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WE KNOW THERE MUST BE 
NEW PHYSICS

• What is dark matter?

• Why is there a matter-antimatter asymmetry?

• What sets the pattern of fermion masses? 

• Why is the top so heavy and why are neutrinos so light?

• Why are the W and Higgs so much lighter than the Planck 
scale?

• Why is the Standard Model so simple with only one Higgs 
doublet?
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Many possibilities for new physics that 
attempts to answer these questions



WHERE TO LOOK FOR NEW PHYSICS?

S. Dawson, BNL

Different questions suggest 
searching at different scales

Hierarchy problem?
Neutrino masses?Dark matter? I will focus on 

scenario where new 
physics is heavy
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NEW PHYSICS

No resonance or light resonance or new 
signatures

Precision measurements

Find resonance! Current knowledge will be 
strengthened at HL-LHC

• Hard to know what we expect
• Can we determine source of new physics?
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EVERYTHING LOOKS LIKE THE SM AT 
THE WEAK SCALE

5

0 1 2 3 4

theos / expsProduction Cross Section Ratio:   

CMS PreliminaryAug 2023

All results at:
http://cern.ch/go/pNj7

https://arxiv.org/abs/1405.7225
https://arxiv.org/abs/1405.7225gg  0.12± 0.01 ±1.06 -15.0 fb
https://arxiv.org/abs/1308.6832
https://arxiv.org/abs/1308.6832(NLO th.), gW  0.13± 0.03 ±1.16 -15.0 fb
https://arxiv.org/abs/2102.02283
https://arxiv.org/abs/2102.02283(NLO th.), gW  0.05± 0.00 ±1.01 -1137 fb
https://arxiv.org/abs/1308.6832
https://arxiv.org/abs/1308.6832(NLO th.), gZ  0.05± 0.01 ±0.98 -15.0 fb
https://arxiv.org/abs/1502.05664
https://arxiv.org/abs/1502.05664(NLO th.), gZ  0.05± 0.01 ±0.98 -119.5 fb
https://arxiv.org/abs/1210.7544
https://arxiv.org/abs/1210.7544WW+WZ  0.14± 0.13 ±1.01 -14.9 fb
https://arxiv.org/abs/2107.01137
https://arxiv.org/abs/2107.01137WW  0.09± 0.18 ±1.24 -10.302 fb
https://arxiv.org/abs/1306.1126
https://arxiv.org/abs/1306.1126WW  0.09± 0.04 ±1.07 -14.9 fb
https://arxiv.org/abs/1507.03268
https://arxiv.org/abs/1507.03268WW  0.08± 0.02 ±1.00 -119.4 fb
https://arxiv.org/abs/2009.00119
https://arxiv.org/abs/2009.00119WW  0.06± 0.01 ±1.00 -135.9 fb
https://arxiv.org/abs/2107.01137
https://arxiv.org/abs/2107.01137WZ  0.04± 0.20 ±0.57 -10.302 fb
https://arxiv.org/abs/1609.05721
https://arxiv.org/abs/1609.05721WZ  0.06± 0.07 ±1.05 -14.9 fb
https://arxiv.org/abs/1609.05721
https://arxiv.org/abs/1609.05721WZ  0.07± 0.04 ±1.02 -119.6 fb
https://arxiv.org/abs/2110.11231
https://arxiv.org/abs/2110.11231WZ  0.03± 0.02 ±1.00 -1137 fb
https://arxiv.org/abs/2107.01137
https://arxiv.org/abs/2107.01137ZZ  0.12± 0.59 ±1.36 -10.302 fb
https://arxiv.org/abs/1211.4890
https://arxiv.org/abs/1211.4890ZZ  0.07± 0.13 ±0.97 -14.9 fb
https://arxiv.org/abs/1406.0113
https://arxiv.org/abs/1406.0113ZZ  0.08± 0.06 ±0.97 -119.6 fb
https://arxiv.org/abs/2009.01186
https://arxiv.org/abs/2009.01186ZZ  0.04± 0.02 ±1.04 -1137 fb

5.02, 7, 8, 13 TeV CMS measurements (stat,stat+sys) 

stat                 sys

CMS measurements
 theory(NLO)vs. NNLO 
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Theory prediction

• Suggests that the SM is a good approximation to physics at the weak scale and 
in many different sectors

Top quark physics Di-boson physics
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IT APPEARS THAT NEW PHYSICS IS HEAVY ( > 1 
TEV)  [OR VERY LIGHT AND WEAKLY COUPLED]
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Searching for new physics 
as an expansion around the 
SM  assuming no new light 
particles is reasonable

1 TeV



START FROM THE IDEA OF 
HIGH SCALE DECOUPLING

• Suppose there is a new particle  X,  with mass MX>>MW

• SM scattering: 

• Contribution from X:

•  Scattering rate:

ASM ⇠ g2

M2
Z

AX ⇠ g2X
M2

X

Effects of X vanish as 1/MX
2 for weak coupling

This is implicit assumption as we construct SMEFT

� ⇠ �SM +
g2g2X
M2

X

! �SM

X

Z
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*Note: Higgs is example of non-decoupling particle

If UV theory is non-
decoupling, then 
expansion in powers 
of 1/MX

2 will fail at 
some point



INDIRECTLY DISCOVER NEW PHYSICS

• Fermi theory (µ→nne) becomes non-
perturbative at E ~ 600 GeV

• W boson saves the day

W

GFE2 → GFMW
2
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Indirectly discover new physics
Goal is to apply this lesson to TeV scale physics

µ→nne



 ASSUME A HIERARCHY OF SCALES

L >> MW where complete theory exists
•  Any new particles or symmetries are at this scale

