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I. Building axion EFTs: Axion-gauge bosons couplings (1)

“Peccei-Quinn” paradigm: 

#Anomalous coefficients

<latexit sha1_base64="r4qT9VX2wIkNA6sngzpB6G2HirQ="></latexit>
SM symmetries

�

local

⌦

U(1)PQ

�

global

<latexit sha1_base64="mymHDyKzVXQlqDgFlCI9L03Cw3Y="></latexit>
U(1)PQ

�

global

Spontaneously broken
(at new energy scale)

Axion: remnant of the 
<latexit sha1_base64="mymHDyKzVXQlqDgFlCI9L03Cw3Y="></latexit>
U(1)PQ

�

global(Goldstone boson)

(Axial symmetry) Anomalous: conserve at classical level but broken at the quantum level

g

g

<latexit sha1_base64="mCrJChto3C9V0F9hWmhtE1CmDUM="></latexit>

@µJ
µ
PQ

A

V

V

<latexit sha1_base64="i/TFRESSNu/q4S5kINqnM2/EC5E="></latexit>

6= 0

Anomalous coefficient:
<latexit sha1_base64="oFNSSZUIM+G9nq81VebCMWUo8vA="></latexit>

APQ

aGG̃
=

X

LH fermions

PQ( L)⇥G( L)
2 �

X

RH fermions

PQ( R)⇥G( R)
2 6= 0

PQ-charges Gauge-charges Chiral-fermions
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I. Building axion EFTs: Axion-gauge bosons couplings (2)

Axion-gauge bosons couplings play an essential role in axion phenomenology
<latexit sha1_base64="K6d68q4lbtATjPieO6VgykX72WQ="></latexit>

LEFT � � CaF F̃

16⇡2fa
aFµ⌫F̃µ⌫

Axion couples with massless vector gauge fields: (for example: photons, gluons) 

<latexit sha1_base64="uCJDdGLHL8q7BZJKykRjflnuF9w="></latexit>

CaF F̃ = APQ

aFF̃

#EFT coefficients

Georgi, Kaplan, Randall (1986) 

Effective couplings EFT coefficient
Anomalous coefficient



5

I. Building axion EFTs: Axion-gauge bosons couplings (2)

Main message: anomalous coefficients do not fully capture all Axion EFT couplings

Axion-gauge bosons couplings play an essential role in axion phenomenology
<latexit sha1_base64="K6d68q4lbtATjPieO6VgykX72WQ="></latexit>

LEFT � � CaF F̃

16⇡2fa
aFµ⌫F̃µ⌫

Axion couples with massless vector gauge fields: (for example: photons, gluons) 

Axion couples with massive chiral gauge fields: (for example: Z-bonson, W-boson)

<latexit sha1_base64="uCJDdGLHL8q7BZJKykRjflnuF9w="></latexit>

CaF F̃ = APQ

aFF̃

(J. Quevillon, C. Smith , arXiv:1903.12559)

(Q. Bonnefoy, L. Di Luzio, C. Grojean, A. Paul, and A. N. Rossia , arXiv:2011.10025)

<latexit sha1_base64="4JQx6SW1HVjqC5RlPNWr8W4qp8M="></latexit>

CaF Z̃ 6= APQ

aFZ̃

#EFT coefficients

Georgi, Kaplan, Randall (1986) 

Effective couplings EFT coefficient
Anomalous coefficient
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I. Building axion EFTs: Axion-gauge bosons couplings (3)

When axion couples with massless vector gauge fields:

<latexit sha1_base64="A8wMzYPxm9r/2OkFqPA2tnnyXtc="></latexit>

+

UV Lagrangian EFT Lagrangian

<latexit sha1_base64="D+FM2ymt+rSud9DbOqlm05wZ63w="></latexit>

APQ

aFF̃

<latexit sha1_base64="VM3X24/v2x9SZUN/zu6e4xyDtwY="></latexit>

CaF F̃

(J. Quevillon, C. Smith , arXiv:1903.12559)

<latexit sha1_base64="tR86+qz/W4wJwNQy+DHm5DW2EPc="></latexit>

m ! 1 <latexit sha1_base64="43zUpGmfEF1C4IGMGEXGfiDlgng="></latexit>

0

Matching <latexit sha1_base64="uCJDdGLHL8q7BZJKykRjflnuF9w="></latexit>

CaF F̃ = APQ

aFF̃

<latexit sha1_base64="vSKx9XSLok8dvTG/ODjV59ffTfE="></latexit>

LUV � �
APQ

aFF̃

16⇡2

a

fa
FF̃ +

�
@µa

�

fa
 ̄
�
gPQ
V

�µ � gPQ
A

�µ�5
�
 +  ̄

�
Vµ�

µ � Aµ�
µ�5 �m 

�
 

Anomalous interactions
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I. Building axion EFTs: Axion-gauge bosons couplings (3)

When axion couples with massless vector gauge fields:

<latexit sha1_base64="A8wMzYPxm9r/2OkFqPA2tnnyXtc="></latexit>

+

UV Lagrangian EFT Lagrangian

<latexit sha1_base64="D+FM2ymt+rSud9DbOqlm05wZ63w="></latexit>

APQ

aFF̃

<latexit sha1_base64="MmebUy8G6yiLHEIjbqUVJ7GwIkE="></latexit>

APQ

aFZ̃

Matching

<latexit sha1_base64="VM3X24/v2x9SZUN/zu6e4xyDtwY="></latexit>

CaF F̃

When axion couples with massive chiral gauge fields: (J. Quevillon, C. Smith , arXiv:1903.12559)

