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PART I: OPEN QUESTIONS
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We have the SM, but… it doesn’t answer all the questions


What is Dark Matter? Dark energy?  


Baryon asymmetry, CP-violation, neutrino masses….

WHY NEW PHYSICS?
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New physics is somewhere, we just don’t know where



I will focus on the following questions:


1. What is the shape of the Higgs potential


2. Why is the weak force so much weaker 
than the strong force


3. What is the origin of EWSB?
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PART II: WHAT WE KNOW
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The Higgs sector (as seen from the SM) 


If we assume a doublet shape,  and  will be related, and  so 
will  eventually any  


Same goes for  and 


If the Higgs is NOT a doublet, we will need to measure the  
independently to parametrise the potential and the  to 
decipher the EWSB mechanism

λ3 λ4
λ5, λ6

hv hvv

λi
hvn

−μ2Φ†Φ + λ(Φ†Φ)2
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ℒH = (DμΦ)†(DμΦ) − V



If we assume EWSB and v are SM-like (implying new physics is weakly coupled), we can 
write down the SMEFT Lagrangian: 


  ℒSMEFT = ℒSM + c1
𝒪(6)

1

Λ2
+ c2

𝒪(6)
2

Λ2
+ … + c3

𝒪(8)
3

Λ4
+ c4

𝒪(8)
1

Λ4
+ …
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8Dimension 6 SMEFT basis

1 : X3

QG fABCGAν
µ GBρ

ν GCµ
ρ

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ

Q
W̃

εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

2 : H6

QH (H†H)3

3 : H4D2

QH! (H†H)!(H†H)

QHD

(
H†DµH

)∗ (
H†DµH

)

5 : ψ2H3 + h.c.

QeH (H†H)(l̄perH)

QuH (H†H)(q̄purH̃)

QdH (H†H)(q̄pdrH)

4 : X2H2

QHG H†HGA
µνG

Aµν

QHG̃ H†H G̃A
µνG

Aµν

QHW H†HW I
µνW

Iµν

Q
HW̃

H†H W̃ I
µνW

Iµν

QHB H†H BµνBµν

QHB̃ H†H B̃µνBµν

QHWB H†τIH W I
µνB

µν

Q
HW̃B

H†τIH W̃ I
µνB

µν

6 : ψ2XH + h.c.

QeW (l̄pσµνer)τIHW I
µν

QeB (l̄pσµνer)HBµν

QuG (q̄pσµνTAur)H̃ GA
µν

QuW (q̄pσµνur)τIH̃ W I
µν

QuB (q̄pσµνur)H̃ Bµν

QdG (q̄pσµνTAdr)H GA
µν

QdW (q̄pσµνdr)τIH W I
µν

QdB (q̄pσµνdr)H Bµν

7 : ψ2H2D

Q(1)
Hl (H†i

←→
D µH)(l̄pγµlr)

Q(3)
Hl (H†i

←→
D I

µH)(l̄pτIγµlr)

QHe (H†i
←→
D µH)(ēpγµer)

Q(1)
Hq (H†i

←→
D µH)(q̄pγµqr)

Q(3)
Hq (H†i

←→
D I

µH)(q̄pτIγµqr)

QHu (H†i
←→
D µH)(ūpγµur)

QHd (H†i
←→
D µH)(d̄pγµdr)

QHud + h.c. i(H̃†DµH)(ūpγµdr)

8 : (L̄L)(L̄L)

Qll (l̄pγµlr)(l̄sγµlt)

Q(1)
qq (q̄pγµqr)(q̄sγµqt)

Q(3)
qq (q̄pγµτIqr)(q̄sγµτIqt)

Q(1)
lq (l̄pγµlr)(q̄sγµqt)

Q(3)
lq (l̄pγµτI lr)(q̄sγµτIqt)

8 : (R̄R)(R̄R)

Qee (ēpγµer)(ēsγµet)

Quu (ūpγµur)(ūsγµut)

Qdd (d̄pγµdr)(d̄sγµdt)

Qeu (ēpγµer)(ūsγµut)

Qed (ēpγµer)(d̄sγµdt)

Q(1)
ud (ūpγµur)(d̄sγµdt)

Q(8)
ud (ūpγµTAur)(d̄sγµTAdt)

8 : (L̄L)(R̄R)

Qle (l̄pγµlr)(ēsγµet)

Qlu (l̄pγµlr)(ūsγµut)

Qld (l̄pγµlr)(d̄sγµdt)

Qqe (q̄pγµqr)(ēsγµet)

Q(1)
qu (q̄pγµqr)(ūsγµut)

Q(8)
qu (q̄pγµTAqr)(ūsγµTAut)

Q(1)
qd (q̄pγµqr)(d̄sγµdt)

Q(8)
qd (q̄pγµTAqr)(d̄sγµTAdt)

8 : (L̄R)(R̄L) + h.c.

Qledq (l̄jper)(d̄sqtj)

8 : (L̄R)(L̄R) + h.c.

