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Measurements → Meaning
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Figure 5: Cross sections times branching fraction for ggF, VBF, VH and ttH+tH production in each relevant decay
mode, normalized to their SM predictions. The values are obtained from a simultaneous fit to all channels. The
cross sections of the ggF, H ! bb̄, VH, H ! WW⇤ and VH, H ! ⌧⌧ processes are fixed to their SM predictions.
Combined results for each production mode are also shown, assuming SM values for the branching fractions into
each decay mode. The black error bars, blue boxes and yellow boxes show the total, systematic, and statistical
uncertainties in the measurements, respectively. The gray bands show the theory uncertainties in the predictions.
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[ATLAS 1909.02845]
Precision Higgs measurements a 
key program of LHC3/HL-LHC. 

Anticipated 5-10% precision 
provides unprecedented tests. 

Future colliders to ~0.5% 

Interpreting either agreement or 
disagreement with SM invites an 

EFT framework.* 

Strong motivation to develop and 
understand Higgs EFTs! 

This talk: which EFT for the LHC?

*unless new physics is light.2



Higgs EFTs
SM SU(2)LxU(1)Y
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*Alternately, “Higgs-Electroweak Chiral Lagrangian”, … 3 Comprehensive review: [Brivio, Trott 1703.10924]



Why bother

SM SMEFT

HEFT

One of these is the 
theory of nature*, 

might as well study 
the heck out of it

Provide meaningful 
framework for 

experimental tests of 
Higgs properties

Principle

Practice

4 *unless new physics is light.



Data!

5



Which EFT?
Vastly more progress in SMEFT since c. 2012 (precision, fits, projections, theorems,…)

Seems justified: SU(2)xU(1) an apparently good symmetry, no O(1) deviations or custodial symmetry violation

(When) Is HEFT necessary?

For this talk: focus exclusively on scalar sector in the global limit, assume custodial symmetry, restrict to 2-derivative order.
6

See also: [Burgess, Matias, Pospelov ’99; Grinstein & Trott ’07; Alonso, Gavela, Merlo, Rigolin, Yepes ’12; 
Espriu, Mescia, Yencho ’13; Buchalla, Cata, Krause ’13; Brivio et al. ’13; Falkowski & Rattazzi ‘ 19]



The Standard Model EFT
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Reminder: only worrying about scalars up to 2 derivatives…
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The Higgs EFT
Alternately, HEFT: 
construct EFT out of 

singlet h and Goldstones πi 
 

No presumed relation 
between h, π
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(K(h) redundant, conventional to redefine h to set K(h) = 1; retaining K(h) clearer for matching)
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SM ⊂ SMEFT ⊂ HEFT
~� = (v + h)~n (⇡) ; ~� · ~� = (v + h)2

SMEFT can always be written as HEFT:
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[R. Alonso, E. Jenkins, A. Manohar 1511.00724 & 1605.03602]
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Generically non-analytic 
at the origin

9

Correlations at every 
order between h, v

SM SMEFT

HEFT



HEFT or SMEFT?
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When can a theory be written as HEFT but not SMEFT?

Maybe you can always just tell by eye…

Definitely HEFT, right?
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HEFT or SMEFT?
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HEFT or SMEFT?

L =
1

2

✓
1 +

h

2v

◆2

(@h)2 +
1

2
(v + h)2

✓
3

4
+

h

4v

◆2

(@~n)2 � V

When can a theory be written as HEFT but not SMEFT?

Maybe you can always just tell by eye…

But now let’s perform 
the field redefinition

h ! h̃ ⌘ h+
1

4v
h2

<latexit sha1_base64="5sOMuO2sAWDE4XDOoFfYzXKJd9I="></latexit>

Definitely HEFT, right?
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Actually the SM

Field redefinitions readily obscure the distinction at the level of the Lagrangian.

L =
1

2
(@h̃)2 +

1

2
(ṽ + h̃)2(@~n)2 + · · · = |@H̃|2 + . . .

