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The Higgs Inverse Problem:
What can we learn from precise measurements of the Higgs?

 assuming we observe some deviation in Higgs couplings, 
how can we make sense of what UV physics underlies it?
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The SMEFT Framework
Complete (non-redundant) basis of effective operators that let us 
search for deviations

(Note: not the full set here — lots of flavor / model-based 
assumptions to limit the ~3000 operators in the full EFT!)
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The SMEFT Framework
Experiments starting to present limits in 
this framework:

Well-known procedures for matching theories onto SMEFT, 
and getting coefficients in terms of theory parameters

(see e.g., Henning, Lu, and Murayama, arXiv:1412.1837)


Tree-Level Dictionary: de Blas, Criado, Perez-Victoria, Santiago, arXiv:1711.10391

CMS-PAS-HIG-19-005
arXiv:2004.03447
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Beyond Tree Level Matching:
Lots of “higher-order” effects to consider:


• RG Evolution of Wilson Coefficients


• Linear vs. Quadratic Effects in 


• One-Loop Matching Effects


• Importance of Dimension-8 Operators


• Higher Order QCD / EW Corrections in the EFT

(1 /Λ2)

Focus on the 
impacts of 
these today

See, e.g, Baglio, Dawson, SH, arXiv:1909.11576, 
Baglio, Dawson, SH, Lane, Lewis, arXiv:2003.07862, for importance in VV, VH

https://arxiv.org/abs/1909.11576
https://arxiv.org/abs/2003.07862
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Strategy:
Start with Lagrangian for new states 
at high scale, (M ~ few TeV)

Integrate out new states, generating 
a subset of SMEFT Coefficients

Evolve Coefficients down to EW scale

Fit to Higgs + Diboson + EWPO Data

Example: T Vector-like Quark

�
C(1)

Hq

�
33
,
�
C(3)

Hq

�
33
, CtH , CHG

<latexit sha1_base64="mW/3siezYWGDgTZmCk9NwiWzfxc="></latexit>

CHD, CH⇤ . . .

<latexit sha1_base64="pSuFFeyD3pVOwy/Z25U69V0bRyg=">AAACB3icbVDNS8MwHE39nPOr6lGQ4BA8jNHKRI+DedhxgvuAtZQ0S7ewNK1JKozSmxf/FS8eFPHqv+DN/8Z060E3HwRe3vs9kt/zY0alsqxvY2V1bX1js7RV3t7Z3ds3Dw67MkoEJh0csUj0fSQJo5x0FFWM9GNBUOgz0vMnzdzvPRAhacTv1DQmbohGnAYUI6UlzzxpemnrJqs6VZgzR94nSJBMX51hpKRnVqyaNQNcJnZBKqBA2zO/dA4nIeEKMyTlwLZi5aZIKIoZycpOIkmM8ASNyEBTjkIi3XS2RwbPtDKEQST04QrO1N+JFIVSTkNfT4ZIjeWil4v/eYNEBdduSnmcKMLx/KEgYVBFMC8FDqkgWLGpJggLqv8K8RgJhJWurqxLsBdXXibdi5pdr13e1iuNRlFHCRyDU3AObHAFGqAF2qADMHgEz+AVvBlPxovxbnzMR1eMInME/sD4/AFks5hk</latexit>

Limits on physical parameters!

L � �3Q̄LH̃TR

<latexit sha1_base64="QUA0pKQsDu7pJbcm80POfxkKmXY=">AAACHnicbVC7SgNBFJ31GeMramkzGASrsOsDLQM2KSxUjAlkw3J39kYHZx/M3BXCsl9i46/YWCgiWOnfOIkpfB0YOJxz78ycE2ZKGnLdD2dqemZ2br6yUF1cWl5Zra2tX5o01wLbIlWp7oZgUMkE2yRJYTfTCHGosBPeHI/8zi1qI9PkgoYZ9mO4SuRACiArBbUDPwa6FqCKk5L7Js8MEveVvSCCYI/7IejirAxOuE9SRVi0Sn4RnAe1uttwx+B/iTchdTbBaVB786NU5DEmJBQY0/PcjPoFaJJCYVn1c4MZiBu4wp6lCcRo+sU4Xsm3rRLxQartSYiP1e8bBcTGDOPQTo7CmN/eSPzP6+U0OOoXMslywkR8PTTIFaeUj7rikdQoSA0tAaGl/SsX16BBkG20akvwfkf+Sy53G95+4+Bsv95sTuqosE22xXaYxw5Zk7XYKWszwe7YA3tiz8698+i8OK9fo1POZGeD/YDz/gkEEKJk</latexit>