•  Expect effects of heavy particles at low scales to be suppressed

MW

Only SM particles in theory at low scales

This is sad scenario where there is no 
intermediate scale physics

Learn about high scale physics by measuring deviations from SM predictions
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SMEFT: SM EFFECTIVE FIELD THEORY

• Assumptions:  New physics decouples at L >> v, E

• At the weak scale:  SM SU(3) x SU(2) x U(1) symmetry and SM particles only 

• New physics described by

• New physics contributions contained in coefficients C (can calculate in specific models) 

• Operators form a complete basis (not unique) 

• L5 and L7 are lepton number violating

LSMEFT = LSM +
L5

⇤
+

L6

⇤2
+

L7

⇤3
+

L8

⇤4

<latexit sha1_base64="d2AX0ZWtlRI3VyHN5Vlog8dmR3U="></latexit>

Ln = ⌃iC
n
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n
i

<latexit sha1_base64="vTZN0xOEoyxUTkYNbS+pR0hi2P0=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4KrM1LGtC6HQjQvBivYB7Thk0rQNzWSGJCOUoRt/xY0LRdz6Ge78GzNtBRU9cC+Hc+4lucePGJXKsj6MzMLi0vJKdjW3tr6xuWVu7zRlGAtMGjhkoWj7SBJGOWkoqhhpR4KgwGek5Y9qqd+6I0LSkN+ocUTcAA047VOMlJY8c+/C42fdazoIkEdrHr3l8DLtnpm3CqeVUtEpQatgWWW7aKekWHaOHWhrJUUezFH3zPduL8RxQLjCDEnZsa1IuQkSimJGJrluLEmE8AgNSEdTjgIi3WR6wAQeaqUH+6HQxRWcqt83EhRIOQ58PRkgNZS/vVT8y+vEql9xE8qjWBGOZw/1YwZVCNM0YI8KghUba4KwoPqvEA+RQFjpzHI6hK9L4f+kWSzYTuHkyslXK/M4smAfHIAjYIMyqIJzUAcNgMEEPIAn8GzcG4/Gi/E6G80Y851d8APG2ycaEJYW</latexit>

Assume Higgs is in 
an SU(2) doublet

Learn about high scale physics by measuring coefficients of effective operators with global fits
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LEARNING FROM SMEFT

<latexit sha1_base64="efC25aVrCHQ7M/ZTXEg1FT7uCzs="></latexit>

⌃
xiC6

i

⇤2
+ ...

Precise 
experimental 
measurements

Precise SMEFT calculationsPrecise SM calculations

Want this Not this
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Experiment = TheorySM + 



MY GOAL TODAY:

• Examine assumptions that go into SMEFT studies

• To what extent does SMEFT give “model independent” predictions?

• What needs doing from a theoretical perspective in order to draw firm 
conclusions about UV physics from SMEFT?
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Higgs

SMEFT IS COMPLICATED

• Power of SMEFT is 
connection of data 
from different 
processes 

Di-boson

EWPO

ttH

ttZ

WW C(1)
HQ

C(3)
HQ

CHdC(1)
HqC(3)

Hq CHu

CHD

CHe C(1)
HlC(3)

Hl

CHWB Cll

CHt

C3,1
Qq

CtB

CtW

CW

C8
QdC1,8

Qq C3,8
Qq C8

Qu

C8
td C8

tqC8
tu

CG

CtG

CbH

CHB

CH⇤

CHG

CHW

C⌧H

CtH

CµH

Higgs tt̄ Diboson EWPO tt̄V top EW

Higgs tt̄ Diboson EWPO tt̄V top EW
Higgs tt̄ Diboson EWPO tt̄V top EW

Higgs tt̄ Diboson EWPO tt̄V top EW

Higgs tt̄ Diboson EWPO tt̄V top EW
Higgs tt̄ Diboson EWPO tt̄V top EW

[Vryonidou]
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CHOOSING OPERATORS FOR A FIT

• We now know complete dimension-6 and dimension-8 basis

• Too many operators to be useful for global fits

• At dimension-8,  895 (36,971)  baryon number preserving for 1 (3) generation

• At dimension-6,  59 (2499) baryon number preserving for 1 (3) generation

• Study impact of cherry picked operators 

• Assumptions worm their way in here

• Try to limit number of operators by assuming specific structures for UV scenarios
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DIMENSION-6 VS DIMENSION-8?

• 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 positive-definite 

• Corrections are O(s/L2) or O(v2/L2)

L ! LSM + ⌃i
C6i

⇤2
O6i + ⌃i

C8i

⇤4
O8i + ...

A2 ⇠| ASM +
A6

⇤2
+ ... |2⇠ A2

SM +
ASMA6

⇤2
+

A2
6

⇤4
+ ....
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WHICH TERMS TO INCLUDE?

16

Dim-6 Dim-8

Double insertions

Loops

• Loops generate dependence on new operators
• Are logarithms good approximation to loop effects?