<latexit sha1_base64="tR86+qz/W4wJwNQy+DHm5DW2EPc="></latexit>

m ! 1 <latexit sha1_base64="43zUpGmfEF1C4IGMGEXGfiDlgng="></latexit>

0

<latexit sha1_base64="UPw34KkV+JarYWZPRWyVB1XJFiw=">AAADJXicbVJdi9NAFJ3GrzV+dfXRl8EiiEhpyrKKICwsgo8r2N3FJpSbyU067GRmmJloS+jvEf+KIL6IuE/+FSdtENPuhSGXc++ZOfeepFpw60ajy15w7fqNm7f2bod37t67/6C///DUqsownDAllDlPwaLgEieOO4Hn2iCUqcCz9OK4qZ99QmO5kh/cUmNSQiF5zhk4D836x3GKBZc1CF7I56swdrhw9dsFlFrga7qiQGPDi7 kDY9Rn+jEuoCwhjFFm/ziz/mA0HK2D7iZRmwxIGyez/d63OFOsKlE6JsDaaTTWLqnBOM4EehWVRQ3sAgqc+lRCiTap19Ou6FOPZDRXxh/p6Br9n1FDae2yTH1nCW5ut2sNeFVtWrn8VVJzqSuHkm0eyitBnaLN6mjGDTInlj4BZrjXStkcDDDnFxzGOstV5Tz5TRRe9eaLVlfzZVlnyLpxmsvCdlEGunGpC2a2GbuLWb/EOW7duVlXR8rUa/QGJ3VhQM85W3QZqK1TvmXr8irNeVEZ3Gn28Nr9aNvr3eR0PIwOhwfvx4Ojw/Y/2COPyRPyjETkJTki78gJmRBGvpIf5De5DL4E34Ofwa9Na9BrOY9IJ4I/fwEBHwnv</latexit>

Example: a ! Z�

<latexit sha1_base64="A8wMzYPxm9r/2OkFqPA2tnnyXtc="></latexit>

+
<latexit sha1_base64="A8wMzYPxm9r/2OkFqPA2tnnyXtc="></latexit>

+

Matching <latexit sha1_base64="uCJDdGLHL8q7BZJKykRjflnuF9w="></latexit>

CaF F̃ = APQ

aFF̃

<latexit sha1_base64="tR86+qz/W4wJwNQy+DHm5DW2EPc="></latexit>

m ! 1 <latexit sha1_base64="43zUpGmfEF1C4IGMGEXGfiDlgng="></latexit>

0
<latexit sha1_base64="tR86+qz/W4wJwNQy+DHm5DW2EPc="></latexit>

m ! 1 <latexit sha1_base64="+MmHG974pza0hZ4oNsoKnY+pfyY="></latexit>

6= 0

<latexit sha1_base64="4JQx6SW1HVjqC5RlPNWr8W4qp8M="></latexit>

CaF Z̃ 6= APQ

aFZ̃

Vector current of PQ-symmetry is anomalous

(analogous with the anomalous of fermion number current)

<latexit sha1_base64="vSKx9XSLok8dvTG/ODjV59ffTfE="></latexit>

LUV � �
APQ

aFF̃

16⇡2

a

fa
FF̃ +

�
@µa

�

fa
 ̄
�
gPQ
V

�µ � gPQ
A

�µ�5
�
 +  ̄

�
Vµ�

µ � Aµ�
µ�5 �m 

�
 

Anomalous interactions
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I. Building axion EFTs: Axion-gauge bosons couplings (4)

When axion couples with massless vector gauge fields:

<latexit sha1_base64="A8wMzYPxm9r/2OkFqPA2tnnyXtc="></latexit>

+

UV Lagrangian EFT Lagrangian

<latexit sha1_base64="D+FM2ymt+rSud9DbOqlm05wZ63w="></latexit>

APQ

aFF̃

<latexit sha1_base64="MmebUy8G6yiLHEIjbqUVJ7GwIkE="></latexit>

APQ

aFZ̃

Matching

<latexit sha1_base64="VM3X24/v2x9SZUN/zu6e4xyDtwY="></latexit>

CaF F̃

When axion couples with massive chiral gauge fields: (J. Quevillon, C. Smith , arXiv:1903.12559)

<latexit sha1_base64="tR86+qz/W4wJwNQy+DHm5DW2EPc="></latexit>

m ! 1 <latexit sha1_base64="43zUpGmfEF1C4IGMGEXGfiDlgng="></latexit>

0

<latexit sha1_base64="UPw34KkV+JarYWZPRWyVB1XJFiw=">AAADJXicbVJdi9NAFJ3GrzV+dfXRl8EiiEhpyrKKICwsgo8r2N3FJpSbyU067GRmmJloS+jvEf+KIL6IuE/+FSdtENPuhSGXc++ZOfeepFpw60ajy15w7fqNm7f2bod37t67/6C///DUqsownDAllDlPwaLgEieOO4Hn2iCUqcCz9OK4qZ99QmO5kh/cUmNSQiF5zhk4D836x3GKBZc1CF7I56swdrhw9dsFlFrga7qiQGPDi7 kDY9Rn+jEuoCwhjFFm/ziz/mA0HK2D7iZRmwxIGyez/d63OFOsKlE6JsDaaTTWLqnBOM4EehWVRQ3sAgqc+lRCiTap19Ou6FOPZDRXxh/p6Br9n1FDae2yTH1nCW5ut2sNeFVtWrn8VVJzqSuHkm0eyitBnaLN6mjGDTInlj4BZrjXStkcDDDnFxzGOstV5Tz5TRRe9eaLVlfzZVlnyLpxmsvCdlEGunGpC2a2GbuLWb/EOW7duVlXR8rUa/QGJ3VhQM85W3QZqK1TvmXr8irNeVEZ3Gn28Nr9aNvr3eR0PIwOhwfvx4Ojw/Y/2COPyRPyjETkJTki78gJmRBGvpIf5De5DL4E34Ofwa9Na9BrOY9IJ4I/fwEBHwnv</latexit>

