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SM C SMEFT C HEFT C Bootstrapped amplitudes

(for single process)

SMEFT= Standard Model Effective field Theory

HEFT= Higgs Effective field Theory (or electroweak chiral Lagrangian)



SM C SMEFT C HEFT C Bootstrapped amplitudes

(for single process)

\

covered by Eleni first part of this talk second part of this talk

SMEFT= Standard Model Effective field Theory

HEFT= Higgs Effective field Theory (or electroweak chiral Lagrangian)
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Ingredients for an Effective Field Theory

particle content let’s take the one of the SM

Ramona Grober The Higgs sector, effectively.



Effective Field Theory

Effective field theory

t Cor

Wilson coefficient /

Heavy new particle

New Physics scale

[Fig. by L. Alasfar]

Ingredients for an Effective Field Theory

particle content let’s take the one of the SM

. let’s take the one of the SM,
SIS AIEE —— but how should the Higgs

boson transform under it?

Ramona Grober The Higgs sector, effectively.



Effective Field Theory

Effective field theory

t Con

Wilson coefficient /

Heavy new particle

New Physics scale
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Ingredients for an Effective Field Theory

particle content i let’s take the one of the SM
. let’s take the one of the SM,
SO but how should the Higgs

boson transform under it?

for correct IR behaviour: 3 GBs, 1 Higgs needed

Ramona Grober

The Higgs sector, effectively.
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Effective Field Theory

Effective field theory

t Con

Wilson coefficient /

Heavy new particle

New Physics scale

[Fig. by L. Alasfar]

Ingredients for an Effective Field Theory

particle content i let’s take the one of the SM

let’s take the one of the SM,
but how should the Higgs
boson transform under it?

symmetries

truncation rule power counting rule needed

The Higgs sector, effectively.



HEFT power counting

in collaboration with Ilaria Brivio and Konstantin Schmid
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With Naive Dimensional Analysis, reinstating powers of ¢ = A and with A=2 ~ 4z
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[Manohar, Georgi '84; T

Gavela, Jenkins,
Manohar, Merlo "16]

g counts number of derivatives
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n, counts number of gauge and Yukawa couplings
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With Naive Dimensional Analysis, reinstating powers of ¢ = A and with A=2 ~ 4z

() (5) () () () (%)
4r)? \ A A A372 47 (47)? A

[Manohar, Georgi '84; ,
Gavela, Jenkins,
Manohar, Merlo "16]

n, counts number of scalar potential couplings

Ramona Grober The Higgs sector, effectively.



POWEr couwtiwg

With Naive Dimensional Analysis, reinstating powers of ¢ = A and with A=2 ~ 4z

() (5) ) () () (%)
4r)? \ A A A372 47 (47)? A

[Manohar, Georgi '84;
Gavela, Jenkins,
Manohar, Merlo "16]

n, counts VEV insertions

Ramona Grober The Higgs sector, effectively.
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SMEFT:
Assuming that A > v allows us to power count N,

&L = 3SM+Z—%

for Higgs physics ~ respects the SM gauge

1> 2 symmetries, all fields
transform as in SM
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The prize of splitting the SU(2) doublet of GBs and Higgs is that the theory becomes

non-unitary at A > 4zv
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SMEFT:
Assuming that A > v allows us to power count N,

HEFT:
The prize of splitting the SU(2) doublet of GBs and Higgs is that the theory becomes
non-unitary at A > 4zv

We cannot expand in N, ¥  Power count in chiral dimension N, = N, + N,

[Buchalla, Cata, Krause "13]



With Naive Dimensional Analysis, reinstating powers of ¢ = # and with A~Y? ~ 47

7o (%) (50) () () () (%)
4r)? \ A A A32 4 (4r)? A

[Manohar, Georgi "84;
Gavela, Jenkins,
Manohar, Merlo "16]

SMEFT:
Assuming that A > v allows us to power count N,

HEFT:
The prize of splitting the SU(2) doublet of GBs and Higgs is that the theory becomes
non-unitary at A > 4zv

We cannot expand in N, ¥  Power count in chiral dimension N, = N, + N,

Ny, Ny, are inverse powers



7o (%) (50 () (5) () (%)
4r)? \ A A A32 4 (4r)? A

From the NDA scaling we see easily that the chiral dimension counts up by

0 units for each boson field ¢ = ga,Aﬂ SR ————
f h VEV chiral dimension v¢
or eac V
1/2 unit for each fermionic field y
1 unit for each gauge/Yukawa coupling

for each derivative

2 units for coupling of scalar interaction ¢*



HEFT Lagrangian

LO Lagrangian
1 1 v?
— _ —(ya (apv _ I Tpv = pe 4 — 7% n . 4
Lo 4G’WG 4WWW (BB 4 S8,hd"h — ~-Tx (V,.VH) Fo(h) = M*V(h)

+iQ PQL +iQrPQr +iLLPLL +iLRIPLR

_ % (QLUYq(h)Qr +h.c.) — % (LLUYL(h) LR +he) ,

Goldstone matrix

oA _d

U=¢™ vV, =»U0U"

Flare functions

Fo(h) =1+ Za(n) ( )n

h? h3 h* >
V(h) = —+a§) 3+a$‘)4v4+2a()( )

n=>5

Yo(h) = diag Vu(h), Yp(h)) ,  Yi(h) = diag (0, Ye(h)) ,

Voos(h) — ude(uza;ng,e(-) )

Ramona Grober The Higgs sector, effectively.



HEFT Lagrangian

LO Lagrangian
1 1 v?
_ a apv I Ty v 4
Lro=— ZGWG W 4WM,,W w 1 B , B +§6uh8“h— 4’I‘r(VuV“).FC(h)—)\v V(h)

+iQ PQL +iQrPQr +iLLPLL +iLRIPLR

_ % (QLUYq(h)QR +h.c.) — % (LLUYL(h)Lr+hec.) ,

Goldstone matrix

oA _d

U=e~ V,=(D,0)U"

Flare functions

Fo(h) =1+ Za(") ( )n

h? h3 h* >
V(h) = —+a§) 3+a$‘)4v4+2a()( )

Yq(h) = diag (Vu(h), Yp(h)),  Yir(h) = diag (0, Ye(h)) ,
Vu,p,E(h) =Yy ae (14—20&2’36 (—) )

The choice of the LO Lagrangian (N, = 2) is convention (i.e. could also contain 4 fermion

operators, custodial violating operators, ...)

Ramona Grober The Higgs sector, effectively.



[Brivio, RG, Schmid “in prep]

Count all occurrences of p ~ m

N/Ii,ﬂ 4 Nv,./% Ng,/% Ny,/% i le,ﬂ
M~ p*(4r)? P i & Y
A A 47 47 (4r)?

where n is the number of legs

At the level of the cross section

kK da
[dPSF [H T gdQ,n)'s* (Gue= 2, a0:) ~ pPEm
=l (271')32E] / J n

dependence on number of legs necessary for cancellation of IR divergencies at same
order in counting



HEFT power aouwtlwg

[Brivio, RG, Schmid ‘in prep]

In the end we should count loops, external legs and chiral dimension of couplings

M —
Nl =n-2+42L+ ) N,

IEvert

Loop expansion

A
NNNLO L SMEFT power counting
SMEFT keeps EFT expansion
NNLO 4+ independent of loop
HEFT expansion
e HEFT power counting
LO : : : > counts loops, so one is
LO NLO NNLO NNNLO constrained on the
diagonal

EFT expansion

Ramona Grober The Higgs sector, effectively.



[Brivio, RG, Schmid “in prep]

In the end we should count loops, external legs and chiral dimension of couplings

NS =p—

HEFT

2+2L+ ) N,

IEvert

counting g, ~ p ~ m not necessary instead we can count alternatively

M
Nygrr
electroweak loop
expansion
P A
NNNLO -
SMEFT
NNLO
HEFT

NLO -

LO | | —

LO NLO NNLO NNNLO

EFT expansion

— Ns,ﬂ

_ N
Ngs

NNNLO -

NNLO -

NLO -

QCD loop expansion
A

HEFT

|

LO

| | —

LO NLO NNLO NNNLO

EFT expansion



A HEFT example:
Higgs Patr production

in collaboration with Ilaria Brivio and Konstantin Schmid



EFT searches L HH

=y | | | | | | | |
2104 ~“ATLAS * Observed limit (95% CL)o [ATLAS Collaboration "24]

T Voo w0 SOSCMIMGRLCL
~ |HH-=bbt* Tt~ +bbyy+ bbbb gum Expected limit +10 :
Dg - [ Expected limit +20 -
103k “ + Theory prediction ~
A & Exp.bbbb -
! 7 Exp. bbyy :
L O Exp.bbttt
' S ‘
102 ¢ ' g f I =
L s I . )

| | | | | | |

1|
00—y 2 3 4 5 6 7

Benchmark point
Non-resonant di-Higgs EFT searches are
built on kinematic benchmark scenarios [Carvalho et al. "15;
to account for EFT modifications of m,, Capozzi, Heinrich "19; Alasfar et al. 23]

shapes

Ramona Grober The Higgs sector, effectively.



[Brivio, RG, Schmid “in prep] g

450000000 #——>——@ - - - - - h g S h
Loop and higher o
. . (a) L =1, N, = 0 insertions (b) L =0, N, = 2 insertion
orders in N)( in
operators can -7
arise at same OS> — — — — - h g Y

order
(c) L =1, Ny = 2 insertion (d) L =0, Ny =4 insertion (e) L =0, two N, = 2 insertions

. s, M
Consider up to N7 = 6

Ramona Grober The Higgs sector, effectively.



[Brivio, RG, Schmid “in prep]

-1

1/0’ da/dmhh [GeV ]

LugrT DO Lk +0L

1 h h2
L, = —(8Mh)2 — —m2h? — a3 wh3 — —G“VG“W + ittt — == | ay— + by—
: 4 # \/§ v 02
Loop and higher B2
. . g s GW( g—+bg—)
orders in N% in * 162 v 2
bD gsYyt ,+ h h2
operators can 5P = 2 h)%Et fro"Ge T%p +h.c) ( d. o b
p. L= 477Av2(8 )2 +47TA(LO TRk +h.c.) + a.— +
arise at same 25 (1) 12 22 1
Js0g av a a\v ~a
order T (DG M) (D,GSy) + 167T2A2 —GV G, ul (Qﬁyh).
o.o18 b HH—4 —m—o0—4—m—42o—o4—4—4—--> —-—-—"+——¥7"7+-- -71+/7 - ——"/—/"—"7"""T"""—"""""—""T7"—"T"""—"
0.016 F
I P (Cmax = 1)
0.014 F = Plemax=1) . s, M
| Py = 10) Consider up to N;;77 . = 6
( HEFT

e
o
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=
@)
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S
o

e
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S
S
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mun [GGV]

Kinematic distributions beyond the ones
in [Carvalho et al. "15; Capozzi, Heinrich “19]
possible



HEFT L HH: Cluster awaLgszﬁs

Re-do a cluster analysis, use chi2-test

)(Z(Pl,Pz) = Z

i€ bins

(Dy; = Dy’
AX(D?, + D2,)

Two points in parameter space follow the same kinematic benchmark if

)(Z(Pl’ PZ) < )(l%flres

Ramona Grober The Higgs sector, effectively.



Re-do a cluster analysis, use chi2-test

)(Z(Plapz) — Z

i€ bins

(Dy; = D, )’
AX(D?, + D2,)

Two points in parameter space follow the same kinematic benchmark if

)(2(P1?P2) <)(31res

100

80
g 60 1
° J
o0
CS -
)
= J
@]
O 40 A
20 1
0
0 1 2 3 4 5 6 7 8 9 10
Cmax
|| Aﬁat, ncy = 12 ] Aﬂat, ngcy = 8 | Ath, ncy = 12 Ath, ncy = 8
[ Ath/2, ncy = 12 Ath/Q, ncy = 8

[Brivio, RG, Schmid “in prep]



UV model for HEFT

in collaboration with Inigo Asiain and Lorenzo Tiberi



Assuming custodial symmetry, SMEFT is invariant under O(4) [Alonso, Jenkins, Manohar 15, 16

b =

Lagrangian

HEFT

/451\
b,
b3

P4

—

Falkowski, Rattazzi "19,
Cohen, Craig, Lu, Sutherland "20]

. 1 [y +ig
¢’ '=0¢ can be inserted in H=—— < 1 2>

\/5 ¢3+ i,

cartesian coordinates on scalar manifold

L =a(|HI))O|H|*)+b(|H|[*)O|H|*) +...

SH
|

1

\V

AN

/

analytic at origin

JZ'I/V
oYAY

7T3/V

\/ 2—(72'12+7Z'22+71'32)
)

polar coordinates on scalar manifold

L = a(h®0hd + b(| 7|0 7] +. ..



HEFT and SMEFT are equivalent when relations can be inverted, but this is obscured by field

redefinitions
[Cohen, Craig, Lu, Sutherland "20;

Gomez-Ambrosio, Llanes-Estrada, Salas-
Berndrdez, Sanz-Cillero '22]

Models that realise HEFT can be classified according to [Cohen, Craig, Lu, Sutherland "20]

e new states obtain more than 50% of their mass from electroweak symmetry breaking
“Loryons”

e BSM symmetry breaking: integrating out states with new sources of symmetry breaking



UV wmodels for HEFT HH

Example Model: Scalar Singlet

1 1 1 1
V(H,®) = 2|H|? + Ag|H|* + §p,§c1>2 + g | H*® + §A3|H|2<I>2 i §M3CI>3 i ZAQ@‘*

Scalars can acquire a VEV

1 0

and they mix
hi \ cosf sinf h
hy /] \ —sinf cosf S
mass matrix

9
mpp = 205\
A2 — ( M Mas i B \
— mMpg = U )
mps Mgg hS H(,LL4+ 3 S) ’

1
Mgs = 3 + B ()\3’0%{ + 6vghs + 4v5#3) :

Ramona Grober The Higgs sector, effectively.



Asidin, RG, Tiberi
Example Model: Scalar Singlet [ Asidin bz “im piiepp)

1 1 1 1
V(H,®) = 3| H|* + g |H|* + = p5D° + pg|H*® + 5)\3\}[]2(1)2 + —pg®? 4+ — A ®?

2 3 4
Match to HEFT and SMEFT
HEFT SMEFT
Chv 1— 107 1 — 567 + #5252sg
ChVV 1 — 202 1 — 26 + 2stylsg

Z

392 | A3VE p2 392 | AYE 02 | 3upvsis
Chhh 1 2(9 + 2 0 1 2(9 —|——m% 6 +—m§ 0

ct 1— 162 1 — 167 4 wsintag
2
1 1 A
Cot —5(92 —592 + Usfn% 20

2

Coincide in the limit of small mixing angle and small vy
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[Asidin, RG, Tiberi ‘in prep]
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The Higgs sector, effectively.
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is a measure how much of the singlet mass comes from EWSB
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ouv

[Asidin, RG, Tiberi ‘in prep]

OSMEFT

|

0+t A RSN

|

|
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f B >\3 + )\ex

red points: v, € [0,0.1vy]

blue points: v, € [0,5vy]
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0.1 0.5

is a measure how much of the singlet mass comes from EWSB

sty HEFT is the better EFT to be used in Higgs pair production for singlet model



Amptituoles

in collaboration with Alejo Rossia and Michal Ryzkowski
arXiv: 2509.02680



Ampti’cudes

. : , [RG, Rossia, Ryczkowski "25]
We can even be more general using amplitude techniques

Idea: Check with amplitudes where HEFT and SMEFT depart, in a processes that can test
differences

Multi-Higgs production

Ramona Grober The Higgs sector, effectively.



Ampti’cudes

. : , [RG, Rossia, Ryczkowski "25]
We can even be more general using amplitude techniques

Idea: Check with amplitudes where HEFT and SMEFT depart, in a processes that can test
differences

Multi-Higgs production

Is SMEFT falsifiable
(in multi-Higgs

[Gomez-Ambrosio, Llanes-Estrada, Salas-

q , )? Berndrdez, Sanz-Cillero '22]
production):

Concentrate for the time being on gluon - Higgs interactions

Ramona Grober The Higgs sector, effectively.



Lorentz invariance
Simple scattering amplitudes

Global symmetries

bootstrap

EEreEnee of e Svimeies |
Locality 5 SEEEE =)

bottom-up approach to EFTs
without field redefinition
ambiguities
{ [Shadmi, Weiss "18; Durieux et al. '19, |
t Huber, De Angelis 21, ... ] :

Helicity and little group scaling

Physical degrees of freedom




Lorentz invariance
Simple scattering amplitudes

‘.j Global symmetries

bootstrap

Emergence of gauge symmetries §

Locality

bottom-up approach to EFTs
without field redefinition
ambiguities
{ [Shadmi, Weiss "18; Durieux et al. "19,
| uber De Angelis 21, .| 4

Helicity and little group scaling ‘:

Physical degrees of freedom

Building blocks (based on spinor-helicity formalism) are
|[Elvang, Huang "13, Arkani-Hamed et al "17]

Momenta:  p.. = puohy, = P)alply . P = pud” = |p)*(p|*, N
ei(p) == Ly
Spinors: +(p) =lpl, u-(p)=1p), Polarisation vectors: 1 g(,;@]@
uy(p) = [p|, u-(p) = (pl, e (p) 2 Dl



Strategy:
Build non-factorisable and factorisable on shell amplitudes multiplied by kinematic invariants,
check if and how they arise in SMEFT and HEFT

Double Higgs

Non-Factorisable

M (g% (p1) 16" (p2) s B (ps) s 1 (pa)) o =10t 11127
g

) _|_ . b) _ . . _ b +— 2
M (ga (pl) ) (p2> ) h (p3) ) h <p4>)NF =10 nghh [1|3 - 4‘2> )
Factorisable

9" (p1) h(p1)

;if}- hips) =M (gf’hl;gé”hQ;h> = 0% [112]" g_o(s12, A) | :;h h(ps) = M (h;h;h) =ics, .
9" (p2) h(p2)

h
g(p) k) .,
g9:2(p1) h(ps) s o <91 92 5 hay h4)t+uch.
//4 a,+. b+ ab €3h Cggh 2 ab|ngh|2 2( 1 ; )
i?;r---*(\\ M (gl » 92 ’h37h4)sch. 0 S1g — m%[HQ] - A [ ‘ ‘ > 513 + 593 )
N N 2 2m?2 —

gyt (p2) h(ps) \ — 5“’)—'691’1' 1]3 — 4f2)22 0 — %12

g"(p2)  h(ps) 715523



Minimal order

Amplitude | Helicity | Spinor structure | Coeff. | Dimension
SMEFT | HEFT
Three-point
g9 — h ++ [1)2]° ceh | —1(1/A) | 6(v/A%) | NLO*
hh — h - - Chhh 1(A) 4 LO
Four-point
hh — hh - - Can 0 4 LO
T [1]2]° 2 c;;_,;h —2(1 /521) 6(1/A?) | NLO*
+— 1|3 — 4]2) c;ghh —4(1/A7) | 8(1/A*) | NNLO*

All structures arise at same order, in SMEFT more coefficients but same physics



9?’+ hs
’l // a, b, . a : 1
(b by =M (91 +;g2+;h;»,;m;hs))w =i ¢l 1]2)?
g5 " hs
- cab t++,(2
+146% ¢ ([1]34)2][1]43|2) + [1/35(2][1]53|2] + [1]45(2][1]54/2])
giLﬂL hs
- by = M (9008 s hai hashs)
95~ hs
= 00% ¢l (([11312)7 + ([11412))” + ([115]2))7) ,
Amplitude | Helicity | Spinor structure | Coeff. | Dimension | Minimal SMEFT order | Minimal HEFT order
Five-point
hh — hhh _ _ Csn 0 6 (v/A?) LO
- 1|2]2 O —3(1/R) 8 (v/A%) NLO*
g9 — hhh |+t [1)34/2)? O | —7(1/K") 12 (v/A®) N3LO”
+— 1)3]2)? o | =5 (1/K) 10 (v/A°) NNLO*

contributions arise at different orders

we cannot falsify just probe convergence




® Higgs effective field theory more general than SMEFT but more
complicated power counting

e HEFT in Higgs pair production can bring changes in kinematic
distributions so far not considered, if they can be probed depends on
the uncertainty

® UV physics that requests HEFT is non-decoupling

e HEFT and SMEFT show different convergence pattern in multi-Higgs
production
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Colovred scalar weodel
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Ramona Grober The Higgs sector, effectively.