<latexit sha1_base64="+OsUUVPOHyNZB1+KboXC6IQlFlY="></latexit>

A ⇠ ASM + ai
C6i

⇤2
+ aij

C6iC6j

⇤4
+ bi
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⇤4
+

1

16⇡2


ci
C6i

⇤2
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µ2
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◆�



MANY FITS WITH SINGLE DIM-6 INSERTIONS

17

<latexit sha1_base64="MrpWk4nPy9NDLYDhcD3kfs2gXeM="></latexit>

A ⇠ ASM + ai
C6i

⇤2
+ aij

C6iC6j

⇤4
+ bi

C8i

⇤4
+

1

16⇡2


ci
C6i

⇤2
+ di log

✓
µ2

⇤2

◆�

2105.00006

2012.02779

cQ
Q

1
cQ

Q
8

cQ
t1

cQ
t8

ct
t1

c8
1q

q
c1

1q
q

c8
3q

q
c1

3q
q

c8
qt

c1
qt

c8
ut

c1
ut

c8
qu

c1
qu

c8
dt

c1
dt

c8
qd

c1
qd ct
p

ct
G

cb
p

cc
p

ct
ap ct
W ct
Z

cp
l1

c3
pl

1
cp

l2
c3

pl
2

cp
l3

c3
pl

3
cp

e
cp

m
u

cp
ta

c3
pq

c3
pQ

3
cp

qM
i

cp
Q

M
cp

ui
cp

di cp
t

cp
G

cp
B

cp
W

cp
W

B
cp

d
cp

D
cW

W
W

°100

°10

°1

°0.1

0

0.1

1

10

100

c i
/§

2
(T

eV
°

2 )

Top + Higgs + VV, Quadratic NLO EFT

Top + Higgs + VV, Linear NLO EFT

Blue: Observables calculated to 1/L2 at dimension-6 
Red:  Obserables calculated to 1/L4 at dimension-6

Red:/pink  top included
Orange:  No top

cQ
Q

1
cQ

Q
8

cQ
t1

cQ
t8

ct
t1

c8
1q

q
c1

1q
q

c8
3q

q
c1

3q
q

c8
qt

c1
qt

c8
ut

c1
ut

c8
qu

c1
qu

c8
dt

c1
dt

c8
qd

c1
qd ct
p

ct
G

cb
p

cc
p

ct
ap ct
W ct
Z

cp
l1

c3
pl

1
cp

l2
c3

pl
2

cp
l3

c3
pl

3
cp

e
cp

m
u

cp
ta

c3
pq

c3
pQ

3
cp

qM
i

cp
Q

M
cp

ui
cp

di cp
t

cp
G

cp
B

cp
W

cp
W

B
cp

d
cp

D
cW

W
W

°100

°10

°1

°0.1

0

0.1

1

10

100

c i
/§

2
(T

eV
°

2 )

Top + Higgs + VV, Quadratic NLO EFT

Top + Higgs + VV, Linear NLO EFT

Log scale

https://arxiv.org/pdf/2105.00006.pdf
https://arxiv.org/pdf/2012.02779.pdf


IT’S NOT JUST THE HIGGS ANYMORE

• Higgs data, top quark data, gauge boson pair production, and EW precision 
observables all contribute to SMEFT predictions
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DOUBLE INSERTIONS OF DIM-6 OPERATORS

• Consider double insertions in gluon fusion

• Consider models where CfG=0 (OfG  =(f+f) GµnGµn 
contributes at tree level and complicates counting) 
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When top data is 
included, double 
insertions irrelevant 
for gg→H  in CfG=0 
limit 

* Double insertions for tree level processes straightforward

https://arxiv.org/pdf/2212.03258.pdf


HIGHER ORDER CORRECTIONS

• Progress in computing SMEFT processes to NLO

• NLO SMEFT QCD at dimension-6  is automated: 2008.11743

• QCD effects matter!

20

100 150 200 250 300 350

0.005

0.010

0.050

0.100

100 150 200 250 300 350

1.0

1.2
1.4
1.6

2311.06107

�� (Λ-�)

��� (Λ-�)
�� (Λ-�)

��� (Λ-�)

�
��

�
��

�
���

�
��
(�)�

��
(�)

�
��

�
��

�
�

�
��

�
� �

-10.

-8.

-6.

-4.

-2.

0.

2.

4.

6.

8.

10.

�/
Λ
�

[�
��

-
� ]

� = � + �� ���

WW/WZ/WH/ZH

2003.07862

https://arxiv.org/pdf/2008.11743.pdf
https://arxiv.org/pdf/2311.06107.pdf
https://arxiv.org/pdf/2003.07862.pdf


DIMENSION-6 EW CORRECTIONS

• These are not automated: 

• One-loop EW SMEFT calculations done on a case by case basis

• Not all observables that are relevant for LHC data are known at NLO EW 
SMEFT  

• NLO EW introduces dependence on operators that don’t contribute at LO 

•  Does this affect global fits?

21

Still work to do…..



HOW BIG ARE NLO EW EFFECTS?

22

Fit to precision EW data:  
LEP / SLC / MW / GW

8 coefficients that contribute at tree level

EW corrections can 
be up to 30%

[Giardino, HEFT2020]



FUTURE LIMITS NEED NLO EW SMEFT
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EW EFFECTS CAN AFFECT SMEFT FITS

NLO: Solid; LO: Dashed
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Note that including NLO EW changes the fits in a significant way

Fit to precision EW data:  
LEP / SLC / MW / GW

2304.00029

NLO

NLO can 
change shape

LO

https://arxiv.org/pdf/2304.00029.pdf


FLAVOR AND THE SMEFT

• Flavor is poorly understood in the SM

<latexit sha1_base64="IclFK6qjthwz99qIAhducJABATc="></latexit>

LY UK = �qLV
†
YuH̃uR � qLYdHdR � lLYeHeR + h.c

• Large hierarchy of masses:  Yu, Yd, Ye
• Approximate alignment of CKM matrix:

• Do SMEFT operators follow a similar flavor pattern?
• Imposing global flavor symmetries reduces number of 

operators 
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STRONG CONSTRAINTS ON FLAVOR VIOLATION IN 
SMEFT FROM LOW ENERGY MEASUREMENTS
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European Strategy, 1910.11775

What are 
assumptions?