Example: a ! Z�

<latexit sha1_base64="A8wMzYPxm9r/2OkFqPA2tnnyXtc="></latexit>

+
<latexit sha1_base64="A8wMzYPxm9r/2OkFqPA2tnnyXtc="></latexit>

+

Matching <latexit sha1_base64="uCJDdGLHL8q7BZJKykRjflnuF9w="></latexit>

CaF F̃ = APQ

aFF̃

<latexit sha1_base64="tR86+qz/W4wJwNQy+DHm5DW2EPc="></latexit>

m ! 1 <latexit sha1_base64="43zUpGmfEF1C4IGMGEXGfiDlgng="></latexit>

0
<latexit sha1_base64="tR86+qz/W4wJwNQy+DHm5DW2EPc="></latexit>

m ! 1 <latexit sha1_base64="+MmHG974pza0hZ4oNsoKnY+pfyY="></latexit>

6= 0

<latexit sha1_base64="4JQx6SW1HVjqC5RlPNWr8W4qp8M="></latexit>

CaF Z̃ 6= APQ

aFZ̃

<latexit sha1_base64="vSKx9XSLok8dvTG/ODjV59ffTfE="></latexit>

LUV � �
APQ

aFF̃

16⇡2

a

fa
FF̃ +

�
@µa

�

fa
 ̄
�
gPQ
V

�µ � gPQ
A

�µ�5
�
 +  ̄

�
Vµ�

µ � Aµ�
µ�5 �m 

�
 

Anomalous interactions

In this talk
Reformulate this phenomena by: Matching with Path-integral approach &


Building a consistent low-energy EFT for axion phenomenology  
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<latexit sha1_base64="tUzVoU3eQnMWoEdK1WFiI1Rr+9A="></latexit>

fa

<latexit sha1_base64="kQk/A9xh1fYVKJzSxb8gTMmIGWY="></latexit>vew

<latexit sha1_base64="N9uPdr03ouaW6Q6gkTGZsEj94+0="></latexit>

E

I. Building axion EFTs: UV/IR point-of-view

<latexit sha1_base64="CS8S8g9KlLE0Ze91JmlAUQ9i0KM="></latexit>

LUV

�
a, , Aµ

�

<latexit sha1_base64="93+DqFqf9HSfCRQhCZXyxJPncYs="></latexit>

LEFT

�
a,Aµ

�
= LSM +

X

i

Ci Oi

UV perspective: evaluating Wilson coefficients in the present of Global anomalies

IR perspective: building a set of consistent EFT operators

Functional method: integrating-out massive chiral fermions
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I. Building axion EFTs: Set up axion UV Lagrangian

<latexit sha1_base64="9emjhPXwZ/0lCa4+eOgKPdOAN/E="></latexit>

Lfermion
UV =  ̄

�
i@µ�

µ + gV Vµ�
µ � gAAµ�

µ�5
�
 � y 

�
 ̄L�A R + h.c.

�
Starting point: axion UV Lagrangian

PQ-symmetry:
<latexit sha1_base64="UY4t44ZKNIMQBS/aQYL6MxWR8cY="></latexit>

�A � fa exp


i gPQ

�

a(x)

fa

�
, with gPQ

� = 2gPQ
A

<latexit sha1_base64="PAQe348KOgT7/4w3fhdqK3/NJxM="></latexit>

 L ! ei(g
PQ
V

+gPQ
A

)✓ L ,  R ! ei(g
PQ
V

�gPQ
A

)✓ R

<latexit sha1_base64="1bsLeXeYnvKLetFqPT1FuX8JhTk="></latexit>

, �A ! ei (2g
PQ
A

)✓�A

PQ spontaneously broken:
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I. Building axion EFTs: Set up axion UV Lagrangian

<latexit sha1_base64="9emjhPXwZ/0lCa4+eOgKPdOAN/E="></latexit>

Lfermion
UV =  ̄

�
i@µ�

µ + gV Vµ�
µ � gAAµ�

µ�5
�
 � y 

�
 ̄L�A R + h.c.

�
Starting point: axion UV Lagrangian

PQ-symmetry:

<latexit sha1_base64="EJz+cbwwCBQ8sZIx52J5FGF7UMw="></latexit>

 L ! ei(g
PQ
V

+gPQ
A

)a(x) L ,  R ! ei(g
PQ
V

�gPQ
A

)a(x) R
Fermion field-dependent reparametrisation:

Path-integral measure 

is not invariant under the chiral transformation

<latexit sha1_base64="45QNhDibIlffh2rZwHtuTBH+7K0="></latexit>Z
D ̄D !

�
logJ

� Z
D ̄D 

Contribute to EFT coefficients at one-loop level

=> Evaluate the one-loop effective action

<latexit sha1_base64="UY4t44ZKNIMQBS/aQYL6MxWR8cY="></latexit>

�A � fa exp


i gPQ

�

a(x)

fa

�
, with gPQ

� = 2gPQ
A

<latexit sha1_base64="PAQe348KOgT7/4w3fhdqK3/NJxM="></latexit>

 L ! ei(g
PQ
V

+gPQ
A

)✓ L ,  R ! ei(g
PQ
V

�gPQ
A

)✓ R

<latexit sha1_base64="1bsLeXeYnvKLetFqPT1FuX8JhTk="></latexit>

, �A ! ei (2g
PQ
A

)✓�A

PQ spontaneously broken:

<latexit sha1_base64="jvKvdZ86SLhxYMBX854ZiJdqkos="></latexit>

Lfermion
UV = LAnomalous

UV +  ̄

✓
i@µ�

µ + gV Vµ�
µ � gAAµ�

µ�5 �M +
@µa

fa


gPQ
V

�µ � gPQ
A

�µ�5

�◆
 

<latexit sha1_base64="4tKPZEU3dEEK6Kf21qic3bMOKP4="></latexit>

LAnomalous
UV � �

APQ

aFF̃

16⇡2

a

fa
FF̃
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I. Building axion EFTs: One-Loop Effective Action

We parameterise the shape of UV Lagrangian as follows:

12

general coupling with background fields
<latexit sha1_base64="iMkGHbvcUCJAN95tm5qxyVXW0dQ="></latexit>

X[�] = Vµ[�]�
µ � Aµ[�]�

µ�5 �W1[�]i�
5Example:

Path Integral: extract the one-loop (heavy-only) piece:

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

<latexit sha1_base64="bw9dVJHevvMCsbk+MexbmmL2uaQ="></latexit>

S1�loop

eff
= �iTr log

✓
� �2S

� 2
H

����
 H,c

◆
= �iTr log

�
Pµ�

µ�M+X[�]
�
⌘ �iTr log�H

<latexit sha1_base64="kflPk3gkF1RBtba6RNTHMjMWN3g="></latexit>

�iTr log

✓
i @µ�

µ �M +X[�]

◆

<latexit sha1_base64="8bEjUynOROcqnZWjyNSB6EVAEZc="></latexit>

Lfermion
UV

⇥
 H ,�

⇤
�  ̄H


i @µ�

µ �M +X[�]

�
 H

<latexit sha1_base64="m+Zd8irj2cTDMz7aiOgg5gsORug="></latexit>

eiSeff [�L] =

Z
D ̄HD H eiSUV[ H ,�L]
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I. Building axion EFTs: One-Loop Effective Action

We parameterise the shape of UV Lagrangian as follows:

13

general coupling with background fields
<latexit sha1_base64="iMkGHbvcUCJAN95tm5qxyVXW0dQ="></latexit>

X[�] = Vµ[�]�
µ � Aµ[�]�

µ�5 �W1[�]i�
5Example:

Path Integral: extract the one-loop (heavy-only) piece:

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

<latexit sha1_base64="my6/wtWE9EgHEcJYWNCfQnoeos4="></latexit>

L1loop
EFT = i tr

1X

n=1

1

n

Z
d4q

(2⇡)4


�1

/q +M

✓
� i @µ�

µ � Vµ[�]�
µ + Aµ[�]�

µ�5 +W1[�]i�
5

◆�n

Expanding order by order (ex: up to n=6)

Integrating over momentum q (use Dimensional Regularisation for divergence integrals)

Evaluating the Dirac traces (careful with     )

<latexit sha1_base64="OChuj/cS0iT0N5/M24QnIOmGq1Q="></latexit>

�5

evaluating functional trace

<latexit sha1_base64="bw9dVJHevvMCsbk+MexbmmL2uaQ="></latexit>

S1�loop

eff
= �iTr log

✓
� �2S

� 2
H

����
 H,c

◆
= �iTr log

�
Pµ�

µ�M+X[�]
�
⌘ �iTr log�H

<latexit sha1_base64="kflPk3gkF1RBtba6RNTHMjMWN3g="></latexit>

�iTr log

✓
i @µ�

µ �M +X[�]

◆

<latexit sha1_base64="8bEjUynOROcqnZWjyNSB6EVAEZc="></latexit>

Lfermion
UV

⇥
 H ,�

⇤
�  ̄H


i @µ�

µ �M +X[�]

�
 H

<latexit sha1_base64="m+Zd8irj2cTDMz7aiOgg5gsORug="></latexit>

eiSeff [�L] =

Z
D ̄HD H eiSUV[ H ,�L]
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Power counting: new operator structures appear
<latexit sha1_base64="DWmkB3PYde/WFQMY0eaKmq1Tzgs="></latexit>

L1loop
EFT � !AAA

�
@µa)A⌫F̃

µ⌫
A

Wilson coefficients:

<latexit sha1_base64="Tb2ERZIr7QuQ/ttWeo/JsZJHtcs="></latexit>!AAA

: divergence integral Dimensional regularisation
<latexit sha1_base64="Wf36W0IQa2ziJrQN7p6vebMjP88="></latexit>

�
Z

d4q

(2⇡)d
1

/q4 �M4

<latexit sha1_base64="XIkleqgppYg8RoiD+XduI61OiLA="></latexit>

� tr
�
· · · �5

�
t’ Hooft & Veltman ’s scheme: might obtain wrong results

(evaluate integrals in d-dimensions)

(vector component of PQ-symmetry can be anomalous ! )

I. Building axion EFTs: Anomaly-related operators: The problems (1)



15

Power counting: new operator structures appear
<latexit sha1_base64="DWmkB3PYde/WFQMY0eaKmq1Tzgs="></latexit>

L1loop
EFT � !AAA

�
@µa)A⌫F̃

µ⌫
A

Wilson coefficients:

<latexit sha1_base64="Tb2ERZIr7QuQ/ttWeo/JsZJHtcs="></latexit>!AAA

: divergence integral Dimensional regularisation
<latexit sha1_base64="Wf36W0IQa2ziJrQN7p6vebMjP88="></latexit>

�
Z

d4q

(2⇡)d
1

/q4 �M4

<latexit sha1_base64="XIkleqgppYg8RoiD+XduI61OiLA="></latexit>

� tr
�
· · · �5

�
t’ Hooft & Veltman ’s scheme: might obtain wrong results

(evaluate integrals in d-dimensions)

(vector component of PQ-symmetry can be anomalous ! )

What if we try hard to evaluate this coefficient? 