(Using Anomalous Dimensions from Trott et. al, 1308.2627+)
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RG Effects on the LEP Bounds:

7

SM + VLQ Singlet Mixing with Top
Generates CtH ,

�
C(1)

Hq

�
33
,
�
C(3)

Hq

�
33
, CHG

<latexit sha1_base64="H0e4OxqO9XvFPFKPgRK3tXUawnk=">AAACN3icbZDLSgMxFIYz9VbrbdSlm2ARWihlxlZ0WejCrqSCvUCnDpk0bUMzF5OMUIZ5Kze+hjvduFDErW9gpp2Ftj0Q+PN/55Cc3wkYFdIwXrXM2vrG5lZ2O7ezu7d/oB8etYUfckxa2Gc+7zpIEEY90pJUMtINOEGuw0jHmdQT3nkkXFDfu5PTgPRdNPLokGIklWXrN3U7ko24ZJWg5dBRQV0bD/F9VDCLcWIU7ahSWYErizgh17Gt542yMSu4LMxU5EFaTVt/sQY+Dl3iScyQED3TCGQ/QlxSzEics0JBAoQnaER6SnrIJaIfzfaO4ZlyBnDoc3U8CWfu34kIuUJMXUd1ukiOxSJLzFWsF8rhVT+iXhBK4uH5Q8OQQenDJEQ4oJxgyaZKIMyp+ivEY8QRlirqnArBXFx5WbTPy2a1fHFbzddqaRxZcAJOQQGY4BLUQAM0QQtg8ATewAf41J61d+1L+563ZrR05hj8K+3nF6pLqWQ=</latexit>

at the matching scale

At tree level, only one way 
to measure operators 

, :C(1)
Hq, 33 C(3)

Hq, 33

 branching ratio 
constrains one combination 

of operators. 

Z → bb̄

<latexit sha1_base64="wudfUcIqDybgSVC7lezAKN6bpzM="></latexit>

Z

b

b
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RG Effects on the LEP Bounds:

7

SM + VLQ Singlet Mixing with Top
Generates CtH ,

�
C(1)

Hq

�
33
,
�
C(3)

Hq

�
33
, CHG

<latexit sha1_base64="H0e4OxqO9XvFPFKPgRK3tXUawnk=">AAACN3icbZDLSgMxFIYz9VbrbdSlm2ARWihlxlZ0WejCrqSCvUCnDpk0bUMzF5OMUIZ5Kze+hjvduFDErW9gpp2Ftj0Q+PN/55Cc3wkYFdIwXrXM2vrG5lZ2O7ezu7d/oB8etYUfckxa2Gc+7zpIEEY90pJUMtINOEGuw0jHmdQT3nkkXFDfu5PTgPRdNPLokGIklWXrN3U7ko24ZJWg5dBRQV0bD/F9VDCLcWIU7ahSWYErizgh17Gt542yMSu4LMxU5EFaTVt/sQY+Dl3iScyQED3TCGQ/QlxSzEics0JBAoQnaER6SnrIJaIfzfaO4ZlyBnDoc3U8CWfu34kIuUJMXUd1ukiOxSJLzFWsF8rhVT+iXhBK4uH5Q8OQQenDJEQ4oJxgyaZKIMyp+ivEY8QRlirqnArBXFx5WbTPy2a1fHFbzddqaRxZcAJOQQGY4BLUQAM0QQtg8ATewAf41J61d+1L+563ZrR05hj8K+3nF6pLqWQ=</latexit>

at the matching scale

But if we evolve the 
operators down to the 

weak scale… 

… we generate  — 
strongly constrained by 

EW precision data! 

CHD

C
H
D (m

Z ) =
0.1

C
H
D (m

Z ) =
0.05

C
H
D (m

Z ) =
0.0

C
H
D (m

Z ) =
-0.05

C
H
D (m

Z ) =
-0.1
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RG Effects on the LEP Bounds:

7

SM + VLQ Singlet Mixing with Top
Generates CtH ,

�
C(1)

Hq

�
33
,
�
C(3)

Hq

�
33
, CHG

<latexit sha1_base64="H0e4OxqO9XvFPFKPgRK3tXUawnk=">AAACN3icbZDLSgMxFIYz9VbrbdSlm2ARWihlxlZ0WejCrqSCvUCnDpk0bUMzF5OMUIZ5Kze+hjvduFDErW9gpp2Ftj0Q+PN/55Cc3wkYFdIwXrXM2vrG5lZ2O7ezu7d/oB8etYUfckxa2Gc+7zpIEEY90pJUMtINOEGuw0jHmdQT3nkkXFDfu5PTgPRdNPLokGIklWXrN3U7ko24ZJWg5dBRQV0bD/F9VDCLcWIU7ahSWYErizgh17Gt542yMSu4LMxU5EFaTVt/sQY+Dl3iScyQED3TCGQ/QlxSzEics0JBAoQnaER6SnrIJaIfzfaO4ZlyBnDoc3U8CWfu34kIuUJMXUd1ukiOxSJLzFWsF8rhVT+iXhBK4uH5Q8OQQenDJEQ4oJxgyaZKIMyp+ivEY8QRlirqnArBXFx5WbTPy2a1fHFbzddqaRxZcAJOQQGY4BLUQAM0QQtg8ATewAf41J61d+1L+563ZrR05hj8K+3nF6pLqWQ=</latexit>

at the matching scale

But if we evolve the 
operators down to the 

weak scale… 

… we generate  — 
strongly constrained by 

EW precision data! 

CHD

(Well understood in UV theory — 
constraints from oblique parameters, e.g., 
Chen, Dawson, Furlan, arXiv:1406.3349

C
H
D (m

Z ) =
0.1

C
H
D (m

Z ) =
0.05

C
H
D (m

Z ) =
0.0

C
H
D (m

Z ) =
-0.05

C
H
D (m

Z ) =
-0.1

https://arxiv.org/abs/1703.06134
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Similar lessons apply to LHC bounds:

SM + VLQ Singlet Mixing with Top
Generates CtH ,

�
C(1)

Hq

�
33
,
�
C(3)

Hq

�
33
, CHG

<latexit sha1_base64="H0e4OxqO9XvFPFKPgRK3tXUawnk=">AAACN3icbZDLSgMxFIYz9VbrbdSlm2ARWihlxlZ0WejCrqSCvUCnDpk0bUMzF5OMUIZ5Kze+hjvduFDErW9gpp2Ftj0Q+PN/55Cc3wkYFdIwXrXM2vrG5lZ2O7ezu7d/oB8etYUfckxa2Gc+7zpIEEY90pJUMtINOEGuw0jHmdQT3nkkXFDfu5PTgPRdNPLokGIklWXrN3U7ko24ZJWg5dBRQV0bD/F9VDCLcWIU7ahSWYErizgh17Gt542yMSu4LMxU5EFaTVt/sQY+Dl3iScyQED3TCGQ/QlxSzEics0JBAoQnaER6SnrIJaIfzfaO4ZlyBnDoc3U8CWfu34kIuUJMXUd1ukiOxSJLzFWsF8rhVT+iXhBK4uH5Q8OQQenDJEQ4oJxgyaZKIMyp+ivEY8QRlirqnArBXFx5WbTPy2a1fHFbzddqaRxZcAJOQQGY4BLUQAM0QQtg8ATewAf41J61d+1L+563ZrR05hj8K+3nF6pLqWQ=</latexit>

Operators that arise at 
tree level constrained by 
Higgs coupling fits
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Similar lessons apply to LHC bounds:

SM + VLQ Singlet Mixing with Top
Generates CtH ,

�
C(1)

Hq

�
33
,
�
C(3)

Hq

�
33
, CHG

<latexit sha1_base64="H0e4OxqO9XvFPFKPgRK3tXUawnk=">AAACN3icbZDLSgMxFIYz9VbrbdSlm2ARWihlxlZ0WejCrqSCvUCnDpk0bUMzF5OMUIZ5Kze+hjvduFDErW9gpp2Ftj0Q+PN/55Cc3wkYFdIwXrXM2vrG5lZ2O7ezu7d/oB8etYUfckxa2Gc+7zpIEEY90pJUMtINOEGuw0jHmdQT3nkkXFDfu5PTgPRdNPLokGIklWXrN3U7ko24ZJWg5dBRQV0bD/F9VDCLcWIU7ahSWYErizgh17Gt542yMSu4LMxU5EFaTVt/sQY+Dl3iScyQED3TCGQ/QlxSzEics0JBAoQnaER6SnrIJaIfzfaO4ZlyBnDoc3U8CWfu34kIuUJMXUd1ukiOxSJLzFWsF8rhVT+iXhBK4uH5Q8OQQenDJEQ4oJxgyaZKIMyp+ivEY8QRlirqnArBXFx5WbTPy2a1fHFbzddqaRxZcAJOQQGY4BLUQAM0QQtg8ATewAf41J61d+1L+563ZrR05hj8K+3nF6pLqWQ=</latexit>

Operators that arise at 
tree level constrained by 
Higgs coupling fits

RG evolution changes 
the values of these 
operators at the weak 
scale, so the inferred 
bounds are different!
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Similar lessons apply to LHC bounds:

SM + VLQ Singlet Mixing with Top
Generates CtH ,

�
C(1)

Hq

�
33
,
�
C(3)

Hq

�
33
, CHG

<latexit sha1_base64="H0e4OxqO9XvFPFKPgRK3tXUawnk=">AAACN3icbZDLSgMxFIYz9VbrbdSlm2ARWihlxlZ0WejCrqSCvUCnDpk0bUMzF5OMUIZ5Kze+hjvduFDErW9gpp2Ftj0Q+PN/55Cc3wkYFdIwXrXM2vrG5lZ2O7ezu7d/oB8etYUfckxa2Gc+7zpIEEY90pJUMtINOEGuw0jHmdQT3nkkXFDfu5PTgPRdNPLokGIklWXrN3U7ko24ZJWg5dBRQV0bD/F9VDCLcWIU7ahSWYErizgh17Gt542yMSu4LMxU5EFaTVt/sQY+Dl3iScyQED3TCGQ/QlxSzEics0JBAoQnaER6SnrIJaIfzfaO4ZlyBnDoc3U8CWfu34kIuUJMXUd1ukiOxSJLzFWsF8rhVT+iXhBK4uH5Q8OQQenDJEQ4oJxgyaZKIMyp+ivEY8QRlirqnArBXFx5WbTPy2a1fHFbzddqaRxZcAJOQQGY4BLUQAM0QQtg8ATewAf41J61d+1L+563ZrR05hj8K+3nF6pLqWQ=</latexit>

But RG evolution also 
generates new 
operators measured at 
the LHC in WW, WZ, 
WH, ZH production!


Strongest constraint 
from RGEs!

Note: NLO-QCD effects are very 
important for diboson limits 
(see arXiv:1909.11576, 
arXiv:2003.07862)

https://arxiv.org/abs/1909.11576
https://arxiv.org/abs/2003.07862
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SM + VLQ Singlet Mixing with Top
Back to the inverse problem: the T VLQ is a 1-parameter model — 
sweeps out only 1D curve in operator space

Parameters 
generated by 

the model

���θ�=���

���θ�=���
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SM + VLQ Singlet Mixing with Top

<latexit sha1_base64="eEGYIJr4MeoBnLNaQHFXLRlVB3M="></latexit>

MT (GeV)

Now we can re-interpret the bounds on operators as bounds on 
the physical parameters of the model:
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arXiv:2102.02823

11

Example 2: The Singlet Model

Simplest extension to the SM — only one additional state


Ideal test case for investigating details of matching procedure

• theoretical constraints well understood

• one-loop matching results are known 

(Jiang et al., 1811.08878, Haisch et al., 2003.05936)


Goal: understand numerical importance of 1-loop matching 
effects in the context of the singlet model
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arXiv:2102.02823

11

Example 2: The Singlet Model

Simplest extension to the SM — only one additional state


Ideal test case for investigating details of matching procedure

• theoretical constraints well understood

• one-loop matching results are known 

(Jiang et al., 1811.08878, Haisch et al., 2003.05936)


Goal: understand numerical importance of 1-loop matching 
effects in the context of the singlet model

<latexit sha1_base64="BvUjmZqkRBI8do2vCSOvqn0/JnU="></latexit>

Ci(µR) = ci(M) +
1

16⇡2
di(M) +

1

32⇡2
�ijcj(M) log

✓
µ2
R

M2

◆
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The Singlet Model
<latexit sha1_base64="iikIT+6g28wb7APUxviB+3Dmlrk="></latexit>

V (�, S) =� µ2
H
�†�+ �H

�
�†�

�2
+

1

2
m⇠�

†�S +
1

2
�†�S2

+ tSS +
1

2
M2S2 +

1

3
m⇣S

3 +
1

4
�SS

4

<latexit sha1_base64="/TRSJIQ9fnrppJCzymiKL/dJV2A="></latexit>

h = cos ✓�0 + sin ✓ S

H = � sin ✓�0 + cos ✓ S

Physical states:

In Z2 non-symmetric case, use shift symmetry to set vS → 0

Masses mh = 125 GeV, MH

Other physical parameters:
<latexit sha1_base64="AnFLPAAy0A0bdRCjjdr6k8AMJ1E="></latexit>

sin ✓, , m⇣ , �S

Higgs couplings universally suppressed by        
<latexit sha1_base64="QB3sE2+1f2geKvzAvYqWpBbn3bk="></latexit>

cos ✓
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Unitarity and Vacuum Stability

�
��
��
��
�
��
��
��
��
�

��� �������
�� (�±��±)

��� �������
����� �=�

Unitarity of the hh, hH, HH amplitudes requires:
<latexit sha1_base64="sqZVsXOsUMuEpH4tKQL0sTKtBZI="></latexit>

M2
H

sin2 ✓ . 16⇡

3
v2 �m2

h
cos2 ✓

�S ,�H . 8⇡/3

|| . 8⇡

Furthermore, have to 
demand that the 
EWSB minimum be 
the global minimum of 
the potential

The physical parameters are not entirely arbitrary!
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Singlet Matching to SMEFT
<latexit sha1_base64="mfpGHBNDNtt3QVhfkp0zDhyT97c=">AAAC23icdZFNb9QwEIad8FWWry2VeuGAxQpUpHaV9IO2B6SqHOgFqSC2rbQJkeOdpNbGTrAdxNbyiVvFlR/Hv+An4CSLxLYwkuVXM89oRu+kVcGUDoKfnn/j5q3bd5bu9u7df/DwUX/58Ykqa0lhRMuilGcpUVAwASPNdAFnlQTC0wJO0+mbpn76BaRipfioZxXEnOSCZYwS7VJJ/5Im5ihSn2siweIX+DXeiDJJqOGJib4y+2 nTmj38zn04isbblY57TUeH/pdMWZ6vLZZx81+AJtaarQ7bwNGUVBXp+JdJfxAMgzbwdRHOxQDN4zhZ9vajSUlrDkLTgig1DgO3oCFSM1qA7UW1gorQKclh7KQgHFRsWtMsfu4yE5yV0j2hcZv9u8MQrtSMp47kRJ+rq7Um+a/auNbZXmyYqGoNgnaDsrrAusTNBfCESaC6mDlBqGRuV0zPibNKuzv1FsZoNr3IYCY4EdZVJpC5M7ebGl1Ld+xcAghrPrw9tGYnXA93ttYDuwi6EVyVf6CWcIwzO7xq7XVxsjkMXw2D99uDg8O57UvoCXqG1lCIdtEBOkLHaIQo+uWtek897Mf+N//S/96hvjfvWUEL4f/4DVJ84dg=</latexit>

cH⇤ = �
m2

⇠

8M2

cH =
m2

⇠

8M2

✓
m⇠m⇣

3M2
� 

◆

Two coefficients are generated at tree-level:

Perform matching at the scale M, 
related to the physical mass via

<latexit sha1_base64="DXwefsFNuIi6mWFijCbl9JItN54="></latexit>

M2 = m2
h
sin2 ✓ +M2

H
cos2 ✓ � 

2
v2

These operators introduce  


at the weak scale from RG running

<latexit sha1_base64="8lChGMaKBqzd5PWT14DL/yfV3NM="></latexit>

CHD, CtH , CbH , C⌧H , C(3)
Hl

, C(3)
Hq

, CHtb
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Tree Level (+RGE) Results

���θ=����

���θ=����

κ=�� �=�

κ=μ=�
(�� ���������)

κ=�� �=��

Limits on the singlet from EWPO and LHC competitive — but most 
allowed coefficients cannot be generated in the model

OH =
�
H

†
H
�3

<latexit sha1_base64="I0yAPhbqYMJ2oTsINWeH4LsdVtM=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0Wom5JoQV0IBTfZWcE+oEnLZDpJh04ezEyEEvILbvwVNy4UcevOnX/jpM1CWw9cOJxzL/fe48aMCmkY31ppZXVtfaO8Wdna3tnd0/cPOiJKOCZtHLGI91wkCKMhaUsqGenFnKDAZaTrTm5yv/tAuKBReC+nMXEC5IfUoxhJJQ31mh0gOcaIpbfZ0ILX0HapX7MGqT1Cvk94ZuXC6eB8qFeNujEDXCZmQaqgQGuof9mjCCcBCSVmSIi+acTSSRGXFDOSVexEkBjhCfJJX9EQBUQ46eyjDJ4oZQS9iKsKJZypvydSFAgxDVzVmd8vFr1c/M/rJ9K7dFIaxokkIZ4v8hIGZQTzeOCIcoIlmyqCMKfqVojHiCMsVYgVFYK5+PIy6ZzVzUb96q5RbTaLOMrgCByDGjDBBWgCC7RAG2DwCJ7BK3jTnrQX7V37mLeWtGLmEPyB9vkDGm+ckA==</latexit>
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Tree Level (+RGE) Results

Limits on the singlet from EWPO and LHC competitive — but most 
allowed coefficients cannot be generated in the model
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Jiang, Craig, Li, Sutherland [1811.08878], 

Haisch, Ruhdorfer, Salvioni, Venturini, Weiler [2003.05936]

One-Loop Matching

…as well as many operators that don’t appear at tree-level
<latexit sha1_base64="8L9oAErz14LVvzA44CFWivyjHPI="></latexit>

CHD, CHW , CHB , CHWB , CHu, CHd,

C(1)
Hq

, C(3)
Hq

, C(3)
Hl

, CtH

<latexit sha1_base64="Bfjwj2cPlptQTx4kZJSIHFBVieA="></latexit>

dH⇤ = �9
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31

36
(3g2 + g02)cH⇤ +
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2
cH + �dH + �dshift

H⇤

dH = �


1

9

�
62g2 � 336�

�
cH⇤ + 6cH

�
+ �dH + �dshift

H

In principle of comparable size to RGE-induced contribution!

New contributions to CH, CH☐ at the matching scale…
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One-Loop Matching
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One-loop matching changes 
operators by ~10-20%  as 
measured at the weak scale

Include only one-loop RGEs

(two loops unavailable, but necessary 
to run one-loop induced operators)
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Effects on the Fit
��������� ������

������ ��������� ������
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Effects mostly O(10%), except for large values of portal coupling
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Effects on the Fit
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Effects mostly O(10%), except for large values of portal coupling
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Conclusions:

Lots more work to do:

• More robust understanding what coefficients can be generated


• Understand linear vs. quadratic approximation in fits in context of 
models?


• Include complete one-loop matching for other models, more NLO 
effects in fits, and more distributions


• Importance of effects from dimension-8 operators?

• The Higgs Inverse Problem is the 
next phase of LHC Higgs Physics


• Tree level interpretations of SMEFT 
Fits aren’t the whole story!  
RG evolution of coefficients is 
extremely important

Lots of other recent 
work on this topic!

See:

• Ellis, et al., [2012.02779]

• Das Bakshi, et al., [2012.03839]

• Marzocca, et al., [2009.01249]

• Brivio et al., [2108.01094]

• Almeida et al., [2108.04828],

• … and others!


