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Outline of This Talk
I. Introduction

EFT from the UV point-of-view (matching - running - mapping)


II. Review functional method & previous results in literatures
Effective action at tree and one-loop level

Expansion by regions: Hard vs Soft

Covariant Derivative Expansion (CDE)

The “Universal One-Loop Effective Action” (UOLEA)

Previous literatures and missing pieces


III. UOLEA: integrating out heavy-fermions
Methodology & Results


IV. Examples
Effective couplings 


Summary
Backup slides (full new results in degenerate case, covariant diagrams)

A��, AZZ,AZ�

<latexit sha1_base64="2dHpZhvQkNIbe2qNCCBakixLqOA="></latexit>



3

SM electroweak scale

3

Eexp

E [GeV ]

mW

Direct experimental reach
(Lack of direct discoveries)

Scale of New Physics
(New physics should be rather heavy or 

weakly coupled to the SM) 

ΛBSM

How to approach new physics

with the current and future experimental data?

33

Intro: EFT from the UV point-of-view
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Intro: EFT from the UV point-of-view
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Matching
(calculate Wilson coefficients, 


to do for each theory)

RGEs running (resum large logs, done once for all)

Mapping (calculate observables, done once for all)

EW precision test

This talk

(new physics effects are encoded inside    )ci

<latexit sha1_base64="rlRKBXNf1F2IH25kPoTws4pM4EA=">AAACGnicbZDLSsNAFIYnXmu8RV26CbZCFxKS0pJ0V3DjsoK9QBrCZDpth04uzEyEEvIcbnwVNy4UcSdufBunaQVtPTDw8f/nzJz5g4QSLkzzS9nY3Nre2S3tqfsHh0fH2slpl8cpQ7iDYhqzfgA5piTCHUEExf2EYRgGFPeC6fXc791jxkkc3YlZgr0QjiMyIggKKfmaVVGzQXGNy8aBl5mG7TiWbV6ZhlmUhHqz2XDsHPkkVyuqr5V/PH0drCWUwbLavvYxGMYoDXEkEIWcu5aZCC+DTBBEca4OUo4TiKZwjF2JEQwx97Jip1y/lMpQH8VMnkjohfp7IoMh57MwkJ0hFBO+6s3F/zw3FSPHy0iUpAJHaPHQKKW6iPV5TvqQMIwEnUmAiBG5q44mkEEkZJrzEKzVL69Dt2ZYdaNxWyu3qss4SuAcXIAqsIANWuAGtEEHIPAAnsALeFUelWflTXlftG4oy5kz8KeUz2+x75uL</latexit>
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Intro: EFT from the UV point-of-view
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RGEs running (resum large logs, done once for all)

Mapping (calculate observables, done once for all)

EW precision test

<  L
SM 

L
SM · · · L

SM >

<latexit sha1_base64="KHo4OHkFLU8k2LHDQW4T9webzKg="></latexit>

Feynman diagrams

(Decoupled heavy particles,

extract Wilson coefficients) 

Adapted from Z. Zhang's talk at HEFT 2017

+ …

+ …
H

L

LL

L

H LL

LL
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Intro: EFT from the UV point-of-view
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RGEs running (resum large logs, done once for all)

Mapping (calculate observables, done once for all)

EW precision test

Functional path integral evaluation*
(*) Core techniques:

Covariant Derivative Expansion,

various log expansion, 

integration by regions,

Covariant Diagrams, etc.
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Outline of section 2

II. Functional method & previous results in literatures
Effective action at tree and one-loop level

Expansion by regions: Hard vs Soft

Covariant Derivative Expansion (CDE)

The “Universal One-Loop Effective Action” (UOLEA)

Previous literatures and missing pieces
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II. Preliminary: Effective Action by Functional Method
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Path integral formalism:

Find classical solution by solving EOM:

Expand action around minimum:

Integrate over quantum fluctuation   : ⌘

<latexit sha1_base64="Uz17tv9HGrHGTlirD/rxmVo52q8="></latexit>

Tree-level One-loop level

det(A) = eTr logA

<latexit sha1_base64="i/NEHh8hgTbz/1AIpMdejsCu13g="></latexit>

Re-write the determinant, :

cs is spin factor (cs = +1/2 for real scalar, -1 for Dirac fermion)
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II. Preliminary: One-Loop Effective Action
We parameterise the shape of UV Lagrangian as follows:

S1�loop

eff
= icsTr log
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Extract the one-loop (heavy-only) piece:

Evaluate the Trace by inserting complete set of spatial and momentum states:

S1�loop
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ddx
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ddq

(2⇡)d
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⇤
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<latexit sha1_base64="qvCLU4priTFRMWNf0XkgVfIFlTw="></latexit>