Most constrained are 
4-fermion operators

Interpreting 
measurements in 
terms of scale 
implies assuming 
SMEFT coefficients 
C=1
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https://arxiv.org/pdf/1910.11775.pdf


• Consider CKM diagonal, which implies specific flavor structures 

• In Warsaw basis:
• 4-fermion operators 

• 2-fermion operators

• Bosonic operators

• Most general case:  NLO EWPO calculation involves 178 independent coefficients 
(6 from bosonic, 23 from 2-fermion, 149 from 4-fermion)

<latexit sha1_base64="TDEyPljD9PvfwNUvPNBRCZRWkgg="></latexit>

(f i�
µfj)(fk�µfl)

INCLUDE FLAVOR STRUCTURE IN EWPO STUDY
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Not all combinations of flavor 
indices arise in EWPOs
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WHAT ABOUT FLAVOR ASSUMPTIONS?

• Global fits often done assuming flavor universality  

• SM has U(3)5 global symmetry that is broken only by Yukawas

• 3rd generation is different
• Do fits with U(2)5 global symmetry

• MFV assumption assumes top Yukawa is only source breaking U(3)5 symmetry 
(since we assume all other fermions are massless)

      

<latexit sha1_base64="pONPXQhkY7BfDrC/Vv8Hksf7Ni4="></latexit>

(qL)
T = (uL, dL), (lL)

T = (⌫L, eL), uR, dR, eR

Do flavor assumptions make significant differences to SMEFT fits?
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FLAVOR ASSUMPTIONS REDUCE POSSIBILITIES

• NLO SMEFT EW fits done with coefficients evaluated at MZ

• Input parameter dependence? Results use GF, MZ, a

• After separating out dominant scheme independent contributions, residual 
scheme dependent contributions similar in commonly used schemes [Biekotter, 
Pecjak, Scott, Smith, 2305.03763]

2-fermion
4-fermion with identical 
representations

Remaining 4-fermion

Operators that contribute to EWPO at NLO
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https://arxiv.org/pdf/2305.03763.pdf


FLAVOR MATTERS!

• Take-away:  Neglecting flavor gives overly aggressive limits

• Strong correlations in flavor space

• NLO can have large effects
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2-fermion operators

* Coefficients are related by flavor assumptions
2304.00029 30
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FLAVOR MATTERS
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(Coefficients are not all independent)
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<latexit sha1_base64="4Epg7OBjjgk9iHjUwU62iFQW3yE=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkWom5IJoi4L3bisYB+QxjCZTtqhk0k6MxFLyK+4caGIW3/EnX/jtM1CWw9cOJxzL/feEySMSmXb30ZpY3Nre6e8W9nbPzg8Mo+rXRmnApMOjlks+gGShFFOOooqRvqJICgKGOkFk9bc7z0SIWnM79UsIV6ERpyGFCOlJd+stvxsOs0fsjq8yF0IHcfzzZrdsBew1gksSA0UaPvm12AY4zQiXGGGpHShnSgvQ0JRzEheGaSSJAhP0Ii4mnIUEelli9tz61wrQyuMhS6urIX6eyJDkZSzKNCdEVJjuerNxf88N1XhjZdRnqSKcLxcFKbMUrE1D8IaUkGwYjNNEBZU32rhMRIIKx1XRYcAV19eJ12nAa8a8O6y1nSKOMrgFJyBOoDgGjTBLWiDDsDgCTyDV/Bm5MaL8W58LFtLRjFzAv7A+PwBI6uTJw==</latexit>

C(1)
qq [1122]

<latexit sha1_base64="VleThwgLmY00IfDQ8uOr9WM/MHA=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkWom5IJoi4L3bisYB+QxjCZTtqhk0k6MxFLyK+4caGIW3/EnX/jtM1CWw9cOJxzL/feEySMSmXb30ZpY3Nre6e8W9nbPzg8Mo+rXRmnApMOjlks+gGShFFOOooqRvqJICgKGOkFk9bc7z0SIWnM79UsIV6ERpyGFCOlJd+stvxsOs0fsjq8yF3oONDzzZrdsBew1gksSA0UaPvm12AY4zQiXGGGpHShnSgvQ0JRzEheGaSSJAhP0Ii4mnIUEelli9tz61wrQyuMhS6urIX6eyJDkZSzKNCdEVJjuerNxf88N1XhjZdRnqSKcLxcFKbMUrE1D8IaUkGwYjNNEBZU32rhMRIIKx1XRYcAV19eJ12nAa8a8O6y1nSKOMrgFJyBOoDgGjTBLWiDDsDgCTyDV/Bm5MaL8W58LFtLRjFzAv7A+PwBI62TJw==</latexit>

C(1)
qq [1221]

<latexit sha1_base64="Mhyn105IXtq3n0voWEeSt36YMgk=">AAAB+3icbVDLTsJAFJ3iC/FVcelmIjHBDemAUZckbFxiIo+k1GY6TGHC9MHM1Eia/oobFxrj1h9x5984QBcKnuQmJ+fcm3vv8WLOpLKsb6Owsbm1vVPcLe3tHxwemcflrowSQWiHRDwSfQ9LyllIO4opTvuxoDjwOO15k9bc7z1SIVkU3qtZTJ0Aj0LmM4KVllyz3HLT6TR7SKvoIrMRajQc16xYNWsBuE5QTiogR9s1vwbDiCQBDRXhWEobWbFyUiwUI5xmpUEiaYzJBI+orWmIAyqddHF7Bs+1MoR+JHSFCi7U3xMpDqScBZ7uDLAay1VvLv7n2Ynyb5yUhXGiaEiWi/yEQxXBeRBwyAQlis80wUQwfSskYywwUTqukg4Brb68Trr1GrqqobvLSrOex1EEp+AMVAEC16AJbkEbdAABT+AZvII3IzNejHfjY9laMPKZE/AHxucPJraTKQ==</latexit>

