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TOY MODEL AT ONE-LOOP, #1

• Light and heavy scalar: 

• Calculate                 in        (ie drop poles).  (Also t- and u- channel, plus tree level)

• No choice of scale eliminates logs
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TOY MODEL AT ONE- LOOP, #2

• Now compute                in EFT 

• Note Lagrangian coefficients can be different in EFT (it’s a different theory)

• At matching scale,  L:

• At tree level:

• At one-loop:
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Matching has no logarithmic 
dependence on low scale, m
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MORE ON SCALES 

• Since matching is done at L, low energy amplitude is:

• RGE running of Cf4 from L to µL

• No large logs in EFT amplitude 
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EVEN MORE ON LOGS

• Keep going with with heavy/light scalar toy model

• Consider a diagram with 1 heavy and 1 light propagator:

• Now think about an EFT where propagators are expanded first

• Matching:
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• Order of integration matters
• Non-analytic dependence on m 

same in both IUV and IIR
• Difference between integrals give 

matching condition, which is 
analytic in m
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TOP DOWN VS BOTTOM UP

• Bottom-up approach, we only consider EFT which describes the low energy physics of 
any UV model (with no light particles).

• Can describe experiments using global fits in terms of common Lagrangian

• Top down approach, consider specific UV model and match to EFT (compute 
coefficients of EFT in terms of parameters of UV model)

• CONS:  lose model independence

• PROS:  fewer parameters

• Can classify UV models in terms of dictionaries
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WARSAW BASIS

+…..
• The interesting operators are those with derivatives
• Derivative operators introduce new structures into kinematic distributions
• Most of 2499 operators come from flavor permutations
• Systematically eliminate derivative operators using equations of motion and integration by parts

7HW:  Why do dipole interactions not interfere with the SM for massless fermions?



FIND A BASIS OF OPERATORS

• Start with dimension-6 operators:   with no 
assumptions,  2499 possibilities  

• Most popular basis is  “WARSAW BASIS” 

• Typically work to tree level with one occurrence of 
dimension-6 operator

• Consider contributions to processes dominated by 
H/Z/W resonances, and interference with SM only 
(linear in EFT) (REASONABLE ASSUMPTION)

Total Not resonance
 suppressed

General 2499 46

MFV 108 30

U(3)5 70 24

1709.06492

Useful source of Feynman rules: 1704.03888 8

Complete dimension-8 basis known

https://arxiv.org/abs/1709.06492
https://arxiv.org/pdf/1704.03888.pdf


SM IS SPECIAL AT HIGH ENERGY
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SM particles have just the right couplings so amplitudes don’t grow with energy

Terms which grow with energy 
cancel for E >> mh

E4 terms cancel between 
TGC and QGC
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UNITARITY HAS REAL WORLD CONSEQUENCES

• The story started in pre-history 
with the classic paper:

• Probing the Weak Boson Sector in e+e- 
→W+ W (Hagiwara, Peccei, 
Zeppenfeld, Hikasa, 1987)

• At that time the structure of the 3 
gauge boson interactions had not 
been verified experimentally

0
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10What is a smoking gun signature for SMEFT?



HIGGS MECHANISM IN SMEFT

• Higgs mechanism as usual, but with extra terms

• Minimize potential (keeping only terms up to 1/L2):

*subscript 0 indicates field before shift 
of field to get canonical normalizationThis is Warsaw basis 11
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HIGGS MECHANISM IN SMEFT, #2

• Higgs field is not canonically normalized:

• Canonical normalization recovered:

• All Higgs interactions shifted

Other possible purely scalar operators can be eliminated by 
integration by parts, or by use of the equations of motion
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YUKAWAS IN SMEFT

• Consider down quark sector

• Diagonalizing mass matrix doesn’t simultaneously diagonalize Yukawas
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SMEFT GAUGE SECTOR

• Shift fields so that gauge fields have canonical forms

• Find mass eigenstates as usual:

• SM relationships among parameters altered (barred fields remind us of this)
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OBLIQUE PARAMETERS

• Arbitrarily set all parameters except CfWB and CfD=0
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1909.02000

You get quite different results when you allow all 
coefficients to vary.  Picking specific non-zero coefficients 
involves assumptions about underlying model
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OfWB changes WWg and WWZ vertices 
and so affects WW pair production
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HIGGS DECAYS

• Example: h→bb

• Is this just a fancy way of writing the ! Õs?