Linear coupling,

contribute to tree-level

Quadratic coupling,

contribute to heavy-only 1-loop

Notations: Pµ = iDµ (kinetic momentum operator, hermitian)

�H (heavy fields can be bosons or fermions)

<latexit sha1_base64="jNEFORCjqDXXUrvla12xzPGLv0s="></latexit>

Core techniques to proceed the matching computations (quick overview):


Expansion by regions => Extract short-distance fluctuation which contribute to the local EFT operators


Covariant Derivative Expansion => Manifestly gauge-invariant in each step of the computation


Covariant Diagrams => Keep track of the series expansion (Z. Zhang, arXiv:1610.00710)

(Fuentes-Martin, Portoles, Ruiz-Femenia, arXiv:1607.02142)

(B. Henning, X. Lu and H. Murayama, arXiv:1412.1837)
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II. Core techniques #1: Expansion by regions (1)

In Dim.Reg. with MS-bar scheme, each “log det X” can be separated into “hard” and “soft” region contributions:

log detX = log detX|hard + log detX|soft

<latexit sha1_base64="hqgnL4a7nBt2ewdUhCl2ZETVqlc="></latexit>
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m�H

<latexit sha1_base64="t43PH+VtwfH/YmeAzfnYCQjH/II=">AAAC7nicbVLLahsxFJWnr3T6ymPZzVCn0EUxHlOabgqBbLJ0oE4C9tRoNHdmRDSSkK5KzODfKNmE0q7yLf2D/k009iw6di4IHc69Vzo6V6kW3OJw+K8XPHr85Omznefhi5evXr/Z3ds/t8oZBhOmhDKXKbUguIQJchRwqQ3QKhVwkV6dNPmLH2AsV/IbLjQkFS0kzzmj6Knvh2E1r2fjks9Pl+HhfLc/HAxXEW2DuAV90sZ4vt f7O8sUcxVIZIJaO41HGpOaGuRMwDKcOQuasitawNRDSSuwSb2SvYzeeyaLcmX8khit2P87alpZu6hSX1lRLO1mriEfyk0d5l+SmkvtECRbX5Q7EaGKGg+ijBtgKBYeUGa41xqxkhrK0DsVznSWK4e++WscPnTnx1ZXs7Os88i6GRmXhe2yjOrG7i6Z2ebZXc56E0vYOHNtV0fK1GtEuE7qwlBdcnbd7QBtUfmSjcNdmvPCGdgq9vQy9NOPN2e9Dc5Hg/jT4Ohs1D/+3P6DHfKWvCMfSEyOyDE5JWMyIYwYckN+kz+BDn4Gt8GvdWnQa3sOSCeCu3tDnvMY</latexit>

m�L
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q (loop-momentum)

<latexit sha1_base64="VZi5G1CqTnJbRV/PlG6xy1LDNTM="></latexit>

Hard region

Soft region

Basis idea:

1PI effective action include quantum fluctuation at all scales

Extract short-distance fluctuations  
=> Local operators in EFT Lagrangian 

Z
ddxL1�loop

EFT [�SM ] 6= S1�loop
eff [�SM ]

<latexit sha1_base64="e7YQB0rJe8dfksIoyddthja8nkM="></latexit>

Z
ddxL1�loop

EFT [�SM ] = S1�loop
eff [�SM ]

���
hard�region

<latexit sha1_base64="Mf/A89D1GVypFm6KB70D++Nl7jI="></latexit>

Technically speaking:
Taylor expand the integral in “hard” region, then integrate over 
the loop momenta

Making use of expansion by regions:

Z. Zhang, arXiv:1610.00710
Fuentes-Martin, Portoles, Ruiz-Femenia, arXiv:1607.02142

L1�loop
EFT = �icstr

Z
ddq

(2⇡)d

1X

i=1

1

n


1

q2 �m2
�H

�
�P 2 + 2q · P + U [�SM ]

��n

<latexit sha1_base64="OT0VCJEv/LLBF5RIskDXVNeNmgg="></latexit>

Adapted from Z. Zhang's talk at HEFT 2017
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II. Core techniques #2: Covariant Derivative Expansion

L1�loop
EFT = �icstr

Z
ddq

(2⇡)d

1X

i=1

1

n


1

q2 �m2
�H

�
�P 2 + 2q · P + U [�SM ]

��n
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Basic idea: never separate into andDµ

<latexit sha1_base64="HKcBD3rYTAIQ7HloNptDlI9RYZc="></latexit>

@µ

<latexit sha1_base64="CwaOCoHez3O2D261n9F7dYG86yM="></latexit>

�igAµ

<latexit sha1_base64="i3xhja+BXm9sPW0WZ3kdE55vXEo="></latexit>

Key points:


Expand the series up to n=6

Power counting for EFT operator is transparent

Each term factorises into a loop integral over momentum-q and a trace involving P, U.

