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https://arxiv.org/abs/2112.00553

Outline of this talk

Building Axion Effective Action

© Axion-gauge bosons couplings: anomalous coefficients vs EFT coefficients

~ Axion-gauge bosons EFT couplings: using functional method for one-loop matching
Summary



Building axion EFTs: Peccei-Quinn (PQ) symmetry

Anomalous coefficients

~ “Peccei-Quinn” paradigm: [SM symmetries]

® [U(l)PQ}

local global

Spontaneously broken ——» Axion: remnant of the [ (1 )PQ]
global

(at new energy scale) (Goldstone boson)
[U (1)PQ]
global\

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

(%J]L;LQ <‘ # O
A NG

Vv

© Anomalous coefficient: A% = ) PQ(%) (%DL)2 — ) PQr) x G(tpr)* #0

LH fermions -, RH fermaions
PQ-charges Gauge-charges
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Building axion EFTs: Set up axion UV Lagrangian

-
© Starting point: an axion toy model

Lrermion — \T!(iﬁufy“ +9, V" — gAAufy“f)\If — Yy (\IJL¢A\IJR - h.c.)

P PQ__ . PQ

O PQ-symmetry: U, — @ CHL0G @y 00y gy (129000

o PQ spontaneously broken: ¢4 O f,exp [Z gy a;x)] , with g, @ = 2¢"¢
\ a




Building axion EFTs: Set up axion UV Lagrangian

[ )
© Starting point: an axion toy model

Lrermion — \T!(iﬁufy“ +9, V" — gAAufy“f)\If — Yy (\IJL¢A\IJR - h.c.)

PQ_ ,PQ

O PQ-symmetry: U, — OOy g N0y, i (20090

o PQ spontaneously broken: ¢4 O f,exp [Z g, ](C )] , with g, @ = 2¢"¢
N : o

Fermlon field-dependent reparametrisation: W= — e (QVQJFQPQ)Q(@\IJ , U, —e gy, _gAQ)a(‘”)\I/

\

o.a
Efermlon £Anomalous i @(Zau,y 1+ gvvl[y _ gAApﬁ ,y — M + £ f [g‘ij,y,M _ ng/yM,yF)])\Ij

=> Contribute to EFT the one-loop effective action
e Path-integral measure

is not invariant under the chiral transformation

/ DIDY — (log J) / DIDY

PQ
\ £Anomalous 5 — AaF P a F F

1672 f,
)




Building axion EFTs: Anomalous vs EFT couplings (1)

A" 0 o (8,a) - _
Lov D —Tgm }L te %‘1’(95%“ = gL 9"+ T (Vi — Ay —my)

PQ anomalous currents

© When axion couples with massless vector gauge fields:

UV Lagrangian EFT Lagrangian
7g V )
0 ! 0 4 & Matchin P
A _|_ 5“61 g . aO C I APQ~
AT 4 it aF F aF F
aFF 3 Y.8 aFF
B 1,8 V 7.8

: : my — 00
“ Anomalous interactions Q —» ()



Building axion EFTs: Anomalous vs EFT couplings (2)

A"S. 0,a) _
Lov D —Tgm ; PP fa) (g, 9" = 9,90 W+ U (Vi = Ay — ma) @

PQ anomalous currents

© When axion couples with massless vector gauge fields:

UV Lagrangian EFT Lagrangian
'Yag V v,g Y3g
0 4 ’ Matchin
+ 5“61 —g> C - — PQ
aFF aFF
v.8 > 1,8
o . v — 00 e
*Anomalous interactions ()
In DFSZ-like axion models
© When axion couples with massive chiral gauge fields: (3. Quevillon, C. Smith, arXiv: 1903.12559)
Example: a — Z”Y (Q. Bonnefoy, L. Di Luzio, C. Grojean, A. Paul, and A. N. Rossia, arXiv: 2011.10025)

Vector current of PQ-symmetry is anomalous
(analogous with the anomalous of fermion number current)
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Building axion EFTs: Anomalous vs EFT couplings (3)

Apgﬁ’ a (0 a) 5 PQ, .5 T 5
Lov D —q557 FF + f (g, " = g, ") U+ U (V! — Aty —my) U

PQ anomalous currents

© When axion couples with massless vector gauge fields:

UV Lagrangian EFT Lagrangian
B V )
f{ O V.8 Y-8
abFF " YRR
v.8
’Yag K) y7g
Anomalous interactions v o0 0

In DFSZ-like axion models
© When axion couples with massive chiral gauge fields: (3. Quevillon, C. Smith, arXiv: 1903.12559)
Example: a — Z’y (Q. Bonnefoy, L. Di Luzio, C. Grojean, A. Paul, and A. N. Rossia, arXiv: 2011.10025)

0

mqj—>OO
7

0

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

38



Building axion EFTs: Anomalous vs EFT couplings (4)

A" 0 o (8,a) - _
Lov D —Tgm ; te (;G)‘I’(gf%“ = gL 9"+ T (Vi — Ay —my)

PQ anomalous currents

© When axion couples with massless vector gauge fields:

UV Lagrangian EFT Lagrangian
8 % ,
Y O V.8 Y-8
aF'F aFF
7,8
' ’Yag K) y7g
* Anomalous interactions ¥ " *°_ )
In DFSZ-like axion models
© When axion couples with massive chiral gauge fields: (3. Quevillon, C. Smith, arXiv: 1903.12559)
Example: a — Z’y (Q. Bonnefoy, L. Di Luzio, C. Grojean, A. Paul, and A. N. Rossia, arXiv: 2011.10025)
V T
o,a’ V 4 PQ
+ " Corz A oz
A Z Z
my — OO

£ 0 ' In this talk

Reformulate these phenomena by one-loop matching using functional method &
Building a consistent low-energy EFT for axion phenomenology
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Building axion EFTs: One-loop matching using functional method

We parametrise the shape of UV Lagrangian as follows:

L5 (V. 0] > W[ iD,7* M + X[o]|
General coupling with background fields

Example: X[¢] — Vu[gbhﬂ _ Au[th“f — W, [qb]i*y5

Path Integral: extract the one-loop (heavy-only) piece: etderslor] — /D\TJHD\IJH etSuvIVi, oul

52
502,

S;f;oo]? = —iTrlog ( —

> = —iTrlog (iD," — M + X|[¢])

\IJH,C
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Building axion EFTs: One-loop matching using functional method

We parametrise the shape of UV Lagrangian as follows:

Efermlon [\IJHa Qb} B \IJH [ZDM,YU — M + X[¢]] \IjH
General coupling with background fields

Example: X[¢] — Vu[gbhﬂ _ Au[th“f — W, [qb]i*y5

Path Integral: extract the one-loop (heavy-only) piece: etderslor] — /D\TJHD\IJH etSuvIVi, oul

52
502,

S;fflmp —i Trlog (

> = —iTrlog (iD," — M + X|[¢])
Ve

o tr O(ilp — ¢, XD

E 1
Gvalua’ring the functional trace: Tr O(ilp, X) = /d4x/ (;i C;
-

~

Lo = it Z / [ RNy ( — D" = Vilh" + Aulol"’ + mfw"’)]

N /
""" » Encapsulate axion derivative couplings

v

~ 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 7° )

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



Building axion EFTs: Anomaly-related operators - the problems (1)

~ Power counting: the EFT Lagrangian

omalous a a
EUV O Liuemal —|—\IJ<ZDM’)/ + g, V' — g, A"y — M+ =

tliee-som]

: : Functional one- loop matching

v
o.a 5 d,a -
£EFT D) £%{1/omalous {WAAA( f )A F,LL VAV( ; )AVFSJ

12



Building axion EFTs: Anomaly-related operators - the problems (1)

~ Power counting: the EFT Lagrangian

[ o.a
£UV D) £Anomalous /) (ZD,M/V'M + gvv /y _ QAA/N /7 — M + =

‘ [gPQv 95627“75])\11

: : Functional one- loop matching

v
d,a - d,a -
£EFT D) £Anomalous {WAAA( ],l; )AVFJZ 4+ WVAV( ; )AquJ

o Feynman diagram approach: the case of ABJ anomaly

g ' Axial-vector ! Ay 1 ( ))\ 3
v ! ]{11 I +b ve kl k2
) W Wt AVYV T D a2f

P Check Ward identities  { foo TV — ! (1 —a)eM*Pkiakop
¥, < ,y“ I > AVV — 47T2

/2 kl Free parameters: a, b
1
A

k ky \Q/\FALXL/I'/V 472 Tala— D) P k1akag
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Building axion EFTs: Anomaly-related operators - the problems (1)

~ Power counting: the EFT Lagrangian

o.a
EUV O Louomalous 4 (leﬁ + g, V' — g, A"y — M+ =

‘ [gPQv gf%“quf

: : Functional one- loop matching

v
9 _ 9 _
£EFT D) £Anomalous {WAAA( ,ua) AVFIIZ 4+ WVAV( Ma) AuFﬁJ

Ja Ja

© Feynman diagram approach: the case of ABJ anomaly

Axial-vector

: A 7 1
7y R — (1 +b)eMFhigkss =0

1Y 47?
p—q A5
P Check Ward identities ¢ ]C2VF>‘“V 1 (1 — a)EAyaﬂk‘lakzg — 0
/2 kl Free parameters: a, b
1
AUV vo

,7.(_

=>Guideline: must be respected at quantum level. (witha=-b=1)
Only global symmetry is allowed to broken at quantum level

=>We can use the same strategy fto compute w, , ., Wy 4y

14



Building axion EFTs: Anomaly-related operators - the problems (1)

~ Power counting: the EFT Lagrangian

omalous a a
EUV O Liuemal —|—\IJ<ZDM’)/ + g, V' — g, A"y — M+ =

tliee-som]

: : Functional one- loop matching

v
£EFT D) £Anomalous {WAAA (a )A F/ﬂ/ W 4 (aua) AVFSI/J

Ja Ja

o Evaluating Wilson coefficients: functional approach
dq 1

A7 / (2m)d ¢ — M

: divergence integral = Dimensional regularisation

(evaluate integrals in d-dimensions)

{wAAA7 wVAV} 5
D tr (-+-7°) —> 1+’ Hooft & Veltman s scheme: might obtain wrong results

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

Need a freedom to control which symmetry currents are anomalous or not

15



Building axion EFTs: Anomaly-related operators - the problems (1)

~ Power counting: the EFT Lagrangian

[ o.a
£UV D) LAnomalous R/ (ZDM,YH + gvv ”)/ — gAA//V /Y — M + =

tliee-som]

: : Functional one- loop matching

v
£EFT D) £Anomalous {WAAA (a )A F/ﬂ/ W 4 (aua) AVFSI/J

Ja Ja

o Evaluating Wilson coefficients: functional approach
dq 1

A7 / (2m)d ¢ — M

: divergence integral = Dimensional regularisation

(evaluate integrals in d-dimensions)

{wAAA7 wVAV} 5
D tr (-+-7°) —> 1+’ Hooft & Veltman s scheme: might obtain wrong results

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

Need a freedom to control which symmetry currents are anomalous or not

Key poinf: ambiguity on the location of }/5 (' Hooft & Veltman)

— aatr (%V%S%W %I”vdAk)

d=4—e¢ d?4_6

1 ' 5 k
+01tr (%V VY e Py ya b )

Free parameters

tr (%VZ%V] ’7cP’YdAk’75) +B1tr (%V WY e Prak )

d=4—¢

o -
+mtr (%VZ%V] YePya™ )

d=4—¢ d=4—¢

=>wAAA<a%7”')> wVAV(Bia";,) o .
... decide if @ symmetry is broken or not
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Building axion EFTs: Anomaly-related operators - the problems (2)

~ Power counting: the EFT Lagrangian

[ o.a
£UV D) £Anomalous /) (ZDM,YM + gvv /7 _ gAA,u/V /7 — M + =

‘ [gPQv gf%“quf

: : Functional one- loop matching

v
£EFT D) £Anomalous {WAAA (af )A F,LLI/ W 4 (8;&) Ayﬁw&I/J

o Evaluating Wilson coefficients: functional approach
dq 1

N D/(27T)dg4—M4

: divergence integral =% Dimensional regularisation

(evaluate integrals in d-dimensions)

{wAAA7 wVAV} 5
D tr ( T ) — ' Hooft & Veltman s scheme: might obtain wrong results

(vector component of PQ-symmetry can be anomalous ! )
Need a freedom to control which symmetry currents are anomalous or not

~ EFT operators: for example,

PQ-invariant
(0Ma)AyF£V< - . 11BP
Gauge-invariant: %[(@a)A,,FX ] — [(@La) (0,04)F ] =

Problem: ambiguous Wilson coefficient but gauge-invariant operator !

=> Cannot fix the value of {wAAA,wVAV}
17



Building axion EFTs: Anomaly-related operators — the solution (1)

o #Key point 1: introduce fictitious gauge fields associated to axion

Luv 2 Loymaos + 0 (iDm‘ + 9, Vi — g, Aty = M

d,a P 8 a P
[ e ey

Chern-Simon terms

v (0,a) (0,a)
a ~ a ~
Lepr D LoV +w, ., [ ; — AzQ ‘ Ay Fy" +wyuy [ ; — V;LPQ ‘AVF5V
PQ-invariant Gauge“invariant

(Q. Bonnefoy, L. Di Luzio, C. Grojean, A. Paul, and A. N. Rossia , arXiv:2011.10025)
18



Building axion EFTs: Anomaly-related operators — the solution (1)

o #Key point 1: introduce fictitious gauge fields associated to axion

:£UV D) E%{l/omalous + \If (ZDM,YM + gy V’u,y,u _ gAA’u,y/L,y5 — M

(9 a P 8 a P
_|_[ M _Vu Q]95Q7M_ [ e _AMQ]ng”YM’YS)\D

Ja fa
; (Oua) (0ua)
a 111X a 11
Lopr D LAnomalous +wAAA[ L AjQ]A,,Fg +wm[ — VMPQ‘ A, B

PQ-invariant GauWrian’r

o #Key point 2: after EW symmetry breaking, using the longitudinal modes of massive gauge fields
to build gauge-invariant combinations of EFT operators

— (. TA .
LUV D) E%{l/omalous R/} (ZDM,YM + s V;ﬁ” _ QAA;NMWE) — M [1 + —AZ75]

VA
" [a;aa - V“PQ] 9, - l% - AiQ] ngv“’y“”) v
Z Anomalous (Oua)  rel , 2w TA o o
grT O Lyvy +wAAA[ f A, ]AVFA _|_77APA,UAFAPQFA
i [ O | AR b AR R

(Q. Bonnefoy, L. Di Luzio, C. Grojean, A. Paul, and A. N. Rossia , arXiv:2011.10025)
19



Building axion EFTs: Anomaly-related operators — the solution (2)

o #Key point 3: Ward identities in ferms of EFT operator combinations

Enforcing gauge-invariant combinations

N

nomalous d,a PQ I TA Vo Tapv
EEFTDLA 1 —|—C<JAAA[(; )—A'u ]A,/FZ +n _FZPQFZ

\/

Imposing non-trivial constrain on Wilson coefficients

APA

© #Key point 4: Evaluating new operators via functional method

00 : TA .
EEFlT P> ztrz / [Qf n M{ — 1D A" — (VM’W — AMW%) + Maz%

— (V7 = ALy )}] n

o Directly expand the master formula
o Finite integrals, unambiguous Dirac traces

1 . 1 -
EFT D) _7TA(.CE) 247T27TA(33)FAPQFA

Loop & Dirac traces coefficients
20




I. Building axion EFTs: Anomaly-related operators — the solution (3)
© #Final step: Fixing the value of ambiguous coefficients

Gauge-invariant combination

Example: /\ ( )
TA\DL F

1loop PQ R4 Qv TV

EEFT D Waan (aua o Au )AVFA + 777TAAA VA APQ FA
Remove the auxiliary gauge field Gauge-invariant lead to:
APC 0

8 Wyaa = 4777TAAA
é11

oop 5%

: D

Integrate-by-part

" 1

1loop QY Tpy UV TV

21



I. Building axion EFTs: Summary

< Axion bosonic EFT Lagrangian:

axion Anomalous 1loop
grT 2 Lyy + Lgpr

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

\_/

Their combination will generate the true value of EFT coefficient

o Application: axion couplings to massive SM gauge fields

—1 ~ 1 -

1loo PQ 7z z\/ AZ V2 PQ 7z zZ\[ AZ HAZ v
EEFTP - Z A2 [(nggAgv) (G’FMV R ) + _(gAQgAgA) (aF/,LV P )
f

o

f W ~uUW 1 f W =AW |,
(9,994 9,) (aF;Z?/ P ’“)+g(ngQZVQKV) (aFi‘u F ’“)
Y

PQ Z ~\/f AZ VY v
+(gV gAgV) (aFW d )] PQ-charges = SM gauge-charges

© Functional approach for one-loop matching:

Can provide a consistent and straightforward way to build Axion EFTs

22



Backup slides
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I. Backup slides: Anomalous coefficient vs EFT coefficient

~ Axion-gauge boson couplings play an essential role in axion phenomenology

C ~
L L oF F F F )
BET 2 T 652 ], H

E

Global anomaly: Af PC?F ~ Axion couples with massless vector gauge fields: Photons/Gluons

fo=t= 0, ¥, A,
[ aFF_Aa,FF j

But, recently...

(unambiguous information) ) . . .
) © Axion couples with massive chiral gauge fields: Z, W=

In DFSZ-like axion:

T
a, A 0
7 a
Vew ’ : . aFZ ?é AaFZ
Axion couplings: C_ .
g Z (3. Quevillon, C. Smith , arXiv:1903.12559)
2 C,rp=A"%
aF'F oFF (Q. Bonnefoy, L. Di Luzio, C. Grojean, A. Paul, and A. N. Rossia , arXiv:2011.10025)
1.8

Main message: anomalous coefficients do not fully capture all Axion EFT couplings
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I. Backup slides: Generic EFTs from the UV point-of-view (1)

E[GeV] Feynman diagrams
H Ly L H -

Ansy Lron [wBSMﬁ QpSM} NQ<

n

< | Matching / H ]

é . (calculate Wilson coefficients,

- to do for each theory) H

<

z

O

S

% H

CJ%‘FT W] =

(new physics effects are encoded inside C; )

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

v
L 7 _ (F |
E.p /JEEFT Wsm| = Lsm + Z ci (B ~mw)O;
: {/
Mapping (calculate observables, done once for all)
g
mw EW precision test

25



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

E |GeV]
ANpgps LUEBSM WBSM» ¢5M}
Q
< Matching ---.... Functional path integral evaluation*®
% i (calculate Wilson coefficients, ™. *
> 1  to do for each theory) (%) Core techniques:
= 4 Covariant Derivative Expansion,
& various log expansion,
= integration by regions,
= Covariant Diagrams, etc.
v I 3
L vl =L (E~ A O;
EFT (Wsy| = Lsm + ) ¢ (B~ Apsn) O;
 (new physics effects are encoded inside C; )
RGEs running (resum large logs, done once for all)
' L
I Lerr [Ysu] = Lsm + E ¢ (B ~mw)O;
exrp .
Mapping (calculate observables, done once for all)
v
mw EW precision test

26



I1. Backup slides: One-Loop Effective Action (1)

)y L . H L
Path integral formalism: ezseff[¢SM](“) = /D¢gSM ezs[wBSM’¢SM](“)

Find classical solution by solving EOM:

05 [VBsrs Vsu]
SVBsm

=0 = wgSM,c(ng)

¢gSM:¢§SM,c
Expand action around minimum:
H H H 1 0%5
S WBSM] =5 WBSM,C T 77] =5 WBSM,C] +§ 5(¢H )2
BSM

n°+O0(n°)

Integrate over quantum fluctuation7) :

wgSM,c
9 —Cs
eiSers W] — o#5[haure] [ et [ — —2°
5(¢BSM)2 ¢§SM’C

¢s is spin factor (¢ = +1/2 for real scalar, -1 for Dirac fermion)

Re-write the determinant, det(A) = erlog4

. )
Seff [ng] =5 WgSM,c (¢§M) 7¢§M] +1csIrlog | — S(H 5
(YBsm)

H
wBSM,c)

Tree-level One-loop level

27



I. Backup slides: One-Loop Effective Action (1)

© We parameterise the shape of UV Lagrangian as follows:

Lexmion [\IJH, gb] D Uy [PMW — M + X[gb]] Uy
general coupling with background fields

Example: X [¢] = V, [P]y* — A, [¢]7M75 —wW; [¢]i75

.
.®
.
.
.
.
.
.
.
.
.
.
o*
.

Path-integral

Q
Q
g
g
'.

@ac’r the one-loop (heavy-only) piece: \

52
Seljfjfo‘)p = —iTrlog (—5\15 ) = —iTrlog (PA"*—M+X[¢]) = —i Trlog Ay
Hlwy,

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

1 loop dd dd ] zq a:A —zqac _ d dd A
Serp =l tr og ( e = —1 [ dx trlog H)py Py g,

Expansion by regions => Extract short-distance fluctuation which contribute to the local EFT operators
K (Fuentes-Martin, Portoles, Ruiz-Femenia, arXiv:léO?.OZW

S clop =iy [ [ T (< P Vil Ao Wil )

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

integrate over momentum q (careful to y5 in D-dimension), evaluate the Dirac traces
28 S. A R. Ellis, J. Quevillon, P. N. H. Vuong, T. You, Z. Zhang (2006.16260)



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

We parameterise the shape of UV Lagrangian as follows:

Lyv = Lsu + [‘I’LF(%M) + h-C)} + @), [P2—m3, — U(dsu)] @

Quadratic coupling,
contribute to heavy-only 1-loop

Notations: P, = iD,, (kinetic momentum operator, hermitian)

¢y (heavy fields can be bosons or fermions)
Extract the one-loop (heavy-only) piece:

525
532,

Sif_;wp = ic,Trlog ( ) = icsTr log [—P2 + m%{)H + U(quM)] = ic,Irlog Ay

(I)Hc

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

1 l d dd dd
effoop_ /d / tr]og zq:z:A e zqa: ZCS/dd / trlOg AH)P s Pu—qy

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

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

© Covariant Derivative Expansion => Manifestly gauge-invariant in each step of the computation
(B. Henning, X. Lu and H. Murayama, arXiv:1412.1837)

© Covariant Diagrams => Keep track of the series expansion (z. zhang, arXiv:1610.00710)

29



I1. 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:
logdet X = logdet X|,,,, + logdet X|,

Basis idea:
-T-q (loop-momentum)

Mg, Hard region - 1PI effective action include quantum fluctuation at all scales

[ s L (bs) # S5 s
¢ ~ mg,, > |m3, |
- Extract short-distance fluctuations

T => LLocal operators in EFT Lagrangian
i —loo —loo
Soft region /ddl' E]lEFTp [¢SM] — elff D [QbSM] . |
ara—region
2 2 2
72| ~ |mg, | < mp, Technically speaking;
M, T o Taylor expand the integral in “hard” region, then integrate over

the loop momenta
Making use of expansion by regions:

dlq <=1 1 "
1—loo . q
Lopr’ = —zcstr/ (QW)dizzlﬁ [ 5 (—P2+2q-P—|—U[¢SM])]

2 _
q Mg,

Adapted from Z. Zhang's talk at HEFT 2017 Fuentes-Martin, Portoles, Ruiz-Femenia, arXiv:1607.02142
30 Z. Zhang, arXiv:1610.00710



II. Backup slides: Covariant Diagrams

Main idea: Due to the frace 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)

clep =i L [t [ (- P Vil s e+ Wiloli )|

Decompose the —1 __Mmm —qu"
fermion propagator ¢ vt +my ¢ —m% @ —m%

Example:

r \ (Readou’r rules: A
Buildi.ng blocks: bosonic part fermionic part Diagram value = prefactor x trace (building blocks)
Fermion propagators: =my : = — Drefactor: i 1 T 2]

; refactor: ¢ & g7
N\ _ 5
K N\ = Wi [(bL] Y j _ if the digram have Z_s symmetry )
Let's compute W1"2 term: (W1)2 — + Q ®
1 |
=1 5777%1@2 tr (W175 W175) + 2 51[(12]? tr (WWSWM W1757u)

The diagram is symmetry if we rotate 180 degree => symmetry factor = 1/2
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IT. Backup slides: Divergence & Regularisation

Lirr” = Z / [ = (=P + Wolor] + i Whlorly’ + Vilorly" + Aulor]y"y°) ”

u Y+ my

Any difficulties in this computations ? YES, we have v’ in D-dimension !!!

Lets do an example and see...

? 1
OWF) = —5 mi T tr (Wi 0*7°) = S ZIg)E tr (Wi 9°7"v° )

The 1-loop integral is divergence,
using Dim.Reg. to evaluate the integral

2 2

m; m3 2
%) = 27’ [1 — logu—; + (E —vE + log47r)]

Key points:
_ Due to the issue of 7° in D-dimension, we used Breitenlohner-Maison- t'Hooft Veltman scheme (BMHV)

© We must keep the terms O(e) in the Dirac traces, since they will cancel out the divergence term 2

of the 1-loop integrals ‘

e divergence is cancelled => extra finite term
e

2 2
ll—log i + (— —7E+log47r)] }tr (Wf)
(2 €

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

2

O(W3) =i {—mezf + (8+2e)”;’
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I. Backup slides: Evaluating Chern-Simon operators

ey =iy [ e [ (- P videe + Ao+ wilair’ )|

© Power counting: Chern-Simon operator structures

O(PVpgAV), O(PApgAA)

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

=> How to have enough freedom in dim. reg. fo choose
which currents are conserved or not?

© In d>4 dimension: {y*,7°} = 0 & trace cyclicity can not hold simultaneously

~ The usual ambiguity (choice of integration variables) —>ambiguity on the location of y>
(from divergence integrals) t’ Hooft & Veltman

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

— atr (%Vi?« Y %lbvdAk>

d=4—¢

tr (%Vivbw velPrak" ) 6 +p1tr (%Viwj 3%?%#)

d=4—

ot (w W%me) Ftr (vavwwcmA ; )

d=4—¢

o Main output: w, . (@,b), w,,,(¢,d) ready to impose gauge-invariant
33
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Backup slides: Integrate out heavy fermions

Starting point: Lets write down the UV Lagrangian for fermions

Lov W, o] = Lolor] + Yy (v, P* —my — Xy [¢1]) U

general coupling with background fields

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

Self_ijOp = —iTrlog (v, P* — my — Xy [¢1])

Two way of proceeding:
1. Squaring the quadratic operators, using the trick Trlog(AB) = Trlog A + Trlog B

S;;;OOP = —%TI‘ 10g (_P2 + m%{ + Ufermion) )

where Utermion = —%a“yG’W + 2mp Xg|or] + X12{ + [P, Xn [CbLH

=> 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 Usermion

o If Xy|¢1] contains Dirac matrices, the quantity [PaXH[CbL]”PM_)PM_qM , Will lead to non-trivial terms

which are not implemented in the UOLEA before
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Backup slides: Loop integrals

Definition of the master integrals:

['(§—2—nc.+n;)

')

(_ 2)2+nc—ni 1

2nc n; __ /I’

2 M?
T 1672 (- 1og )

The value of some master integrals:

i[q2nc]?z’ ne = 0 ne = 1 Ne = 2 Ne =
n=1 | M1 -log ) (G -log ) (% —logid)  15p(H —log i)
=2 |l F(i-logid) (G -losi) (8 -losid)
2 2 2 4 2
ni = ~ 502 ~flog=d  F(1-logiF) (3 —log—)
2 2 2
n; = ﬁ —ﬁ —ilog ]\55' ]féi (1 —log Afg)
2
ni = ~ B ~ — 55 log 73
Table 7. Commonly-used degenerate master integrals Z[g>"<|!" = I[q*"<|!" / 1oos, with 2 = 2 —y+

log 47 dropped. All nondegenerate (including mixed heavy-light) master integrals can be reduced
to degenerate master integrals by Eq. (A.2).
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