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Disclaimers
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(1) I would love to do justice to all of the amazing 
progress in LHC-relevant EFT in the last year(s), but 
in the interest of time will restrict my focus to two 
points. My apologies in advance, as there has been 
much progress! 

(2) The purpose of this talk is not to suggest that the 
experimental collaborations stop doing any of their 
current (SM)EFT interpretations. It is only to point 
out ways in which we (especially theorists) might 
constructively broaden our horizons.



Part I: Which EFT?

3 (Apologies to Falkowski & Rattazzi for borrowing their title)



Higgs EFTs
SM SU(2)LxU(1)Y

(DµH)†(Dµ
H)�m

2|H|2 � �|H|4

1

2
(@µh)

2 +
1

2
[vF (h/v)]2 (@~n)2 � V (h) + . . .

HEFT* U(1)em

1

2
(@µh)

2 +
1

2
[vF (h/v)]2 (@~n)2 � V (h) + . . .

[Feruglio ’93, Bagger et al. ’93, …] [Weinberg ’79, Buchmuller, Wyler ’86, …]

(DµH)†(Dµ
H)�m

2|H|2 � �|H|4

SMEFT SU(2)LxU(1)Y

+
cH

2⇤2
(@µ|H|2)2 + c6

⇤2
|H|6 + . . .

[Weinberg ’79, Buchmuller, Wyler ’86, …]

*Alternately, “Higgs-Electroweak Chiral Lagrangian”, … 4 Comprehensive review: [Brivio, Trott 1703.10924]



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 
As far as I can tell, SMEFT is the preferred EFT framework for the LHC EFT WG.

(When) Is HEFT necessary?
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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; Chang & Luty ’19; Falkowski & Rattazzi ‘ 19; Abu-Ajamieh, Chang, Chen, Luty ’20] 

On-shell perspective: [Durieux, Kitahara, Shadmi, Weiss ’19]



The Standard Model EFT
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Here and henceforth: assuming custodial symmetry & 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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SM ⊂ SMEFT ⊂ HEFT
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HEFT cannot always be written as SMEFT:
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Generically non-analytic 
at the origin
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Correlations at every 
order between h, v

SM SMEFT

HEFT

What defines the HEFTs that cannot be written as SMEFTs? 
What is the UV physics that produces them?

Relate the two by field redefinition:



A Geometric Perspective
Field redefinitions make it impossible to identify these “pure HEFTs” by inspection. 

Instead: classify EFTs based on geometry, 2-derivative terms define a metric on the scalar 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 SMEFT/HEFT: [Alonso, Jenkins, Manohar 1511.00724 & 1605.03602] 
(Applied within 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
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A Geometric Perspective
(Think O(4), but O(2) is easier to illustrate)
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SMEFT if O(4) fixed point on manifold → F(h) = 0 somewhere (say, h = -v, i.e. H=0)
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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). Arises when UV 

physics also breaks the symmetry. 
[Alonso, Jenkins, Manohar 1605.03602]
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F (h) 6= 0Corresponds to everywhere
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Case II: When there’s a cone or cusp at h=-v. 
Arises when a field becomes massless. 

[Cohen, NC, Lu, Sutherland 2008.08597]

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!)



SMEFT Convergence
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For example: a singlet getting some mass 
from the Higgs via cross-quartic . 
Integrate it out, study analytic structure of the 
effective Lagrangian in the complex |H|2 plane

κS2 |H |2 /2

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 :
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You are here

Even when SMEFT exists @ h=-v, the SMEFT expansion may not converge at our vacuum h=0.  



SMEFT Convergence
Even for , HEFT can 

capture true corrections to SM 
using fewer terms in the 
relevant expansion than 

SMEFT. 

A HEFT interpretation may 
allow faster identification of the 

underlying physics. 

“v-improved matching” [Englert 
et al. 1403.7191; Brehmer et 

al. 1510.03443] in some sense 
matching in the broken phase 
(HEFT) and then converting to 

SMEFT coordinates.
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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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Loryons*
*Following Gell-Mann, from Finnegan’s Wake: “with Pa’s new heft...see Loryon the comaleon.” 

HEFT required whenever a new particle (“Loryon”) acquires more than half of its mass from the Higgs.
Many such Loryons viable, consistent with all existing data.  

([Banta, Cohen, NC, Lu, Sutherland to appear], see also [Bonnefoy et al. 2011.10025]) 
Most likely to show up first in SM measurements / EFT fits.
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The TL;DR
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• There are many ways to start with an SU(2)LxU(1)Y symmetric theory in 
the UV and end up with an infrared EFT that respects only U(1)em (HEFT), 
without doing great violence to precision electroweak physics, etc. 

• Many of these ways are consistent with all known data. 

• Many of these would first show up in indirect evidence (e.g. EFT fits), so it 
would be prudent to be prepared. 

• Even new physics that admits SMEFT may be better fit by HEFT.  

• Focusing exclusively on SMEFT is a strong assumption that is not 
remotely justified by our current state of knowledge.



But doesn’t HEFT give up all the correlations?
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Correlations present in many other amplitudes

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

(

10

SMEFT beloved for correlations. But HEFT 
deviations still spoil SM cancellations in 
many amplitudes. Measurements still 

connected, if not by SU(2)LxU(1)Y 

In pure HEFTs, unitarity always violated by 
~  in suitable channels (often not 

), even when coefficient is tiny.  
[Falkowski & Rattazzi 1902.05936; Chang 
& Luty 1902.05556; Abu-Ajamieh, Chang, 
Chen, Luty 2009.11293; Cohen, NC, Lu, 

Sutherland, to appear] 

Still a strong link between Higgs 
measurements & high-energy behavior  

(a la “Higgs w/out Higgs” [Henning, 
Lombardo, Riembau, Riva 1812.09299])

4πv
2 → 2

[Abu-Ajamieh, Chang, Chen, Luty 2009.11293]



Our Mission
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Should we choose to accept it…

“Is electroweak symmetry linearly realized by the known fundamental particles?”

Equivalently: can we rule out pure HEFTs?

• It is a sharply defined, bounded question. 

• We don’t currently know the answer. 

• We might be able to find out @ the LHC. 

• Null results (agreement w/SM) only help.

To answer this question:

Top-down: rule out the perturbative scenarios forcing HEFT (less satisfying) 
Bottom up: “check unitarity in a complete set of channels up to ” (specifics TBD)4πv

This is a “big” question that we can potentially answer even if the LHC sees no departures from SM.

SM SMEFT

HEFT



Part II: Thinking Positively
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Thinking Positively
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Causality, unitarity, and analyticity constrain EFT corrections to SM (“positivity bounds”)

More recently: extensive application 
directly to Wilson coefficients in SMEFT, e.g. 
[Bellazzini, Riva 1806.09640; Zhang, Zhou 
1808.00010; Bi, Zhang, Zhou 1902.08977; 

Remmen, Rodd 1908.09845; Remmen, 
Rodd, 2004.02885; Zhang, Zhou 

2005.03047; Fuks, Liu, Zhang, Zhou 
2009.02212; Yamashita, Zhang, Zhou 

2009.04490; Remmen, Rodd 2010.04723; 
Gu, Wang, Zhang 2011.03055; Trott 

2011.10058; Bonnefoy, Gendy, Grojean 
2011.12855; Li, Yang, Xu, Zhang, Zhou 

2101.01191, …]

Long history, revived in [Adams, Arkani-Hamed, Dubovsky, Nicolis, Rattazzi hep-th/0602178; 
Distler, Grinstein, Porto, Rothstein hep-ph/0604255; …]

experimental
bounds

c2

c1

region forbidden
by IR consistency

parameter space

Figure 1: Schematic depiction of bounds derived in this work. For the example of an observable
sensitive to two SMEFT operators, O1 and O2, data can weigh directly on the allowed parameter
space for these operators, as shown by the yellow contours in the figure. However, much of the
parameter space is inconsistent with fundamental underlying properties of quantum field theory,
and any theory with couplings in the forbidden region would depart significantly from standard
assumptions about the form of UV physics (causality, unitarity, etc.). Consequently, our bounds
can be viewed as placing strong theoretical priors on the parameter space of the SMEFT.

Einstein-Maxwell theory with applications to the Weak Gravity Conjecture [67–71]. The IR
consistency program, taking a bottom-up approach to constraining EFTs, has evolved in tan-
dem with the swampland program [72–74], which constrains EFTs compatible with quantum
gravity via a top-down perspective, examining the space of string theoretic UV completions.

Despite this progress, IR consistency bounds from analyticity and causality have not been
systematically applied to the full SMEFT itself. The present is an especially compelling time
to do so, given that bounding and measuring SMEFT coefficients will be a focus of current and
future precision particle physics experiments. The consistency constraints can be applied to the
results of such experiments in at least three ways. First, constraining the space of possible EFT
coefficients leads to enhanced statistical power for experiments sensitive to these operators,
since one can incorporate IR consistency bounds into the prior probability distribution. A
schematic depiction of this interplay between the bounds derived in this work and experimental
constraint is shown in Fig. 1. In total we will derive 27 independent bounds; if each were as
simple as requiring a certain operator coefficient to be positive, then this would represent a
factor of 227 ⇠ 108 reduction in the parameter space. This is just a rough estimate, however,

4

[Remmen & Rodd, 1908.09845]

Improve global fits 
by imposing 

positivity bounds

OR

Interpret as 
experimental tests 

of bedrock 
principles of QFT.