1-loop integrals can be done once for all => Universal results

The universal coefficients of operators expressed in terms of the Master Integral:

Z
ddq

(2⇡)d
qµ1 · · · qµ2nc

(q2 �m2
i )

ni(q2 �m2
j)

nj · · · (q2)nL
⌘ gµ1···µ2ncI

⇥
q2nc

⇤ninj ···nL

ij···0

<latexit sha1_base64="Xhv9qcJ6KWThScz0vJx1lw90zLk="></latexit>

Brute force the expansion and obtain the final results ? 
Yes, but tedious and easy to make mistakes !

Simpler approach ? => Use Covariant Diagrams to keep track the expansion (see in Backup slides)

No matter how we deal with the expansion, the final results are universal !!!

notation: Pµ = iDµ

<latexit sha1_base64="G5+h8PySmTsBJKVwyFYwrmG9Y0k="></latexit>
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II. Results: Universal One-Loop Effective Action (Heavy-only)

Write down the master formula of Universal One-Loop Effective Action (UOLEA):

notation: G0
µ⌫ = � [Pµ, P⌫ ]

<latexit sha1_base64="D5HOSEFahKY3/W34n/eFe5NuMr4="></latexit>

Universal coefficient as a Master Integral in q, 
for example: 1

6
I111111
ijklmn

<latexit sha1_base64="oYnr33kzE/G+FR/Fr/nQ5cswtvU="></latexit>

Operator in EFT Lagrangian, up to d=6

Limit of the master formula:

Available for heavy-only with non-degenerate mass spectrum

Available to integrate out heavy fields: scalar, gauge boson, vector-like fermions 

Model-independent Depend on the UV theories

Trace over internal indices,

e.g. spin, color, flavour,… 

A. Drozd, J. Ellis, J. Quevillon and T. You, arXiv:1504.02409
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II. Results: What has been done in the literature?

Heavy-only:


Degenerate in the mass spectrum (B. Henning, X. Lu and H. Murayama, arXiv:1412.1837)

Non-Degenerate in the mass spectrum (A. Drozd, J. Ellis, J. Quevillon and T. You, arXiv:1504.02409)


Technical improvements:


Expansion by regions (Fuentes-Martin, Portoles, Ruiz-Femenia, arXiv:1607.02142)

Covariant Diagrams (Z. Zhang, arXiv:1610.00710)


Mixed Heavy-Light:


General results in both degenerate and non-degenerate mass spectrum  

(S.A.R. Ellis, J. Quevillon, T. You, Z. Zhang arXiv:1706.07765)


Extend the Universal One-Loop Effective Action (arXiv:2006.16260):


Integrate out heavy fermions with scalar, vector, pseudo scalar and vector-axial couplings

Implemented in the UOLEA,

but not straight forward in practice

Missing pieces in the UOLEA
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Outline of sections 3 & 4

III. UOLEA: integrating out heavy-fermions
Methodology & Results


IV. Examples:
Effective couplings 


Summary
A��, AZZ,AZ�

<latexit sha1_base64="2dHpZhvQkNIbe2qNCCBakixLqOA="></latexit>
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III. UOLEA: Integrate out heavy fermions (1)
Starting point: Let’s write down the UV Lagrangian for fermions

LUV [ H ,�L] = L0 [�L] + H (�µP µ �mH �XH [�L] ) H

<latexit sha1_base64="ZwO/cTRF9W8oybmcDG9Hwws/53I="></latexit>

general coupling with background fields

The effective action resulting from integrating out heavy-only fermions,

S1�loop

eff
= � iTr log (�µP µ �mH �XH [�L])

<latexit sha1_base64="27DD6RHoDY8DxujUAAEGlZI6d6M="></latexit>

Do not square the quadratic operator! Following the standard manipulation for the functional traces,

fermion propagator We need to fix the form of

background function X

L1�loop

EFT
= i tr

1X

n=1

1

n

Z
ddq

(2⇡)d


�1

qµ�µ �mH

(�Pµ�
µ +XH [�L])

�n

<latexit sha1_base64="oBHt/ktb43vdnxRwbL+v+nbii7w="></latexit>

We parameterise all possible UV renormalisation structures in the background function:

(note: W0,W1, Vµ, Aµ independent with the Dirac matrices )

