 10
8
0.00 -
<
6
—0.02 1
4
—0.04 1
2
—0.06 T T T T T T
—0.10 —0.08 —0.06 —0.04 —0.02 0.00
K365 — 1
2. Ozh
where (kz,)* = ]
Zh
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Methodology - Global SMEFT fits

Estimating theoretical uncertainties on oz,

IDM predictions for oz, at /s = 240, 365 GeV (scatter points)

Includes only x-dependent terms +
BSM contributions to the Higgs
external-leg

Select specific line of benchmark points
(BPs) to investigate

Obtain corresponding Cyy, Cyg to
evaluate SMEFT predictions

Without O(1/A}p) terms, SMEFT
predictions are far off! Lt
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1

240
Kzn™ —

FCC-ee Projections

0.04 1 —— IDM Benchmark Points 12
—— Resummed WFR (HEPfit)
—— No O(1/A%)
0.02 10
8
0.00 -
<
6
—0.02 1
4
—0.04 1
2
—0.06 T T T T T T
—0.10 —0.08 —0.06 —0.04 —0.02 0.00
K365 — 1
2. Ozh
where (kz,)* = ]
Zh
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Methodology - Global SMEFT fits

Estimating theoretical uncertainties on oz,

IDM predictions for oz, at /s = 240, 365 GeV (scatter points)

@ Includes only k)-dependent terms + FCC-ee Projections
BSM contributions to the Higgs 0.04 { —— IDM Benchmark Points 12
external-leg ~— Resummed WFR (HEPfit)

—— No O(1/A%)
@ Select specific line of benchmark points 0.02 { — No loop corrections beyond 1L 10
H H Resummed WFR
(BPS) to investigate 7+ Vertex/WFR mixing
. . —— +(ky — 1)3 terms

@ Obtain corresponding CH Cyp to — 0.004 FuIIAexpression 8

evaluate SMEFT predictions |
s

@ Without O(1/Al) terms, SMEFT < ool 6

predictions are far off! L
2 4

@ Choice of how to truncate the (k) — 1) —~0.04 4

expansion leads to different predictions!
. A 2
> Theoretical uncertainties!
-0.06 T T T T T T
—0.10 —0.08 —-0.06 —0.04 —-0.02 0.00
K365 1
TZh
where (kz,)? == —&7
OZh
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Methodology - Global SMEFT fits

Estimating theoretical uncertainties on oz,

IDM predictions for oz, at /s = 240, 365 GeV (scatter points)

@ Includes only k)-dependent terms + FCC-ee Projections
BSM contributions to the Higgs 0.04 { —— IDM Benchmark Points * 12
external-leg —— Resummed WFR (HEPfit) L

—— No O(1/A%)
@ Select specific line of benchmark points 0.02 { — No loop corrections beyond 1L 10

Resummed WFR

(BPS) to investigate + Vertex/WFR mixing

Pt

—1)3
@ Obtain corresponding Cy, Cy to ~ 0.004 :u(l’lﬂexplr)eszei;;ns '34';3%!:3* 8
evaluate SMEFT predictions O' 41//’(*
B A 6
X

@ Without O(1/A}p) terms, SMEFT

*
—0.02 1
predictions are far off! e %
AT 4

. h *
@ Choice of how to truncate the (k) — 1) —0.044 . #
expansion leads to different predictions! */
. . 2
> Theoretical uncertainties! *
-0.06 T T T T T T
@ Same-colour stars % correspond to same —0.10 —0.08 —0.06 —0.04 —0.02 0.00
BPs/k K385 -1
2. Ozh
where (K/Zh) = o'w
Zh
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Methodology - Global SMEFT fits

Estimating theoretical uncertainties on oz,

IDM predictions for oz, at /s = 240, 365 GeV (scatter points)

@ Includes only k)-dependent terms + FCC-ee Projections
BSM contributions to the Higgs 0.04 { —— IDM Benchmark Points * 12
external-leg —— Resummed WFR (HEPfit) \

—— No O(1/A%) X
@ Select specific line of benchmark points 0.02 4 — No loop corrections beyond 1L T 10
)

Resummed WFR
+ Vertex/WFR mixing, i}

+(k3 — 1) terfns p ,r*‘* X 8

(BPs) to investigate

1

@ Obtain corresponding Cy, Cyp to 0.00 - -
L. . Full
evaluate SMEFT predictions W expressiop 4_':5* o Nﬁ

B et <
@ Without O(1/Al) terms, SMEFT Z 6

—0.02 A
predictions are far off! /// Zooming in...
ST // 4
@ Choice of how to truncate the (k) — 1) —0.044 . #

240
Kzn™ —

expansion leads to different predictions! */
. A 2
> Theoretical uncertainties! *
-0.06 T T T T T T
@ Same-colour stars % correspond to same —0.10 —0.08 —0.06 —0.04 —0.02 0.00
BPs/k K385 -1

2. Ozh
where (kz,)* = ]
Zh
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Methodology - Global SMEFT fits

Estimating theoretical uncertainties on oz,

IDM predictions for oz, at /s = 240, 365 GeV (scatter points)

@ Includes on.ly n?\-dependent terms + 0.010 BCC-ee Projections
BSM contributions to the Higgs * 12
external-leg

0.005 A

@ Select specific line of benchmark points 10

(BPs) to investigate
0.000 A

@ Obtain corresponding Cyy, Cy to — 8

evaluate SMEFT predictions g'c —0.005 1
. 4 AN 6

@ Without O(1/A}p) terms, SMEFT

predictions are far off! e —0.010 1
ST ~— Resummed WFR (HEPfit) 4
@ Choice of how to truncate the (k) — 1) 0,015 - e ections beyond 1L
expansion leads to different predictions! ' — R mixing
. - — +ka—1)* terms 2
> Theoretical uncertainties! — Full expression
—-0.020 T T T