Q(1)
quqd (q̄jpur)εjk(q̄ks dt)

Q(8)
quqd (q̄jpT

Aur)εjk(q̄ksT
Adt)

Q(1)
lequ (l̄jper)εjk(q̄

k
sut)

Q(3)
lequ (l̄jpσµνer)εjk(q̄

k
sσ

µνut)

Table 1. The 59 independent dimension-six operators built from Standard Model fields which conserve
baryon number, as given in Ref. [9]. The operators are divided into eight classes: X3, H6, etc.
Operators with +h.c. in the table heading also have hermitian conjugates, as does the ψ2H2D operator
QHud. The subscripts p, r, s, t are flavor indices.
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1 : X3
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µ GBρ

ν GCµ
ρ

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ

Q
W̃

εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

2 : H6

QH (H†H)3

3 : H4D2

QH! (H†H)!(H†H)

QHD

(
H†DµH

)∗ (
H†DµH

)

5 : ψ2H3 + h.c.
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QdH (H†H)(q̄pdrH)

4 : X2H2
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µνW

Iµν

Q
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Table 1. The 59 independent dimension-six operators built from Standard Model fields which conserve
baryon number, as given in Ref. [9]. The operators are divided into eight classes: X3, H6, etc.
Operators with +h.c. in the table heading also have hermitian conjugates, as does the ψ2H2D operator
QHud. The subscripts p, r, s, t are flavor indices.
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SCENARIO: ALL SMEFT COEFFICIENTS  BOUND TO ~ ZERO

9

Jaco ter Hoeve - SM@LHC - 10/05/24 /23

‣ Most EFT global fits assume a fixed PDF set. A 
full treatment should fit the EFT and PDF 
parameters simultaneously, as done by simuNET  

‣ EFT parameters are stable, while the PDF fits 
undergo shifts at high invariant mass in e.g. the 
gluon-gluon luminosity

simuNET: a simultaneous PDF + EFT fit

5

Costantini, Hammou, Madigan, 
Mantani, Moore, Morales, Ubiali 

[2402.03308]
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SCENARIO: ALL SMEFT COEFFICIENTS  BOUND TO ~ ZERO

10

We might have to revisit our assumptions: what if the Higgs is not in a doublet? What if 
the NWA is hiding new physics effects?



PART III: WHAT WE DON’T 
KNOW

11



“THE HIGGS IS A DOUBLET UNDER 
SU(2)”….


LET’S START BY VALIDATING THIS 
STATEMENT

12



Lian Tao Wang, LHCP 2024 13

Two ways we can stress test 
the doublet through the 

couplings: 


Measuring the H couplings 

to multiple  vector bosons or 

the H coupling to itself


 



SMEFT Lagrangian:  


HEFT Lagrangian:    


ℒSMEFT = ℒSM + c1
𝒪(6)

1

Λ2
+ c2

𝒪(6)
2

Λ2
+ … + c3

𝒪(8)
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+ c4
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Λ4
+ …

ℒHEFT =
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2

∂μh ∂μh + (1 + a1
h
v

+ a2 ( h
v )

2

+ a3 ( h
v )

3

+ … + an ( h
v )

n

) ∂μw+∂μw− + …

HEFT VS SMEFT
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ℱ(h) Flare Function



By comparing the Lagrangians term-by-term we can map the HEFT to the SMEFT

15
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2(c(6)

H⇤)
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, (3.2)

where c
(D)

H⇤ is the dimensionless Wilson coe�cient for the operator |H|
D�4⇤|H|

2
/⇤D�4.

Note that the expressions in (3.1) are truncated at O(d2) = O(v4/⇤4), and higher powers

of d have been neglected. Higher coe�cients an with n � 7 vanish at this order in SMEFT.

From (3.1) and section 2 results we can read the relevant combinations of aj couplings

that determine the !! scattering into two, three and four Higgs bosons in SMEFT:

â2 = d + 2d2(1 + ⇢) + O(d3) ,

â3 =
4

3
d
2(1 + ⇢) + O(d3) ,

â4 =
1

3
d
2(2 + ⇢) + O(d3) . (3.3)

We note that these combinations are also found after considering the field redefinitions of

appendix C.

It is not di�cult to observe that for d 6= 0 these expressions obey the O(d) ⇠ O(1/⇤2)

SMEFT relations [22, 23],

�a1 =
1

2
�a2 =

3

4
a3 = 3a4 , ak�5 = 0 , (3.4)

with �a1 ⌘ a1 � 2 and �a2 ⌘ a2 � 1. These SMEFT relations have been refined and

positively tested up to O(d2) ⇠ O(1/⇤4).