<latexit sha1_base64="prQ3n1KAdyYrKJmJDdcIQxqJlLo="></latexit>

couplings with scalar,

pseudo-scalar structures 

couplings with vectorial or vector-axial structures

<latexit sha1_base64="tpwiZg1Mfpy9HyWqF0otaVI7300="></latexit>

XH [�] � W0 + iW1�5 + Vµ�µ + Aµ�µ�5

=> Expand order-by-order up to n=6, integrate over the momentum-q, evaluate the trace of Dirac matrices in 
Breitenlohner-Maison-t’Hooft-Veltman (BMHV) scheme.
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III. UOLEA: Integrate out heavy fermions (2)

Master formula for integrating out heavy fermions with chiral interactions (heavy-only):

For the general couplings with scalar, pseudo-scalar, vector and vector-axial structures: 
Completely done in Degenerate mass spectrum. 
=> Universal coefficients are available in a Mathematica notebook.

For the couplings with scalar and pseudo-scalar fields: 
Completely done in both Degenerate and Non-degenerate mass spectrum. 
=> 52 universal coefficients (see backup slides) 
   (general results where Pµ,W0,W1

<latexit sha1_base64="xZKvaIC2qBZ5FJ8rKt0oBwmhj1E="></latexit>

are considered as Non-commutative objects)

Main results:

<latexit sha1_base64="hmmjcS/8rKAfJhYcKfEVU6tFLMU="></latexit>

L1�loop

EFT
= i tr

1X

n=1

1

n

Z
ddq

(2⇡)d


�1

qµ�µ �mH

�
�/P +W0[�L] + iW1[�L]�

5 + Vµ[�L]�
µ + Aµ[�L]�

µ�5
� �n
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III. UOLEA: Integrate out heavy fermions (3)

17

Example: Operators involving pseudo-scalar couplings (heavy-only, degenerate mass spectrum)

(full results in the backup slides)

Trace over internal indices:

e.g. color, flavour, su(2),… Dirac algebra already

computed.

Result in BMHV’s scheme

S. A. R. Ellis, J. Quevillon, P. N. H. Vuong, T. You, Z. Zhang (2006.16260)

<latexit sha1_base64="hmmjcS/8rKAfJhYcKfEVU6tFLMU="></latexit>
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Table 6: Operator structures in the degenerate fermionic UOLEA involving the pseudoscalar
coupling W1.
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Table 7: Operator structures in the degenerate fermionic UOLEA involving both the scalar
coupling W0 and the pseudoscalar coupling W1.

UOLEA will need to be selected and reorganized into the form of commutators. The
non-denegerate results are available upon request.

15



18

IV. Examples: Effective couplings

1818

Goal: Test universal coefficients of the operators made by pseudo-scalar, vector-axial structures

LMSSM � ū
h
(i@µ � eQfFµ) �

µ �mt + i
mt

v
cot �A�5

i
u

<latexit sha1_base64="7ngee76Noq//i4xUceAUpCxr+mI="></latexit>

LEFT(A��) = CA�� AFµ⌫F̃
µ⌫ , with F̃µ⌫ =

1

2
✏µ⌫⇢�F

⇢�

<latexit sha1_base64="vUF9r562wphquvug+H+ctp8CBQI="></latexit>

After the broken phase, write down the relevant terms for A ! ��

<latexit sha1_base64="nWRKwKFYZeTPSv3aqcP4EY7tgmU="></latexit>

induced by top-quark in the loops:

After integrating out the top-quark, we could write down the EFT Lagrangian as follows:

CA��

<latexit sha1_base64="G4lcpBlSZbrl3/KjnmsJLReqC8I="></latexit>

Main exercise: compute the Wilson coefficients by using the Functional approach and cross-check with
the Feynman diagrams computation or previous literatures

=> Let’s see how UOLEA works in these examples…

A��, AZZ,AZ�

<latexit sha1_base64="2dHpZhvQkNIbe2qNCCBakixLqOA="></latexit>

EFT Lagrangian for A ! ��

<latexit sha1_base64="tDgiJueQVf06YsIbCsSPqDos29Y="></latexit>

:

Examples: Consider a pseudo-scalar (as A in the MSSM), decays into               with a top-quark

in the loops. Decouple the top-quark and find the EFT Lagrangian for A ! ��, A ! ZZ,A ! Z�

<latexit sha1_base64="AXVXCW3jU0L5LmO1OCgIU/30Fbk="></latexit>

��, ZZ, Z�

<latexit sha1_base64="XxRNzy06OleoaIPfngTGv+8jEEc="></latexit>

(see backup slides for                     ) 
<latexit sha1_base64="+/+7FBMO0ePivDwyXoldQ8tce/Y="></latexit>

A ! ZZ,A ! Z�
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Step 1: Re-write the UV-Lagrangian into UOLEA canonical form