@ Same-colour stars % correspond to same —-0.06 —-0.04 —-0.02 0.00

BPs/k K385 -1
TZh
where (kz,)? == —&7
OZh

Murillo Vellasco (U. Bonn) EPS-HEP Marseille 2025 July 8, 2025 13/19



Methodology - Global SMEFT fits

Estimating theoretical uncertainties on oz,

IDM predictions for oz, at /s = 240, 365 GeV (scatter points)

@ Includes only x)-dependent terms + 0.010 FCC-ge Projections
BSM contributions to the Higgs *
external-leg \

0.005 - *

@ Select specific line of benchmark points \

s
— *\

(BPs) to investigate

1

0.000 1 /%¥g$§*§
@ Obtain corresponding Cyy, Cy to *

*
74
evaluate SMEFT predictions I 0.0054 /2%
@ Without O(1/A%) terms, SMEFT / )
predictions are far off! e —0.010 1 /
- cee w===_IDM Benchmark Points

b / = Resummed WFR (HEPfit)
. — No O(L/A%
@ Choice of how to truncate the (k) — 1) _0.0154 — No loop corrections beyond 1L
expansion leads to different predictions! —— VereniitR mixing
Y/

240
KZh

w— +(kr = 1)’ terms

> Theoretical uncertainties!

—— Full expression

—-0.020 T T T
@ Same-colour stars % correspond to same —-0.06 —-0.04 —-0.02 0.00
BPs/k K385 -1
O zh
where (kz,)* == —&7
OZh
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Methodology - Global SMEFT fits

Estimating theoretical uncertainties on oz,

IDM predictions for oz, at /s = 240, 365 GeV (scatter points)

@ Includes only k)-dependent terms + 0.010 FCC-(ﬂPo'm
BSM contributions to the Higgs <> Uncertainty *
external-leg \

0.005 - *
@ Select specific line of benchmark points PN \
(BPs) to investigate ATV
0.000 A / | *sb,&($
o SRS
@ Obtain corresponding Cyy, Cy to — /f\/ 4/\,: %
. - 1 A
evaluate SMEFT predictions O' —0.005 - x '..)//
:5 b g

@ Without O(1/A}p) terms, SMEFT

predictions are far off! e —0.010 A
heees 4 ~— DM Benchmark Points
v/ ', —— Resummed WFR (HEPfit)
@ Choice of how to truncate the (k) — 1) 0.015 4 e o comectons beyand 1L
expansion leads to different predictions! ' — erenirR mixing
R .. ) — +( — 1)° terms
> Theoretical uncertainties! Y. — Full expression
-0.020 +4£ . . .
@ Same-colour stars % correspond to same —-0.06 —-0.04 —-0.02 0.00
BPs/k K385 -1
. . . oz
o Egt_lTEt_e\uncertamtles b){ drawing where (KZh)z =5
{ ellipses > around the points o
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Methodology - Global SMEFT fits

Discrepancy between IDM and HEPfit predictions: <%}

1.010
1.008 1
1.006
S
NN
=< 1.004 1
~— IDM Benchmark Points
4 =~ Resummed WFR (HEPfit)
1.002 = No loop corrections beyond 1L
___ Resummed WFR
+ Vertex/WFR mixing
1.000 —— +(k=1)* terms
= —— Full expression
[=]
=)
<< 0.000 1
NN
X
. —0.002 -
&
w
T -0.004 A
o
35 ! ! : ; ' .
x 2 3 4 5 6
K
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240

@ Other source of systematic error:
mismatch between IDM and SMEFT
predictions:

> Departure from decoupling limit
> Unknown higher orders in IDM
predictions

@ Performed full fit with IDM inputs,
obtained Cy, Cyo, Chup, Chw, Cus,

Crwg, compared 1210 /k355 predictions

@ Introduced another 2 new nuisance
parameters to parametrize discrepancy

@ Again assign average ( ) of
uncertainties for 2 < k) < 6:

NPmismatch_FCCee240 = 0.67%
NPmismatch _FCCee365 = 0.35%

July 8, 2025 14 /19



Methodology - Global SMEFT fits

Discrepancy between IDM and HEPfit predictions: x%

0.995 +
0.990 +
8
=N 0.985 -
X
IDM Benchmark Points
0.980 7 _ Resummed WFR (HEPfit)
= No loop corrections beyond 1L
Resummed WFR
0.975 4 "+ Vertex/WFR mixing
—— +(kx—1)° terms
= Full expression
[=]
8c
N
X
'
=
=
a
w
sy
n
A . . ; . .
x 2 3 4 5 6
K
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365

@ Other source of systematic error:
mismatch between IDM and SMEFT
predictions:

> Departure from decoupling limit
> Unknown higher orders in IDM
predictions

@ Performed full fit with IDM inputs,

obtained Cy, Cyo, Chup, Chw, Cus,

Crwg, compared 1210 /k355 predictions

@ Introduced another 2 new nuisance
parameters to parametrize discrepancy

@ Again assign average ( ) of
uncertainties for 2 < k) < 6:

NPmismatch_FCCee240 = 0.67%
NPmismatch _FCCee365 = 0.35%
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Input measurements

Input measurements: Higgs+EW fit from Snowmass 2021 [deBlas.2022]

@ Single-Higgs observables (o and o - BR)

> @ HL-LHC, FCC-eepso & FCC-eeses | Collider [ Energy [ Int. Lumi. |
N HL-LHC | 14TeV | 6ab T

@ Electroweak precision observables (EWPOs) FCCce, M, 150 ab !

> @ HL-LHC, FCC-eez & FCC-eepw FCC-eenw | 2Mw 10 ab™*

_ FCC-eenso | 240 GeV | 5ab™"
@ Diboson measurements (ete™ — WTW™) FCC-eesss | 365 GeV | 1.5 ab~!