From normalizing 
h kinetic energy

From change in 
relation between 
GF and v

New dimension-6 operator

OdH = Yd(!   ! )qL ! dR
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CONSIDER h! ZZ

• Compare h→ZZ (on-shell) to h→Zff

• EFT can capture off-shell effects ( k approach cannot)

 

cZZ are momentum 
dependent operators
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! (h ! ZZ )
! (h ! ZZ ) |SM

=1 +
1

"
2GF " 2

!
ck # .4cZZ

"
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! (h ! Zf f )

! (h ! Zf f ) |SM
=1 +

1
"

2GF " 2

!
ck # .97cZZ

"

<latexit sha1_base64="9F21eYvbrfIN/p8ua/zC4fw/jwg="></latexit>

ck =
C! D

2
+ 2C! ! + Cll ! 2C(3)

! l

cZZ =
M 2

W

M 2
Z

C! W + (1 !
M 2

W

M 2
Z

)C! B +
M W

M Z

!

1 !
M 2

W

M 2
Z

C! W B



h! Zff

• EFT has more information than total rate

• q2 is fermion pair invariant mass squared

• Integrate up to qcut 

• (GFq2/L2)f(qcut) is coefficient of cZZ

d!
dq2 |EF T =

d!
dq2 |SM

!
1 +

1
!

2GF " 2
ck

"
+

GF q2

" 2 cZZ (...)
<latexit sha1_base64="JeNSr0PkRXvm+eM5Dycba+yxCJ4="></latexit>
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qcut (GeV)
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-1

f(
q cu

t)

Off- Shell Decay, H!  Z ff
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SMEFT has kinematic information

<latexit sha1_base64="8dxHx0BWiwht3QlVSMOn3TDBBLk="></latexit>

O! -shell decay, h ! Zf f



WHEN IS EFT VALID?

• SMEFT

• Problem is that (A6)2 terms are the same order as A8 terms that we have dropped when 
counting in 1/L

• If we only keep A6/L2 terms and drop (A6/L2)2, the cross section is not guaranteed to be 
finite 

• Corrections are O(s/L2) or O(v2/L2)

L ! L SM + ! i
C6i

" 2 O6i + ! i
C8i

" 4 O8i + ...

A2 ! | ASM +
A6

! 2 + ... |2! A2
SM +

ASM A6

! 2 +
A2

6

! 4 + ....

Leads to idea that there is a maximum energy scale 
where SMEFT is valid for scattering processes
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COUNTING LORE

! ! g2
SM (ASM )2 + gSM gBSM ASM A6

s
! 2

+ g2
BSM (A6)2 s2

! 4 + gSM gBSM ASM A8
s2

! 4

Same order of magnitude  if gSM ~ g BSM

(dim-6)2 could dominate if gBSM>> gSM

Dimension-6 quadratic 
expansion can be valid for 
strongly interacting theory 

Dropping dim-8 terms implicitely makes some assumptions

20
*In specific examples, dim-8 pieces don’t 
seem to be important except for 2HDM



CAN’T JUST FIT HIGGS COUPLINGS

H

W, Z

W, Z

Leads to concept of global fits

Operators that contribute to VVV vertices and Higgs-VV vertices

Anomalous qqZ 
vertices too!