(t’ Hooft & Veltman) Key point: ambiguity on the location of γ5

<latexit sha1_base64="mSeliRQ6ayXDmPJTkK+HlN1AcNQ="></latexit>�!
<latexit sha1_base64="SGRFgE5QgZbFLgio1SpgJf2pXwk="></latexit>

!AAA

�
free parameters

�
=>

decide if a symmetry is broken or not

I. Building axion EFTs: Anomaly-related operators: The problems (2)
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Power counting: new operator structures appear
<latexit sha1_base64="DWmkB3PYde/WFQMY0eaKmq1Tzgs="></latexit>

L1loop
EFT � !AAA

�
@µa)A⌫F̃

µ⌫
A

Wilson coefficients:

<latexit sha1_base64="Tb2ERZIr7QuQ/ttWeo/JsZJHtcs="></latexit>!AAA

: divergence integral Dimensional regularisation
<latexit sha1_base64="Wf36W0IQa2ziJrQN7p6vebMjP88="></latexit>

�
Z

d4q

(2⇡)d
1

/q4 �M4

<latexit sha1_base64="XIkleqgppYg8RoiD+XduI61OiLA="></latexit>

� tr
�
· · · �5

�
t’ Hooft & Veltman ’s scheme: might obtain wrong results

(evaluate integrals in d-dimensions)

(vector component of PQ-symmetry can be anomalous ! )

EFT operators:

<latexit sha1_base64="CvfLpQkkYc9TNrrn+LKB6rb232A="></latexit>�
@µa

�
A⌫F̃

µ⌫
A

Gauge-invariant:

PQ-invariant

I. Building axion EFTs: Anomaly-related operators: The problems (3)

Problem: ambiguous Wilson coefficient but gauge-invariant operator

=> No counter terms to fix the value of 
<latexit sha1_base64="Tb2ERZIr7QuQ/ttWeo/JsZJHtcs="></latexit>!AAA

<latexit sha1_base64="+0sEP7mUMeMWLyXvZnvzCcofMJ4="></latexit>

�A

�
@µa

�
A⌫F̃

µ⌫
A

�
=

�
@µa)

�
@⌫✓A)F̃

µ⌫
A

�
= 0
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Let’s gauge the PQ-symmetry:
<latexit sha1_base64="DWmkB3PYde/WFQMY0eaKmq1Tzgs="></latexit>

L1loop
EFT � !AAA

�
@µa)A⌫F̃

µ⌫
A

(Q. Bonnefoy, L. Di Luzio, C. Grojean, A. Paul, and A. N. Rossia , arXiv:2011.10025)

Introduce an auxiliary gauge field: 
<latexit sha1_base64="J2v/RCefRV8cbnMSj5a6MuJKxVE="></latexit>

APQ
µ

I. Building axion EFTs: Anomaly-related operators: The solution (1)

Gauge-invariant

PQ-invariant
<latexit sha1_base64="Jr4HZrOSNj/Io6ZvCElzRUt28tY="></latexit>

L1loop
EFT � !AAA

�
@µa� APQ

µ )A⌫F̃
µ⌫
A

Chern-Simon terms 
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Let’s gauge the PQ-symmetry:
<latexit sha1_base64="DWmkB3PYde/WFQMY0eaKmq1Tzgs="></latexit>

L1loop
EFT � !AAA

�
@µa)A⌫F̃

µ⌫
A

(Q. Bonnefoy, L. Di Luzio, C. Grojean, A. Paul, and A. N. Rossia , arXiv:2011.10025)

Introduce an auxiliary gauge field: 
<latexit sha1_base64="J2v/RCefRV8cbnMSj5a6MuJKxVE="></latexit>

APQ
µ

I. Building axion EFTs: Anomaly-related operators: The solution (1)

After EW symmetry breaking: Chiral fermions & gauge fields obtain their mass
<latexit sha1_base64="k/l/lwTriLLubS3wIhyijhUVfDk="></latexit>

Lfermion
UV �  ̄

✓
�M

⇡A(x)

vA
i�5

◆
 => New counter terms appear!

Gauge-invariant

PQ-invariant
<latexit sha1_base64="Jr4HZrOSNj/Io6ZvCElzRUt28tY="></latexit>

L1loop
EFT � !AAA

�
@µa� APQ

µ )A⌫F̃
µ⌫
A

Chern-Simon terms 
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Let’s gauge the PQ-symmetry:
<latexit sha1_base64="DWmkB3PYde/WFQMY0eaKmq1Tzgs="></latexit>

L1loop
EFT � !AAA

�
@µa)A⌫F̃

µ⌫
A

(Q. Bonnefoy, L. Di Luzio, C. Grojean, A. Paul, and A. N. Rossia , arXiv:2011.10025)

Introduce an auxiliary gauge field: 
<latexit sha1_base64="J2v/RCefRV8cbnMSj5a6MuJKxVE="></latexit>

APQ
µ

I. Building axion EFTs: Anomaly-related operators: The solution (1)

After EW symmetry breaking: Chiral fermions & gauge fields obtain their mass
<latexit sha1_base64="k/l/lwTriLLubS3wIhyijhUVfDk="></latexit>

Lfermion
UV �  ̄

✓
�M

⇡A(x)

vA
i�5

◆
 => New counter terms appear!

