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Higgs gateway to BSM

[Snowmass '21; 2209.07510]

https://arxiv.org/pdf/2209.07510
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Higgs gateway to BSM
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Light

Heavy

ΛBSM

strategyDirect Indirect

Higgs couplings

Higgs mixing
BSM in loops

Exotics

Exotic Higgs production

Resonant : X → hh/Vh
Cascades: A → Zh

|H |2

Exotic Higgs decays

BSM EFTs
ALPs, DM, …

h → XX/XY/X + Emiss
T

EFT
High energy/multiplicity

SMEFT/HEFT
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Higgs gateway to BSM
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Light

Heavy

ΛBSM

strategyDirect Indirect

Nature?



Higgs is a natural portal to new physics 
• No symmetries to prevent appearance of portal interactions 

• Light new physics  new Higgs decay channels⇒
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Exotic Higgs decays
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|H |2

|H |2 𝒪BSM

Rich programme of LHC searches 
• Nice review of ATLAS searches in

[See talks by Lakshmi Pramod, 
Diallo Boye, Dominique Trischuk, 

Nathan Greiser][2405.04914]

h → BSMh → inv .h → XY
h → XX h → X + inv .

Invisible XX XY

VBF/Zh : h → inv .

h → γγD , γD → Emiss
T

h → ZX , ℓ+ℓ−γγ / ℓ+ℓ−j(m < GeV)

h → VV → 4ℓ

h → ss/aa , bb̄μ+μ− / 4b / 4μ / 4γ / 2γ2j

h → χ1χ2(χ2 → χ1a) , bb̄ + Emiss
T

[Cepeda et al.; 2111.12751]

h → ?

[See talks by Margarete Müllheitner 
and Anke Biekötter]

https://arxiv.org/pdf/2405.04914
https://arxiv.org/pdf/2111.12751
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Exotic Higgs decays
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From BSM point of view, often provide best sensitivity 
• If the Higgs can decay into it, we should be looking for it! 
• Leave no stone unturned…

ex.1) 2HDM + light singlet pseudoscalar 
• Minimal UV completion for pseuodscalar DM portal 
• Interesting model for EW baryogengesis

step 1

step 2 (EWPT)

“Transitional CP violation” 
• Thermal history: 2-step phase transition

(0,0) → (0,⟨a⟩) → (⟨h⟩,0)

ma ≲ few × 100 GeV

[Huber, KM & No; 2208.10512]

• No CP-violation today (T=0), no EDM bounds! 

• Successful EWBG favours light pseudo scalar, a

https://arxiv.org/pdf/2208.10512
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 & friendsh → aa
 unavoidable for  

•  &  completely rule 
out interesting region 

• Independent of  mixing angle 

• Interplay with other exotic searches: cascade 
decays down to light 

h → aa ma < mh/2
h → BSM h → aa → 4f

A0 ↔ a

a

ex.2) top-philic ALP 
• Derivatively-coupled pseudo scalar in elusive mass window, 

ℒ(5)
top = ct

∂μa
fa

t̄R γμ tR

10 ≲ ma < 350 GeV

b
b̄

[see also Anke Biekötter’s backups]

<latexit sha1_base64="j055PgauC5keExgc6f6VuMWjVio="></latexit>

h

a

a
<latexit sha1_base64="kiv57JiSrlrCCz0ES7iK7smwyEI="></latexit>

h

Z

a

[Blasi, Maltoni, Mariotti, KM, Pagani, 
Tentori; 2311.16048]

•   channel closed: loop-induced decays w/  couplings suppressed 
• Direct/indirect searches in top-rich final states & exotic decays

tt̄ γγ, gg

h → aa

http://www.arxiv.org/pdf/2311.16048
http://www.arxiv.org/pdf/2311.16048


• ALP decays preferentially to  
• Other unexplored channels?

bb̄
c(6)

aH

f 2
a

(ϕ†ϕ) ∂μa∂μa ⇒

<latexit sha1_base64="6irXK1cmzGDIGL+7NV2utrQHO8o="></latexit>

h

a

a
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Top-philic ALP & h → aa

No change to other Higgs properties 
•  current best sensitivity for  (  not competitive) 

• Bound comes from mixing with dim-6 operator

h → BSM ma < mh/2 h → Za

50 100 150 200

50

100

200

500

aa → bb̄γγ aa/Za → b ¯b+Emiss
T Za → bb̄ℓ+ℓ− …?

[Blasi et al.; 2311.16048]

http://www.arxiv.org/pdf/2311.16048
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Higher order in SMEFT
Does the EFT amplitude reproduce new physics effect?

• Is the EFT interpretation valid?

• Are higher order terms in or  relevant?Λ−1 gS, g, g′￼

𝒜SMEFT = 𝒜SM + !
i

𝒜(6)
i

C(6)
i

Λ2
+ !

j

𝒜(8)
j

C(8)
j

Λ4
+ 𝒪

(
1

Λ5 )Theory  Amplitudes⇔
Loop corrections
• RGE-improved predictions, 1-loop anomalous dimensions known

d
d ln μ

Ci = γijCj

• QCD-like corrections automated via SMEFT@NLO

• Next frontier: EW corrections

[See Eleni Vryonidou, Ben Stefanek, Uli Haisch (EFTWG) & Luca Mantani's talks]

[Degrande, Durieux, Maltoni, KM, 
Vryonidou & Zhang; 2008.11743]

[See Hesham El Faham’s talk (EFTWG)]

Corrections @ high energy 
Sudakov approximationDedicated calculations

h → ff̄/γγ/Zγ/4l Z → ff̄

pp → ℓ+ℓ−

e+e− → Zh

9

[El Faham, KM, Severi, Vryonidou Pagani & Zaro; 2412.XXXXX][See Konstantin Asteriadis’ talk (EFTWG)]

L = L SM +
!

i,D

c(D )
i O(D )

i

! D ! 4

<latexit sha1_base64="VgN7fIwq+b59D1urgWzzflZ58QQ="></latexit>

http://www.arxiv.org/pdf/2008.11743
http://www.arxiv.org/pdf/2008.11743
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NLO: impact on fits
SMEFiT 2.0: top, Higgs & diboson @ NLO QCD
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EWPO: [Dawson & Giardino; 
1909.02000, 2201.09887]

[Bartocci et al; 2311.04963]

Top (NLOQCD) Higgs (NLOQCD) & EWPO (NLO EW)

NLO
LO

Top: [Ethier et al.; 2105.00006]

[Ethier et al.; 2105.00006]

Higgs: 
[Alasfar et al.; 2202.02333] 
[Degrassi et al.; 
1607.04251,1907.06429]

http://www.arxiv.org/pdf/1909.02000
http://www.arxiv.org/pdf/2201.09887
http://www.arxiv.org/pdf/2311.04963
http://www.arxiv.org/pdf/2105.00006
http://www.arxiv.org/pdf/2105.00006
http://www.arxiv.org/pdf/2202.02333
http://www.arxiv.org/pdf/1607.04251
http://www.arxiv.org/pdf/1907.06429
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Dim-6:  vs Λ−2 Λ−4 [Celada et al.; 2404.12809]

The only thing we can do 
at dimension-6:  
linear vs. quadratic

SMEFiT3.0

[See Luca Mantani's talk]

Significant effects 

http://www.arxiv.org/pdf/2404.12809
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New effects at dimension-8
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• More derivatives = higher energy growth

Higher canonical dimension  new Lorentz structures⇒

‘Decorrelation’ effects
• Anomalous QGC independent from TGC: beyond 𝒪W = ϵIJKWI,ν

μ WJ,ρ
ν WK,μ

ρ

•  independent from :  & h4 h3 (H†H)3 (H†H)4

New gauge self-interactions
FμνFμνFρσFρσ GA

μνG
μν
A VρσVρσ, V = Z, γ, W± iH†B̃μνWμρ{Dρ, Dν}H

Light-by-light gg → VV Neutral TGC

Much left to study
• Non-redundant bases are known [Murphy; 2005.00059] 

[Li et al.; 2105.09329]

http://www.arxiv.org/pdf/2005.00059
http://www.arxiv.org/pdf/2105.09329
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Model independent approach
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• Impact on data used to constrain dimension-6

Study effect of dim-8 operators with arbitrary C(8)

[Hays et al; 1808.00442]— Dim-6 only 
- -  
—  within ‘validity’

C(8) = C(6)

C(8)

σ(8)
int.

1
Λ4

8
< σ(8)

sq.
1

Λ8
8

σ(6)
int.

1
Λ2

6
< σ(8)

int.
1

Λ4
8

&Validity =

[Assi & Martin; 2410.21563]

VH & VBF
Dim-6 ( exp.) 
Dim-8  
Dim-8 

C(6) <
qq̄qq̄h
qq̄Z∂3h

http://www.arxiv.org/pdf/1808.00442
http://www.arxiv.org/pdf/2410.21563


Predict effect of dim-8 operators with assumptions on C(8)
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Model dependent approach
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Impose power-counting prescription e.g. loop vs tree generated operators

SM ∝
e2

16π2
D6 ∝

1
16π2

D8 ∝ 1

[Arzt et al.; hep-ph/9405214] 
[Jenkins et al.; 1305.0017] 
[Craig et al.; 2001.00017]

SM ∝ 1 D6  ∝ 1 D8 ∝ 1

[Hays et al.; 2007.00565]δ(h → γγ)

δ(Z → ℓ+ℓ−)

https://arxiv.org/pdf/hep-ph/9405214
http://www.arxiv.org/pdf/1305.0017
http://www.arxiv.org/pdf/2001.00017
http://www.arxiv.org/pdf/2007.00565


Predict effect of dim-8 operators with assumptions on C(8)
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Model dependent approach
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Explicit UV models
e.g. 2HDM

[Dawson et al.; 2205.01561, 
2305.07689, 2401.12279]

Dim-6 vs Dim-8
LO vs NLO matching

• LO bounds recovered only 
when including dim-8

• NLO matching effects are 
significant

• Strong theoretical bounds 
on this space (not shown)
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Singlet scalar to dim-8
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Single 
Higgs data 

⇒

Single+double 
Higgs data  

⇒

⇒

Dim-6

⇒

Dim-8

L = L SM +
1
2

! µ S! µ S ! mSS2 ! " SH   HS ! #SH   HS2 ! " S3 S3 ! " S4 S4

<latexit sha1_base64="fnMm2FD3DTH/NPeciUzTKcr91k8="></latexit>

L = L SM +
1
2

! µ S! µ S ! mSS2 ! " SH   HS ! #SH   HS2 ! " S3 S3 ! " S4 S4

<latexit sha1_base64="fnMm2FD3DTH/NPeciUzTKcr91k8="></latexit>

[Ellis, KM, Zampedri; 2304.06663]

http://www.arxiv.org/pdf/2304.06663


Higgs data is also crucial in the indirect approach
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EFT take home
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Higher-order effects matter

 expansionαS, αEW

• Control th. uncertainties

O(αS, αEW)
[

1 +
O(1)
Λ2

+
O(αS, αEW)

πΛ2
+

O(1)
Λ4

+ ⋯
]

 expansionΛ−1

• New constraints at loop-level
• Better pinpoint origins of deviations

• Study dimension-8 effects
• Unique probes absent at dim-6
• Parametrise truncation uncertainty
• Match to explicit models
• Combine with direct searches

• Keep developing predictions & tools



The Higgs is the present & future of BSM at colliders

K. Mimasu - 05/02/2024 LHCHWG Workshop, CERN

Conclusions
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• Central to the scientific case for a future high precision/energy machines

Tremendous progress: keep pushing on all fronts!

• Exotic decays are extremely powerful probes for m < mh/2

• LHC connection to early universe physics/DM

Exotic production & decay

• Often come with exotic production/cascade decays

EFT approach is progressing well
• Precision era, towards NLO EW & 2-loop RGEs

• Dimension-8: unique probes  nuisance parameters⇔
• Bigger fits, precision matching, validity, positivity,…



Backup
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O(Λ−4)

When might it matter?
• Data are not very sensitive -  poorly constrained: e.g. 4 top productionCi/Λ2

• Dim-6 interference term is suppressed at high energy: helicity selection
[Azatov et al.; PRD 95 (2017) no. 6, 065014] 

• Sensitivity from energy growing effects 𝒜 = 𝒜SM (
1 +

v2

Λ2
+

vE
Λ2

+
E2

Λ2
+ ⋯

)

•  will dominate over  at high energy𝒜(6)*
i 𝒜(6)

j 𝒜*SM𝒜(6)
i

+ !
i≤ j

2Re [ 𝒜(6)*
i 𝒜(6)

j ]
C(6)

i C(6)
j

Λ4
+ ⋯

σSMEFT ∝ |𝒜SMEFT |2 = |𝒜SM |2 + !
i

2Re [ 𝒜*SM𝒜(6)
i ]

C(6)
i

Λ2

Also interesting from a theoretical perspective
• Positivity bounds on dim-  scattering amplitudes(n ≥ 8)

• Some effects only arise at dim-8: e.g. neutral triple gauge interaction (ZZZ,…)

Dim-8 is interesting from a phenomenological perspective
• Global fits, UV model interpretations, validity, unique dim-8 effects,…



[Asteriadis et al.; 2409.11466]
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First NLOEW SMEFT calculation of Higgs production
• LO: 7 operators
• NLO: 28 linear combinations

21

0.5% measurement @ =240 GeVs

Self-coupling, Cϕ CPV couplings

Higgsstrahlung @ NLOEW
[See Konstantin Asteriadis’ talk (EFTWG)]

also   
(backup)

h → Zℓ+ℓ− → 4l

http://www.arxiv.org/pdf/2409.11466


 @ NLOEW h → Zℓ+ℓ− → 4ℓ

K. Mimasu - 05/02/2024 LHCHWG Workshop, CERN22

[Dawson et al.; 2411.08952]

LO operators

 GeVm34
ℓℓ > 12

Modified correlations
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Singlet scalar to dim-8

SM + real, singlet scalar, S
•  obtains a vev, , in general & mixes with  after EWSBS vS h
• Potential parameters subject to theoretical constraints

L = L SM +
1
2

! µ S! µ S ! mSS2 ! " SH   HS ! #SH   HS2 ! " S3 S3 ! " S4 S4

<latexit sha1_base64="fnMm2FD3DTH/NPeciUzTKcr91k8="></latexit>

λh, κS4 > 0, λS > − 2 λh κS4

|λS | ≤ 4π, |λh | ≤
8π
3

, |κS4 | ≤
2π
3

 bounded 
from below

V(S, H)

Perturbative unitarity 
in  scatteringsh, S

Global EW minimum V(v, vs) ≤ V(S, H)

[Dawson, Giardino, Homiller; PRD 103 (2021) 7, 075016] 
[Dawson et al.; PRD 106 (2022) 5, 055012] 

[Jiang et al.; JHEP 02 (2019) 031] 
[Haisch et al.; JHEP 04 (2020) 164]

[Ellis, KM, Zampedri; JHEP 10 (2023) 05]
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Matching

Tree-level: solve EoM for  and plug back into S ℒ
• Only 2 operators at dimension-6

L = L SM +
1
2

! µ S! µ S ! mSS2 ! " SH   HS ! #SH   HS2 ! " S3 S3 ! " S4 S4

<latexit sha1_base64="fnMm2FD3DTH/NPeciUzTKcr91k8="></latexit>

(H†H) □ (H†H) : CH□ = −
1
2

κ2
S

m2
S

⇒ All Higgs couplings  
Single Higgs 

production & decay

h
SM

SM

<latexit sha1_base64="T/crdMn859nEVVbBYYRV6mMinVA="></latexit>

e.g. [de Blas et al.; JHEP 03 (2018) 109]

(H†H)3 : CH = −
κ2

S

m2
S (

λS −
κSκS3

m2
S )

⇒ Higgs self-coupling  
Higgs pair production

h

h

<latexit sha1_base64="qpHkhMmR4BvV7BLTBL1ZSkOjXXA="></latexit>

(mS, κS, κS3 ≫ v)

[Ellis, KM, Zampedri; JHEP 10 (2023) 05]
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To dim-8…
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<latexit sha1_base64="+AM77zMiEqPvd8lwDociEb5ysQ0="></latexit>

(H†H)3

(H†H) □ (H†H)

(H†H)4

(H†H)2 |DμH |2

|DμH |4

(H†H)2Q̄uH̃

(H†H)(Q̄γμQ)(ūγμu)

(Q̄uH̃)2

|DμH |2 Q̄uH̃

(H†H)2

See also [Banerjee et al.; PRD 107 (2023) 5, 055007] 
[Corbett, Eboli & Gonzalez-Garcia; PRD93 (2016) 1, 015005]

[Neglecting ]yd, ye

[Ellis, KM, Zampedri; JHEP 10 (2023) 05]

http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO
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Sensitivity from dim-8

CH 8
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<latexit sha1_base64="vFmPCzdjgYJI2hB2WNTxL4zVQVA="></latexit>

OH8 : (H†H)4 ⇒ Higgs trilinear & quartic-couplings  
Higgs pair & triple Higgs production

O(1)
H6 : (H†H)2 |DμH |2 ⇒ All Higgs couplings & Higgs ZZ/WW  

Single Higgs production & decay

OquH5 : (H†H)2Q̄uH̃ ⇒ Top quark Yukawa coupling
Gluon fusion & tt̄H

• New sensitivity to  in single Higgs production & decayλS, κS3

• New sensitivity to  in Higgs pair productionκS4

+ others…

[Ellis, KM, Zampedri; JHEP 10 (2023) 05]



Global SMEFT fit of Higgs data to dimension-8
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Constraints from  & h hh

27

• Using fitmaker  code 
• Latest Higgs signal strengths + di-Higgs cross section 
• Mapped to singlet parameter space [ATLAS; Nature 607 (2022) 52-59] 

[CMS; Nature 607 (2022) 60-68] 
[ATLAS-CONF-2022-050]

[Ellis, Madigan, KM, Sanz & You; JHEP 04 (2021) 279]

L = L SM +
1
2

! µ S! µ S ! mSS2 ! " SH   HS ! #SH   HS2 ! " S3 S3 ! " S4 S4

<latexit sha1_base64="fnMm2FD3DTH/NPeciUzTKcr91k8="></latexit>

[Ellis, KM, Zampedri; JHEP 10 (2023) 05]
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Profiled  boundκS

28

• Much of allowed parameter space in 
regions where  

• Cannot be described by EFT, which 
assumes small … validity? 

• Repeat analysis requiring  

• Smaller region allowed & D8 result 
converges to D6 

• Still some significant differences for 
 TeV

vS ≫ MS

vS

vS < MS

Ms ≲ 3

[Ellis, KM, Zampedri; JHEP 10 (2023) 05]
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Validity
Current sensitivity from data

[Ellis, KM, Zampedri; JHEP 10 (2023) 05]
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Validity

δ =
(cos2 α)D8 − (cos2 α)full

(cos2 α)D6 − (cos2 α)full

Others where SMEFT expansion breaks down
• Large couplings,  & , non-perturbative region 

• Depends on 

λS κS3

MS

Some regions where dimension-8 improves predictions

[Ellis, KM, Zampedri; JHEP 10 (2023) 05]