• Changing ZWW, gWW vertices spoils high energy cancellations between contributions

21



DIBOSON PRODUCTION

• Sensitive to variations of Zff and Z(g)WW couplings

• Old story: Individual contributions grow with energy

• Cancellations keep amplitudes from growing at high energy in SM

No growth with energy in SM

Changing gauge or fermion couplings spoils cancellation

22



OBVIOUS PROBLEM

• One proposal for dealing with this issue is to put a cut on the maximum energy where the 
SMEFT is assumed to be valid

0 500 1000 1500 2000 2500 3000

pT (W
+
) GeV

10
-10

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1

d!
/d

p T
 (

pb
/G

eV
)

SM

3GB, |A|
2

3GB, 1/"
2

Ferm, |A|
2

Ferm, 1/"
2

SM, LO QCD+NLO EW

pp# W
+
W

-
, $S=13 TeV, LO

µ=MW, CT14QED PDFs

…. Anomalous 3 gauge boson couplings
----Anomalous Z-fermion couplings allowed 
by LEP measurements

* s goes negative, expansion not valid

 
Linear expansion

1708.03332

Cannot ignore 
negative cross 
section region
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https://arxiv.org/pdf/1708.03332.pdf


NLO CORRECTIONS IN SMEFT

• Compute NLO corrections to O(v2/" 2) (ie linear in EFT coefficients)

• SMEFT is a new theory; calculate consistently to one-loop QCD and EW

• One-loop SMEFT QCD corrections automated in SMEFTsim,  2012.11343 and 
SMEFT@NLO,  2008.11743

• One-loop SMEFT EW corrections done on case by case basis

• Coefficient functions renormalized in 

• Solved problem at one-loop 

MS
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

1312.2014,  1310.4838,  1309.0819 24

https://arxiv.org/pdf/2012.11343
https://arxiv.org/pdf/2008.11743
https://arxiv.org/pdf/1312.2014.pdf
https://arxiv.org/pdf/1310.4838.pdf
https://arxiv.org/pdf/1309.0819.pdf


QCD MATTERS

• K factors aren’t the same as in SM

• Effect is enhanced for large momenta
WZ

SMEFT is a new theory: can 
consistently calculate loop corrections
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FIT TO LINEARIZED RATES

• Drop all coefficients where cross section is negative

• Linearized limits significantly weaker than 1/L4 limits (can cancel terms)

Negative s at NLO  (blue), negative at LO (gray)

Negative s at LO

26

1/L4 curves don’t 
include double 
insertions of dim-6 
operators



SMEFT CONNECTS PROCESSES

Top

Higgs Di-boson

EWPO

ttH

ttZ

WW

27



W AND Z POLE OBSERVABLES

• Fit to 14 data points—inputs are Gµ, MZ, a

• Tree level expressions depend on (in Warsaw basis) assuming flavor independence

• Tree level SMEFT expressions depend on 8 combinations of operators 

M W , ! W , ! Z , ! h , Al,F B , Ab,F B , Ac,F B , Ab, Ac, Al , Rl , Rb, Rc
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Cll , C! W B , C! u , C(3)
! q , C(1)

! q , C(3)
! l , C(1)

! l , C! e, C! D , C! d
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

!  2 blind directions (resolved by other measurements)
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RENORMALIZABILITY

• What does it mean to renormalize a theory of dimension > 4?

• Formally, such theories are non-renormalizable

• Include 1 insertion of a dim-6 operator → 1/(! " 2)

• This can be absorbed into dim-6 counterterm

• Now include 2 insertions of dimension-6 operators →1/(! " 4)

• Needs dimension-8 (1/" 4) counterterm

• And so on….

• We say that the SMEFT is renormalizable order by order in 1/"

29



COMPUTE EACH OBSERVABLE TO NLO 
IN SMEFT

• Example MW  = MW
SM + dMW

• Dependence on many coefficients at NLO (QCD + EW)

• Always use “best” SM prediction for fits 

All SMEFT effects here

a, Gµ,  MZ scheme 30



Coe!cient LO NLO

C!D [! 0.034, 0.041] [-0.039,0.051]

C!W B [! 0.080, 0.0021] [! 0.098, 0.012]

C!d [! 0.81, ! 0.093] [! 1.07, ! 0.03]

C(3)
!l [! 0.025, 0.12] [! 0.039, 0.16]

C!u [! 0.12, 0.37] [! 0.21, 0.41]

C(1)
!l [! 0.0086, 0.036] [! 0.0072, 0.037]

Cll [! 0.085, 0.035] [! 0.087, 0.033]

C(1)
!q [! 0.060, 0.076] [! 0.095, 0.075]

1

NLO SMEFT EFFECTS ON POLE OBSERVABLES

• Fits marginalizing over other coefficients

• Neglect flavor effects
• Contribution from top loops

NLO effects  can be important

31



EWPO WITH FLAVOR

• Allow coefficients to have flavor 
dependence

• Consider operators that contribute 
both to top pair production at the LHC 
and to EWPO at 1-loop

• For some operators, similar sensitivity

SMEFT message:  CONNECTIONS between data sets

2201.09887

<latexit sha1_base64="dMw7pkyeaOPiEeE1fzn19nkf2QU=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoioh4LvXhswX5AG8tms2mXbjZhdyOUkL/hxYMiXv0z3vw3btMctPXBwOO9GWbmeTFnStv2t1Xa2Nza3invVvb2Dw6PqscnPRUlktAuiXgkBx5WlDNBu5ppTgexpDj0OO17s9bC7z9RqVgkHvQ8pm6IJ4IFjGBtpFFrnHb87DGtO5fZuFqzG3YOtE6cgtSgQHtc/Rr5EUlCKjThWKmhY8faTbHUjHCaVUaJojEmMzyhQ0MFDqly0/zmDF0YxUdBJE0JjXL190SKQ6XmoWc6Q6ynatVbiP95w0QHd27KRJxoKshyUZBwpCO0CAD5TFKi+dwQTCQztyIyxRITbWKqmBCc1ZfXSe+q4dw0nM51rVkv4ijDGZxDHRy4hSbcQxu6QCCGZ3iFNyuxXqx362PZWrKKmVP4A+vzByQukQU=</latexit>

C(1)
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]

EWPO, ! " 2

tt, !
-2

tt, !
-4

95% CL limits on 3
rd

 generation 4-fermion operators
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GLOBAL FIT TO HIGGS

! ATLAS fit to Higgs data

! Comparison of linear and 
quadratic fits

! Not huge difference between them 
(the better the limit is, the closer 
they are)

ATLAS, 2402.05742
33

https://arxiv.org/pdf/2402.05742


WHERE DO LIMITS COME FROM?

• Electroweak precision observables:

• LHC Higgs data

• LHC and LEPII  W+W- data  

• (Top data)

! Typically probe 1-10 TeV scale (with C=1)
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Often, multiple measurements 
contribute to limits
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MANY GLOBAL FITS

<latexit sha1_base64="gHzH0C9h2XnM1b9fy3VGrkyMxTw="></latexit>
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2105.00006

! Blue: Higgs only observables 
calculated to 1/L4 at dimension-6 

! Red:  Higgs + top+VV observables 
calculated to 1/L4 at dimension-6

! Include top, Higgs, VV
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Higgs! only, Quadratic NLO EFT

Top + Higgs + VV , Quadratic NLO EFT

Including top can make a big difference

https://arxiv.org/pdf/2105.00006.pdf


WHAT DOES IT MEAN?

• I don’t particularly care about the numerical value of some coefficient

• But… an unambiguously non-zero value of a Wilson coefficient is a clear sign of new physics.

• Power of EFTs is that coefficients can be matched to high scale models of underlying UV physics

Different BSM models will have different 
(calculable) patterns of coefficients
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PATTERNS

• Only a small number of operators 
generated in specific models

• Coefficients can be computed in terms 
of BSM inputs
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<latexit sha1_base64="I2jDXxx5dDRKDVQfWoaRUHsoySc=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5JIUY+FXjxWsB+QxrDZbtulm03cnSgl9qd48aCIV3+JN/+N2zYHbX0w8Hhvhpl5YSK4Bsf5tgpr6xubW8Xt0s7u3v6BXT5s6zhVlLVoLGLVDYlmgkvWAg6CdRPFSBQK1gnHjZnfeWBK81jewiRhfkSGkg84JWCkwC43ggz3khHH99M71wPwA7viVJ058Cpxc1JBOZqB/dXrxzSNmAQqiNae6yTgZ0QBp4JNS71Us4TQMRkyz1BJIqb9bH76FJ8apY8HsTIlAc/V3xMZibSeRKHpjAiM9LI3E//zvBQGV37GZZICk3SxaJAKDDGe5YD7XDEKYmIIoYqbWzEdEUUomLRKJgR3+eVV0j6vuhdV96ZWqdfyOIroGJ2gM+SiS1RH16iJWoiiR/SMXtGb9WS9WO/Wx6K1YOUzR+gPrM8fX9aTZA==</latexit>

C1
! q[tt ]

<latexit sha1_base64="YFvlv2gohzpo868dLFGa2oVPDJo=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBFclUSLuix047KCfUAaw2Q6aYdOJnHmRimxn+LGhSJu/RJ3/o3Tx0JbD1w4nHMv994TpoJrcJxva2V1bX1js7BV3N7Z3du3SwctnWSKsiZNRKI6IdFMcMmawEGwTqoYiUPB2uGwPvHbD0xpnshbGKXMj0lf8ohTAkYK7FI9yHE3HXB8P7479wD8wC47FWcKvEzcOSmjORqB/dXtJTSLmQQqiNae66Tg50QBp4KNi91Ms5TQIekzz1BJYqb9fHr6GJ8YpYejRJmSgKfq74mcxFqP4tB0xgQGetGbiP95XgbRlZ9zmWbAJJ0tijKBIcGTHHCPK0ZBjAwhVHFzK6YDoggFk1bRhOAuvrxMWmcV96Li3lTLteo8jgI6QsfoFLnoEtXQNWqgJqLoET2jV/RmPVkv1rv1MWtdseYzh+gPrM8fYuaTZg==</latexit>

C3
! q[tt ]

<latexit sha1_base64="WWD/W9UY2UcZ41uA4TSPs7hCngo=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GOhF48V7AekoWy2m3bpZhN2J0IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nzbnffeLaiEQ94jTlQUxHSkSCUbSS3xzkpJ+OBQlng2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb4nptikFONgkk+q/Qzw1PKJnTEfUsVjbkJ8sXJM3JhlSGJEm1LIVmovydyGhszjUPbGVMcm1VvLv7n+RlGd0EuVJohV2y5KMokwYTM/ydDoTlDObWEMi3srYSNqaYMbUoVG4K3+vI66VzVvZu693Bda1wXcZThDM7hEjy4hQbcQwvawCCBZ3iFNwedF+fd+Vi2lpxi5hT+wPn8AYcskLk=</latexit>

C! b
<latexit sha1_base64="mfMqen2GXmZsD/rxqLLHLjnVqB8=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GOhF48V7AekoWy2m3bpZhN2J0IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nzbnffeLaiEQ94jTlQUxHSkSCUbSS3xzkpJ+OBcHZoFpz6+4CZJ14BalBgdag+tUfJiyLuUImqTG+56YY5FSjYJLPKv3M8JSyCR1x31JFY26CfHHyjFxYZUiiRNtSSBbq74mcxsZM49B2xhTHZtWbi/95fobRXZALlWbIFVsuijJJMCHz/8lQaM5QTi2hTAt7K2FjqilDm1LFhuCtvrxOOld176buPVzXGtdFHGU4g3O4BA9uoQH30II2MEjgGV7hzUHnxXl3PpatJaeYOYU/cD5/AKKGkMs=</latexit>

C! t
<latexit sha1_base64="zYgPoMklkppBQdx2zx6hoMAGmwA=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GOhF48V7Ac0oWy2m3bpZhN2J0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nzbnffeLaiEQ94jTlQUxHSkSCUbSS3xzkxE/HgmA4G1Rrbt1dgKwTryA1KNAaVL/8YcKymCtkkhrT99wUg5xqFEzyWcXPDE8pm9AR71uqaMxNkC9unpELqwxJlGhbCslC/T2R09iYaRzazpji2Kx6c/E/r59hdBfkQqUZcsWWi6JMEkzIPAAyFJozlFNLKNPC3krYmGrK0MZUsSF4qy+vk85V3bupew/XtcZ1EUcZzuAcLsGDW2jAPbSgDQxSeIZXeHMy58V5dz6WrSWnmDmFP3A+fwBf5ZE3</latexit>