<latexit sha1_base64="ZFDySZYlcmhXNFhtB3whROZ/bgw="></latexit>



A Geometric Perspective
Instead: classify EFTs based on geometry. 

Two-derivative terms define a metric on the scalar field manifold

L =
1

2
gij(�)@�

i@�j � V (�)

Field space corresponds to a (possibly curved) manifold with functions (e.g. V) defined on it; the field 
parameterization corresponds to charts on the manifold. Use geometric invariants to classify EFTs.

Application to HEFT: [Alonso, Jenkins, Manohar 1511.00724 & 1605.03602] 
(Applied to SMEFT: [Helset, Martin, Trott 2001.01453])

Long history (primarily) applied to nonlinear sigma models, e.g.  
[Honerkamp ’72; Tataru ’75; Alvarez-Gaume, Freedman, Mukhi ’81, …]

SM: flat manifold           HEFT: curved manifold 

SMEFT: curved manifold w/ O(4) invariant point
11



A Geometric Perspective
(Think O(4), but O(2) is easier to illustrate)

LHEFT =
1

2
(@h)2 +

1
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[vF (h)]2(@~n)2 � V (h) +O

�
@4

�

SMEFT if O(4) fixed point on manifold → F(h) = 0 somewhere (say, h = -v)

2⇡vF
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2⇡vF

HEFT not SMEFT: Case I
When there’s a hole s.t. h = -v is not on the manifold  

(no O(4) fixed point about which to expand in SMEFT coordinates)

[Alonso, Jenkins, Manohar 1605.03602]

LHEFT =
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2
(@h)2 +

1

2
[vF (h)]2(@~n)2 � V (h) +O

�
@4

�

F (h) 6= 0Corresponds to everywhere
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HEFT not SMEFT: Case I

A toy example: 2AHM, i.e. two Higgses 
charged under a U(1) gauge symmetry 

K(h) = 1, F (h) =
1

v

p
4(v1 + c↵h)2 + (v2 + s↵h)2

Generically F(h) ≠ 0 everywhere for nonzero v1,v2

Field Q

H1 +2
H2 +1v2 ⌘ 4v21 + v22Acquire vevs s.t.

Spectrum: light Higgs h, goldstone π, heavy fields H, Π

Integrate out H, Π to obtain EFT of h, π 

How does this arise? When UV physics also breaks the symmetry.

14



HEFT not SMEFT: Case II
When there’s a cone or cusp at h=-v

Can often tell by inspecting F(h), V(h) for non-
analyticities, but this does not always work.

But can diagnose singularities as in GR:

(r2)nR (r2)n+1VIf and

are finite at h=-v, then can write HEFT as SMEFT 
(gives the requisite infinite set of conditions!)

Otherwise, there is a cone/cusp and HEFT is required.

LHEFT =
1

2
(@h)2 +

1

2
[vF (h)]2(@~n)2 � V (h) +O

�
@4

�
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HEFT not SMEFT: Case II

An example: integrating out anything that acquires 
all of its mass from EWSB, e.g. M=0 limit of

R(h = �v) / |y|4

16⇡2

1

M2
Compute Ricci scalar:

F(h=-v) = 0, so okay according to Case I

L �  ̄1(i 6@ �M) 1 +  ̄2(i 6@ �M) 2 � y ̄1H 2 + h.c.

When M ≠ 0, curvature finite and SMEFT is consistent

For M=0, curvature blows up. 
 K, F, and V all non-analytic at h=-v due to log(v+h)

How does this arise? When a field becomes massless.

16



HEFT as SMEFT IFF

1. F(h*) = 0 at some h=h* (candidate O(4) f.p.) 

2. Metric is analytic at h=h*: F(h), K(h) admit convergent Taylor expansions 
here, and curvature invariants ~∇nR are finite for n≥0. 

3. Potential is analytic at h=h*: V(h) admits convergent Taylor expansion 
here, and invariants ~∇nV are finite for n≥0.

LHEFT =
1

2
(@h)2 +

1

2
[vF (h)]2(@~n)2 � V (h) +O

�
@4

�

Satisfying these conditions ensures the theory admits a SMEFT expansion around the O(4) fixed point. 
However, a further consideration: that expansion should converge at our vacuum (h=0).

17



SMEFT Convergence

Consider a singlet scalar with nonzero bare mass,

Integrating out the scalar gives 0- & 2-derivative effective lagrangian for H:

LUV = |@H|2 + µ
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Even when SMEFT exists, the SMEFT expansion may not converge at our vacuum.  
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Clear example: for SMEFT with ,Λ < v L �
1X
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cn
|H|4+2n

⇤2n
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diverges, w/out optimal truncation

To make this more concrete…
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SMEFT Convergence

�m2



SMEFT

HEFT
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Consider analytic structure of the effective 
Lagrangian in the complex |H|2 plane

Branch cut at  

SMEFT radius of convergence is  
HEFT radius of convergence is 

|H |2 = − m2

κ
⇒
v2r/2

v2(r + 1)/2

 SMEFT expansion does not converge at our vacuum. 
HEFT required by states w/ more than half of their mass from the Higgs
r < 1 :

19
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SMEFT Convergence
Even for , HEFT can 

capture true corrections to SM 
using fewer terms in the 

relevant expansion than SMEFT. 

[Englert et al. 1403.7191; 
Brehmer et al. 1510.03443] 
Improve agreement between 
truncation of SMEFT and true 

corrections by defining 
matching scale as physical 
mass of new particles in the 
broken phase (“v-improved 

matching”).  

Practically amounts to matching 
in HEFT, converting to SMEFT 

coordinates.

r ≳1

2 4 6 8 10
0.0
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1.5 SMEFT

HEFT
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Figure 6: Corrections to the Higgs trilinear (left panels) and quartic (right pan-
els) couplings extracted from truncated SMEFT (orange diamond) and HEFT (blue
square) expansions, normalized to the actual all-order prediction in Eq. (8.14). The
upper (lower) panels are for r = 5 (r = 2), see Eq. (8.9) for the definition.

agreement between a finite truncation of SMEFT and exact predictions in a pertur-
bative UV completion could be significantly improved by defining the scale ⇤ as the
physical mass of new particles in the broken phase, including contributions from the
Higgs vev, a prescription called “v-improved matching.” For this prescription to be
effective, the operators retained in the finite truncation must span the observables of
interest. In terms of the geometric picture developed in this paper, more conventional
matching to a finite truncation of SMEFT (using a scale ⇤ defined by the masses of
the new particles in the unbroken phase) amounts to constructing a simplified EFT
manifold that is locally “tangent” to the true EFT manifold at the fixed point. In con-
trast, v-improved matching to a finite truncation of SMEFT constructs a simplified
EFT manifold that is “tangent” to the true EFT manifold at the observed vacuum.
When r � 1 the true EFT manifold has small and slowly-varying curvature, so the

– 67 –
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HEFTons*
*Working name, suggestions welcome, “Higglets” and “Baryons” unfortunately already taken.

HEFT required whenever a new particle acquires more than half of its mass from the Higgs.

Many such HEFTons viable, consistent with all existing data (see also [Bonnefoy et al. 2011.10025])
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Mass [GeV] Mass [GeV] Mass [GeV] Mass [GeV]

    S∼(1,1)0     S1 ∼(1,1)1     Φ1 ∼(1,2)1/2                                    ω2 ∼(3,1)2/3

Higgs 
inv. Unitarity

Direct

h→ γγ

h→ γγ, gg

21
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Conclusions
• Universal geometric criteria for HEFT vs. SMEFT: 

• Many ways to get U(1)em Higgs EFT starting from SU(2)xU(1) symmetry in the UV, 
consistent w/ data. Perhaps premature to focus heavily on SMEFT interpretations. 

• HEFT can be the preferred EFT for data even when both HEFT & SMEFT expansions valid. 

• Open questions: How do we get experimental access to the (possible) O(4) fixed point? 
What is the connection between the geometric picture and statements about the scale of 
unitarity breakdown in SMEFT vs. HEFT? When does all this matter?

SMEFT HEFT HEFT ~HEFT

 Dave Sutherland’s talk→
22
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The plan

We’ve seen how UV completions shape the target space manifold

in the SM scalar sector, and how amenable these shapes are to a

SMEFT description.

I aim to show how amplitudes measure the shape of the manifold

locally about our vacuum. Thereby, we connect our geometric

understanding of HEFT back to recent results about unavoidable

TeV scale (⇠ 4⇡v) unitarity cuto↵s in HEFT theories, and the

masses of the UV states that must unitarize them.

At the end, I’ll speculate what this means for ‘Which EFT for the

LHC?’.
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Manifold redux

Draw a 2d manifold (h and one ⇡ coordinate).

O(4) ! O(2) ⇡ EW sym.

Dynamics encoded by a

metric and potential.

HEFT is an expansion

about our vacuum.

SMEFT is an expansion about the

electroweak preserving vacuum.

A HEFT is poorly described by SMEFT when su�cient violence is

done to the manifold between us and the EW preserving vacuum.

This talk: Amplitudes probe such e↵ects by measuring the

variation of curvatures about our vacuum. Unitarity bounds result.
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A review of unitarity violation in W +W � ! W +W �
(1)
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Note:
1

I we use vertices with di↵erent numbers of Higgses;

I the O(p2) part has no kinematic pole.

1
A bar denotes a quantity evaluated at the our vacuum h = ⇡i = 0. F = 1.
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A review of unitarity violation in W +W � ! W +W �
(2)

Put the amplitude in a correctly normalized s-wave state
2

|M̂| =
��R d⇧id⇧fA

��
�R

d⇧i

� 1
2
�R

d⇧f

� 1
2

E�mW

=
1

8⇡

E 2

2

����F 02 � 1

v2

����+O(E 0
)

Unitarity circle arguments say |M̂| . 1, so there is a unitarity

bound on the CoM energy

E .
p
16⇡

����F 02 � 1

v2

����
� 1

2

E ! 1 if the hWW coupling is SM like: F 0 = 1
v
.

Four legs good, more legs better: I will argue that, for any

weakly coupled UV completion, better unitarity bounds can be

obtained from higher point amplitudes.

2E is the center of mass energy.
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The four point amplitude in terms of R and V
Derivative key: ‘,’ partial, ‘;’ covariant (Nagai, Tanabashi, Tsumura, and Uchida 2019)

A = �
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The components of R are sectional curvatures
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(Alonso, Jenkins, and Manohar 2016)
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n point amplitude in terms of R and V
For a general scalar EFT
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2
g↵�(~�)@µ�

↵@µ�� � V (~�) +O
�
@4
�
,

the tree-level amplitudes are

 
nY

i=1

g
1/2
↵i↵i

!
A = 1,↵1A

2,↵2

A

n,↵n

A

= V ;(↵1...↵n) +
X

1i<jn

sij
⇣
n�3
n�1

⌘ h
R↵i (↵1↵2|↵j ;|↵3...↵̂i ...↵̂j ...↵n) +O

�
R
2�i

+ factorizable pieces .

(Assuming g↵� diagonal. Show by going to an inertial frame, a.k.a. normal

coordinates. E.g. (Alvarez-Gaume, Freedman, and Mukhi 1981) )
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A
�
⇡i⇡jhn�2

�

Following (Falkowski and Rattazzi 2019)

With the application of geometric/kinematic identities:

A
�
⇡i⇡jh

n�2
�
=V ;(⇡i⇡j h...h) + R⇡i hh⇡j ;h...h

✓
s12 �

2m2
h

n � 1

◆

+O
�
R
2�

+ factorizable pieces

=V ;(⇡i⇡j h...h) � �ij @
n�4
h

Kh

✓
s12 �

2m2
h

n � 1

◆

+O
�
R
2�

+ factorizable pieces .

The parts of the n > 4 amplitudes that grow with energy are

derivatives of sectional curvatures.

A
�
⇡i⇡j ! hn�2

�
= �E 2 �ij @

n�4
h

Kh +O(E 0
)
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Unpack this result

Take the O(E 2
) part of A

�
⇡1⇡1 ! h3

�

A
�
⇡1⇡1 ! h3

�
= �E 2@hKh = E 2@h

✓
F 00

F

◆
= E 2

⇣
F
000 � F

00
F
0⌘

Sub in particular UV examples

SM: vF = (v + h) =) A = 0

unSMEFTy: vF = (v + h) +
✏

v2
h3 =) A =

6✏

v3
E 2

SMEFTy: vF = (v + h) +
✏

v2
(v + h)3 =) A = 0 +O(✏2)

Parametrically faster growth in cases where the deviations are

non-SMEFT like.

SM kinetic term =) 4 point amplitude unitary

SMEFT term =) higher point amplitude unitary(ish)
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Correlations present in many other amplitudes

(Abu-Ajamieh, Chang, Chen, and Luty 2020)

(
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Unitarity bound for A (⇡i⇡j ! hn)
For 2 ! n, the s-wave state |M̂|2 ⇠ 1

8⇡

⇣
1

(n�2)!

⌘2 �
E

4⇡

�2(n�2) |A|2,
see e.g. (Abu-Ajamieh, Chang, Chen, and Luty 2020)

3

Unitarity bound

E < 4⇡ ⇥

�����
@n�2
h

Kh

n!

�����

� 1
n

⇥ bn ⇥ (n!)
1
n

=

8
<

:
8

1
4
p
16⇡ ⇥

��Kh

��� 1
2 n = 2

4⇡v⇤ ⇥ (n!)
1
n n = ‘a few’

v⇤ is the scale of ‘@h’ ⇡ the radius of convergence of Kh.

4⇡v⇤ is a general bound for HEFT. If poorly described by SMEFT,

v⇤ ⇠ v .

3bn is an O(1) fudge factor

✓
1

bn

◆2n

=
(4⇡)2

8(n � 1)

✓
1� 2m2

h

(n + 1)E 2

◆2

⇥ Vol. n body Higgs PS

Vol. n body massless PS
.
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Example: loop-level scalar singlet EFT

(Cohen, Craig, Lu, and Sutherland 2021)

LUV = |@H|2 + µ2
H
|H|2 � �H |H|4 + 1

2
S
�
�@2 �m2 � |H|2

�
S .

Assume m2, > 0. Integrate out S to get

LEFT =
1

2

✓
1 + �

(v + h)2

2m2 + (v + h)2

◆
(@h)2 +

1

2
(v + h)2 (@~n)2 � V (h)

where � =


96⇡2 controls the coupling strength.

Sectional curvatures

Kh = �


2

m2

�
m2 +

1
2 (1 + �) (v + h)2

�2 ,

K⇡ = �


2

1�
m2 +

1
2 (1 + �) (v + h)2

� .
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Example: loop-level scalar singlet scales

Pole of Kh

<h

=h

�v

⇣
2m2

(1+�)

⌘ 1
2?

h⇤

Sectional curvatures

Kh = �


2

m2

�
m2 +

1
2 (1 + �) (v + h)2

�2 ,

K⇡ = �


2

1�
m2 +

1
2 (1 + �) (v + h)2

� .

Radius of convergence, v⇤ ⇡ h⇤ =

s

v2 +
2m2

(1 + �)
.

Mass of scalar at vacuum, m2
S
= m2

+
1

2
v2 ⇡ 1

2
v2⇤ .

If  ⇠ (4⇡)2 and m2 ⇠ (4⇡v)2, Kh

�1/2 ⇠ v⇤.

If S gets majority of its mass from EWSB, v⇤ ⇠ v .
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Example: loop-level scalar singlet unitarity cuto↵

Unitarity bound

E < 4⇡⇥

�����
@n�2
h

Kh

n!

�����

� 1
n

⇥bn⇥(n!)
1
n

Strongly coupled: Kh

�1/2 ⇠ v⇤

not SMEFT: v⇤ ⇠ v

2 3 4 5 6 7 8 9
n

2

4

6

8

10

12

14

m2

v2


2

v⇤
v

SMEFT

?