> @ HL-LHC, FCC-eepw, FCC-eepqp & FCC-ee3p5 Adapted from [deBlas.2022]
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Input measurements

Input measurements: Higgs+EW fit from Snowmass 2021 [deBlas.2022]

@ Single-Higgs observables (o and o - BR)

> @ HL-LHC, FCC-eepso & FCC-eeses | Collider [ Energy [ Int. Lumi. |
o HL-LHC 14 TeV 6ab !

@ Electroweak precision observables (EWPOs) FCC-ce, M 150 ab~*

> @ HL-LHC, FCC-eez & FCC-eepw FCC-eenw | 2Mw 10 ab™*

_ FCC-eexo | 240 GeV | 5ab™!
@ Diboson measurements (ete™ — WHTW™) FCC-cesss | 365 GeV | 1.5 ab~?

> @ HL-LHC, FCC-eepw, FCC-eepqp & FCC-ee3p5 Adapted from [deBlas.2022]

Caveat: inputs have since been updated for ESPPU
@ FCC-ee luminosities have increased, 4 |Ps instead of 2

@ HL-LHC «), constraint projection improved considerably

> Now =~ 28% (rel. uncertainty, assuming ) = 1) [ECFAHiggs.2025]
> Combined with FCC-eeps9 +FCC-eezp5: ~ 15% [deBlas.2025]

Inputs for this analysis will be updated, but relative impact of NPs should only increase!
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BP 1 and BP 2 Results

IDM BP 1, FCC-eey4o + FCC-ee365 IDM BP 2, FCC-eey49 + FCC-eezgs

3 Original H 3 Original !
c 3 With new NPs c 3 With new NPs
o 0.8 1 IDM BP 1 value o 0.8 1 IDM BP 2 value
'-g T (k= 2.39) -g T (ky=3.34)
Q Q !
'C 0.6 ‘T 0.6 1 !
- ) 1
L 0 1
© © :
S 0.4 S 0.4 1
- - 1
[] [J} 1
-~ +
3 3
£ 0.24 £ 0.2

0.0 -

@ Indirect (i.e. single-Higgs) constraints — overestimation of
> BP 1: kiU ~ 2.4, it ~ 3.0
> BP 2: ke ~ 3.3, kit~ 43
> Different interpretations in terms of evolution of early universe
[Biekotter.2023]

@ Inclusion of new nuisance parameters improves fit agreement considerably
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BP 3

IDM BP 3, FCC-eey40 + FCC-eezes

1
H o H 1 [ Original
@ For BP 3 original fit results in a ! B With new NPs
30 tension w.r.t. to the IDM 5 081 1 IDM BP 3 value
C S H =77 (k) = 4.33)
prediction! 3 H
£ 06 !
. 0 1
@ Reduced to =~ 1o with new NPs S !
5041 !
@ Indicates that higher-order effects, £ i
which justify the introduction of the & %27
new NPs, are responsible for the
0.0 4

overestimation of k)

o Future improvements in theory predictions will help alleviate this

Murillo Vellasco (U. Bonn) EPS-HEP Marseille 2025 July 8, 2025 17 /19



BP 0 and summary

@ For comparison: IDM point with )

closest to 1 (BP 0)
> gy~ 1.1

@ Presence of new NPs again increases

uncertainty on k)

Posterior distribution

o
<)
|

o
©
L

o
o
L

N
iS
L

o
N
N

IDM BP 0, FCC-eey40 + FCC-ee365
1

[ Original
3 with new NPs

__. IDMBP O value
(kx = 1.10)

| True value Original fit | With new NPs
BP0 1.1 1.19 +0.44 [37%)] | 1.23 + 1.03 [83%]
BP 1 2.39 2.96 £ 0.44 [15%] | 2.99 = 1.09 [37%]
BP 2 3.34 4.30 + 0.45 [10%] | 4.17 + 1.10 [26%)]
BP 3 433 | 5.50+0.44 [7.8%] | 5.51 + 1.15 [21%)]
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Discussion and conclusions

Discussion and conclusions

Loop-level extraction of k) via ete™ — Zh:

@ Can detect the presence of BSM physics

@ But: overestimates ) (up to 3o tension)

(Partially) addressed by new nuisance parameters:

> Truncation of the SMEFT o2, expression

> Possible departure from decoupling limit in SMEFT (unnoticed
given consistent goodness-of-fit results)

> With NPs: absolute k) uncertainty increases by a factor of ~ 2.5
@ Additional higher-order corrections needed to control uncertainties
@ Open issues remaining: lack of full NLO and power counting inconsistency

Direct constraints are much less susceptible to these uncertainties
[Barklow.2018, LCVision.2025]

@ hh production: ky (or Cy in SMEFT) at tree-level
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The Higgs self-coupling in the SMEFT

In the Warsaw SMEFT basis, the dim-6 operators which contribute to the Higgs
self-coupling are:

On=(HH?®  Ouyn=(HHOH'H)  Oup = (H'D"*H)*(H'D,H)

The ratio K = A3/A3M is then:
2v2% 12 3v? 1
kx=1-—F—= -Cu+—5 | Cuo— 5 Cup
m? A2 A2 4 ’
(where v is the Higgs vacuum expectation value (VEV) and A is the scale of New Physics.)