C(1)
qq [1133]

<latexit sha1_base64="1LUyw5lYm43oVnG43MBmB8SBftQ=">AAAB+3icbVBNS8NAEJ34WetXrEcvwSLUS0mqqMdCLx4r2A9IY9hst+3SzSbd3Ygl5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5QcyoVLb9baytb2xubRd2irt7+weH5lGpLaNEYNLCEYtEN0CSMMpJS1HFSDcWBIUBI51g3Jj5nUciJI34vZrGxAvRkNMBxUhpyTdLDT+dTLKHtOKcZ+6FhuebZbtqz2GtEicnZcjR9M2vXj/CSUi4wgxJ6Tp2rLwUCUUxI1mxl0gSIzxGQ+JqylFIpJfOb8+sM630rUEkdHFlzdXfEykKpZyGge4MkRrJZW8m/ue5iRrceCnlcaIIx4tFg4RZKrJmQVh9KghWbKoJwoLqWy08QgJhpeMq6hCc5ZdXSbtWda6qzt1luV7L4yjACZxCBRy4hjrcQhNagOEJnuEV3ozMeDHejY9F65qRzxzDHxifPyzUky0=</latexit>

C(1)
qq [3333]

<latexit sha1_base64="aM9r3ItCNq9zC/Mj1pR0kjyhpes=">AAAB+3icbVBNS8NAEJ34WetXrEcvwSLUS0mqqMdCLx4r2A9IY9hst+3SzSbd3Ygl5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5QcyoVLb9baytb2xubRd2irt7+weH5lGpLaNEYNLCEYtEN0CSMMpJS1HFSDcWBIUBI51g3Jj5nUciJI34vZrGxAvRkNMBxUhpyTdLDT+dTLKHtHJxnrmOhuebZbtqz2GtEicnZcjR9M2vXj/CSUi4wgxJ6Tp2rLwUCUUxI1mxl0gSIzxGQ+JqylFIpJfOb8+sM630rUEkdHFlzdXfEykKpZyGge4MkRrJZW8m/ue5iRrceCnlcaIIx4tFg4RZKrJmQVh9KghWbKoJwoLqWy08QgJhpeMq6hCc5ZdXSbtWda6qzt1luV7L4yjACZxCBRy4hjrcQhNagOEJnuEV3ozMeDHejY9F65qRzxzDHxifPyO4kyc=</latexit>

C(3)
qq [1111]

<latexit sha1_base64="6emjwJ9B5x/MpIJMG/IGNasRJNc=">AAAB+3icbVDLSsNAFJ34rPUV69JNsAh1UzJR1GWhG5cV7APSGCbTSTt0MklnJmIJ+RU3LhRx64+482+ctllo64ELh3Pu5d57goRRqWz721hb39jc2i7tlHf39g8OzaNKR8apwKSNYxaLXoAkYZSTtqKKkV4iCIoCRrrBuDnzu49ESBrzezVNiBehIachxUhpyTcrTT+bTPKHrHZxnrsQOo7nm1W7bs9hrRJYkCoo0PLNr/4gxmlEuMIMSelCO1FehoSimJG83E8lSRAeoyFxNeUoItLL5rfn1plWBlYYC11cWXP190SGIimnUaA7I6RGctmbif95bqrCGy+jPEkV4XixKEyZpWJrFoQ1oIJgxaaaICyovtXCIyQQVjqusg4BLr+8SjpOHV7V4d1lteEUcZTACTgFNQDBNWiAW9ACbYDBE3gGr+DNyI0X4934WLSuGcXMMfgD4/MHJsOTKQ==</latexit>

C(3)
qq [1122]

<latexit sha1_base64="u+H+gQ+D7zO/7usF+f4lMNayrUg=">AAAB+3icbVDLSsNAFJ34rPUV69JNsAh1UzJR1GWhG5cV7APSGCbTSTt0MklnJmIJ+RU3LhRx64+482+ctllo64ELh3Pu5d57goRRqWz721hb39jc2i7tlHf39g8OzaNKR8apwKSNYxaLXoAkYZSTtqKKkV4iCIoCRrrBuDnzu49ESBrzezVNiBehIachxUhpyTcrTT+bTPKHrHZxnrvQcaDnm1W7bs9hrRJYkCoo0PLNr/4gxmlEuMIMSelCO1FehoSimJG83E8lSRAeoyFxNeUoItLL5rfn1plWBlYYC11cWXP190SGIimnUaA7I6RGctmbif95bqrCGy+jPEkV4XixKEyZpWJrFoQ1oIJgxaaaICyovtXCIyQQVjqusg4BLr+8SjpOHV7V4d1lteEUcZTACTgFNQDBNWiAW9ACbYDBE3gGr+DNyI0X4934WLSuGcXMMfgD4/MHJsWTKQ==</latexit>

C(3)
qq [1221]

<latexit sha1_base64="Y6NzwbaA4MLZzQtjgU6gfdPrSTA=">AAAB+3icbVDLTsJAFJ3iC/FVcemmkZjghnTAqEsSNi4xkUdSajMdpjBhOi0zUyNp+ituXGiMW3/EnX/jAF0oeJKbnJxzb+69x48Zlcq2v43CxubW9k5xt7S3f3B4ZB6XuzJKBCYdHLFI9H0kCaOcdBRVjPRjQVDoM9LzJ62533skQtKI36tZTNwQjTgNKEZKS55ZbnnpdJo9pNXGReZA2Gi4nlmxa/YC1jqBOamAHG3P/BoMI5yEhCvMkJQOtGPlpkgoihnJSoNEkhjhCRoRR1OOQiLddHF7Zp1rZWgFkdDFlbVQf0+kKJRyFvq6M0RqLFe9ufif5yQquHFTyuNEEY6Xi4KEWSqy5kFYQyoIVmymCcKC6lstPEYCYaXjKukQ4OrL66Rbr8GrGry7rDTreRxFcArOQBVAcA2a4Ba0QQdg8ASewSt4MzLjxXg3PpatBSOfOQF/YHz+ACnOkys=</latexit>

C(3)
qq [1133]

<latexit sha1_base64="egWFez6fMDxwzg7GScHAPqIpP20=">AAAB+3icbVDLTsJAFJ3iC/FVcemmkZjghnTAqEsSNi4xkUdSajMdpjBhOi0zUyNp+ituXGiMW3/EnX/jAF0oeJKbnJxzb+69x48Zlcq2v43CxubW9k5xt7S3f3B4ZB6XuzJKBCYdHLFI9H0kCaOcdBRVjPRjQVDoM9LzJ62533skQtKI36tZTNwQjTgNKEZKS55ZbnnpdJo9pNXGRebARgO6nlmxa/YC1jqBOamAHG3P/BoMI5yEhCvMkJQOtGPlpkgoihnJSoNEkhjhCRoRR1OOQiLddHF7Zp1rZWgFkdDFlbVQf0+kKJRyFvq6M0RqLFe9ufif5yQquHFTyuNEEY6Xi4KEWSqy5kFYQyoIVmymCcKC6lstPEYCYaXjKukQ4OrL66Rbr8GrGry7rDTreRxFcArOQBVAcA2a4Ba0QQdg8ASewSt4MzLjxXg3PpatBSOfOQF/YHz+ACnSkys=</latexit>

C(3)
qq [1331]

<latexit sha1_base64="Pbo06+93/RrELd7y+qHLV1uDmHU=">AAAB+3icbVDLTsJAFJ3iC/FVcelmIjHBDWnBqEsSNi4xkUdSajMdpjBhOi0zUyNp+ituXGiMW3/EnX/jAF0oeJKbnJxzb+69x48Zlcqyvo3CxubW9k5xt7S3f3B4ZB6XuzJKBCYdHLFI9H0kCaOcdBRVjPRjQVDoM9LzJ62533skQtKI36tZTNwQjTgNKEZKS55ZbnnpdJo9pNXGReY0NFzPrFg1awG4TuycVECOtmd+DYYRTkLCFWZISse2YuWmSCiKGclKg0SSGOEJGhFHU45CIt10cXsGz7UyhEEkdHEFF+rviRSFUs5CX3eGSI3lqjcX//OcRAU3bkp5nCjC8XJRkDCoIjgPAg6pIFixmSYIC6pvhXiMBMJKx1XSIdirL6+Tbr1mX9Xsu8tKs57HUQSn4AxUgQ2uQRPcgjboAAyewDN4BW9GZrwY78bHsrVg5DMn4A+Mzx8v7JMv</latexit>

C(3)
qq [3333]

<latexit sha1_base64="WV9Jdui5339VUWjU6KulSgVe+9M=">AAAB+3icbVDLTsJAFJ3iC/FVcelmIjHBDemAUZckbFxiIo+k1GY6TGHC9MHM1Eia/oobFxrj1h9x5984QBcKnuQmJ+fcm3vv8WLOpLKsb6Owsbm1vVPcLe3tHxwemcflrowSQWiHRDwSfQ9LyllIO4opTvuxoDjwOO15k9bc7z1SIVkU3qtZTJ0Aj0LmM4KVllyz3HLT6TR7SKvoIrNRo4Ec16xYNWsBuE5QTiogR9s1vwbDiCQBDRXhWEobWbFyUiwUI5xmpUEiaYzJBI+orWmIAyqddHF7Bs+1MoR+JHSFCi7U3xMpDqScBZ7uDLAay1VvLv7n2Ynyb5yUhXGiaEiWi/yEQxXBeRBwyAQlis80wUQwfSskYywwUTqukg4Brb68Trr1GrqqobvLSrOex1EEp+AMVAEC16AJbkEbdAABT+AZvII3IzNejHfjY9laMPKZE/AHxucPJrqTKQ==</latexit>

C(1)
qq [1331]

4-fermion operators 
contributing to EWPO at 
NLO but not LO

Flavorless assumption yields 
more stringent bounds than 
flavor scenarios

Can also limit these coefficients 
with fits to LHC dijets.  More 
stringent limits for gens 1 and 2 
from dijets (tree level process)
[Bruggisser, Westhoff: 2212.02532]

L= 1 TeV

U(3)5 results more constrained than MFV
31

https://arxiv.org/pdf/2212.02532.pdf


• Some operators 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)
Qd
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]

EWPO, Λ−2

tt, Λ-2

tt, Λ-4

95% CL limits on 3rd generation 4-fermion operators

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

C(1)
Qd

<latexit sha1_base64="znxeaz9A/ViN68AGXY+u4VnbKyA=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BItQLyURUY+FXjxWsLXQxrLZbNqlm03YnQgl5G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5fiK4Rsf5tkpr6xubW+Xtys7u3v5B9fCoq+NUUdahsYhVzyeaCS5ZBzkK1ksUI5Ev2IM/ac38hyemNI/lPU4T5kVkJHnIKUEjDVrDDIP8Mau75/mwWnMazhz2KnELUoMC7WH1axDENI2YRCqI1n3XSdDLiEJOBcsrg1SzhNAJGbG+oZJETHvZ/ObcPjNKYIexMiXRnqu/JzISaT2NfNMZERzrZW8m/uf1UwxvvIzLJEUm6WJRmAobY3sWgB1wxSiKqSGEKm5utemYKELRxFQxIbjLL6+S7kXDvWq4d5e1Zr2IowwncAp1cOEamnALbegAhQSe4RXerNR6sd6tj0VrySpmjuEPrM8fWlKRKA==</latexit>