Step 2: Select relevant operators in the UOLEA

19

LUV (UOLEA form) = ū
⇥
Pµ�

µ �mt �W1�
5
⇤
u

<latexit sha1_base64="UiLktrGynurserolV7qge8az/JA="></latexit>

Pµ = i@µ � eQfFµ , W1 = �i
mt

v
cot �A

<latexit sha1_base64="aCgQ0lQP8vGd/8tSF2kfqQPDwtA="></latexit>

AFµ⌫F̃µ⌫ = A
1

2
✏µ⌫⇢�Fµ⌫F ⇢�

<latexit sha1_base64="mT5D15sX4qrQuwLIYiiIWBcoMKw="></latexit>

W1

<latexit sha1_base64="dhlLXKreu4SQiu0AnnRAG43qE9o="></latexit>

included in [Pµ, P⌫ ]

<latexit sha1_base64="FITrmr/D1PchsI53I8d4fN71Nfw="></latexit>

included in

=> Select operators in
O(P 4W1)

<latexit sha1_base64="Nph5PtBKlyJGPyhT7L3UCnIdftg="></latexit>

terms

Step 3: Take the value of the universal coefficients and evaluate the trace over internal indices

Agree with B. A. Kniehl, M. Spira, Low-energy theorems in Higgs physics,

Z. Phys. C 69 (1995) 77 [arXiv:hep-ph/9505225] 

EFT Lagrangian for A ! ��

<latexit sha1_base64="tDgiJueQVf06YsIbCsSPqDos29Y="></latexit>

:

universal coefficient Substituting P, W1, and trace over colour index
<latexit sha1_base64="l1jFd4OtAesJPwsxeYY8MP6PTjk="></latexit>

L1loop
eft (A��) = � i

32⇡2 mt
tr
�
✏µ⌫⇢� W1[Pµ, P⌫ ][P⇢, P�]

�

=
1

16⇡2 v
e2Q2

fNc cot � AFµ⌫F̃
µ⌫

IV. Examples: Effective couplings A��, AZZ,AZ�

<latexit sha1_base64="2dHpZhvQkNIbe2qNCCBakixLqOA="></latexit>
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Summary
Functional matching method:


Allow a modelling-independent way to perform the matching calculations

Universal coefficients can be computed once and for all


The spirit of Universal One-Loop Effective Action (UOLEA):

LBSM

⇥
 H

BSM
, L

SM

⇤

<latexit sha1_base64="OGO6EGEgwFq8cIMzKX+H3zpvByE="></latexit>

LEFT

[
ψL
SM

]
= LSM +

∑

i

ci (E ∼ ΛBSM )Oi

Path integral manipulations

Expansion by regions

Covariant Derivatives Expansion

(Covariant Diagrams)

UOLEA *

Matrix trace evaluation

=> Start directly from UOLEA !!!

(*) Results:

Tree-level and Heavy-only


Mixed Heavy-Light


Heavy Fermions with chiral interactions 


    Outlook:

Mixed statistics


Open covariant derivatives

(arXiv:1412.1837, arXiv:1504.02409)

(arXiv:1706.07765)

(arXiv:2006.16260)
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Backup slides: Full results for scalar, pseudo-scalar (heavy-only, degenerate)

Operators involving scalar couplings:

Pure gauge operators:

S. A. R. Ellis, J. Quevillon, P. N. H. Vuong, T. You, Z. Zhang (2006.16260)
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Table 4: Pure gauge operator structures in the fermionic UOLEA.
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Table 5: Operator structures in the degenerate fermionic UOLEA involving the scalar coupling
W0.

• Finally, we present the full results in the degenerate case including the V and A struc-
tures. Due to a large number of combinations, we divide this section into subcategories:
vector only, axial-vector only, and mixed vector/axial-vector. We also note that the re-
sults for mixed structures are written in functional space with open covariant derivatives.
Depending on the e↵ective operators one needs to construct, a subset of operators in the
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Backup slides: Full results for scalar, pseudo-scalar (heavy-only, degenerate)
Operators involving pseudo-scalar couplings:

S. A. R. Ellis, J. Quevillon, P. N. H. Vuong, T. You, Z. Zhang (2006.16260)
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Table 7: Operator structures in the degenerate fermionic UOLEA involving both the scalar
coupling W0 and the pseudoscalar coupling W1.

UOLEA will need to be selected and reorganized into the form of commutators. The
non-denegerate results are available upon request.
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Operators involving the mixed of scalar and pseudo-scalar couplings:
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Backup slides: Some operators involving pseudo-scalar, vector and axial-vector structures

Operators involving pseudo-scalar and vector:

S. A. R. Ellis, J. Quevillon, P. N. H. Vuong, T. You, Z. Zhang (2006.16260)
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Table 8: Subset operator structures in the degenerate fermionic UOLEA involving the pseu-
doscalar, vector and axial-vector structures. This subset will be used in the various examples
we present in Sec. 3.