<latexit sha1_base64="IsacvFb3Jtr6w5PpKyEmjadbUtg="></latexit>

L1loop
EFT � !AAA

�
@µa� APQ

µ )A⌫F̃
µ⌫
A + ⌘APA

⇡A(x)

vA
F µ⌫
PQF̃

µ⌫
A

Enforcing gauge-invariant

Imposing non-trivial constrain on Wilson coefficients
Goldstone-gauge bosons operators

Gauge-invariant

PQ-invariant
<latexit sha1_base64="Jr4HZrOSNj/Io6ZvCElzRUt28tY="></latexit>

L1loop
EFT � !AAA

�
@µa� APQ

µ )A⌫F̃
µ⌫
A

Chern-Simon terms 
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Directly expand the master formula

Finite integrals, unambiguous Dirac traces

Loop & Dirac traces coefficients

I. Building axion EFTs: Anomaly-related operators: The solution (2)

<latexit sha1_base64="5To6sS7YNvME9yUAfuErx8RKBn8="></latexit>

L1loop
EFT � i tr

1X

n=1

1

n

Z
d4q

(2⇡)4


�1

/q +M

✓
� i@µ�

µ �
�
Vµ�

µ � Aµ�
µ�5

�
+ ⇡A(x)i�

5

�
�
V PQ
µ �µ � APQ

µ �µ�5
 ◆�n

Evaluating new counter terms:

Not gauge invariant

<latexit sha1_base64="MhOGKYNvEw+PLbJu8XSjVJGbZfY="></latexit>

L1loop
EFT � 1

8⇡2
⇡A(x)FV PQF̃V +

1

24⇡2
⇡A(x)FAPQF̃A

<latexit sha1_base64="sPVkWjgxzvP8NKXXY7WdKpoV21Q="></latexit>

�A⇡A(x) = 2v ✓A
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Gauge-invariant lead to:Remove the auxiliary gauge field
<latexit sha1_base64="LNWt5txr+OCKNOOnyQnPEWZ+pfI="></latexit>

APQ
µ ! 0

I. Building axion EFTs: Anomaly-related operators: The solution (3)

Wilson coefficients & Gauge-invariant combinations:

Example:

Integrate-by-part

Gauge-invariant combination
<latexit sha1_base64="JnOwngMJFfkg3F3BhBnQ0kf+B00="></latexit>

L1loop
EFT � !AAA

�
@µa� APQ

µ )A⌫F̃
µ⌫
A + ⌘⇡AAA

⇡A(x)

vA
F µ⌫
APQF̃

µ⌫
A

<latexit sha1_base64="soKGF52wB4luwkgvuVTZPrE51lY="></latexit>

!AAA = 4⌘⇡AAA

<latexit sha1_base64="dA1tHJ0DSzf+zxV2eBP93vgtzw8="></latexit>
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EFT �

⇥
4⌘⇡AAA

⇤�
@µa

�
A⌫F̃

µ⌫
A

<latexit sha1_base64="vg7Oae8Ezmn1EsisP05QRIdLV3c="></latexit>
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⇥
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⇤
aF µ⌫

A F̃ µ⌫
A = � 1

12⇡2
aF µ⌫

A F̃ µ⌫
A
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I. Building axion EFTs: Summary
Axion bosonic EFT Lagrangian:

Anomalous structure of the theory Non-decoupling effect after integrating-out chiral fermions

Their combination will generate the true value of EFT coefficient

Gauge-invariant features:
Matching by Feynman diagrams Matching by Path integral

Study Ward identities  Study gauge-invariant combination 
of EFT operators

Functional approach for one-loop matching:

(To do for each diagram)

<latexit sha1_base64="rQqZcyX6lG74gIB7nfaQmMee+hQ="></latexit>

Laxion
EFT � LAnomalous

UV +


�1

4⇡2fa
gPQ
V

gAgV

�
@µa

�
A⌫F̃

µ⌫
V +

�1

12⇡2fa
gPQ
A

gAgA

�
@µa

�
A⌫F̃

µ⌫
A

�

Consistent and straightforward way to build Axion EFTs
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Backup slides
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I. Backup slides: Anomalous coefficient vs EFT coefficient

Main message: anomalous coefficients do not fully capture all Axion EFT couplings

Axion-gauge boson couplings play an essential role in axion phenomenology
<latexit sha1_base64="K6d68q4lbtATjPieO6VgykX72WQ="></latexit>

LEFT � � CaF F̃

16⇡2fa
aFµ⌫F̃µ⌫

Global anomaly:
<latexit sha1_base64="tUzVoU3eQnMWoEdK1WFiI1Rr+9A="></latexit>

fa

<latexit sha1_base64="kQk/A9xh1fYVKJzSxb8gTMmIGWY="></latexit>vew

<latexit sha1_base64="N9uPdr03ouaW6Q6gkTGZsEj94+0="></latexit>

E

<latexit sha1_base64="vdBWZo8lr0YTE+G0JquQrTh5SCc="></latexit>

�,  , Aµ

<latexit sha1_base64="cpAuuOMjx5f+BBWWTizznpee49M="></latexit>

a, Aµ

t’Hooft anomaly matching 
(unambiguous information)

Axion couplings:

<latexit sha1_base64="D+FM2ymt+rSud9DbOqlm05wZ63w="></latexit>

APQ

aFF̃

<latexit sha1_base64="VM3X24/v2x9SZUN/zu6e4xyDtwY="></latexit>

CaF F̃

<latexit sha1_base64="D+FM2ymt+rSud9DbOqlm05wZ63w="></latexit>

APQ

aFF̃

<latexit sha1_base64="VM3X24/v2x9SZUN/zu6e4xyDtwY="></latexit>

CaF F̃ =

Axion couples with massless vector gauge fields: Photons/Gluons 

Axion couples with massive chiral gauge fields:
<latexit sha1_base64="4tsiK3CYWSjOOdWTRuvqPmiuiss="></latexit>

Z, W±

But, recently…

<latexit sha1_base64="uCJDdGLHL8q7BZJKykRjflnuF9w="></latexit>

CaF F̃ = APQ

aFF̃

In DFSZ-like axion:

(J. Quevillon, C. Smith , arXiv:1903.12559)

(Q. Bonnefoy, L. Di Luzio, C. Grojean, A. Paul, and A. N. Rossia , arXiv:2011.10025)