Assuming Cyo ~ Cyp =~ 0, requiring the v is a global mininum and that the
potential is bounded from below, we have [Degrassi.2016]:

m2
——I < Ch<0 — 1<kx<3.
v

@ Valid ) range in SMEFT is restricted
@ 2HDM: dim-8 have been shown not to be negligible [Dawson.2022]
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Backup slides

“Self-consistent” fits with ky, = —5,...,10

o Important cross-check: in a self-consistent fit within the SMEFT
framework, the off-shell (single-Higgs) constraints by themselves
should be able to determine the “true” k)

@ The steps to check this are:
@ Set Cy to correspond to k) = —5,..., 10, all other WCs to zero

2

2
> Cy+ 7?://: (fiA — 1)

@ Evaluate all fit observables at this parameter point
@ Set these results as central values for the fit
@ Run full fit with HEPfit

@ In all cases, the fits find the “true” model k) = —5,...,10,
respectively
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Backup slides

“Self-consistent” fits with k), = —5,...,10 (cont.)

lg: 3 } @ Perfect fit match to “true” xy
2 3 8 values (modulo statistical
6 [ ] fluctuations) v/
il 3
&~ 31 5 : @ Similar results when using same
14 3 fit scripts used for the IDM
R 3 L3 inputs — no bias
:g I I K, = 10 Cross-check (CH =-19.16), FCC-ee +FCC-eeyy
S = °’
1.2;
$ 05 E
ST
LT o
AR

8 85 9 95 10 105 11 115 12
true K
K/\ A
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Fits using HEPfit formulas for Higgs observables

@ Important cross-check: using the HEPfit expressions for Higgs
production XS and BRs at FCC-ee, the off-shell (single-Higgs)
constraints should be able to determine the “true” k)

fit _ true
Ky" — K

5.0

4.5 1

[]
[]
[]

BP 1 (kx =2.39)
BP 2 (kx = 3.34)
BP 3 (ky =4.33)

|

!

IDM BP 3, FCC-ee,,  + FCC-eeyq

@ Good agreement between £fif and ki v/

12

0.8

0.6

0.4

——

—o—

—ro—i

0.2

3
Kgrue

Murillo Vellasco (U. Bonn)

4

EPS-HEP Marseille 2025

= = DM BP 3 value (x,=
smalest 685

smallest 99.7% interval I
—@— mean and std. dev.

5 55 6

July 8, 2025

Back-

(s)
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Uncertainty in truncation of the SMEFT oz, expression (1)

FCC-ee Projections @ For IDM points: isolate Cy and
Vg 12 Cuo contributions by using:
0.00 - 4,1,» ) _
,} ; > kx-dependent HEPfit
*/ ¥ 10 expressions for oz,
—0.011 f . > BSM contributions to Higgs
# 8 external-leg (Cyo)
— IDM BP i
* 0.2 A — P _ _
o bt * Ak, = -0.000073 ~ @ Invert HEPfit oz, expressions to
NN Ak, = -0.000253 . .
< 0034 e — 0000338 6 obtain Cy and Cyo:
Ak, = -0.000425 240 365
X Ak — 0.000501 > (Kzn,kzn) = (Cf-h Cuo)
Ay = -0.000587 4 > For each IDM pomt (*)
—0.04 1 « * Ay =-0.000644
% Ak =-0.000721 .
* ij=-0.000814 2 @ Aky: difference between IDM
—0.05 1 * Bk =-0.000936 prediction and x obtained
—0.12 —0.10 —0.08 —0.06 —0.04 —0.02 0.00 inverting the HEPfit expressions
K2 —1 > Cross-check: should observe

Ary~0V
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Uncertainty in truncation of the SMEFT oz, expression (2)

Piecewise-linear interpolation of Cy vs Cy

—— Interpolated curve
©® IDM BPs

@ Interpolated relation between
Cn and Cyp for IDM points

HO

@ Used (Ch, Cyp) values to
obtain SMEFT predictions using
different truncations of the oz,
expression

-20 -15 -10 -5 0
CH
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Uncertainty in truncation of the SMEFT oz, expression (3)

Estimated k2#° and k38> uncertainties

265 @ Goal: implement these
0.00200 - Kzh uncertainties as new
- 0001754 K3’ nuisance parameters (NPs)
<
© 0.00150 ~ @ For simplicity: assume
g
@ 000125 - constant, uncorrelated
() . . . .
c uncertainties in the range
> 0.00100 - 2<kr <6
N
X 0.00075 A . .
@ Assign values to new fit
0.00050 A nuisance parameters:
2 4 5 theoerr_FCCee240 = 0.23%
K) theoerr_FCCee365 = 0.23%

Uncertainty in (SM normalized) cross-section: ¢ = k? — Ao ~ 2kAk
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Truncation of oz, expression in SMEFT

Expanding the ratio in powers of (k) — 1) gives different possible expressions:

Oky 1-02Z, 14+k:2G
Orn=1 _1—H§5Zh 1+ G

“Full” expression

Murillo Vellasco (U. Bonn) EPS-HEP Marseille 2025
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Truncation of oz, expression in SMEFT

Expanding the ratio in powers of (k) — 1) gives different possible expressions:

Oky 1-62Z, 1+k0G
Opy=1 _1—I€§\(5Zh 1+ G

02y,
1-627,

1+302,

~ 1+ (ky—1)C +2(ky — 1) 1 =62,

+ (Ii)\ — 1)2621., +

HEPfit expression

Murillo Vellasco (U. Bonn) EPS-HEP Marseille 2025 July 8, 2025 Back-up - 8/35
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Truncation of oz, expression in SMEFT

Expanding the ratio in powers of (k) — 1) gives different possible expressions:
N 0Zn 1+ knG
Orn=1 11— Iii(th 1+ G
~ 14 (ky — 1)C +2(kxn — 1)0Zy + (kx — 1)%62,

No loop corrections beyond 1L
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Truncation of oz, expression in SMEFT

Expanding the ratio in powers of (k) — 1) gives different possible expressions:

Oky 1-62Z, 1+r.G
Ory=1 _1—/€§5Zh 1+G

0Zp

:1+(H>\_1)C1+2(R>\_1)1—(5Zh

No O(1/A*) contributions

Murillo Vellasco (U. Bonn) EPS-HEP Marseille 2025 July 8, 2025

Back-up - 8/35
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Truncation of oz, expression in SMEFT

Expanding the ratio in powers of (k) — 1) gives different possible expressions:

Oky 1-62Zy, 14+kr\G
Opp= 1_1—K}§5Zh 1+ G

1+(H)\—1)C1+2(R)\—1) 62 +(I€)\—
0Z
_ 2 h
—|—2(/£)\ 1) C]_ 5Zh+

Including missing C1 term

Murillo Vellasco (U. Bonn) EPS-HEP Marseille 2025

1262,

143562,
(1— 02,2
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Truncation of oz, expression in SMEFT

Expanding the ratio in powers of (k) — 1) gives different possible expressions:

Oky 1-62Z, 1+r.G
Ory=1 _1—//17%\52;, 1+G

0Zp 14307
~ — — —1)%67Z,————"
L4 (ma = DG+ 2ka — 1)y —5— 7, +(ka —1)%0 h(l_(szh)2+
6Z
_ 2 h
—|—2(I£)\ 1) C11_52h+
1462, 14367,
_ 3 2 — U P<h _ 3 - T YVen
+4(I€)\ 1) 0Z;, (1 —5Zh)3 + (K)\ 1) C15Zh(1 —5Zh)2

Including terms o< (k) — 1)3

Murillo Vellasco (U. Bonn) EPS-HEP Marseille 2025 July 8, 2025 Back-up - 8/35



Parametrizing IDM vs. SMEFT mismatch

@ Performed full fit with IDM inputs, obtained Cy, Cyg, Cup, Chw, Chs, Chwe

@ Interpolated relation between Cy
0.015 Fttoee Projections and other WCs for IDM points

@ Used WCs to obtain SMEFT

0.010 - predictions using different
truncations of the oz, expression
0.005 4 Piecewise-linear interpolation of Wilson Coefficient
— .
| — Cuo
oL , 061 — 10-Cwo
N)é\; —— 10 Chw
0.000 ~ / € 04/ —— 10-Cus
~—— IDM Benchmark Poing Q — 10-C
— Resummed WFR (HEPfit) .E HWB
—— No 0(1/A%) 4 S 024
- I —— No loop corrections beyond 1L o !
0.005 Resummed WFR O
T+ Vertex/WFR mixing g
—— +(ky — 1)° terms 2 w 0.04
= Full expression §
—0.010 T T T T T T _0.24
—0.06—0.05-0.04—-0.03-0.02—-0.01 0.00 0.01 ’
365
Kzp® —1
Zh 0.4

30 -25 -20 -15 -10 -5 0
Ch
Murillo Vellasco (U. Bonn) EPS-HEP Marseille 2025 July 8, 2025 Back-up- 9/35
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New nuisance parameters: summary

We define 2 pairs of new nuisance parameters (NPs)

@ theoerr_FCCee240 and theoerr FCCee365: theoretical
uncertainties due to truncation of (k) — 1) expansion in SMEFT

@ NPmismatch FCCee240 and NPmismatch FCCee365: quantify
mismatch between IDM and SMEFT predictions

@ For simplicity, we assume constant, uncorrelated uncertainties
@ Implemented as model parameters with Gaussian priors in HEPfit

@ Values are multiplied by v/2.3 (2-dimensional factor to account for
coverage of 68% C.L.)

@ Lack of full NLO and power counting issues are still not addressed

Murillo Vellasco (U. Bonn) EPS-HEP Marseille 2025 July 8, 2025 Back-up — 10/35



Backup slides

k) at future eTe colliders - direct sensitivity

Ideal way to probe k) = )\3/)\§M: hh production

e~ z Ve

@ Occurs at tree-level

@ “Direct” or “on-shell” sensitivity
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k) at future eTe colliders - direct sensitivity

Ideal way to probe k) = )\3/)\§M: hh production
e~ V4

e” Ve
@ Occurs at tree-level

@ “Direct” or “on-shell” sensitivity

ete™ — vvhh

ete™ — Zhh
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k) at future eTe colliders - direct sensitivity

Ideal way to probe k) = )\3/)\§M: hh production
e~ V4

e
@ Occurs at tree-level

@ “Direct” or “on-shell” sensitivity

@ However: need /s = 500 GeV

> Only achievable at linear
ete™ colliders

0.6 ——— T T
F e'+e — ZHH
o5k e*+¢e — vwHH (WW-fusion)
2 S e*+e —vwHH (Combined)
T o4F MH=125GeV P(e,e) = (08,403
gt
o 03F
n 3
? 02F
o F s
=4 oo
O o4f

0 Ca R 1 1 1 1 J
400 600 800 1000 1200 1400
Center of Mass Energy / GeV
[Bambade.2019]
Murillo Vellasco (U. Bonn) EPS-HEP Marseille 2025 July 8, 2025 Back-up — 11 /35
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k) at future eTe™ colliders - indirect sensitivity

Alternative: precision measurements of single h observables

e z

@ k) only present at loop-level — need high
precision!

@ “Indirect” or “off-shell” sensitivity

> Circular ete™ colliders

Uncertainties [%)] | FCC-eepgg 5ab™ 1 | FCC-ee3q5 1.5 ab™ !
Prod. ZH vvH ZH vvH
- 0.5 - 05 0.9
o X BRyp 0.3 31 |o14 1.59
o X BRec 22 - 6.5 10
o X BRgg 1.9 - 35 45 b
o x BRzz 4.4 - 12 10
o X BRyw 1.2 - 26 (3.6) h=---0 o ---h
o X BRyr 0.9 - 18 8 s
o X BRy~ 9 - 18 22 o
o x BRyz | (17%) - - - @ Caveat: sensitivity depends on the
o x BR 19 - 40 (100) : S
il BR,-‘,L,:L_ 03 i 0.60 . BSM theoretical framework, i.e.:
Adapted from [deBlas.2022] > Other particles in the loop

> Theoretical assumptions
Murillo Vellasco (U. Bonn) EPS-HEP Marseille 2025 July 8, 2025 Back-up - 12/35



ky at the HL-LHC

At HL-LHC: dihiggs production measurements

possible, but challenging

Backup slides

ool

T T T T T T
HH production at 14 TeV LHC at (N)LO in QCD

My=125 GeV, MSTW2008 (N)LO pdf (68%cl)

MadGraph5_aMCENLO

g g

° and diagrams interfere

destructively — o(hh)/o(h) ~
@ Cross-section has mininum — low sensitivity
@ Mitigated by analyzing the mp, spectrum
> Helps break the degeneracy of o(hh)

as function of k)

@ Limits of kx assume all other Higgs couplings
to be SM-like — restricted interpretation

Murillo Vellasco (U. Bonn)

©
-

[Frederix.2014]

n
2

N

0.1%

ADSOIUTe erTor of Ky
o

o
o

——
ATLAS Preliminary
Fvs=14TeV, 3000 fo'
HH combination

~F All other « fixed to SM

— T

L Run2syst une.
Theo. unc. halved

—— Baseline

—— Nosyst. unc.

EPS-HEP Marseille 2025

6
[ATL-PHYS-PUB-2025-006] K\

July 8, 2025 Back-up - 13/35



Backup slides

ky at the HL-LHC

At HL-LHC: dihiggs production measurements
possible, but challenging

g g

° and diagrams interfere

destructively — o(hh)/o(h) =~ 0.1%
@ Cross-section has mininum — low sensitivity
@ Mitigated by analyzing the mp, spectrum

> Helps break the degeneracy of o(hh)
as function of

@ Limits of k) assume all other Higgs couplings
to be SM-like — restricted interpretation

Murillo Vellasco (U. Bonn)

K3

[ATL-
EPS-HEP Marseille 2025

------ My=125 GeV, MSTW2008 (N

" HH production at 14 TV LHC at (N)LO in QCD
I)LO pdf (68%cl)

3 oz W»\\"‘*
. . . . i . .
4 -3 2 1 o 1 2 3
Mhsm
[Frederix.20141
3 ab~?! per experiment (14 TeV)
s ATLAS+CMS i
; Projections ESPPU 2026 1 ]
52 1

6 i 1]

5 i i

4 I i

3 | |

2 {

1 i

it
0 1
i

- i 95%Cl
-2 P 68%cCl
3o i 2 3 45 6 7 8
i

L EERERR I EERREE
o RERRAR'

2 1 0 1 2 3 4 5 6 171 8
true

PHYS-PUB-2025-018, CMS-HIG-25-002]
July 8, 2025

MadGraph5_aNCENL(
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Effective Field Theories

It would be great to have a less model-biased way to describe physics
beyond the Standard Model (BSM)
@ One approach: Standard Model Effective Field Theory (SMEFT)
o Fields for particles with higher masses are integrated out of the
Lagrangian
o EFT example: Fermi theory for 8-decay (A = My ):

u u

Y
Y
®

d W= e mn<<MW d

(a) UV theory diagram (b) EFT diagram

Murillo Vellasco (U. Bonn) EPS-HEP Marseille 2025 July 8, 2025 Back-up — 14 /35



The SMEFT
Standard Model Effective Field Theory (SMEFT)

@ Assume New Physics has some typical energy
scale Ayp

@ SMEFT can parametrize BSM physics at
energies < Anp

Murillo Vellasco (U. Bonn) EPS-HEP Marseille 2025

SM

do/dE

New
Physics
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The SMEFT

Standard Model Effective Field Theory (SMEFT) oM

do/dE

@ Assume New Physics has some typical energy
scale Ayp

New
Physics

@ SMEFT can parametrize BSM physics at R
energies < Anp Awp Energy

LsMerT = E(Sﬂ +
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The SMEFT

Standard Model Effective Field Theory (SMEFT) oM

do/dE

@ Assume New Physics has some typical energy
scale Ayp

New
Physics

@ SMEFT can parametrize BSM physics at R
energies < Anp Aw  Energy

NP g

1
LsMerT = E(4 ZC(S)O(S) + /\2 ZC(ﬁ 0% 1o </\3 > J
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The SMEFT

Standard Model Effective Field Theory (SMEFT) oM

do/dE

@ Assume New Physics has some typical energy
scale Ayp

New
Physics

@ SMEFT can parametrize BSM physics at R
energies < Anp Aw  Energy

1 1 1
caverr = £+ 5 S PP+ - 3ol o ()
k k

@ Includes all possible (nonrenormalizable) operators consistent with
Lorentz and SM gauge symmetries
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The SMEFT

Standard Model Effective Field Theory (SMEFT)

SM

do/dE

@ Assume New Physics has some typical energy
scale Ayp

New
Physics

@ SMEFT can parametrize BSM physics at

energies < Anp Awp Energy:
1 1
Lmerr = L) E @ gl LNt TZ c®p® 1 o <—3 )
AN A\p

@ Includes all possible (nonrenormalizable) operators consistent with
Lorentz and SM gauge symmetries

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

Standard Model Effective Field Theory (SMEFT)

SM

do/dE

@ Assume New Physics has some typical energy
scale Ayp

New
Physics

@ SMEFT can parametrize BSM physics at R
energies < Anp Aw  Energy

1
LsmerT = E(4 ZC(S)O(S) ~|— Z C(6 <—3 )
/\ r Ap

@ Includes all possible (nonrenormalizable) operators consistent with
Lorentz and SM gauge symmetries

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

@ Most relevant operator for ky: Oy = (¢T<D)3
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Benchmark Point (BP) selection

IDM Benchmark Points

001 12 The IDM BPs are constrained to satisfy:
012 1
’ @ Perturbative unitarity
0.010 1 10 .
@ Boundedness-from-below of the potential
0.008 A s @ |k — 1| < 5% for all single Higgs coupling
7 modifiers x
o  0.006 - ) ) )
25 6 < They also satisfy the following experimental
0.004 constraints:
0.002 - 2 @ Dark matter phenomenology
* BP1(k)=239) @ Electroweak precision observables (EWPOs)
0.0007 < BP2(k)=3.34) )
% BP3(k=433) 2 @ Collider searches
-0.0024+ . . . . -
0015 —0010 —0.005 0000 Final selection includes 3 BPs
K385 —1
\ |13 16ev?] | 2 [GeV] | Az [GeV] | g [GeV] [ Ag [GeV] | 2s [GeV] | myy [GeV] | ma [GeV] | my, 4 [GeV] |
BP 1 [3.666 x 10° | 0.2581 | 3.084 11.46 —5.68 | —5.100 |622.2 834.8 845.1
BP 2 [3.922 x 10° | 0.2581 | 10.06 14.19 —6.974 | —6.407 | 645.6 897.3 906.8
BP 3 [3.432 x 10° | 0.2581 | 8.985 15.83 —7.704 | —7.4 604.3 902.1 907.2
Murillo Vellasco (U. Bonn) EPS-HEP Marseille 2025 July 8, 2025 Back-up — 16 /35



SMEFT and HEPfit

HEPfit implementation of SMEFT:

@ Same setup as used in other studies of indirect sensitivity to k)
(e.g. Snowmass 2021)

@ Assumes that «) is the main deviation from SM at
next-to-leading-order (NLO)
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SMEFT and HEPfit

HEPfit implementation of SMEFT:

@ Same setup as used in other studies of indirect sensitivity to k)
(e.g. Snowmass 2021)

@ Assumes that «) is the main deviation from SM at
next-to-leading-order (NLO)

> Recent study shows other operators are
significantly correlated with &

> Likely underestimates the projected )
uncertainty et h

@ Truncates the SMEFT expansion up to O(1/A%p), except for
external-leg corrections (up to O(1/AYp))
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Fit Parameters - SM parameters

‘ Parameter ‘ Central value | Gaussian Unc. | Flat Unc.
as(Mz) 0.1180 0.0002 0
Aal?) (M2) | 0.02758 0.00012989 | 0
m; [GeV] 173.2 0.4 0
My, [GeV] 125.1 0.014 0
Mz [GeV] 91.1882 0 0.015

Murillo Vellasco (U. Bonn) EPS-HEP Marseille 2025 July 8, 2025 Back-up — 18 /35



Fit Parameters - Wilson Coefficients (1)

‘ Wilson Coefficient ‘ Operator ‘ Central value ‘ Gaussian Unc. | Flat Unc.
Cw KW WP W 0 0 2
Cre (HTH)GA, GAw 0 0 2
Chwi (Hfo2H) W2, B 0 0 2
(ChwhHB)~~ sin Oy Oy + cos Oy Opp* 0 0 2
(CHWHB)y~orth — cos Oy Opw +sin Oy Opg* | 0 0 2
Crp |HT D, H|? 0 0 2
Cho (HTH)O(HTH) 0 0 4
C (HTH)? 0 0 25
(W) i(HIDLH) (LT4#1Y) | o 0 2
(W) i(HIDLH)(ZA412) | 0 0 2
()3 i(H1D . H) (B3 4#13) 0 0 2

*Opw = (HTH)W2, Warv, Oyg = (HTH) By, BHY

Murillo Vellasco (U. Bonn) EPS-HEP Marseille 2025 July 8, 2025 Back-up — 19/35
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Fit Parameters - Wilson Coefficients (2)

‘ Wilson Coefficient ‘ Operator Central value ‘ Gaussian Unc. | Flat Unc.
(o i(H D3 H) (CEAmo°Lt) | o 0 2
(C(3 )22 i(HTb_:‘iH) (p'y“aaLZ) 0 0 2
(Ci)ss i(HTE:"LH)(F'y”UaE) 0 0 2
(Cre)11 i(HTBHH)(ﬁwEl) 0 0 2
(CHe)22 i(HTBHH)(ﬁw“EQ) 0 0 2
(Che)3s i(HTB#H)(EwEﬂ 0 0 2
( HQ)u i(HDuH) (Q11#@) | 0 0 4
(Cd)s i(HID,H) (@3 4#Q%) | 0 0 7
(i i(H'D3H) (@1 1#0°QY) | 0 0 4
(Cru)11 i(HTB#H)(WWUl) 0 0 4
(Cha)s i(H'DuH) (DT DY) | 0 0 4
(Chd)33 i(HTBHH)(ﬁ’y“D‘%) 0 0 4

Murillo Vellasco (U. Bonn)

EPS-HEP Marseille 2025

July 8, 2025
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Fit Parameters - Wilson Coefficients (3)

‘ Wilson Coefficient ‘ Operator ‘ Central value | Gaussian Unc. | Flat Unc.
Re[(Cer)22] (HTH) (L2 HE?) 0 0 4
Re[(Cen)3s] (HTH) (L3 HE®) 0 0 4
Re[(Cut)22] (H'H) (Q% HU?) 0 0 4
Re[(Cun)33] (HH) (Q® HU3) 0 0 4
Re[(Cam)33] (HTH) (Q3 HD?) 0 0 4
(Cre)iomz (L2 2) (L2yult) | 0 0 2
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Theoretical Uncertainties - Future Colliders

Table 19. Partial decay widths for the Higgs boson to specific ﬁnal states and the uncertainties in their ca]culanon [97]. The
uncertainties arise either from intrinsic limitations in the ion (Thyny) and (Thpgr).
‘The parametric uncertainties are due to the finite precision on the quark masses, Thpq(m,). on the strong coupling constant,
Thpar(0t;), and on the Higgs boson mass, Thpy(Mi). The columns labelled "partial width” and "current uncertainty” and refer
to the current precision [97]. while the predictions for the future are taken from ref. [131]. For the future uncertainties, the
parametric uncertainties assume a precision of 8m; = 13 MeV, 8m, =7 MeV, 8m, = 50 MeV, 8¢, = 0.0002 and

SMy = 10 MeV.
Decay Partial width current unc. AT/T [%] future unc. AT/T [%]
[keV] Thine  Thear(mg)  Thea(@)  TheaGmp) | Thine  Thea(mg)  Thear()  Thea(mu)
H—bb 2379 <04 1.4 0.4 - 0.2 0.6 <0.1 -
H—ttt 256 <03 - - - <0.1 - - -
H—cc 118 <04 4.0 0.4 - 0.2 1.0 <0.1 -
H—ptu 0.89 <03 - - - <0.1 - - -
H—WW- 883 0.5 - - 26 0.4 - - 0.1
H—gg 335 32 <02 37 - 1.0 = 0.5 =
H—Z7Z 108 0.5 - - 3.0 0.3 - - 0.1
H-—vyy 9.3 <10 <02 - - <10 - - -
H—Zy 6.3 5.0 - - 2.1 1.0 - - 0.1

de Blas et al. (2019) [1905.03764]

S-HEP Marseille 20!

Murillo Vellasco (U. Bonn


https://arxiv.org/abs/1905.03764
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Theoretical Uncertainties - Future Colliders

@ Parametric and intrinsic uncertainties taken from S. Heinemeyer et al.
[1906.05379]: “Theoretical uncertainties for electroweak and
Higgs-boson precision measurements at FCC-ee”

@ Assumed to be energy independent

@ Assumed precision for parametric uncertainties: dm, = 13 MeV,
ome =7MeV, dm; = 50MeV, das = 0.0002, My = 10 MeV
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https://arxiv.org/abs/1906.05379

BP 0 Results (Original)

+ FCC-eeyq

IDM BP 0 value (k,=1.10)
Emm smallest 68.3% interval(s)
— smallest 95.5% interval(s)
smallest 99.7% interval(s)
+ mean and std. dev.

IDM BP 0, FCC-eem

1.2~

Ky

EPS-HEP Marseille 2025

Murillo Vellasco (U. Bonn)

Crws

Cup

Cua
(i
t%)n
€3
1Cﬁ')n
(€2
(€33
(Crea
(Cred2z
(Credss
[
16%,:»33
(€
(Cralna
(Croha
(Cradss
Rel(Can)az]
Rel(Cor)3s]
Rel(Cur)z2]
Rel(Cur)33]
Rel(Ca)33]
(Cudan
Cy

IDM (BP 0), FCC-eez40 + FCC-ee365

I I
-2 -1
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BP 0 Results (with new NPs)
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BP 1 Results (Original)
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BP 1 Results (with new NPs)
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BP 2 Results (Original)
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BP 2 Results (with new NPs)
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BP 3 Results (Original)
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BP 3 Results (with new NPs)
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Pulls for single-Higgs observables (1)
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Pulls for single-Higgs observables (2)

IDM (BP 2), FCC-eej40 + FCC-ee365

Hzn(FCC-eez40)

ol With new NPs.
Ief_original

HzH, bp(FCC-ee240)

Huui, b (FCC-€€240)

Hz#, cc(FCC-ee240)

Hzt,09(FCC-e€240)

Hzn, ww(FCC-eezq0)

tizn,z2(FCC-e@240)

Hz, re(FCC-ee240)

Hzn, y/(FCC-eeza0)

Hz, py(FCC-ee240)

HzH,zy(FCC-ee240)

Hzn(FCC-eesqs)

Hz, pp(FCC-ee365)

Huun, bp(FCC-ee365)

HzH,cc(FCC-ee365)

Huwt, cc(FCC-eesgs)

Hzh,99(FCC-e€365)

Huun g9(FCC-e@365)

Hzn,ww(FCC-eeses)

Mo, ww(FCC-eesgs)

Hzn,22(FCC-eese5)

Mo, zz(FCC-ee3g5)

Mz, wc(FCC-ee365)

Huw, re(FCC-eesze5)

Hzn, y/(FCC-ee365)

Huw, yy(FCC-ees6s)

HzH, pyu(FCC-ee3es)

Murillo Vellasco (U. Bonn)

Hzn(FCC-eeza0)
Hzn, bp(FCC-e€240)
Huwi, bb(FCC-e€240)
Hzn,ce(FCC-eez40)
HzH, g9(FCC-ee240)
Hzn, ww(FCC-eez40)
Hzh,zz(FCC-eez40)
Hzh, wr(FCC-eez40)
Hz, yy(FCC-eez40)
Hzn, y(FCC-ee240)
Hzh,z,(FCC-eeza0)
zn(FCC-eese5)
Hzn, bp(FCC-eesgs)
Huvh, o(FCC-ee365)
Hazh, cc(FCC-eeses)
Huv, cc(FCC-eesgs)
HzH,g9(FCC-ee36s)
Howk, gg(FCC-e@365)
HzH,ww(FCC-eesqs)
Howk, ww(FCC-eeses)
Mzh,zz(FCC-eese5)
Mok, zz(FCC-ee3gs)
Hzh, w(FCC-ee365)
Huvr, or(FCC-eesgs)
Hzw, yy(FCC-eeses)
ok, yy(FCC-eess5)
Hzn,uu(FCC-eesgs)

EPS-HEP Marseille 2025

IDM (BP 3), FCC-eezq0 + FCC-ee3ss

ol With new NPs
IefOriginal

T T T T T

-2 - 3 4

1
Pulls

July 8, 2025

Back-up — 33/35



The Inert Doublet Model (IDM)

@ 2 Higgs doublets:

G+ H
1 = (%(w h+ iG°)> P2 (\/%(H+iA))

@ Impose invariance under a Zy-symmetry: ®; — &1, and ¢, — —P,

@ Restrict parameter space such that Zj-symmetry is not spontaneously
broken: (®;) = =5, (®3) =0

> No coupling between BSM Higgs and SM fermions (“inert”)
> No tree-level flavour changing neutral currents (FCNC)
> Exact alignment in the Higgs sector to all orders in perturbation theory

Higgs potential:
V = 101 p3[0af 4 S04 [0+ Xg[r 02+
+ |0l + % (®1d,) + h.c.}
@ Crucially: parameter space allows for large «), while keeping all other

Higgs couplings ~ SM-like
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Effect of new nuisance parameters on k) uncertainty
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