C(1)
td

<latexit sha1_base64="4GKPhwYgYtKTOitWeUOC+lOwnw4=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQL2FXRD0GcvGYgHlAsobZyWwyZHZ2mYcQlv0NLx4U8erPePNvnCR70MSChqKqm+6uIOFMadf9dgobm1vbO8Xd0t7+weFR+fiko2IjCW2TmMeyF2BFORO0rZnmtJdIiqOA024wbcz97hOVisXiQc8S6kd4LFjICNZWGjSGactkj2nVu8yG5YpbcxdA68TLSQVyNIflr8EoJiaiQhOOlep7bqL9FEvNCKdZaWAUTTCZ4jHtWypwRJWfLm7O0IVVRiiMpS2h0UL9PZHiSKlZFNjOCOuJWvXm4n9e3+jwzk+ZSIymgiwXhYYjHaN5AGjEJCWazyzBRDJ7KyITLDHRNqaSDcFbfXmddK5q3k3Na11X6tU8jiKcwTlUwYNbqMM9NKENBBJ4hld4c4zz4rw7H8vWgpPPnMIfOJ8/PmmRFg==</latexit>

C(1)
Qu

<latexit sha1_base64="1rKyp2CdmPPgaDERMzioqhxLNqo=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoioh4LvXisYGuhjWWz3bRLN5uwOxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR28SpZrzFYhnrTkANl0LxFgqUvJNoTqNA8odg3Jj5D09cGxGre5wk3I/oUIlQMIpW6jX6GabTx6zqnU/75Ypbc+cgq8TLSQVyNPvlr94gZmnEFTJJjel6boJ+RjUKJvm01EsNTygb0yHvWqpoxI2fzW+ekjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J442dCJSlyxRaLwlQSjMksADIQmjOUE0so08LeStiIasrQxlSyIXjLL6+S9kXNu6p5d5eVejWPowgncApV8OAa6nALTWgBgwSe4RXenNR5cd6dj0VrwclnjuEPnM8fdI2ROQ==</latexit>

C(1)
tu

<latexit sha1_base64="nG9H/hgp+benraBf9kShH6dbvZ0=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQL2FXRHMM5OIxgnlAsobZyWwyZHZ2mYcQlv0NLx4U8erPePNvnCR70MSChqKqm+6uIOFMadf9dgobm1vbO8Xd0t7+weFR+fiko2IjCW2TmMeyF2BFORO0rZnmtJdIiqOA024wbc797hOVisXiQc8S6kd4LFjICNZWGjSHqTbZY1qtX2bDcsWtuQugdeLlpAI5WsPy12AUExNRoQnHSvU9N9F+iqVmhNOsNDCKJphM8Zj2LRU4ospPFzdn6MIqIxTG0pbQaKH+nkhxpNQsCmxnhPVErXpz8T+vb3RY91MmEqOpIMtFoeFIx2geABoxSYnmM0swkczeisgES0y0jalkQ/BWX14nnauad1Pz7q8rjWoeRxHO4Byq4MEtNOAOWtAGAgk8wyu8OcZ5cd6dj2VrwclnTuEPnM8ffzeRQA==</latexit>

C(8)
tu

<latexit sha1_base64="M4d1ZKW1yAFTEuXYyaVHj738hQw=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQL2FXRD0GcvEYwTwgWcPsZDYZMvtwplcIy/6GFw+KePVnvPk3TpI9aGJBQ1HVTXeXF0uh0ba/rcLa+sbmVnG7tLO7t39QPjxq6yhRjLdYJCPV9ajmUoS8hQIl78aK08CTvONNGjO/88SVFlF4j9OYuwEdhcIXjKKR+o1Bio/ZQ1p1zrNBuWLX7DnIKnFyUoEczUH5qz+MWBLwEJmkWvccO0Y3pQoFkzwr9RPNY8omdMR7hoY04NpN5zdn5MwoQ+JHylSIZK7+nkhpoPU08ExnQHGsl72Z+J/XS9C/cVMRxgnykC0W+YkkGJFZAGQoFGcop4ZQpoS5lbAxVZShialkQnCWX14l7Yuac1Vz7i4r9WoeRxFO4BSq4MA11OEWmtACBjE8wyu8WYn1Yr1bH4vWgpXPHMMfWJ8/bmGRNQ==</latexit>

C(1)
tq

<latexit sha1_base64="TWxinwuME/kwuGprV7olHC5WMis=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJUkJKoqMdCLx5bsB/QpmWz3bRLN5u4u1FKyP/w4kERr/4Xb/4bt20O2vpg4PHeDDPzvIgzpW3721pZXVvf2Mxt5bd3dvf2CweHTRXGktAGCXko2x5WlDNBG5ppTtuRpDjwOG154+rUbz1SqVgo7vUkom6Ah4L5jGBtpF61n9Qf0l5Sujx3ztJ+oWiX7RnQMnEyUoQMtX7hqzsISRxQoQnHSnUcO9JugqVmhNM0340VjTAZ4yHtGCpwQJWbzK5O0alRBsgPpSmh0Uz9PZHgQKlJ4JnOAOuRWvSm4n9eJ9b+rZswEcWaCjJf5Mcc6RBNI0ADJinRfGIIJpKZWxEZYYmJNkHlTQjO4svLpHlRdq7LTv2qWCllceTgGE6gBA7cQAXuoAYNICDhGV7hzXqyXqx362PeumJlM0fwB9bnDxpIkYU=</latexit>