<latexit sha1_base64="4JQx6SW1HVjqC5RlPNWr8W4qp8M="></latexit>

CaF Z̃ 6= APQ

aFZ̃
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I. Backup slides: Generic EFTs from the IR point-of-view

Without knowledge of UV-complete theory, any QFT is just an EFT

Use effective operators to parametrise new physics at higher energy scale 

Wilson coefficients
Encapsulate effect of new physics

Non-renormalizable operators
Made up of gauge-invariant
combination of SM fields 

Cut-off energy scale

Once deviation with SM (in precision Electroweak, precision Higgs, precision Flavour, etc)  
=> BSM theory

2525
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Eexp

E [GeV ]

mW

ΛBSM

26

LEFT

[
ψL
SM

]
= LSM +

∑

i

ci (E ∼ ΛBSM )Oi

LBSM

⇥
 H

BSM
, L

SM

⇤

<latexit sha1_base64="OGO6EGEgwFq8cIMzKX+H3zpvByE="></latexit>
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⇥
 L
SM

⇤
= LSM +

X

i

ci (E ⇠ mW )Oi

<latexit sha1_base64="ggp6GFUisECf/CC5an3Hv+DewS4="></latexit>
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s

<latexit sha1_base64="59C7yVK3dgD/U35OoKKUAlqaD5Y="></latexit>

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

Mapping (calculate observables, done once for all)

EW precision test

Feynman diagrams

(Decoupled heavy particles,

extract Wilson coefficients) 

+ …

+ …
H

L

LL

L

H LL

LL

<  L
SM 

L
SM · · · L

SM >

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

2626

I. Backup slides: Generic EFTs from the UV point-of-view (1) 

(new physics effects are encoded inside    )ci

<latexit sha1_base64="rlRKBXNf1F2IH25kPoTws4pM4EA=">AAACGnicbZDLSsNAFIYnXmu8RV26CbZCFxKS0pJ0V3DjsoK9QBrCZDpth04uzEyEEvIcbnwVNy4UcSdufBunaQVtPTDw8f/nzJz5g4QSLkzzS9nY3Nre2S3tqfsHh0fH2slpl8cpQ7iDYhqzfgA5piTCHUEExf2EYRgGFPeC6fXc791jxkkc3YlZgr0QjiMyIggKKfmaVVGzQXGNy8aBl5mG7TiWbV6ZhlmUhHqz2XDsHPkkVyuqr5V/PH0drCWUwbLavvYxGMYoDXEkEIWcu5aZCC+DTBBEca4OUo4TiKZwjF2JEQwx97Jip1y/lMpQH8VMnkjohfp7IoMh57MwkJ0hFBO+6s3F/zw3FSPHy0iUpAJHaPHQKKW6iPV5TvqQMIwEnUmAiBG5q44mkEEkZJrzEKzVL69Dt2ZYdaNxWyu3qss4SuAcXIAqsIANWuAGtEEHIPAAnsALeFUelWflTXlftG4oy5kz8KeUz2+x75uL</latexit>

Matching
(calculate Wilson coefficients, 


to do for each theory)
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Eexp
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<latexit sha1_base64="ggp6GFUisECf/CC5an3Hv+DewS4="></latexit>
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<latexit sha1_base64="59C7yVK3dgD/U35OoKKUAlqaD5Y="></latexit>

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

Mapping (calculate observables, done once for all)

EW precision test

2727

I. Backup slides: Generic EFTs from the UV point-of-view (2) 

(new physics effects are encoded inside    )ci

<latexit sha1_base64="rlRKBXNf1F2IH25kPoTws4pM4EA=">AAACGnicbZDLSsNAFIYnXmu8RV26CbZCFxKS0pJ0V3DjsoK9QBrCZDpth04uzEyEEvIcbnwVNy4UcSdufBunaQVtPTDw8f/nzJz5g4QSLkzzS9nY3Nre2S3tqfsHh0fH2slpl8cpQ7iDYhqzfgA5piTCHUEExf2EYRgGFPeC6fXc791jxkkc3YlZgr0QjiMyIggKKfmaVVGzQXGNy8aBl5mG7TiWbV6ZhlmUhHqz2XDsHPkkVyuqr5V/PH0drCWUwbLavvYxGMYoDXEkEIWcu5aZCC+DTBBEca4OUo4TiKZwjF2JEQwx97Jip1y/lMpQH8VMnkjohfp7IoMh57MwkJ0hFBO+6s3F/zw3FSPHy0iUpAJHaPHQKKW6iPV5TvqQMIwEnUmAiBG5q44mkEEkZJrzEKzVL69Dt2ZYdaNxWyu3qss4SuAcXIAqsIANWuAGtEEHIPAAnsALeFUelWflTXlftG4oy5kz8KeUz2+x75uL</latexit>

Matching
(calculate Wilson coefficients, 


to do for each theory)

Functional path integral evaluation*
(*) Core techniques:

Covariant Derivative Expansion,

various log expansion, 

integration by regions,

Covariant Diagrams, etc.
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II. Backup slides: One-Loop Effective Action (1)

�S
⇥
 H

BSM
, L
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⇤

� H
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�����
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= 0 )  H
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<latexit sha1_base64="TSKSeV+w5w5I1TUqGmnIbGC6ndo="></latexit>

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)

<latexit sha1_base64="bg+4xFdi6qZl3Z2vGhDlu5GbTLA="></latexit>
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<latexit sha1_base64="qI/Vj4EQzMax7DAULA/ah1wHbs0="></latexit>

<latexit sha1_base64="MvcE9RngRguKsNeQa0FMB6TbRWU="></latexit>
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I. Backup slides: One-Loop Effective Action (1)
We parameterise the shape of UV Lagrangian as follows:

<latexit sha1_base64="KZQuKeWBX311VoN5KdQwFgxTb7g="></latexit>
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<latexit sha1_base64="b+qtEnbfn9hM0RKx71hFD7SX5UM="></latexit>

Lfermion
UV

⇥
 H ,�

⇤
�  ̄H


Pµ�

µ �M +X[�]

�
 H

general coupling with background fields
<latexit sha1_base64="iMkGHbvcUCJAN95tm5qxyVXW0dQ="></latexit>

X[�] = Vµ[�]�
µ � Aµ[�]�

µ�5 �W1[�]i�
5Example:

Extract the one-loop (heavy-only) piece:

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

Expansion by regions => Extract short-distance fluctuation which contribute to the local EFT operators
(Fuentes-Martin, Portoles, Ruiz-Femenia, arXiv:1607.02142)

<latexit sha1_base64="bw9dVJHevvMCsbk+MexbmmL2uaQ="></latexit>
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<latexit sha1_base64="1e/eDkwV74FZMYUSoDtHIYJhwFY="></latexit>

S1�loop

eff
= �i

Z
ddx

Z
ddq

(2⇡)d
tr log

�
eiq·x�He

�iq·x� = �i

Z
ddx

Z
ddq

(2⇡)d
tr log (�H)Pµ!Pµ�qµ

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

Path-integral

One need to: expand order by order (ex: up to n=6), 

integrate over momentum q (careful to  in D-dimension), evaluate the Dirac tracesγ5
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We parameterise the shape of UV Lagrangian as follows:

S1�loop
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= icsTr log
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<latexit sha1_base64="jvp5MFkIRFpcjeYTKUcJC4UFZT4="></latexit>

Extract the one-loop (heavy-only) piece:

Evaluate the Trace by inserting complete set of spatial and momentum states:
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<latexit sha1_base64="FrGV5DoVPcfyHqU7KWr5UT1XD0I="></latexit>

LUV = LSM +
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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)

II. Backup slides: One-Loop Effective Action (Bosonic form)
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II. Backup slides: Expansion by regions

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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<latexit sha1_base64="mi0eR7nYfM6J7pHdb2y4OOMslO0="></latexit>
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q (loop-momentum)
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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 ]
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Z
ddxL1�loop

EFT [�SM ] = S1�loop
eff [�SM ]

���
hard�region
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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
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Adapted from Z. Zhang's talk at HEFT 2017
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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
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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
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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>

+
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= 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

�
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The diagram is symmetry if we rotate 180 degree => symmetry factor = 1/2

II. Backup slides: Covariant Diagrams 

<latexit sha1_base64="KZQuKeWBX311VoN5KdQwFgxTb7g="></latexit>

L1loop
EFT = i tr

1X

n=1

1

n

Z
d4q

(2⇡)4


�1

/q +M

✓
� /P � Vµ[�]�

µ + Aµ[�]�
µ�5 +W1[�]i�

5

◆�n
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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…

I[q2]2i =
m2

i

2


1� log

m2
i

µ2
+

✓
2

✏
� �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

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

in D-dimension, we used Breitenlohner-Maison- t’Hooft Veltman scheme (BMHV)

We must keep the terms O(✏)

<latexit sha1_base64="oncsqrv0kQLAsZB2syrMdvP0DqU="></latexit>

2

✏

<latexit sha1_base64="zvDfycgtlt2Upn6USemKEGCJVvw="></latexit>

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

<latexit sha1_base64="2upZHJ9B7DcNdizXBh7AJfZ14c4="></latexit>

O(W 2
1 ) = �

i

2
m2

i I
2
i tr

�
W 2

1 �
5�5

�
�

i

2
I[q2]2i tr

�
W 2

1 �
5�µ�5�µ

�
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O(W 2
1 ) = i

⇢
�2m2

i I
2
i + (8 + 2✏)

m2
i

2


1� log

m2
i

µ2
+

✓
2

✏
� �E + log 4⇡

◆��
tr
�
W 2

1

�
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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

II. Backup slides: Divergence & Regularisation 
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I. Backup slides: Evaluating Chern-Simon operators
<latexit sha1_base64="KZQuKeWBX311VoN5KdQwFgxTb7g="></latexit>

L1loop
EFT = i tr

1X

n=1
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Z
d4q

(2⇡)4


�1

/q +M
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� /P � Vµ[�]�

µ + Aµ[�]�
µ�5 +W1[�]i�

5

◆�n

One can uses this ambiguity  free parameters  decide if a symmetry is broken or not→ →

The coefficients are ambiguous. One should not naively evaluate these coefficients

In d>4 dimension:   & trace cyclicity can not hold simultaneously {γμ, γ5} = 0

The usual ambiguity (choice of integration variables) ambiguity on the location of ⟶ γ5

=> How to have enough freedom in dim. reg. to choose

 which currents are conserved or not?

t’ Hooft & Veltman(from divergence integrals)

Power counting: Chern-Simon operator structures
<latexit sha1_base64="r+cCCh96kQwPRo2IQvhmn+V12E4="></latexit>
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!V AV (ā, b̄) , !AAA(c̄, d̄)Main output: ready to impose gauge-invariant
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Backup slides: Integrate out heavy fermions
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]

⇤
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=> 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 
⇥
/P ,XH [�L]

⇤��
Pµ!Pµ�qµ

<latexit sha1_base64="Xq5vOn8aG3nAodlcCOr55wngrtc="></latexit>

, will lead to non-trivial terms  
which are not implemented in the UOLEA before
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Table 7. Commonly-used degenerate master integrals Ĩ[q2nc ]ni
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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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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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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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Backup slides: Loop integrals

Definition of the master integrals:

The value of some master integrals:


