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Two EFT extensions of the SM

SMEFT

Higgs doublet:

H �
1

?
2

�
' 2 � i ' 1

' 0 � i ' 3



�

v � h
?

2
U

�
0
1




L SMEFT • D� H : D � H �
m2

h

2
pH : Hq � � pH : Hq2

HEFT (EW� L)

Goldstone chiral �eld:

U � exp
�

i~� � ~�
v




Physical Higgs singlet:

h

L HEFT •
1
2

B� hB� h �
v2

2
xD� U: D � UyF phq � Vphq

F phq � 1 � a
h
v

� b
h2

v2 � : : :

Vphq �
m2

h

2
h2 � c2vh3 � c4h4 � : : :

HEFT: Feruglio 9301281, Grinstein,Trott 0704.1505, Buchalla,Cat�a 1203.6510, Alonso+
1212.3305, IB+ 1311.1823,1604.06801, Buchalla+ 1307.5017,1511.00988. . .
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HEFT (EW� L)

Goldstone chiral �eld:

U � exp
�

i~� � ~�
v




Physical Higgs singlet:

h

SM „ SMEFT „ HEFT

ŸDmodels that can match to HEFT but not SMEFT
Ÿ potentially relevant as generalization of SMEFT

Alonso,Jenkins,Manohar 1511.00724,1602.00706,1605.03602
Cohen,Sutherland+ 2008.08597,2110.02967,2409.18177
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Power counting: SMEFT

a familiar procedure: at all steps, countpowers of �

L
�

CtG

� 2
�QL ~H� �� T AtRGA

�� � hc
�

�
CHG

� 2 pH : HqGA
�� GA�� �

CH

� 2
pH : Hq3 � : : :

CDHG

� 4 pD� H : D � HqGA
�� GA�� � : : :

FR

t

t

G h

h

h

h

h

G

G

CtG

� 2

v
?

2
i � �� T AqG�

CH

� 2
6iv3

CHG

� 2 4i pp�
G1p�

G2 � pG1 � pG2� �� q �
CDHG

� 4 4i ph1 � ph1 pp�
G1p�

G2 � pG1 � pG2� �� q
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Power counting: SMEFT

M = matrix-element including externalu; v spinors

M SMEFT � M SM �
1

� 2
M 6 �

1

� 4
M 8 � : : :

� =
1
�

³
dPSM 1M :

2
� SMEFT � � SM �

1

� 2
� 2 �

1

� 4
� 4 � : : :

|M SM |2 M SM M :
6 |M 6|2 � M SMM :

8
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Power counting in EFTs

in SMEFT we just keep track of � at every stage: trivial case!

in more general EFTs, the Power Counting is a set of rules determining, in a consistent way

1. the prefactor (weight) assigned to each operators [diagrammatic consistency!]

e.g. � 4� d

2. how the terms inL EFT should be sorted, and howL EFT can betruncated

L SMEFT � L SM � L 6{ � 2 � L 8{ � 4 � : : :

3. how to build and classifydiagrams for a certain process

1 dim-6 insertion vs 2 dim-6 insertions vs 1 dim-8 insertion vs . . .

4. how thecross section is expanded in powers of a physically small quantity

� 2{ � 2

� SM
�

� p
�

	 2 � 4{ � 4

� SM
�

� p
�

	 4
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Power counting: HEFT

??
Pure scalar sector � Chiral Perturbation Theory

L �
v2

2
xB� U: B� UyF0phq � C1xB� U: B� Uy2F1phq �

C2

� 2 xB� U: B� Uy3F2phq � : : :

Ÿ can't use dimensional counting, causeU • 8 terms related by symmetry
Ÿ \counting in derivatives" Ñ only accounts forp{ � suppressions

+ Gauge and EWSB

L • �
1
4

GA
�� GA�� � ChGGA

�� GA�� pFhGphq � 1q �
CG

� 2 f ABC GA�
� GB�

� GC�
� � : : :

Ÿ LO is 4 derivatives? shouldn't canonical dimensions count?

+ Fermions . . .
previous work on HEFT counting:
Gavela,Jenkins,Manohar,Merlo 1601.07551
Buchalla,Cat�a,(Celis),Krause 1312.5624,1603.03062

no clear prescription for whole chain though
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Naive Dimensional Analysis

�xing ~ � c � 1, there are 2 independent physical dimensions: mass and~

the dimension of each object is univocally �xedÑ we can writeL in terms ofdimensionlessquantities

L •
� 4

p4� q2

�
B�

�


 �
4��
�


 �
4� 
� 3{2


 �
4� X��

� 2


 �
4� v
�


 � g
4�

	 � y
4�

	 �
�

p4� q2




Manohar,Giorgi 1984, Gavela+ 1601.07551

� is a quantity with dimensions of mass.4� has dimensions of~� 1{2

Ÿ NDA �xes prefactors of any Lagrangian interaction

Ÿ is diagrammatically consistent (a loop diagram and its counterterm have same prefactors)
Ÿ perturbativity bounds are trivial on dimension-less couplings:

p4� q2

� 2
ĈHG H : HGA

�� GA�� ñ ĈHG ¤ 1

p4� q4

� 2
ĈH pH : Hq3 ñ ĈH ¤ 1
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Cross section expansion

at the end of the calculation, the expansion of� is also indimensionless quantities
our \master formula" for cross section: IB,Schmid,Gr•ober WIP

� � p� 2p4� q3
� p

�

	 � p
�

� v
�

	 � �
�

� �
4�

	 � �
4�

Ÿ � �
� counts powers of 1{ � brought by mass-dimensionful constants (v)

Ÿ � p
� counts powers of 1{ � brought by other objects (�elds, momenta, spinors, loops,phase space...)

Ÿ � �
4� counts powers of 1{p4� q brought by~-dimensionful constants . condensed notation:

� �
4�

	 � �
4�

�
� g

4�

	 # g � y
4�

	 # y
�

�
p4� q2


 # �

p4� vq# v

“ \small parameters" appearing in� must take one of these forms (or combinations)
or they must be symmetry suppressions (eg.spurions) Ñ not considered here, easy to count in
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Expanding L vs �

to construct a consistent power counting we must ask:

to expand � in a certain physical quantity, how should I expandL and how should I build M ?

the connection is

Oi
NDA
ñ � ; p4� q weights in FR

topology
ñ � ; p4� q weights in diagrams

³
PS
ñ � p

� ; � �
� ; � �

4� in �

M � p4� np4� qn� 2
� p

�

	 N p
�

� v
�

	 N �
�

� �
4�

	 N �
4�

Np
� pM q �

¸

wPvertices

Np
� pwq � � 4 � P � S � 3F{2 n � S � F � # ext. legs

N �
� pM q �

¸

wPvertices

N �
� pwq L � # loops

N �
4� pM q �

¸

wPvertices

N �
4� pwq � n � 2 � 2L �

¸

wPvertices

N4� pwq P � # momenta
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Expanding L vs �

to construct a consistent power counting we must ask:

to expand � in a certain physical quantity, how should I expandL and how should I build M ?

the connection is

Oi
NDA
ñ � ; p4� q weights in FR

topology
ñ � ; p4� q weights in diagrams

³
PS
ñ � p

� ; � �
� ; � �

4� in �

M � p4� np4� qn� 2
� p

�

	 N p
�

� v
�

	 N �
�

� �
4�

	 N �
4�

� �
1
�

»
dPSM 1M :

2 ñ � i � Ni pM 1q � Ni pM 2q

phase space factors cancel o� then-dependent factors inM
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Chiral dimension

N� � N� � N4�

in the literature one typically �ndsd� � N� � 2 Urech 9405341, Ny�eler,Schenk 9907294, Knecht,Neufeld 9909284
Buchalla,Cat�a,Krause 1312.5624,1603.03062

it satis�es

N� pM q � 2L �
¸

wPvertices

N� pwq

� � � � � � � �
4� � 2p2 � nq

� p
� � � p

� � 2p2 � nq

Ÿ direct relation toL Ñ counterterms have higherN� than vertices entering the loop

Ÿ SM vertices haveN� � 0

Ÿ N� pvq � 0 : it is transparent to anything with the same dimensions as ascalar
Ñ motivated in � PT: counts all terms insideU; F the same
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Back to SMEFT and HEFT

� � p� 2p4� q3
� p

�

	 � p
�

� v
�

	 � �
�

� �
4�

	 � �
4�

� p� 2p4� q3
� p

�

	 � p
�

�
4� v
�


 � �
� � �

4�

	 � �
�

“ SMEFT expands in � � � � p
� � � �

� ô assumptionv � p ! � separating p; v: Assi,Martin 2504.10617

Ÿ p� {4� q� �
4� represents the perturbative expansion

“ HEFT
Ÿ v is introduced assuppressing scalein U; F ñ NDA/perturbativity require 4� v ¥ � Cohen+ 2108.03240

Ñ will �nd � �
�   0 in cross sections

Ñ can't use� �
� to power-count! the expansion parameter is large + nonlinear symmetry argument

Ÿ must count linear combinations of� p
� ; � �

4� . � � ; � �
� allowed as well

, � p
� ; � �

4� are inhomogeneous over interactions from the same operator

Ÿ requiringm � gv � p ñ p g{4� q � p p{� q ñ suggests counting� p
� � � �

� ? (for g; g1; y)

Ÿ L truncation rules must ensurerenormalization closure
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The gg Ñ hh example: SMEFT operators (subset)
operator NDA weight N4� N �

4� Np
4� N� N �

� Np
� N� N �

� Np
�

�ti {Dt 0 0 0 0 0 0 0 0 0

ãÑ ĝs �t 
 � tG� 4� 0 1 -1 0 0 0 0 1 -1
yt �QL

~Ht R 0 1 -1 0 0 0 0 1 -1

ãÑ ŷt h�tL tR 4� 0 1 -1 0 0 0 0 1 -1
� pH : Hq2 0 2 2 0 0 0 0 2 -2

ãÑ �̂ v̂h3 4� � 0 1 -1 0 1 -1 0 2 -2
O tH � p H : Hq�QL

~Ht R p4� q3{ � 2 -3 0 -3 2 0 2 -1 0 -1

ãÑ v̂2h�tL tR 4� -3 -2 -1 2 2 0 -1 0 -1
ãÑ v̂h2 �tL tR p4� q2{ � -3 -1 -2 2 1 1 -1 0 -1
O tG � �QL � �� T A ~Ht RGA

�� p4� q2{ � 2 -2 0 -2 2 0 2 0 0 0

ãÑ v̂ �t � �� t B� G� 4� { � -2 -1 -1 2 1 1 0 0 0
ãÑ ĝsh�t � �� tG� G� p4� q3{ � 2 -2 1 -3 2 0 2 0 1 -1
OHG � p H : HqGA

�� GA�� p4� q2{ � 2 -2 0 -2 2 0 2 0 0 0

ãÑ v̂ hG�� G�� 4� { � -2 -1 -1 2 1 1 0 0 0
ãÑ h2G�� G�� p4� q2{ � 2 -2 0 -2 2 0 2 0 0 0
OH � p H : Hq3 p4� q4{ � 2 -4 0 -4 2 0 2 -2 0 -2

ãÑ v̂3h3 4� � -4 -3 -1 2 3 -1 -2 0 -2

H
ei

nr
ic

h,
La

ng
,(

S
cy

bo
z)

22
04

.1
30

45
,2

31
1.

15
00

4,
24

09
.1

957
8

Ilaria Brivio (UniBo & INFN) SMEFT and HEFT expansions and gg Ñ hh production 11/17



The gg Ñ hh example: SMEFT cross sections (subset)

M 1 �

M 2 �

M HG �

M tG �

M tH �

scaling � �
4� � � � �

� � p
� � � � �

�

� 1� 1 v2y2g4
s � 2 8 0 2 -2 4 -10

� 1� 2 vy3g4
s � 8 0 1 -1 4 -9

� 2� 2 y4g4
s 8 0 0 0 4 -8

� HG� 1 CHG vyg2
s � 4 2 1 1 2 -5

� HG� 2 CHG y2g2
s 4 2 0 2 2 -4

� tG � 1 CtG v3y2g3
s � 2 6 2 3 -1 4 -9

� tG � 2 CtG v2y3g3
s � 6 2 2 0 4 -8

� tH � 1 CtH v4yg4
s � 2 5 2 4 -2 3 -9

� tH � 2 CtH v3y2g4
s � 5 2 3 -1 3 -8

� HG� HG C2
HG 0 4 0 4 0 0

� tG � tG C2
tG v4y2g2

s � 2 4 4 4 0 4 -8

� tH � tH C2
tH v6g4

s � 2 2 4 6 -2 2 -8
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The gg Ñ hh example: HEFT operators (subset)
operator NDA weight N4� N �

4� Np
4� N� N �

� Np
� N� N �

� Np
�

ŷt v �QLUQRF phq 0 0 0 0 1 -1 0 1 -1

ãÑ ŷt h�tL tR 4� 0 1 -1 0 0 0 0 1 -1

ãÑ ŷt v̂ � 1h2 �tLtR p4� q2{ � 0 2 -2 0 -1 1 0 1 -1

� v4F phq � �̂ v̂4F phq � 4{p4� q2 0 -2 2 0 4 -4 0 2 -2

ãÑ �̂ v̂h3 4� � 0 1 -1 0 1 -1 0 2 -2

GA
�� GA�� F phq 0 0 0 0 0 0 0 0 0

ãÑ v̂ � 1 hGA
�� GA�� 4� { � 0 1 -1 0 -1 1 0 0 0

ãÑ v̂ � 2 h2GA
�� GA�� p4� q2{ � 2 0 2 -2 0 -2 2 0 0 0

�QL � �� T AUQRGA
�� F phq p4� q{� -1 0 -1 1 0 1 0 0 0

ãÑ v̂ � 1�tLtRB� G� h p4� q2{ � 2 -1 1 -2 1 -1 2 0 0 0

ãÑ v̂ � 1�tLtRG� G� h p4� q3{ � 2 -1 2 -3 1 -1 2 0 1 -1

v̂ � 2pD� GA
�� q2h2F phq p4� q2{ � 4 0 2 -2 2 -2 4 2 0 2

ãÑ v̂ � 2pB� B� GA
� q2h2 p4� q2{ � 4 0 2 -2 2 -2 4 2 0 2

v̂ � 2GA�
� GA�� hB� B� hF phq p4� q2{ � 4 0 2 -2 2 -2 4 2 0 2

ãÑ v̂ � 2pBGq2hBBh p4� q2{ � 4 0 2 -2 2 -2 4 2 0 2 H
H

:
B
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ha
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+

18
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.0
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,

C
ap

oz
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19
08

.0
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,

H
ei
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h+
2

00
6.

16
87

7,
de

F
lo

ria
n+
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06

.1
40

50

ba
se

s:
B

uc
ha

lla
+

13
07

.5
01

7,
IB

+
16

04
.0

68
01

,
S

un
+

22
06

.0
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22
,2
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0.
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93

9
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The gg Ñ hh example: HEFT operators (subset)
operator NDA weight N4� N �

4� Np
4� N� N �

� Np
� N� N �

� Np
�

ŷt v �QLUQRF phq 0 0 0 0 1 -1 0 1 -1

ãÑ ŷt h�tL tR 4� 0 1 -1 0 0 0 0 1 -1
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�QL � �� T AUQRGA
�� F phq p4� q{� -1 0 -1 1 0 1 0 0 0

ãÑ v̂ � 1�tLtRB� G� h p4� q2{ � 2 -1 1 -2 1 -1 2 0 0 0
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ãÑ v̂ � 2pB� B� GA
� q2h2 p4� q2{ � 4 0 2 -2 2 -2 4 2 0 2
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include for the �rst time \NNLO" operators

Ilaria Brivio (UniBo & INFN) SMEFT and HEFT expansions and gg Ñ hh production 13/17



The gg Ñ hh example: HEFT cross sections (subset)

M 1 �

M 2 �

M HG �

M G1 �

M tG �

scaling � �
4� � � � �

� � p
� � � � �

�

� 1� 1 v2y2
t g4

s � 2 8 0 2 -2 4 -10

� 1� 2 vy3
t g4

s � 8 0 1 -1 4 -9

� 2� 2 yt g4
s 8 0 0 0 4 -8

� HG� 1 CHG v � 1yt g2
s � 6 0 -1 1 2 -5

� HG� 2 CHG v � 2y2
t g2

s 6 0 -2 2 2 -4

� tG � 1 CtG v2y2
t g3

s � 2 7 1 2 -1 4 -9

� tG � 1 CtG vy3
t g3

s � 7 1 1 0 4 -8

� HG� HG C2
HG v � 4 4 0 -4 4 0 0

� tG � HG CtG CHG v � 1yt gs� 5 1 1 2 2 -4

� tG � tG C2
tG v2y2

t g2
s � 2 6 2 2 0 4 -8

� G1� 1 CG1 v � 1yt g2
s � 6 2 -1 3 4 -5

� G1� 2 CG1 v � 2y2g2
s 6 2 -2 4 4 -4

� G1� HG CHG CG1 v � 4 4 2 -4 6 2 0

� G1� tG CtG CG1 v � 1yt gs� 5 3 -1 4 4 -4

� G1� G1 C2
G1 v � 4 4 4 -4 8 4 0
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gg Ñ hh up to NNLO in HEFT: calculation
N

E
W

L • � v4ahhh
h3

v3 � yt v�tLtR

�
a1

h
v

� att
h2

v2




� GA
�� GA��

�
aG1

h
v

� aG2
h2

v2




�
4�
�

�tL� �� T AtRGA
��

�
aC0 � aC1

h
v

� aC2
h2

v2




�
1
�

�tLtR
B� hB� h

v2

�
aD0 � aD1

h
v




�
1
� 2 a1

G1D� GA
�� D � GA�� h2

v2

�
1
� 2 a1

G2GA�� GA�
� hB� B� h

Kinematic benchmarks (clusters) inmhh distr.
de�ned based on� Ñ more required?

Capozi,Heinrich 1908.08923, Heinrich,Lang,Scyboz 2204.13045,
Alasfar+ 2304.01968
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Summary

Ÿ we revisitedgeneral power counting in EFTs , along the whole L Ñ M Ñ � chain

Ÿ formalized relation between� suppressions andL scalings

Ÿ HEFT power counting unavoidably challenging!
Ÿ nonlinear scalar representations together with gauge and fermions
Ÿ h3 term, EWSB masses
Ÿ perturbativity requires 4� v ¥ �

Ÿ used gg Ñ hh as case study

Ÿ simple because no EW gauge bosons
Ÿ complicated byh3 vertex and SM at 1-loop
Ÿ considered new operators, that might require extending kinematic benchmarks

Ÿ plan to tie up last open ends and formulate a feasible prescription soon!

. . . stay tuned!
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Œ www.cost.eu/actions/CA22130/ ’ sign up here!

Ÿ foswiki.web.cern.ch/COMETA/

� a COST Action focusing on Multiboson processes @LHC

• currently 270+ members in 40+ countries covering TH + ATLAS/CMS + ML

what we do

S support conference attendance
and scienti�c exchanges

: topical meetings and training schools

® online activities

2025 events
Polarized Perspectives: Tagging and Learning in the SM{ Vienna (Austria), February 20 - 21

COMETA Workshop on EFT in HH and VBS { Paris Saclay (France), March 17 - 19

Positivity, Amplitudes and Phenomenology { CERN, April 7 - 11

2nd General Meeting{ Krakow (Poland), April 28 - 30

COMETA Summer school on Machine Learning{ Ljubljana (Slovenia), June 26 - July 3

Uncertainty quanti�cation in AI: Physics and Mathematics P erspectives{ Saclay (France), September
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https://foswiki.web.cern.ch/COMETA/
https://indico.cern.ch/event/1452565/
https://indico.cern.ch/event/1488316/
https://indico.cern.ch/e/cometa-gm2