C! tb
<latexit sha1_base64="RRbV7BaOyDBvV+0SHqy9LFvkJoY=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMdCD3qsYD+gDWWz3bRLN5uwOxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wacz9zhPXRsTqEacJ9yM6UiIUjKKVeo1BRvrJWJC72aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFyTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/9TKgkRa7YclGYSoIxmf9PhkJzhnJqCWVa2FsJG1NNGdqUSjYEb/XlddK+qnrXVe+hVqnX8jiKcAbncAke3EAd7qEJLWAQwzO8wpuDzovz7nwsWwtOPnMKf+B8/gBeJZCe</latexit>

C! G



• If we measure non-zero SMEFT coefficients, 
can we determine the underlying high scale 
model?

• In simple models (ie 1 new massive particle, 
whose interactions are described in terms of 
a single parameter) the particles that can 
contribute to dimension-6 operators have 
been categorized long ago

• Dimension-6 contributions only sensitive to 
C/L2 : Scale interpretation ambiguous

2204.05260

Global fit with C=1

Charge 0 and charge 
1 fermions

Neutral gauge 
boson

SU(2) triplet scalar, 
Y=0

SU(2) triplet 
gauge boson
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INVERSE PROBLEM

https://arxiv.org/pdf/2204.05260.pdf


DO FITS TO SUBSETS OF OPERATORS
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Interpret fit results in terms of model parameters (M and sin q)
 C!  and C! !  don’t contribute to EWPOs at tree level
 Information from RGE running of coefficients from L to MZ

39

What if we assume a singlet model at the high scale?

<latexit sha1_base64="t3MeASBjWnZcUJ9arGon5K8QZys=">AAAB7XicdVBNS8NAEJ34WetX1aOXxSJ4CkkNbb0VevFYwX5AG8pmu2nXbjZhdyOU0P/gxYMiXv0/3vw3btoKKvpg4PHeDDPzgoQzpR3nw1pb39jc2i7sFHf39g8OS0fHHRWnktA2iXksewFWlDNB25ppTnuJpDgKOO0G02bud++pVCwWt3qWUD/CY8FCRrA2Uqc5HCQTNiyVHfuqXq14VeTYjlNzK25OKjXv0kOuUXKUYYXWsPQ+GMUkjajQhGOl+q6TaD/DUjPC6bw4SBVNMJniMe0bKnBElZ8trp2jc6OMUBhLU0Kjhfp9IsORUrMoMJ0R1hP128vFv7x+qsO6nzGRpJoKslwUphzpGOWvoxGTlGg+MwQTycytiEywxESbgIomhK9P0f+kU7Hdqu3eeOVGfRVHAU7hDC7AhRo04Bpa0AYCd/AAT/Bsxdaj9WK9LlvXrNXMCfyA9fYJtMWPMw==</latexit>

C!

<latexit sha1_base64="KbbP8ymGtJYOmT2T1iEBz0pBu2c=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZIa2rordOOygn1AE8JkOmmHTiZxZlIooX/ixoUibv0Td/6Nk7aCih64cDjnXu69J0wZlcq2P4zSxubW9k55t7K3f3B4ZB6f9GSSCUy6OGGJGIRIEkY56SqqGBmkgqA4ZKQfTtuF358RIWnC79Q8JX6MxpxGFCOlpcA020HupRMKPXmfIUEWgVm1retmvebWoW3ZdsOpOQWpNdwrFzpaKVAFa3QC890bJTiLCVeYISmHjp0qP0dCUczIouJlkqQIT9GYDDXlKCbSz5eXL+CFVkYwSoQuruBS/T6Ro1jKeRzqzhipifztFeJf3jBTUdPPKU8zRTheLYoyBlUCixjgiAqCFZtrgrCg+laIJ0ggrHRYFR3C16fwf9KrWU7dcm7daqu5jqMMzsA5uAQOaIAWuAEd0AUYzMADeALPRm48Gi/G66q1ZKxnTsEPGG+f3g6TzQ==</latexit>

C! !