On the other hand, it is worth mentioning here that some UV-completions, such as

the 2-Higgs Doublet Model, lead to a SMEFT low-energy theory but do not contribute

to F(h) at O(1/⇤2) [72, 73] (i.e., c(6)
H⇤ and d vanish). Their first contribution to the flare

function appears at O(1/⇤4) through a non-zero c
(8)

H⇤ Wilson coe�cient (this is, through

a non-zero d
2
⇢). In this case, the SMEFT relations in [22, 23] get modified [73] into the

O(1/⇤4) constraints,

�a1 =
1

3
�a2 =

1

4
a3 =

1

3
a4 =

5

6
a5 = 5a6 , an�7 = 0 , (3.5)

with �a1 = 2�a = 2c(8)
H⇤v

4
/⇤4 = d

2
⇢ 6= 0.
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See more details in https://arxiv.org/abs/
2204.01763 and  https://arxiv.org/abs/

2207.09848

HEFT VS SMEFT

https://arxiv.org/abs/2204.01763
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16Dimension 6 SMEFT basis

1 : X3

QG fABCGAν
µ GBρ

ν GCµ
ρ

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ

Q
W̃

εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

2 : H6

QH (H†H)3

3 : H4D2

QH! (H†H)!(H†H)

QHD

(
H†DµH

)∗ (
H†DµH

)

5 : ψ2H3 + h.c.

QeH (H†H)(l̄perH)

QuH (H†H)(q̄purH̃)

QdH (H†H)(q̄pdrH)

4 : X2H2

QHG H†HGA
µνG

Aµν

QHG̃ H†H G̃A
µνG

Aµν

QHW H†HW I
µνW

Iµν

Q
HW̃

H†H W̃ I
µνW

Iµν

QHB H†H BµνBµν

QHB̃ H†H B̃µνBµν

QHWB H†τIH W I
µνB

µν

Q
HW̃B

H†τIH W̃ I
µνB

µν

6 : ψ2XH + h.c.

QeW (l̄pσµνer)τIHW I
µν

QeB (l̄pσµνer)HBµν

QuG (q̄pσµνTAur)H̃ GA
µν

QuW (q̄pσµνur)τIH̃ W I
µν

QuB (q̄pσµνur)H̃ Bµν

QdG (q̄pσµνTAdr)H GA
µν

QdW (q̄pσµνdr)τIH W I
µν

QdB (q̄pσµνdr)H Bµν

7 : ψ2H2D

Q(1)
Hl (H†i

←→
D µH)(l̄pγµlr)

Q(3)
Hl (H†i

←→
D I

µH)(l̄pτIγµlr)

QHe (H†i
←→
D µH)(ēpγµer)

Q(1)
Hq (H†i

←→
D µH)(q̄pγµqr)

Q(3)
Hq (H†i

←→
D I

µH)(q̄pτIγµqr)

QHu (H†i
←→
D µH)(ūpγµur)

QHd (H†i
←→
D µH)(d̄pγµdr)

QHud + h.c. i(H̃†DµH)(ūpγµdr)

8 : (L̄L)(L̄L)

Qll (l̄pγµlr)(l̄sγµlt)

Q(1)
qq (q̄pγµqr)(q̄sγµqt)

Q(3)
qq (q̄pγµτIqr)(q̄sγµτIqt)

Q(1)
lq (l̄pγµlr)(q̄sγµqt)

Q(3)
lq (l̄pγµτI lr)(q̄sγµτIqt)

8 : (R̄R)(R̄R)

Qee (ēpγµer)(ēsγµet)

Quu (ūpγµur)(ūsγµut)

Qdd (d̄pγµdr)(d̄sγµdt)

Qeu (ēpγµer)(ūsγµut)

Qed (ēpγµer)(d̄sγµdt)

Q(1)
ud (ūpγµur)(d̄sγµdt)

Q(8)
ud (ūpγµTAur)(d̄sγµTAdt)

8 : (L̄L)(R̄R)

Qle (l̄pγµlr)(ēsγµet)

Qlu (l̄pγµlr)(ūsγµut)

Qld (l̄pγµlr)(d̄sγµdt)

Qqe (q̄pγµqr)(ēsγµet)

Q(1)
qu (q̄pγµqr)(ūsγµut)

Q(8)
qu (q̄pγµTAqr)(ūsγµTAut)

Q(1)
qd (q̄pγµqr)(d̄sγµdt)

Q(8)
qd (q̄pγµTAqr)(d̄sγµTAdt)

8 : (L̄R)(R̄L) + h.c.

Qledq (l̄jper)(d̄sqtj)

8 : (L̄R)(L̄R) + h.c.

Q(1)
quqd (q̄jpur)εjk(q̄ks dt)

Q(8)
quqd (q̄jpT

Aur)εjk(q̄ksT
Adt)

Q(1)
lequ (l̄jper)εjk(q̄

k
sut)

Q(3)
lequ (l̄jpσµνer)εjk(q̄

k
sσ

µνut)

Table 1. The 59 independent dimension-six operators built from Standard Model fields which conserve
baryon number, as given in Ref. [9]. The operators are divided into eight classes: X3, H6, etc.
Operators with +h.c. in the table heading also have hermitian conjugates, as does the ψ2H2D operator
QHud. The subscripts p, r, s, t are flavor indices.
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The “naive” class 3 operators

might contain much more 

information than we are 
extracting


 



We use the Equivalence Theorem 
(collisions at several TeV, Higgs is 
“massless”, gauge bosons are goldstone) 

LOOK AT WW TO NH 

17

21

which, in HEFT coordinates, becomes6

VSM(h) =
m2

h

2

✓
h2 +

h3

v
+

h4

4v2

◆
, (84)

with v2 = �µ2/� and m2

h
= 2|µ|2.

• The typical potential with the correlations obtained there in Appendix C will need to have an expansion which, up to
O(⇤�2) in SMEFT needs to have the form

V (h) =
m2

h

2


h2 +

h3

v
(1 + ✏) +

h4

v2

✓
1

4
+

3

2
✏

◆
+

3✏

4

h5

v3
+

✏

8

h6

v4

�
. (85)

It is possible to see that including the custodial-invariant SMEFT operator without derivatives, OH , in Eq. (18) one
gets the potential,

VSMEFT(H) = µ2H†H + �(H†H)2 �
cH
⇤2

(H†H)3 , (86)

which reproduces the structure of the coe�cients in Eq. (85). By expanding H around its minimum, the SMEFT poten-
tial in HEFT coordinates, finally produces the structure in Eq. (85) with m2

h
= �2µ2 (1 + 3✏/4) and 2h|H|

2
i =

v2 = v2
0
(1� 3✏/4), where we made use of the lowest order vev v2

0
= �µ2/� and the O(⇤�2) correction ✏ =

�2cHv4/m2

h
⇤2 = µ2cH/(�2⇤2). Notice that, for sake of clarity in the illustration, here we have taken cH⇤ = 0,

so there is no Higgs field renormalization. (Notice also that treating only terms in the potential, i.e. non-derivative
couplings implies, up to a constant shift, h = h1)

4. Example of potentials V where SMEFT is not applicable

An example of a potential which can not be written as a SMEFT is

V (H) = VSM(H) +
"

H†H
(87)

with " a constant small enough so as to avoid unsettling the potential away from h = 0 by a finite fraction of v now there is no
symmetric O(4) point where the function is analytic, there is a divergence at the origin. Consistently with the symmetric-point
criterion, SMEFT cannot be used: this model does not reproduce Eq. (85).

V. ww ! n⇥ h FOR ALL n IN HEFT AS THE TELLTALE PROCESS:
EXTRACTION OF F(h) EXPANSION COEFFICIENTS

In this section we will indicate how to extract the coe�cients of the flare function F in a process where n Higgses are
produced in the final state.

h1

hn

h2

... = �
n!an

2vn
s

FIG. 2: The ai coe�cients of the flare function F control the contact piece of !! ! nh processes. A large number n of
Higgs bosons in the final state would appear as a flare of them in the detector read out, whence the nickname of the function.

First we start by noticing that the measurement of the !+!�
! h total cross section gives us information the value of the

first nontrivial coe�cient of F(h), a1 = 2a. The value of a is well constrained and hence we move on to identify the processes
where the subsequent coe�cients of the flare function can be measured.

Generalizing to n > 1 Higgs bosons in the final state, the contributions to the amplitude will come from the contact diagram
and the t-channel and u-channel diagrams. The contact diagram will give a contribution of n!san/(2vn) whereas the t/u-
channel will produce a string proportional to all the coe�cients of F(h), am, for 1  m  n� 1. So that, for generic n, the

6 In this case, the correlations of table III in appendix C below are trivially satisfied, because the variables there defined �v3 = �v4 = . . . 0 all vanish.

SMEFT exclusion plot, 2311.04280
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Figure 1. Relevant tree-level topologies for !! ! 4h. Note that in addition one needs to consider
all possible permutations for the assignment of the external particles.

the phase-space integration. Indeed, there are diagrams that contain up to three intermedi-

ate ! propagators. Nonetheless, a careful observation shows that the momentum-dependent

vertex structure exactly cancels the propagators in several cases.

Diagram a) has no propagator. Likewise, when the external legs are set on-shell, the

intermediate propagators in diagram b) and c) cancel out –diagram by diagram– and their

contribution to the amplitude is simply a polynomial in momenta. However, for this process

we find that there are topologies where one of the intermediate propagators survive, d),

e), and f), generating the B denominators which one finds in (2.7) and (2.8).

One might think that the surviving propagator in diagrams d), e) and f) yields poles

in the amplitude at certain energies. However, these potential singularities are always

proportional to the structure M = �4C(k1`)(k2`)/`2 = C(T �M
2

A
)(T �M

2

B
)/T , with PA

and PB the four-momenta of two disjoint pairs of final Higgs bosons (e.g., PA = p1 + p2

and PB = p3 + p4), ` = k1 � PA = PB � k2, T = `
2, MA,B =

»
P

2

A,B
and C a constant

proportional to v
�4. In the physical region where

p
s � MA + MB one has T < 0 when

both MA > 0 and MB > 0. Thus, the amplitude never turns singular in the phase-space

integral as the singularity is located at non-physical energies2. Furthermore, when either

MA or MB are zero, the diagram becomes non-singular in the whole complex plane. In

summary, as it happened with the two and three Higgs final states, the !! ! 4h cross

section is infrared safe and does not contain pole singularities.