C(3,1)
Qq

<latexit sha1_base64="AAQPjHpqp3D2AZxKcGJsAIFDbRk=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahgpRERXss9OKxBfsBbVo22227dLOJuxulhPwPLx4U8ep/8ea/cdvmoK0PBh7vzTAzzws5U9q2v63M2vrG5lZ2O7ezu7d/kD88aqogkoQ2SMAD2fawopwJ2tBMc9oOJcW+x2nLm1RnfuuRSsUCca+nIXV9PBJsyAjWRupV+3H9IenFxauL8nnSzxfskj0HWiVOSgqQotbPf3UHAYl8KjThWKmOY4fajbHUjHCa5LqRoiEmEzyiHUMF9qly4/nVCTozygANA2lKaDRXf0/E2Fdq6num08d6rJa9mfif14n0sOzGTISRpoIsFg0jjnSAZhGgAZOUaD41BBPJzK2IjLHERJugciYEZ/nlVdK8LDk3Jad+XagU0ziycAKnUAQHbqECd1CDBhCQ8Ayv8GY9WS/Wu/WxaM1Y6cwx/IH1+QMk8pGM</latexit>

C(3,8)
Qq
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FLAVOR IN EWPO AND TOP PHYSICS
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https://arxiv.org/pdf/2201.09887.pdf
https://arxiv.org/pdf/1802.07237.pdf


SO…. WHO CARES?

• SMEFT fits provide a comparison point to quantify 
deviations from the SM

I have highlighted the many assumptions that go into SMEFT 
fits and shown the importance of NLO corrections and 
flavor assumptions

• Interest in SMEFT is the hope that it will provide insight 
into high scale physics that cannot be directly probed.
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GOAL IS TO INFER BSM PHYSICS FROM 
PATTERNS OF COEFFICIENTS

• Compare models with one new heavy 
particle

• Do global fits to just the sets of 
operators generated in these models

• Fits can restrict high scale models

• Need to study complete models
Scale of new physics
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|�N |2 < 3.9⇥ 10�2
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|2 < 8.4⇥ 10�2
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2012.02779 34* Mass limits assume C=1

https://arxiv.org/pdf/2012.02779.pdf


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
35
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2HDM CONTINUED

• 4 choices for fermion Yukawas  (avoid tree level FCNC)

36

<latexit sha1_base64="h36D3fBpjjzLGTvZR3tnHdZokHA="></latexit>

LY ⇠ ��
(1)
u ūRH̃
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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:
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• Dimension-6 matching does NOT 
generate 2HDM VVh125 couplings!
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2HDM SMEFT AND RGE

• Operators generated from 2HDM matching don’t 
contribute to EWPOs at tree level

• Limits from Higgs data 

• Matching done at high scale, then coefficients 
evolved to MZ using renormalization group running

• This generates new operators which contribute to 
di-boson production

• Effect of RGE running small for OfH operators 
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Model predictions are straight lines

SMEFT matching to type-II 2HDM



MATCH 2HDM TO DIMENSION-8

• Matching generates new operators, some with new kinematic structures

• Dimension-8 coefficients can all be written in terms of parameters of 2HDM

• Also need relations between gauge couplings and input parameters (GF, MW, MZ) to 
dimension-8
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DIMENSION-8 MATTERS IN 2HDM

Type-I 2HDM

Exact 2HDM
Dim-6, Λ-2

Dim-6, Λ-4

Dim-8
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Type-II 2HDM

Exact 2HDM
Dim-6, Λ-2

Dim-6, Λ-4

Dim-8
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SD, D. Fontes, S. Homiller, and M. Sullivan, 2205.01561

We understand 
why dim-8 
matters:  it gives 
VVh coupling 
absent at dim-6

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


SCALE DEPENDENCE FOR CH

• CH modifies Higgs tri-linear

• Affects Higgs coupling limits through loop contributions

• CH scaling different than Yukawa like terms

Degrassi, Giardino, Maltoni, Pagani, 1607.04251
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HIGGS TRI-LINEAR AT DIMENSION-8

• CH fits have dependence on scale L

•  Fits sensitive to inclusion of CH
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Type-I 2HDM

No CH
CH, Λ=500 GeV
CH, Λ=1 TeV
CH, Λ=2 TeV
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Dashed: 1/L2
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BOTTOM LINE ON DIMENSION-8 AND 
2HDM

• Dimension-8 terms are important in matching SMEFT to type-I 2H2M

• This is for a well-understood physics reason (VVh125 first arises at dimension-8)

• Studies of matching to other models (Gauge triplet,  2102.02819 , Vector like top 
quark,  2110.06929 ) show that the importance of dim-8 terms appears to be 
model dependent
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https://arxiv.org/pdf/2102.02819.pdf
https://arxiv.org/pdf/2110.06929.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

• (Do same matching to 2HDM as in SMEFT……)
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2204.01763 , 2307.15693,  2305.07689 , 2311.16897 , 2312.03877,  2211.09605

h is physical Higgs

https://arxiv.org/pdf/2204.01763.pdf
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HH PRODUCTION
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https://arxiv.org/pdf/2312.03877.pdf


CONCLUSIONS

• SMEFT offers the promise of probing UV 
scale physics that is not accessible directly

• There are many effects which can affect 
predictions…order of the 1/L2 expansion, 
flavor, higher dimension operators, loop 
effects….

• Double Higgs production offers the 
possibility to distinguish SMEFT from HEFT
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Sill a lot of work to do!
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