<latexit sha1_base64="WWJdIxrHippKPOMBtvVF9r/l94I=">AAAB7XicdVBNS8NAEN3Ur1q/qh69LBahXkISQ1tvBS9ehAptWmhD2Ww37drNJuxuhBL6H7x4UMSr/8eb/8ZNW0FFHww83pthZl6QMCqVZX0YhbX1jc2t4nZpZ3dv/6B8eOTJOBWYdHDMYtELkCSMctJRVDHSSwRBUcBIN5he5X73nghJY95Ws4T4ERpzGlKMlJa8m2qbeOfDcsUyLxs1x61By7Ssuu3YOXHq7oULba3kqIAVWsPy+2AU4zQiXGGGpOzbVqL8DAlFMSPz0iCVJEF4isakrylHEZF+trh2Ds+0MoJhLHRxBRfq94kMRVLOokB3RkhN5G8vF//y+qkKG35GeZIqwvFyUZgyqGKYvw5HVBCs2EwThAXVt0I8QQJhpQMq6RC+PoX/E88x7Zpp37qVZmMVRxGcgFNQBTaogya4Bi3QARjcgQfwBJ6N2Hg0XozXZWvBWM0cgx8w3j4B1oSOoQ==</latexit>

M (T eV)

<latexit sha1_base64="Ed5p9ixwys25OwmF9JTPvmSIhn0=">AAACAnicdVA9SwNBEN3z2/gVtRKbxSBYhbsYktgJNpYKRoVcCHubiVnc3Tt258RwBBv/io2FIrb+Cjv/jXtJBBV9MPB4b4aZeVEihUXf//Cmpmdm5+YXFgtLyyura8X1jXMbp4ZDk8cyNpcRsyCFhiYKlHCZGGAqknARXR/l/sUNGCtifYaDBNqKXWnRE5yhkzrFrdAKHWIfkHWyEOEWjcoUux0OO8WSXz5o1CrVGvXLvl8PKkFOKvXqfpUGTslRIhOcdIrvYTfmqQKNXDJrW4GfYDtjBgWXMCyEqYWE8Wt2BS1HNVNg29nohSHddUqX9mLjSiMdqd8nMqasHajIdSqGffvby8W/vFaKvUY7EzpJETQfL+qlkmJM8zxoVxjgKAeOMG6Eu5XyPjOMo0ut4EL4+pT+T84r5aBWDk6rpcPGJI4Fsk12yB4JSJ0ckmNyQpqEkzvyQJ7Is3fvPXov3uu4dcqbzGySH/DePgEr35iQ</latexit>

sin ! max



2HDM IS A GOOD TESTING GROUND

! Consider model with 2 Higgs doublets, F1 and F2 with a softly broken Z2 symmetry: F1 "   F1 
and F2 "  - F2

! 5 physical Higgs bosons, h125, H0,  A, H± 

! Rotate to the Higgs basis

! In this basis <H2>=0, <H1>=v/√2

! Very convenient for SMEFT studies

! Z’s can be written in terms of physical parameters

<latexit sha1_base64="Gs/tSBUANEkJwb4dzbbhZcRkQGw="></latexit>!
H1

H2

"
=

!
cos! sin !

! sin ! cos!

" !
! 1

! 2

"
,

<latexit sha1_base64="Db8oIH9+BFBqwneL1kG76aDKelA="></latexit>
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+
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" 2
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2H2

" 2
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" !
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2H2
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1H2

" !
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"
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2

!
H  

1H2

" 2
+ Z6

!
H  

1H1

" !
H  

1H2

"
+ Z7

!
H  

2H2

" !
H  

1H2

"
+ h.c.
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<latexit sha1_base64="zdrYWIVKDh89snadubvBC4j3z40="></latexit>

v, ! ! " , mh125 , Y2, mH 0 , mA , mH ±



2HDM CONTINUED

• 4 choices for fermion Yukawas  (avoid tree level FCNC)
<latexit sha1_base64="h36D3fBpjjzLGTvZR3tnHdZokHA="></latexit>

L Y ! " ! (1)
u øuR ÷H  

1qL " ! (2)
u øuR ÷H  

2qL " ! (1)
d

ødR H  
1qL " ! (2)

d
ødR H  

2qL + h.c.
<latexit sha1_base64="FKY2IIP4vSDWduo0gpeSHPdOzms="></latexit>

! (1)
f =

!
2

v
mf ! (2)

f =
" f

tan #
! (1)

f

• Type II is MSSM-like
• Type I has enhanced (suppressed) couplings to b 

quarks at small (large) tan b



MATCH TO SMEFT AT DIMENSION-6

• At dimension-6, observables depend on C/L2 (ie you can’t determine a scale independently of 
assumptions about coefficients, C)

• Decoupling limit:  (Y3/Y2)<<1  

• At tree level dimension-6, 2HDM SMEFT matching generates:

! Dimension-6 matching does NOT 
generate 2HDM VVh125 couplings!

* M is common mass of heavy scalars

<latexit sha1_base64="iWhVkah67Wong2vVn1gZ8lTXMVg="></latexit>

v2C!

! 2 =
cos2(! ! " )M 2

v2

v2Ct !

! 2 = !
#t

"
2mt cos(! ! " )

v tan !

v2Cb!

! 2 = !
#b

"
2mb cos(! ! " )

v tan !
v2C"!

! 2 = !
#"

"
2m" cos(! ! " )

v tan !
<latexit sha1_base64="7RJPgNOSI2ccpqvBQephSY3yEU4="></latexit>

Of ! = ( !   ! )(qL
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DIMENSION-8 MATTERS IN 2HDM
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2205.01561

• hWW and hZZ 
couplings 
generated at 
dimension-8

• Including only 
dimension-6 
operators does 
not capture the 
physics of the 
full model

https://arxiv.org/pdf/2205.01561.pdf


FINALLY, WHAT IF IT’S NOT SMEFT?

! What if Higgs is not part of an SU(2) doublet?  "   HEFT (Higgs Effective Field Theory)

! Expansion is different from SMEFT (LO Lagrangian here)

! Unitary gauge, U" 1;  SM:  a=b=k3=k4=1  SMEFT:

! Suggests that hh" hh,  WW" hh can distinguish between SMEFT and HEFT

<latexit sha1_base64="qLoc42zSfDmxb4ozo5vpgqPBhWM="></latexit>

L HEF T !
v2

4

!
1 + 2a

h
v

+ b
h2

v2 + ....
"
T r

#
Dµ U  Dµ U

$
+

1
2

(! µ h)2 " V (h)

<latexit sha1_base64="874VJAQUj34MGMezXgG729306Co="></latexit>

Dµ U = ! µ U + igW a
µ

" a

2
U ! ig!U

" 3

2
Bµ

<latexit sha1_base64="GP6fPEOGBO0WknXp1qbRRtxXODI="></latexit>

V (h) =
1
2

m2
h h2

!
1 + ! 3

h
v

+
! 4

4
h2

v2 + ...
"

<latexit sha1_base64="hVxv3fH4OHM/3JIVBz+ngrs2anI="></latexit>

b ! a =
3CH ! v2

! 2

2204.01763 , 2307.15693,  2305.07689 , 2311.16897 , 2312.03877,  2211.09605

h is physical Higgs
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https://arxiv.org/pdf/2204.01763.pdf
https://arxiv.org/pdf/2307.15693.pdf
https://arxiv.org/pdf/2305.07689.pdf
https://arxiv.org/pdf/2311.16897.pdf
https://arxiv.org/pdf/2312.03877.pdf
https://arxiv.org/pdf/2211.09605.pdf


SMEFT VS HEFT

2211.09605
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HH production via VBS can potentially 
distinguish SMEFT from HEFT LHC
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a=! V,  b=! 2V 45

Is the Higgs in an 
SU(2) doublet?

https://arxiv.org/pdf/2211.09605.pdf


IN SUMMARY

• SMEFT and HEFT are messy, but they are the only toolswe have to 
search for new physics in the absence of new light particles

• Understanding the uncertainties and assumptions is crucial

• Significant progress, but still plenty of low hanging fruit for theorists

46



EXTRA
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ASIDE

• Consider 2 #  2  particle elastic scattering

• Partial wave decomposition of amplitude

• a!"are the spin ! partial waves
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!! "#!$ #$
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#$%& !!"Optical theorem requires:
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