(Ideally do both)



Thinking Positively
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d=6: UV-sensitive positivity bounds, sum rules.      d=8: UV-insensitive positivity bounds

Related: lack of positivity bounds @ dim-6  null results don’t preclude new particles below 
corresponding scale. Positivity bounds @ dim-8 robustly connect null results to confirmation of SM.

→

Thus far: primarily applied to aQGCs @ LHC 
[e.g. C. Zhang, S-Y. Zhou, 1808.00010 et seq.] 

Naive expectation: dim-8 operator effects always subleading 

Reality: often leading effect due to non-interference thms and 
more pragmatic non-interference effects (color, phase space, …)

Not yet fully understood: space of observables where dim-8 
operators provide leading effects at LHC, prospects for 

constraints? Powerful opportunity for theory-experiment interplay.

Figure 1. Limits on pairs of QGC operator coefficients from CMS WZjj analysis [8]. Green
shaded area represents positivity bounds.

Figure 1 left the possible parameter space is reduced to a very narrow range, and the experimental
analysis could have been focused only within this range, as BSM deviation cannot be observed
elsewhere. Second, theoretical studies on QGC often follow a bottom-up approach, and in that
case they are advised to keep the positivity constraints satisfied and avoid choosing unphysical
benchmark parameters. Finally, as a more practical aspect, experimental limits like those in Figure 1
are often obtained by scanning the parameter space, and comparing the theory prediction at each
point with the observed events. Therefore in a global SMEFT analysis where all relevant operators
are taken into account, positivity constraints greatly reduce the area of parameter space that needs
to be scanned, and thus improving the efficiency of experimental analysis.

In our previous work, these bounds are derived for each V V ! V V amplitude, with arbitrary
polarisation vectors ~a and ~b. The derivation will be given in Section 2 but with more details. The
resulting positivity bounds on VBS consist of 7 linear inequalities of the form

P
i
Fixi,j(~a,~b) > 0,

where j = W±W±,W±W⌥,W±Z,ZZ,W±�, Z�, �� denotes the scattering channel. While this
set of conditions in principle encodes all information of the bounds, they are difficult to use because
the polarisation vectors ~a and ~b show up as free parameters. Each of them is a complex linear
combination of three helicity states, and so in total they correspond to 12 real degrees of freedom.
The positivity bounds must be satisfied not only for the basis helicities, but also for their arbitrary
linear combinations. Therefore, to determine if a set of QGC coefficients {Fi} are excluded by
positivity conditions, one has to scan a 12-dimensional space of ~a,~b and check if any point that
violates the conditions exists. This can be done in a numerical way, but it takes time to efficiently
scan a multidimensional space and is sometimes inaccurate. In Ref. [10], for simplicity we have only
considered real polarisation vectors. This restriction limited the constraining power of positivity
bounds.

The main purpose of this work is to find the analytical form that describes exactly the allowed
parameter space for all ~a and ~b, by removing the polarisation dependence in positivity bounds. This
is done by going through all possible complex values for ~a,~b, and combining all the corresponding
bounds. We will then obtain a set of analytical inequalities independent of ~a,~b, and can be directly
used in any experimental or theoretical studies. They consist of 19 linear inequalities, 3 quadratic
inequalities and 1 quartic inequality. These bounds carve out higher dimensional pyramids, prisms,

– 3 –

[Bi, Zhang, Zhou 1902.08977]



• Many ways to get U(1)em Higgs EFT starting from SU(2)xU(1) symmetry in the UV, consistent w/ data. 
HEFT can be the preferred EFT for data even when both HEFT & SMEFT expansions valid. 

• Motivates giving HEFT more thorough attention, both as a theory and as an interpretation. Plethora of 
structural questions currently being explored in SMEFT can also be addressed in HEFT. 

• There is a new “big” question we should ask, which to my knowledge is not being systematically 
explored: “Is electroweak symmetry linearly realized by the known fundamental particles?” 

• Considerable progress in positivity bounds offers new “tests” of bedrock principles of QFT. Motivates 
looking for LHC measurements where dim-8 dominates, rather than just treating positivity bounds as 
subleading input to fits.

Conclusions

SMEFT HEFT HEFT ~HEFT

21 Thank you!