7

X
?



Technical summary

Unitarity bound

E < 4⇡ ⇥

�����
@n�2
h

Kh

n!

�����

� 1
n

⇥ bn ⇥ (n!)
1
n

=

8
<

:
8

1
4
p
16⇡ ⇥

��Kh

��� 1
2 n = 2

4⇡v⇤ ⇥ (n!)
1
n n = ‘a few’

Scalar amplitudes are geometric! We identified parts of HEFT

amplitudes / derivatives of sectional curvatures at our vacuum.

This allows us to probe locally: how curved our manifold is, and

how rapidly this is changing. We derived unitarity bounds sensitive

to these two scales.

Manifolds poorly described by SMEFT can’t be flat over a large

region, leading inexorably to TeV scale unitarity cuto↵s.
15



Which EFT for the LHC?

For any given deviation from SM interactions that we may measure

at the LHC, we can always find both a SMEFT operator, and a

HEFT operator, to fit it.

The problem is the correlations baked into SMEFT truncated to a

given mass dimension order.

We have shown that there are plausible UV theories that can

deviate from this pattern of e↵ects in principle.

In practice, could we ever measure a BSM e↵ect that is not fit by a
dimension 6 SMEFT operator?

16



SMEFT vs. HEFT, practically

In SMEFT, electroweak symmetry and decoupling is manifest.
4

In HEFT, what you see is what you get (e.g. fewer problems with

input parameter schemes).

SMEFT is clearly the theorists’ choice (and has some theoretical

assumptions baked in), whereas HEFT clearly maps onto

experiment.

4
Although it seems that in HEFT, in a specific basis (normal coordinates),

decoupling should be manifest as well.

17



Bibliography I

Abu-Ajamieh, Fayez et al. (Sept. 2020). “Higgs Coupling

Measurements and the Scale of New Physics”. In: arXiv:

2009.11293 [hep-ph].

Alonso, Rodrigo, Elizabeth E. Jenkins, and Aneesh V. Manohar

(2016). “A Geometric Formulation of Higgs E↵ective Field

Theory: Measuring the Curvature of Scalar Field Space”. In:

Phys. Lett. B754, pp. 335–342. doi:
10.1016/j.physletb.2016.01.041. arXiv: 1511.00724

[hep-ph].

Alvarez-Gaume, Luis, Daniel Z. Freedman, and Sunil Mukhi (1981).

“The Background Field Method and the Ultraviolet Structure of

the Supersymmetric Nonlinear Sigma Model”. In: Annals Phys.
134, p. 85. doi: 10.1016/0003-4916(81)90006-3.

18

https://arxiv.org/abs/2009.11293
https://doi.org/10.1016/j.physletb.2016.01.041
https://arxiv.org/abs/1511.00724
https://arxiv.org/abs/1511.00724
https://doi.org/10.1016/0003-4916(81)90006-3


Bibliography II

Cohen, Timothy et al. (2021). “Is SMEFT enough?” In: JHEP 03,

p. 237. doi: 10.1007/JHEP03(2021)237. arXiv: 2008.08597
[hep-ph].

Falkowski, Adam and Riccardo Rattazzi (2019). “Which EFT”. In:

JHEP 10, p. 255. doi: 10.1007/JHEP10(2019)255. arXiv:
1902.05936 [hep-ph].

Nagai, Ryo et al. (2019). “Symmetry and geometry in a

generalized Higgs e↵ective field theory: Finiteness of oblique

corrections versus perturbative unitarity”. In: Phys. Rev. D
100.7, p. 075020. doi: 10.1103/PhysRevD.100.075020. arXiv:
1904.07618 [hep-ph].

19

https://doi.org/10.1007/JHEP03(2021)237
https://arxiv.org/abs/2008.08597
https://arxiv.org/abs/2008.08597
https://doi.org/10.1007/JHEP10(2019)255
https://arxiv.org/abs/1902.05936
https://doi.org/10.1103/PhysRevD.100.075020
https://arxiv.org/abs/1904.07618