This amplitude provides the total cross section for !! ! 4h:

�!!!4h =
8⇡3

9s

⇣
s

16⇡2v2

⌘
4 î�

3â4 � â
2

2

�2
+ 2

�
3â4 � â

2

2

�
â
2

2�1 + â
4

2�2

ó
, (2.10)

2For k2
1 = k2

2 = 0 one has Tmax (min) =
î
��s±

p
(�s)2 � 4M2

A
M2

B

ó
/2 (with �s = s � M2

A � M2
B),

where Tmin  T  Tmax. For MA > 0 and MB > 0, �s � 2MAMB > 0 in the physical region, leading to

strictly negative values of Tmax (min) and T .
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with v2 = �µ2/� and m2
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= 2|µ|2.
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O(⇤�2) in SMEFT needs to have the form
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It is possible to see that including the custodial-invariant SMEFT operator without derivatives, OH , in Eq. (18) one
gets the potential,

VSMEFT(H) = µ2H†H + �(H†H)2 �
cH
⇤2

(H†H)3 , (86)

which reproduces the structure of the coe�cients in Eq. (85). By expanding H around its minimum, the SMEFT poten-
tial in HEFT coordinates, finally produces the structure in Eq. (85) with m2

h
= �2µ2 (1 + 3✏/4) and 2h|H|

2
i =

v2 = v2
0
(1� 3✏/4), where we made use of the lowest order vev v2

0
= �µ2/� and the O(⇤�2) correction ✏ =

�2cHv4/m2

h
⇤2 = µ2cH/(�2⇤2). Notice that, for sake of clarity in the illustration, here we have taken cH⇤ = 0,

so there is no Higgs field renormalization. (Notice also that treating only terms in the potential, i.e. non-derivative
couplings implies, up to a constant shift, h = h1)

4. Example of potentials V where SMEFT is not applicable

An example of a potential which can not be written as a SMEFT is

V (H) = VSM(H) +
"

H†H
(87)

with " a constant small enough so as to avoid unsettling the potential away from h = 0 by a finite fraction of v now there is no
symmetric O(4) point where the function is analytic, there is a divergence at the origin. Consistently with the symmetric-point
criterion, SMEFT cannot be used: this model does not reproduce Eq. (85).

V. ww ! n⇥ h FOR ALL n IN HEFT AS THE TELLTALE PROCESS:
EXTRACTION OF F(h) EXPANSION COEFFICIENTS

In this section we will indicate how to extract the coe�cients of the flare function F in a process where n Higgses are
produced in the final state.
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... = �
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s

FIG. 2: The ai coe�cients of the flare function F control the contact piece of !! ! nh processes. A large number n of
Higgs bosons in the final state would appear as a flare of them in the detector read out, whence the nickname of the function.

First we start by noticing that the measurement of the !+!�
! h total cross section gives us information the value of the

first nontrivial coe�cient of F(h), a1 = 2a. The value of a is well constrained and hence we move on to identify the processes
where the subsequent coe�cients of the flare function can be measured.

Generalizing to n > 1 Higgs bosons in the final state, the contributions to the amplitude will come from the contact diagram
and the t-channel and u-channel diagrams. The contact diagram will give a contribution of n!san/(2vn) whereas the t/u-
channel will produce a string proportional to all the coe�cients of F(h), am, for 1  m  n� 1. So that, for generic n, the

6 In this case, the correlations of table III in appendix C below are trivially satisfied, because the variables there defined �v3 = �v4 = . . . 0 all vanish.

SMEFT exclusion plot, 2311.04280
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incorporates only the scalar sector, as we will be using the equivalence theorem to compute

the amplitudes WLWL ! n ⇥ h at tree-level for s � m
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W
[35–41]. In this article we will

focus on the charged Goldstone (!±) scattering, although a similar analysis could be done

with the neutral ones (!0). This exercise can be repeated similarly for the Yukawa sector

through the study of tt̄ ! n ⇥ h processes, where one would also need to introduce the

Yukawa flare function, which parametrizes the relevant local vertices (see [12, 22]).

Thus, we will compute the !
+
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! n ⇥ h amplitudes, T!!!n⇥h, and analyse the

corresponding cross section,
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It is useful to note that, in the massless approximation, one can fully factor s out of the

phase-space integration d⇧n = s
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de⇧n. In this way we are left with a pure angular

integration in de⇧n. Further details like, e.g., the analytical expression for the total phase-

space volume Vn =
R
d⇧n, can be found in appendix A.

In the following subsections we describe the amplitudes and cross sections for the most

general case, that of HEFT. In section 3 we will be restricting them to the SMEFT case.

2.1 !! ! 2h

In the simplest case, !+
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! 2h, one finds in HEFT [64–66]:
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, (2.3)

with â2 = a2 � a
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1
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2. This result is in agreement with previous e↵ective theory

WW ! 2h studies [18, 66–68] at high energies, where the Equivalence Theorem approxi-

mation is applicable.

The amplitude in eq. (2.3) is a pure J = 0 wave, depending only on the total center-

of-mass (CM) energy, not on the scattering angle. Thus, one can readily compute the total

cross section,
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⌘
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2.2 !! ! 3h

For the !! ! 3h amplitude, we have checked our result with the aid of FeynRules and

FeynCalc (based on the previous work in [51, 55]) and an independent Mathematica

implementation by the authors [50], obtaining,
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corresponding total cross section:

�!!!3h =
12⇡3

â
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It is possible to see that including the custodial-invariant SMEFT operator without derivatives, OH , in Eq. (18) one
gets the potential,

VSMEFT(H) = µ2H†H + �(H†H)2 �
cH
⇤2

(H†H)3 , (86)
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⇤2 = µ2cH/(�2⇤2). Notice that, for sake of clarity in the illustration, here we have taken cH⇤ = 0,

so there is no Higgs field renormalization. (Notice also that treating only terms in the potential, i.e. non-derivative
couplings implies, up to a constant shift, h = h1)

4. Example of potentials V where SMEFT is not applicable

An example of a potential which can not be written as a SMEFT is

V (H) = VSM(H) +
"

H†H
(87)

with " a constant small enough so as to avoid unsettling the potential away from h = 0 by a finite fraction of v now there is no
symmetric O(4) point where the function is analytic, there is a divergence at the origin. Consistently with the symmetric-point
criterion, SMEFT cannot be used: this model does not reproduce Eq. (85).

V. ww ! n⇥ h FOR ALL n IN HEFT AS THE TELLTALE PROCESS:
EXTRACTION OF F(h) EXPANSION COEFFICIENTS

In this section we will indicate how to extract the coe�cients of the flare function F in a process where n Higgses are
produced in the final state.
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FIG. 2: The ai coe�cients of the flare function F control the contact piece of !! ! nh processes. A large number n of
Higgs bosons in the final state would appear as a flare of them in the detector read out, whence the nickname of the function.

First we start by noticing that the measurement of the !+!�
! h total cross section gives us information the value of the

first nontrivial coe�cient of F(h), a1 = 2a. The value of a is well constrained and hence we move on to identify the processes
where the subsequent coe�cients of the flare function can be measured.

Generalizing to n > 1 Higgs bosons in the final state, the contributions to the amplitude will come from the contact diagram
and the t-channel and u-channel diagrams. The contact diagram will give a contribution of n!san/(2vn) whereas the t/u-
channel will produce a string proportional to all the coe�cients of F(h), am, for 1  m  n� 1. So that, for generic n, the

6 In this case, the correlations of table III in appendix C below are trivially satisfied, because the variables there defined �v3 = �v4 = . . . 0 all vanish.

Figure 8. SMEFT exclusion plot for the cross sections for 2, 3 and 4 Higgs bosons with |d| 

dmax = 0.1 and |⇢|  ⇢max = 1. The regions above the solid, dashed and dotted lines can be
safely excluded if the Wilson coe�cients are within the considered range. Notice that the EFT
perturbativity condition is not considered in this figure, as the EFT expansion breaks down on the
region past the crossing point.

Figure 9. Exclusion plot for the maximum value of the cross sections for 2, 3 and 4 Higgs bosons
with the constraint |⇢|  ⇢max = 1 and EFT-expansion tolerance ✏ = 0.1.
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Figure 8. SMEFT exclusion plot for the cross sections for 2, 3 and 4 Higgs bosons with |d| 

dmax = 0.1 and |⇢|  ⇢max = 1. The regions above the solid, dashed and dotted lines can be
safely excluded if the Wilson coe�cients are within the considered range. Notice that the EFT
perturbativity condition is not considered in this figure, as the EFT expansion breaks down on the
region past the crossing point.

Figure 9. Exclusion plot for the maximum value of the cross sections for 2, 3 and 4 Higgs bosons
with the constraint |⇢|  ⇢max = 1 and EFT-expansion tolerance ✏ = 0.1.
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By comparing the Lagrangians term-by-term we can map the HEFT to the SMEFT

22

coe�cients and scale ⇤:
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d =
2v2c(6)

H⇤
⇤2

, ⇢ =
c
(8)

H⇤
2(c(6)

H⇤)
2

, (3.2)

where c
(D)

H⇤ is the dimensionless Wilson coe�cient for the operator |H|
D�4⇤|H|

2
/⇤D�4.

Note that the expressions in (3.1) are truncated at O(d2) = O(v4/⇤4), and higher powers

of d have been neglected. Higher coe�cients an with n � 7 vanish at this order in SMEFT.

From (3.1) and section 2 results we can read the relevant combinations of aj couplings

that determine the !! scattering into two, three and four Higgs bosons in SMEFT:

â2 = d + 2d2(1 + ⇢) + O(d3) ,

â3 =
4

3
d
2(1 + ⇢) + O(d3) ,

â4 =
1

3
d
2(2 + ⇢) + O(d3) . (3.3)

We note that these combinations are also found after considering the field redefinitions of

appendix C.

It is not di�cult to observe that for d 6= 0 these expressions obey the O(d) ⇠ O(1/⇤2)

SMEFT relations [22, 23],

�a1 =
1

2
�a2 =

3

4
a3 = 3a4 , ak�5 = 0 , (3.4)

with �a1 ⌘ a1 � 2 and �a2 ⌘ a2 � 1. These SMEFT relations have been refined and

positively tested up to O(d2) ⇠ O(1/⇤4).

On the other hand, it is worth mentioning here that some UV-completions, such as

the 2-Higgs Doublet Model, lead to a SMEFT low-energy theory but do not contribute

to F(h) at O(1/⇤2) [72, 73] (i.e., c(6)
H⇤ and d vanish). Their first contribution to the flare

function appears at O(1/⇤4) through a non-zero c
(8)

H⇤ Wilson coe�cient (this is, through

a non-zero d
2
⇢). In this case, the SMEFT relations in [22, 23] get modified [73] into the

O(1/⇤4) constraints,

�a1 =
1

3
�a2 =

1

4
a3 =

1

3
a4 =

5

6
a5 = 5a6 , an�7 = 0 , (3.5)

with �a1 = 2�a = 2c(8)
H⇤v

4
/⇤4 = d

2
⇢ 6= 0.
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â2 = d + 2d2(1 + ⇢) + O(d3) ,
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See more details in https://arxiv.org/abs/
2204.01763 and  https://arxiv.org/abs/

2207.09848

possible energies whenever the EFT is still applicable. For this, at a given energy, one

needs to establish a practical criterion on what “EFT-valid” means. For theories where

one has D = 6 contributions it seems fair to assume that one has an EFT expansion in

powers of
c
(6)
H⇤s

⇤2 = d s

2v2
⌧ 1. Hence, for that given

p
s, we will allow all values for d that

obey, �����
c
(6)

H⇤s
⇤2

����� =

����
d s

2v2

����  ✏ ⌧ 1 , (5.10)

for some EFT-expansion tolerance parameter ✏ that controls the rate of convergence. This

implies that for each value of the energy we are going to consider a range for d that varies

with s in the form,

|d|  dmax(s) =
2v2

s
✏ . (5.11)

This choice of the allowed range for d ensures that the EFT analysis is valid at all considered

energies. If now substitute this maximum value dmax = dmax(s) in the previous cross section

bounds (5.7)-(5.9), we obtain the modified expressions,

�
EFT�max

!!!hh
=

✏
2

8⇡s
, (5.12)

�
EFT�max

!!!3h
=

Å
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4✏4
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2
, (5.13)
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!!!4h
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ã
2

✏
4

18⇡s
((1 + ⇢max)

2 + 2(1 + ⇢max)�1 + �2) , (5.14)

which ensure the EFT validity at all explored energies. Figure 9 shows the exclusion regions

for 2, 3h and 4h cross sections for the bound ⇢max = 1 and the tolerance ✏ = 0.1.

5.1 A collider estimate illustration: e
+
e
�

CLIC at 3 TeV

In this last subsection we want to provide an illustration of the expected cross sections in

an actual collider, not just for the hard subprocess !! ! n⇥h. We do not intend, however,

to perform a full detailed simulation of the expected result in a fully realistic collider. Its

complexity relegates that analysis for a future work. In this article we are going to focus

on the rough estimate provided by the e↵ective W approximation (EWA) [96–100], where

the longitudinal gauge bosons are collinearly radiated from the incoming particles. This

kinematical region is expected to dominate the full cross section and provide a reasonable

estimate.

Regarding the type of collider, for the sake of simplicity, we will consider a lepton

collider such as CLIC (e+e�) with
p
stot = 3 TeV [101]. In Stage 3 scenario the integrated

luminosity for that center-of-mass total energy may reach up to 5000 fb�1 [102]. This

roughly means that cross sections with � <

e 0.2 · 10�3 fb are not expected to be observed.

In practice, the lowest observable bound is actually even higher, as one needs to take into

account the e�ciency of the detectors in the reconstruction of the Higgs decays.

The EWA relates the total cross section for e+e� ! e
+
e
� + n⇥h produced through an

intermediateW+

L
W

�
L

pair and theW+

L
W

�
L

! n⇥h cross section. In the EWA factorization,
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What else can we do? Look at the available  and  measurements. Another way of “ruling out “ the SMEFTκv κ2v

WW TO NH
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A theory is only a proper theory if it can be falsified….

To be updated after this conference!



PART V: NEXT STEPS
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Going a bit more pheno-ish, we use the EWA approximation to predict cross sections 
at an ee collider (CLIC) at 3 TeV

WW TO NH AT CLIC
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The aim is to produce precise predictions for LHC, HL-LHC and future colliders: Need a 
realistic set of Monte Carlo events


Challenges: 


1. HEFT is not SMEFT -> intrinsically different field structure. Creating a UFO model is 
not trivial


2. We are focusing only on the EW sector. There are two options for the LHC simulation: 


• Full simulation with proton PDFs and EFT only in the EW sector


• Use of effective W approximation (Vs as parsons)


3. Last but not least: we would want to drop the equivalence theorem

WISHLIST (PART 1: DIRECT SEARCH)
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WISHLIST (PART 2: INDIRECT SEARCH)
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Figure 4. Comparison of the !! ! 3h cross section predictions of SMEFT(D=6), BP1(a1,a2),
BP2(a1) and BP2(a1,a2). We note that the !! ! 3h cross section is identically zero for the first
exponential model, BP1(a1), regardless of the value considered for the a1 input and, therefore, it
has not been plotted.
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Figure 5. Scan of the !! ! 3h cross section predictions in terms of a3 at
p
s = 1 TeV. The inputs

a1 = a
SMEFT(D=6)
1 = 2.1 and a2 = a

SMEFT(D=6)
2 = 1.2 are taken from (4.2), the SMEFT(D=6) BP.

We have marked a few especial points: a3 = a
SMEFT(D=6)
3 = 0.1Û3 (empty blue square) and their

20% deviations (full orange squares), a3 = 80%⇥ a
SMEFT(D=6)
3 and a3 = 120%⇥ a

SMEFT(D=6)
3 . We

note that, in between, �!!!3h vanishes at a3 = 2
3a1

�
a2 �

1
4a

2
1

�
= 0.1365.
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Figure 7. Scanning of the !! ! 4h cross section predictions in terms of a4 at
p
s = 1 TeV. The

inputs a1 = a
SMEFT(D=6)
1 = 2.1, a2 = a

SMEFT(D=6)
2 = 1.2 and a3 = a

SMEFT(D=6)
3 = 0.1Û3 are taken

from (4.2), the SMEFT(D=6) BP. We have marked a few especial points: a4 = a
SMEFT(D=6)
4 = 0.0Û3

(empty blue square) and their 20% deviations (full orange squares), a4 = 80%⇥ a
SMEFT(D=6)
4 and

a4 = 120% ⇥ a
SMEFT(D=6)
4 . The cross section’s minimum is not zero this time and it is found at

a4 = 3
4a1a3 �

5
12a

2
1â2 +

1
3 â

2
2(1� �1) ⇡ 0.0344 (filled green diamond).

In the study in this section we will consider these inequalities under the SMEFT

perspective and use them to provide predictions for multi-Higgs production cross sections.

For this, we will consider the contribution to the amplitudes from SMEFT operators at

the corresponding lowest non-trivial order (1/⇤2 for 2h, 1/⇤4 for 3h, etc.). Higher orders

introduce corrections which might be relevant for high precision physics but are not going

to teach us much here.

In first place, under SMEFT, an experimental restriction on the h ! WW coupling

implies also a limitation on the allowed range for a2 and, more specifically, on â2. At lowest

order in the SMEFT expansion, this implies:

�0.05  �a =
1

2
d  0.05 =) �0.1  â2 = d  0.1 . (5.2)

One can readily see that this implies a bound on the SMEFT D = 6 Wilson coe�cient,

parametrized by d ⌘ 2v2c(6)
H⇤/⇤

2 in (3.2).

Nothing is known about the coupling a3 (or a4, a5, etc.), although triple-Higgs pro-

duction analyses such as [69] can be used to assess the sensitivity of current and future

colliders to that parameter, a3. Indeed, the relevant parameters for 3h and 4h produc-

tion are not actually a3 and a4 but rather the combinations â3 = 4

3
d
2(1 + ⇢) +O(d3) and

â4 = 1

3
d
2(1 + ⇢) +O(d3) provided in eq. (3.3). One can identify the two types of SMEFT

contributions to !! ! 3h and !! ! 4h: a single insertion of one D = 8 operator propor-

tional to c
(8)

H⇤ parametrized by ⇢ ⌘ c
(8)

H⇤/
î
2(c(6)

H⇤)
2
ó
(d2⇢ terms); and a double insertion of
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The blue box is the SMEFT-compatible value, any small deviation from 
that (orange box, 20%) changes the XS significantly
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What can we do until HL-LHC

• Plenty of new HH results, always sharper 


• We don’t need a precision measurement to rule-out or confirm new physics, 
we can look at (the lack of) a small excess in HH as a smoking gun


• SMEFT fits of Run-2 are giving tighter and tighter constraints on the dim-6 
Wilson coefficients. Time to consider broader EFTs


• (That is no problem, since we can map them back and forth) 


• Next step: full phenomenological study to reproduce the ATLAS and CMS 
yields for HH production, and the HHH projections

CONCLUSIONS
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THANK YOU!
And many thanks, Peter!
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