• We use the same notation in the Mathematica notebook as in the Eq. (2.6) where P,W0,
W1 stand for the covariant derivative, scalar, and pseudo-scalar structures, respectively.
To avoid conflict with other Mathematica packages, we denote v̄b, āb for vector and
axial-vector structures. We follow the conventions of Ref. [20] for �5 and the total anti-
symmetric tensor ✏µ⌫⇢�, ✏0123 = +1. The trace of Dirac matrices is evaluated using the
FeynCalc package [21–23] and thus the output operator structures are also written in the
language of this package.

• Regarding the hermiticity of the operator structures, the operators which are not self-
hermitian need to be accompanied with their hermitian conjugates. The non-self-hermitian
operators appear with “+ h.c.” in the table of operators. We also checked that the oper-
ator and its hermitian conjugate have the same coe�cients that result from the process
of functional matching computations.

3 Examples

In this Section we present a few examples involving the top quark, as a cross-check of our results
and to illustrate concretely how to use the fermionic UOLEA for practical calculations.

3.1 Integrating out the top quark in the Standard Model

In the broken phase of the electroweak symmetry, the terms quadratic in the top quark field
interacting with the SM Higgs via a Yukawa interaction are

LSM � t̄
�
i@µ � gsG

a
µT

a
� eQtFµ

�
�µ t�mtt̄t�

yt
p
2
ht̄t , (3.1)

where Ga
µ is the gluon field, T a is the SU(3)c generator, and Fµ is the notation chosen for the

photon field so as to avoid confusion with the axial-vector matrix Aµ.
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and to illustrate concretely how to use the fermionic UOLEA for practical calculations.
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Operators involving pseudo-scalar and axial-vector:

<latexit sha1_base64="ww9jXmjiY2e9BjE8uwLRaZbexEY="></latexit>

AZZ,AZ�(Useful operators for example)
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LMSSM � ū
h
(i@µ) �
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⇣
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µ�5

�
u

<latexit sha1_base64="3cE/odlk31Z0v6rz+0j3Y7ir6g4="></latexit>

LEFT(AZZ) = CAZZAZµ⌫Z̃
µ⌫

<latexit sha1_base64="agX85NVK1TGPIIIid10J1/FltDQ="></latexit>

LUV(UOLEA form) � ū
⇥
Pµ�

µ �mt �W1�
5 � Vµ�

µ � Aµ�
µ�5

⇤
u,

<latexit sha1_base64="ElQ7CpJLckZi23AkFwM5/oZeH4o="></latexit>

8
><

>:

Pµ = i@µ ; W1 = �i
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v
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✓
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<latexit sha1_base64="Zd1mo7arfqKuNDPrrk8mwRtu5tM="></latexit>

L1�loop
EFT (AZZ) =

1

48⇡2v
Nc cot �

g2

c2W

�
T 2
3 + 3Qfs

2
W [Qfs

2
W � T3]

�
AZµ⌫Z̃µ⌫ .

<latexit sha1_base64="JHXqMGPxsKisPZAoOh6qcsDguOw="></latexit>

Backup slides: Effective couplings A��, AZZ,AZ�

<latexit sha1_base64="2dHpZhvQkNIbe2qNCCBakixLqOA="></latexit>

EFT Lagrangian for :A ! ZZ

<latexit sha1_base64="ATUR8WXWNtCo/54Aa3d9Ubj0RFg="></latexit>

Write down the UV Lagrangian for A->ZZ induced by top-quark in the loops:

Remark: we are in the broken phase => Z-field will be factorised out of the covariant derivative !

Where P, W1, V, A 

are defined as follows:

Write down the EFT Lagrangian for A->ZZ: need 2 derivatives, 2 gauge fields

and 1 pseudo-scalar

LEFT (AZZ) � O(P 2V 2W1) +O(P 2A2W1)

<latexit sha1_base64="m+ta7qD4g4r7lsZ/xAgS8nzi5Dk="></latexit>

Operators: [P, V][P, V]W1 and [P, A][P, A]W1

Relevant operators in UOLEA:

Agree with B. A. Kniehl, M. Spira, Low-energy theorems in Higgs physics,

Z. Phys. C 69 (1995) 77 [arXiv:hep-ph/9505225] 
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LUV(UOLEA form) = ū
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⇤
u

<latexit sha1_base64="9lL8P+u5jxcPuf3U0EXqW9BxhpI="></latexit>
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<latexit sha1_base64="idheaxQ1TqtcN0DgItuCS5Z+G4E="></latexit>

L1�loop
EFT (AZ�) =

1

16⇡2v
Nc cot �(eQf )

g

cW

�
T3 � 2Qfs

2
W

�
AZµ⌫F̃µ⌫

<latexit sha1_base64="VWBlnwuNe+mkIsn/mNCUHp6G7+k="></latexit>

EFT Lagrangian for :A ! Z�

<latexit sha1_base64="JB2cALBHsXeabUzhSIwzdrSfdK4="></latexit>

Write down the UV Lagrangian for A->Z+gamma induced by top-quark in the loops:

Remark: Only photon-field can live inside the covariant derivative, the Z-field will be split into vector current 
and axial current.

=> Re-write in terms of 

   the UOLEA canonical form

Write down the EFT Lagrangian for A->Z+gamma: LEFT (AZ�) = CAZ�AZµ⌫F̃µ⌫

<latexit sha1_base64="tvIX+sQYpbLypJto/c8H6VLB+Js="></latexit>

LEFT (AZ�) � O(P 3VW1)

<latexit sha1_base64="fQl+UwUqqzUu4Xt9Se2WddA/fV8="></latexit>

Relevant operators in UOLEA:

Operators: [P, V][P, P]W1

Backup slides: Effective couplings A��, AZZ,AZ�

<latexit sha1_base64="2dHpZhvQkNIbe2qNCCBakixLqOA="></latexit>

Agree with B. A. Kniehl, M. Spira, Low-energy theorems in Higgs physics,

Z. Phys. C 69 (1995) 77 [arXiv:hep-ph/9505225] 
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Backup slides: Covariant Diagrams (Z. Zhang, arXiv:1610.00710)

Main idea: Due to the trace cyclicity, any terms in the expansion can be presented diagrammatically !!!

Power counting is transparent => classify diagrams very easy !


Key points: Define building blocks + readout rules => Generate all possible diagrams at each order, 
evaluate the prefactor and get the EFT operators (able to automatise easily)

Building blocks:
Fermion propagators: = mH

<latexit sha1_base64="gSoMh3w2oRw9JlDm3thqU7tyk4I="></latexit>

bosonic part
= ��µ

<latexit sha1_base64="IhMl4G9uXdgtMsgn3H/i9DtJZWw="></latexit>

fermionic part
;

W1 insertion: = W1 [�L] �5

<latexit sha1_base64="Wp6efwQWHpE+RRaof6h0LH1P2v4="></latexit>

�1

qµ�µ +mH

=
mH

q2 �m2
H

+
�qµ�µ

q2 �m2
H

<latexit sha1_base64="HyjeeuSfKu7kkCACVj+nflJWKaY="></latexit>

Decompose the

 fermion propagator

Readout rules:


Diagram value = prefactor x trace (building blocks)

Prefactor: i
1

S
I[q2nc ]

ni nj ···
i j···

<latexit sha1_base64="4sZq7Wag+uikvWNrcT6steey4fg="></latexit>

if the digram have Z_s symmetry

Example:

Let’s compute W1^2 term: (W1)
2 =

<latexit sha1_base64="peqtakjCV3sez0/8zNwiOnIG7GI="></latexit>

+

<latexit sha1_base64="j3zcnSOJGkJatz2vWb52I5qvIkc="></latexit>

= i
1

2
m2

H
I2
i
tr
�
W1�

5 W1�
5
�
+ i

1

2
I[q2]2

i
tr
�
W1�

5�µ W1�
5�µ

�

<latexit sha1_base64="enRjB7W2ys5obRsaZSc9zD9eXvE="></latexit>

The diagram is symmetry if we rotate 180 degree => symmetry factor = 1/2
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Backup slides: Expansion by regions
Making use of expansion by regions:

L1�loop

EFT
= ics

Z
ddq

(2⇡)d
tr log (�H)Pµ!Pµ�qµ

����
hard�region

= ics

Z
ddq

(2⇡)d
tr log

�
�[Pµ � qµ]

2 +m�H
+ U [�SM ]

�����
hard�region

<latexit sha1_base64="2zAzQNgjgq6+DWhjtZkG79zZeRE="></latexit>

Expanding the Log into the Taylor series with |q2| ⇠ m2
�H

�
��m2

�L

��

<latexit sha1_base64="tMi+NTK0QCgkSsXJWOumBxkbZE4="></latexit>
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���
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��n

<latexit sha1_base64="zQgOYeu9N4bt9Nrp7VpDM3RDbF0="></latexit>

L1�loop
EFT = �icstr
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ddq
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i=1

1

n


1

q2 �m2
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��n

<latexit sha1_base64="OT0VCJEv/LLBF5RIskDXVNeNmgg="></latexit>

Finally, we obtain the EFT Lagrangian as follows:

Next step:


Expand the series order-by-order, up to n=6 (we consider EFT operators up to dimension 6)

Z. Zhang, arXiv:1610.00710
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Backup slides: Integrate out heavy fermions (1)
Starting point: Let’s write down the UV Lagrangian for fermions

LUV [ H ,�L] = L0 [�L] + H (�µP µ �mH �XH [�L] ) H

<latexit sha1_base64="ZwO/cTRF9W8oybmcDG9Hwws/53I="></latexit>

general coupling with background fields

The effective action resulting from integrating out heavy-only fermions,

S1�loop

eff
= � iTr log (�µP µ �mH �XH [�L])

<latexit sha1_base64="27DD6RHoDY8DxujUAAEGlZI6d6M="></latexit>

Two way of proceeding:

1. Squaring the quadratic operators, using the trick Tr log(AB) = Tr logA+ Tr logB

<latexit sha1_base64="/13CUcGMYh+g1NaztTMm8cdGR5k="></latexit>

S1�loop

eff
= � i

2
Tr log

�
�P 2 +m2

H
+ Ufermion

�
,

where Ufermion = � i

2
�µ⌫G0

µ⌫
+ 2mHXH [�L] +X2

H
+
⇥
/P ,XH [�L]

⇤

<latexit sha1_base64="wrk8mTaJ25Bo8gb+bSuwLx61gjY="></latexit>

=> Then we can use the master formula in UOLEA as mentioned before

Disadvantages:


Not straight forward to derive EFT operators due to the complicated of the background function


If 

Ufermion

<latexit sha1_base64="DBrpknJKIN16BItigGCxAtQPq5w="></latexit>

XH [�L]

<latexit sha1_base64="jWMWx5Ti4iOEuwzo8PElG0QFlJg="></latexit>

contains Dirac matrices, the quantity 
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/P ,XH [�L]

⇤��
Pµ!Pµ�qµ
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, will lead to non-trivial terms  
which are not implemented in the UOLEA before
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Backup slides: Integrate out heavy fermions (2)

Any difficulties in this computations ? YES, we have in D-dimension !!!�5

<latexit sha1_base64="WC+TD+7fZzdIj4JtgC8AHten7e0="></latexit>

Let’s do an example and see…
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� �E + log 4⇡
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The 1-loop integral is divergence,

using Dim.Reg. to evaluate the integral Evaluate the Dirac trace in D-dimension

Key points:


Due to the issue of �5
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in D-dimension, we used Breitenlohner-Maison- t’Hooft Veltman scheme (BMHV)

We must keep the terms O(✏)
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2

✏
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in the Dirac traces, since they will cancel out the divergence term
of the 1-loop integrals

result of Dirac trace in BMHV-scheme No need to evaluate

Dirac algebra

divergence is cancelled => extra finite term
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Table 7. Commonly-used degenerate master integrals Ĩ[q2nc ]ni
i

⌘ I[q2nc ]ni
i
/ i

16⇡2 , with 2
✏̄
= 2

✏
��+

log 4⇡ dropped. All nondegenerate (including mixed heavy-light) master integrals can be reduced
to degenerate master integrals by Eq. (A.2).

We also note that a special case of Eq. (A.2a) which is useful in reducing the master integrals
appearing in Eq. (4.2) reads
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With the reduction formulas in Eq. (A.2) at hand, it is sufficient to tabulate the master
integrals of the form I[q2nc ]ni
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. A general formula for the latter is
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µ2 in the final result. We factor out the common prefactor,
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up to nc = 3 and ni = 6 in Table 7.
For convenience let us also tabulate the master integrals of the form I[q2nc ]ninL

i0 en-
countered in Section 4. They can be obtained with either Eq. (A.2b) or a generalization of
Eq. (A.5),
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Pulling out the loop factor as before, I = i

16⇡2 Ĩ, we list Ĩ[q2nc ]ninL
i0 up to nc = 2 and

ni + nL = 6 in Table 8.

B Explicit expressions of universal coefficients

Here we give explicit expressions of the universal coefficients, namely coefficients of operator
traces in the UOLEA master formula Eq. (4.1) rederived in Section 4.1 (see Table 5), in
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i0 up to nc = 2 and

ni + nL = 6 in Table 8.

B Explicit expressions of universal coefficients

Here we give explicit expressions of the universal coefficients, namely coefficients of operator
traces in the UOLEA master formula Eq. (4.1) rederived in Section 4.1 (see Table 5), in

– 49 –

Backup slides: Loop integrals

Definition of the master integrals:

The value of some master integrals:


