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Part I : A brief intro to Effective Field Theory



Lesson from the Past: Fermi’s Description for Beta Decay

In 1933, Fermi introduced a four-fermion vertex to explain the theory of beta-decay

P
Gk Coupling strength is given by Fermi Constant,
e —> Gp = 1.166 X 1075GeV >
Ve
The problem:

Cross-section, o G%S , grows with increasing energy

Fermi’s theory breaks down at high energies.



Lesson from the Past: Fermi’s Description for Beta Decay

The solution:
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Introducing a massive propagator remedies the problem at high energy

The lesson:
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Lesson from the Past: Fermi’s Description for Beta Decay

The solution:

P
0
e #
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effective vertex Ve p2 — m‘zv Ve

Introducing a massive propagator remedies the problem at high energy

The lesson:

Utility of Effective
. . Parameterising lack of information in terms of higher mass dimension operators
Field Theory :

Georgi ARNPS 1993 43:209-52
Manohar arXiv:1804.05863



The Standard Model Effective Field Theory

Shortcomings of the SM
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The Standard Model (SM) of Elementary Particles

No direct hint for new physics yet!!



The Standard Model Effective Field Theory

Shortcomings of the SM

- @ - @ |- @ || ° _H 0:‘ How to explain the small but non-zero masses for neutrinos?
up charm top ggggﬁ
" @I @@ | ’x‘ Why there is more matter than anti-matter?
down strange bottom photon
o® What is the composition of dark matter and dark energy?
12 | 112 172 3 1 ‘ (7))
<
electron muon tau Zboson?ﬂ;] 8
<2.2 eV/c? <0.17 MeV/c? <15.5 MeV/c? 80.4 GeV/c? ~ o
2 0' 0 0 +1 1 m
5 - SR P R ) RS ‘ s ....and more
- r?leeuq[trlggg neutrino ne&?rlijno W boson; g

The Standard Model (SM) of Elementary Particles

No direct hint for new physics yet!!

In the meantime: keep on making more precise predictions for observables,
accommodating for SM deviations



The Standard Model Effective Field Theory
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The Standard Model (SM) of Elementary Particles Mass of the lightest “heavy field” Built with the SM fields and respect
beyond the SM Lagrangian SM gauge symmetry
Some more examples
oge The HEFT theory, a non-linear Higgs potential is studied.

8 The LEFT theory, an EFT to describe the SM below the electroweak scale



Which road to take: Bottom-Up or Top-Down?

Renormalizable Lagrangians of UV Theories

Integrating out heavy degrees of freedom (<I>§-i))
(and / or) Symmetry breaking (6" — G)

Top - Down

Subsets of Operators

The Warsaw basis

T

Bottom - Up

(The SM)

: 8 .
Image courtesy: Suraj Prakash Renormalizable Lagrangian of IR Theory



Part Il : Bottom-Up: construction of BSMEFT scenarios



Symmetry guided approach for operator construction

Question: How to construct a complete and independent set of operators without any idea about the full Lagrangian?

Need information only about fields and how they transform under given symmetry

Hilbert Series: | ol = H / & PE[p,R]

Haar Measure Plethystic Exponential

10
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Symmetry guided approach for operator construction

Question: How to construct a complete and independent set of operators without any idea about the full Lagrangian?

Need information only about fields and how they transform under given symmetry
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Group Invariant
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A robust technique to construct operator bases for LEFT, SMEFT or extensions of SMEFT
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Symmetry guided approach for operator construction

Question: How to construct a complete and independent set of operators without any idea about the full Lagrangian?

Need information only about fields and how they transform under given symmetry

- e | MO=T1/[  du PE[p,R]
Hilbert Series : 91;[1 g, ) , ,
Haar Measure Plethystic Exponential

Group Invariant
Polynomial

depends on how
states transform under
the groups

depends only
the symmetry group
involved

A robust technique to construct operator bases for LEFT, SMEFT or " BeyondSMEFT

What are the phenomenological implications of such scenarios?

10
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Particle content:

Left-Right Symmetric Model as an effective theory

The internal symmetry group: SU(3). X SU(2); X SU2)p X U(1)p_;

Field | SU(3)c | SU(2), | SU(2)g | U(1)g—_r | Spin | Lorentz Group
o 1 2 2 0 0 Scalar
Ap 1 3 1 2 0 Scalar
Ap 1 1 3 2 0 Scalar
QL 3 2 1 1/3 1/2 Spinor
Qr 3 1 2 1/3 1/2 Spinor
Ly 1 2 1 -1 1/2 Spinor
Lg 1 1 2 -1 1/2 Spinor
G;‘ 8 1 1 0 1 Vector
l'-i-"",i L 1 3 1 0 1 Vector
l-’l"lf R 1 1 3 0 1 Vector
B, 1 1 1 0 1 Vector

From Hilbert series we can construct
dimension-6 structures (¢$>X?) :

RTWLWL .
O Ve T

RWRT‘WR .
O R T

O - Tr

11

ARARW L W

:ARWRWAEWEV:

ALAR] B, BM .

Oﬁw/RWR : T‘I-[AEARWRMVW;;V] ’
ORiwpp - Tr[ARWE" Ar] By
(18



Left-Right Symmetric Model as an effective theory

From Hilbert series we can construct
dimension-6 structures (¢$>X?) :

OB, 1y
Oﬁvv‘éRrWR - Tr

ORn : Tr

12

AR ARW L, W

:ARWRWAEW#:

AL AR] B, B* .

Oﬁw/RWR : H[ALARWRuuW}%V] :
ORvy 5 Te[ALWE AR B,



Left-Right Symmetric Model as an effective theory

OX T [ALARWL, W], 0% RV R T [ALARWR,, W,
Oﬁ‘t}//RrWR Zﬁ:ARWRWAEW#: ) OAWRB TT[AEW#AR] By
ORn - Tr[AL AR B B .

From Hilbert series we can construct
dimension-6 structures (¢$>X?) :

Gauge kinetic terms get modified in the presence of
¢ X* operators :

20w, 1, +v
(4)+(6) __ — — 1 3 0 orW
’Cg‘auge,kin - (8NWLI/ 8UWRI/) ( OA 1 QQ%RR) <8qu—V
(0. \ T (12 0 0 oMWY,
5 W3Ry 0 1 29}% ——2(;*',2953 MWy
8#31/ 0 __203RrpB 1 — BB O* BY
A2 12

Here, the parameters are given as

R’T‘W W RrWrW RWprW
@WLL — C LR y @3R3R — UR (C RO C R R) y
. RT'WRWR L ]‘
OWpp RC ; O3krB = — §’URCAWRBa
RrWi W 2 R
Osr3r, = vaCary “F Opp = VRCAB

12



Left-Right Symmetric Model as an effective theory

ORIV e [AL AR, W] OR TR e[ AL AW, WE]
ORWRTWR 'TI' ARWRuVATngV: s OAWRB TI'[AEW;{VAR] B“V,
O - Tr[ALAR] B B* .

From Hilbert series we can construct
dimension-6 structures (¢$>X?) :

Gauge kinetic terms get modified in the presence of
¢ X* operators :

20w, +v
OO _ g wo gwn) (1T 0 O"Wr
gauge,kin K" Ly K" Ry 0 1 QQ%RR 8’LWEU
T /1 _ 20313, 0 0 e Gauge field redefinition :
1 [ OuW3Ly 12 v o6 OHWs
—5 | 9uW3Rw 0 1 R =g HWig | - wEr oy (14 QW Yy g (14 Q3R g OsrE gy
2 éb A? A2 A2
0, By 0 _203pp 1 _ 2©pp O+ BY
4 A Wik - (1 + 9‘/‘{;‘*) Wik B* — ( o )B“ + 9/‘1’2*3 Wk,
Here, the parameters are given as - (1 Os1L \ 1y (
3L 7 +—5 ) 3L
A2
@W — CRT‘WLWL @3R3R . UR (CRTWRWR CRWRT WR)
LL ? 9
RrW W 1
@WRR — RC S ) 93RB — —§/URCAWRB7
RrWi W 2 rR
Osr3r. = viRCaw t F, Opp = vVRCAB

12



Left-Right Symmetric Model as an effective theory

Gauge field redefinition :

Wit (1 + 9/”1’;) Wi, Wk o (1 + 9“/;*233) Wk, + @;’SB B
wEn (14 QWnn ) B* — pr 4 9sRE Wk,
R A2 R A A2
Os3L3L
Wi — <1+ jl; >W§LL (

Modifications in neutral-current and charge-current interactions

2
g _
E,/Q D I/L’}/“I/L
) 4 cos? HWJ\/IZ1 ,

g _ 1,2 _ 1,2 _
E,, D erY'vr (6 PN wlud), WLYHdp €07 uR'y”dR) + h.c. -
Q IMZ, (ev) L *(ud)y, (ev) L *(ud) g " (C,ff*uLum"'UL+CV’L*URUR7“UR+C *deL udLJrCV o dm“dR]

. 1,2 1,2 .
Here, €02, wudy, = Conys ™ oy, ™ e = oy, " Sy With  Here, Copes = Guic G5 with f € {ur, up, dr, dp} and
e%eV)L, e%ud) — cos & (1 + @/‘TQLL> , G%GV)L, e%ud) = siné (1 | QZVQLL) Cf, = _CL{ cos by + b{ sin 92] : f=v,eu,d,
B o _
E%eu)Ra 6%u,d) — _Sln€ (1 | 8?1/51{) ) f%eu)Ra 6%'u,d) — COS§ (1 + @ZgR) C‘fR - :aR o5 92 T bR S 92] ’ f — & d,
CJ%L = Q£Sin92—b£(§0892:| : f=v,eu,d,
C?R = ag sin 0y — b{{ 00892] : f=e,u,d.

Produces correction in low-energy observables like weak mixing angle, Fermi constant and p parameter etc.

13



Part IIl : Top-down: construction of effective action

14



Top-Down EFT: Integrating out heavy fields

A M :
Consider @ to be a heavy scalar that we wish to integrate out e eff P _ J'D(D L @1(M)

15
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Top-Down EFT: Integrating out heavy fields

A M :
Consider @ to be a heavy scalar that we wish to integrate out e eff P _ J'D(D L @1(M)

Expand @ around its classical minima,

Action can be expanded around the minima,

Slg, @+ nl = S|, D ]

oS[¢, D]

15

oD

O=>]_ +7n

O=0D

Cc

14

1 6%S[¢p, D]

2 62D

O=0D

n* + O@n°)



Top-Down EFT: Integrating out heavy fields

S M :
Consider @ to be a heavy scalar that we wish to integrate out e eff P _ J'DCD L @1(M)

74

Expand @ around its classical minima, ® = ®,.+ 7
Action can be expanded around the minima, S[¢,®.+ 5] = S[¢, ] 4 5S[5qi1,)d>]
=,
i y 1-1/2
eiSeﬁ[¢] _ DneiS[(/ﬁ,CDC+77] ~ ¢SlP] [det< 0-S >
J 2 v

15

1 6%S[¢p, D]

2 62D

O=0D

n* + O@n°)



Top-Down EFT: Integrating out heavy fields

S M :
Consider @ to be a heavy scalar that we wish to integrate out e eff Pt _ JDCD L& PIM)

Expand @ around its classical minima, ® = ®,.+ 7

2
Action can be expanded around the minima, S[¢,®.+ 5] = S[¢, ] 4 0S¢, ] "4 1 6=S[¢, D]

oD 2 60
D=0, D=0,

n* + O@n°)

re

. 52 [y q—1/2
ezSeﬁ[¢] = | Dy Bl o 5P ] [d@t( o >

O

Cc

S S[D iT | oS
Effective action, Qaff ~ [ c] +5 riogl — O

15



Top-Down EFT: Integrating out heavy fields

S M :
Consider @ to be a heavy scalar that we wish to integrate out e eff P _ JDCD L @1(M)
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5S[¢, D] 1 6%S[¢, D]

Acti ini = | | ? ?
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Top-Down EFT: Integrating out heavy fields

S M :
Consider @ to be a heavy scalar that we wish to integrate out e eff P _ JDCD L @1(M)

Expand @ around its classical minima,

Action can be expanded around the minima,

re

o Safflel _

Effective action, Seﬁ %

Tree-level
plece

15

Slg, @+ nl = S|, D ]

D=0, +7
5S[¢p, @] 1 5°S[¢, @] > 3
d=P, =,

, :
Dn ePOPHl oy o310 [det( 075 >

oz

One-loop
plece

Dependent only
on light fields



Top-Down EFT: Integrating out heavy fields

A M :
Consider @ to be a heavy scalar that we wish to integrate out e eff P _ J'D(D L @1(M)

Expand @ around its classical minima, ® = ®,.+ 7

2
Action can be expanded around the minima, S[¢,®.+ 5] = S[¢, ] 4 0S¢, ] "4 1 6=S[¢, D]

oD 2 0D
O=0

n* + O@n°)

O=0D

Cc

re

ezSeﬁ[¢] _ DneiS[(/ﬁ,CDcHﬂ ~ SO [d@t( >

Effective action, Seff ~ @

Tree-level Gaillard M.K. Nucl.Phys. B268 (1986) 669-692
iece One-loop Cheyette O. Nucl. Phys. B 297 (1988) 183
P

piece Henning et. al. JHEP01(2016)023

oz

Dependent only
} on light fields
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Top-Down EFT: Integrating out heavy fields

A M :
Consider @ to be a heavy scalar that we wish to integrate out e eff P _ J'D(D L @1(M)

Expand @ around its classical minima, ® = ®,.+ 7
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Computation of one-loop effective Lagrangian

Let's start with a UV Lagrangian, & [¢, ®| D ®'(P* — m* — U(¢)) ® + (®" B(¢) + h.c.) + 6(P°)

5°S
Seﬁ,1 -loop ® ic, Ir Iog< P ) =ic, Ir Iog( — P>+ m’+ U(gb))
(O

C

16
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i J Qr)?
. d dd 2 2
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i c 2 1 2
,ng l00p6) D, D] :(477)2 tr {m2 (1 -+ log%> U+ m° [E (1 -+ 10g—) G’2 -+ 210g U2]

1 1 / / / / 1 1 3
— | - = (P.G,)° GWGWGM = (U = U

~va,a, |+ i Loy Lueo)? s Loty (UQG’ G,
12 21 12 120 T VSt

. Henning et. al. JHEPO1(2016)023

+ — ——U5——U2(P U)”

/ /
[U[U C H G mb 60 20

Drozd et. al. JHEPO3(2016)180
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Computation of one-loop effective Lagrangian

Let's start with a UV Lagrangian, < [q§, CD] D ON(P? —m? — U()) D + (D" B(¢p) + h.c.) + O(D?)

1. Role of dimension-eight operators in an EFT for 2HDM. )
Phys.Rev.D 106(2022) 5, 055012.

Insertin¢ Sally Dawson, Duarte Fontes, Samuel Homiller, Matthew Sullivan

2. On the impact of dimension-eight SMEFT operators on Higgs q >
measurements.

JHEP 02 (2019) 123
Chris Hays,Adam Martin,Veronica Sanz, Jack Setford

IViIViIiiIIwIILULTT 1111 4y UJ J (Zﬂ)d = T oL Y

To go beyond d,, we need a simplified and easy-to-implement
approach for matching!!
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Universal One-loop Effective Action upto D8

ofoe [

(J)—l—lGGG

+2rrar U= UHPU) + SUAG) + £ (UG) +

M4 24

— U PU) Ju+ ZU ()" - —(1”2U)(Gpa)2 + o (Pudy)?

— 72U GGGy — 17 (PuPU) GpMGpV + X,

—(GuGpo)® + 7= (Guw)*(Gpo)? + 35 (GWGVP)2

GWGW,GWGW — (P,Jy)GroGoy

2

4 LUABU), — SU (PUYPU) G — SU2I(PD)

U G (PUY(BU) — U (P2UY? — 2(P2U)(BU)? — =((PuU)G )’

4
—U2GHVGyaGau + ﬁU G;ujU GVaGa,u - ?U2(Ju)2 T —(U JM)Q

2
+ U (PPU) (G + (PO (G)? = ZU (BuU) oG

9 4
— (B Gndy = 2U (PU)Gdy = Z(BuU)U T, G

4 11
+ —U G (P?U)G, + ﬁ(13&11)2((;,,,,,)2 —(P,U)J,UG,,

2 1
—(PU)GwU J, — —(PU)(PU)GuaGaw + — (PU)(PuU)GuaGav

= (Gau(PU))? = 5 (PaU)Gw)* = — (PuP*U)* — —(P*U)(P,U)J,

2 2

+ 51 (BO)PU),+ 5 (BUNBU)(Budy) = 2o (RU)(PU) (P

A1 e arap2iny o3 2, 12
T8 Tog |U° — 3UNPHU) —2U°(PU)* +

+ 276 (PLRUYU (PU)(PU) + ?(PN PUY(PU) (PN +

=
9 17 , 8 4
+ 2U (PP, (PPU) + 57 (PU)(BU)) + ZUGuU G

- -
5) 4 2 18 2 9 2 2

+ ZUNGw)* + = Gu (P UA(PU) + 17U G
178 G, U (P.U)(PUU + 178

U*(P,P,U)P,P,U)

PU)*(P,U)’

(P.P,U)(PU)U (PU)

. (gauyv (PUYU (BU) + ?GW(PMU U (BU )U)

7
1 1 | A 0 9 o 2
+ 5370 -—U7—5U (PU)? =8 U*(PU)U(BU) = 5 (UX(PL)
N 1 1 —US } 52£UV —
M12 336 | _ __
‘ Vij = 5P, 0 G = [P“’P”H

Ju —PGV“ [ ,,,[P,/,PM]]

UB, J Chakrabortty, S Rahaman, K Ramkumar
e-Print: 2306.09103 [hep-ph].
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Universal One-loop Effective Action upto D8

d<8 _ % [ (L IM 3\ % el (2]
=8 [ (= iz] )| {M [ (= 3] 1) v + S (BU)(PPUN + - (BUYPU)(Budy) = 5-(BU)(BAU) (Budy)
Mo L _ [M U2—lln—£2 Guw)?
g : {xﬂ ] N ] (G) + U® —3U%(P?U) - 2U3(P,U)? + BUQ(PMP,,U)(P,,PMU)
11 1
+—= | -U° - (P 9
M?6 | 2 ] ] ] VWU + =(P,U)*(P,U)?
N, Some nice features of this formulation! o
+ — — |U* - U*(P*U 24 23
M4 24 )"+ 7U GuU Gy
2 : : : oo
- ;U(RU) 1. It’s universal, i.e., does not depend on the specific form of U*Gw)*
- 2UGLe the UV theory as well as IR DoFs U (BU)
15
1
420 Cnr | . (P,,U)U)
1 2. Equally applicable for LEFT, SMEFT or any other effective
+ 195 GmG
theory at any scale ,,U)>
+%% —U° +2U3(P?U) + o | | |
- . 3. Can be easily implemented in matching tools like CoDEX, g((]?(p“[])y
~U“(P,U)J, — =
+:13U Ful) =5 or any other to get the WCs
~ 3U G (PU)(PL z = }.)
+§U2GWG,,QGW pv-— | a VH
4 . .
~U (P°U)(Guw)? + =(PU)U(Gw)* — =U (P,U)J,G
+; (PU)(Gw) +47( )U(Guv) 47 (PuU) Gy J# _ PVGVu _ [Pm [P,,,P“”.
- ?(PMU)U Gudy — ?U(P“U)GWJ,, — 7(PNU)U J,G a . =
- %U G (P?U)G, + %(PaU)z(GW)Q — g(PMU)J,,U G UB, J Chakrabortty, S Rahaman, K Ramkumar
10 ) 10 e-Print: 2306.09103 [hep-ph].
- ﬁ(PMU)GWU Jy — ﬁ(PMU)(P,,U)G,mGa,, - ﬁ(P,,U)(P,LU)GWGa,,
1 1 1 4
= 5(Gau(PuU))* = 5 (Pal)G)* = 17 (PuPU)* = o (P*U) (PU)J, 17


https://arxiv.org/abs/2306.09103

Summary

N

* EFT provides a useful tool for parameterizing the effects of new physics without
any idea of its origin

< SMEFT: contains effective operators made of SM fields and respects SM symmetry

< Bottom-Up approach and BSM theories as low-energy effective theory

NG

*  Top-Down approach and matching using functional methods

<« Universal one-loop effective action at dim-8

Thanks for your attention!
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Heat Kernel: A Brief Review

Consider the part of the UV Lagrangian that's bi-linear in ®, L% = ®T(D? + U + M?*)® = ®&T(A)9,

The Heat-Kernel for operator A can be written as, K(t,x,y,A) =< y|e ™ |x >

The Heat-Kernel satisfies the heat equation, (at A) K(t, X,V, A) = ()

with initial condition, K (0,x,y,A) = d(x — y)

A.A.Bel’kov et al., hep-ph/9506237

I.G.Avramidi, Nuc.Phys.B, 355(1991)
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Heat Kernel: A Brief Review

Consider the part of the UV Lagrangian that's bi-linear in ®, L% = ®T(D? + U + M?*)® = ®&T(A)9,

The Heat-Kernel for operator A can be written as,  K(t,x,y,A) = < y|e ™ |x >

The Heat-Kernel satisfies the heat equation, (0,+ A)K(t,x,y,A) =0

with initial condition, K (0,x,y,A) = d(x — y)

The HK for the operator A, K(t,xz,y, A) H(t,z,y,A).

The HK for the
free operator

AO — aﬂa'u +M2

A.A.Bel’kov et al., hep-ph/9506237

I.G.Avramidi, Nuc.Phys.B, 355(1991)
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Heat Kernel: A Brief Review

Consider the part of the UV Lagrangian that's bi-linear in ®, L% = ®T(D? + U + M?*)® = ®&T(A)9,

The Heat-Kernel for operator A can be written as,  K(t,x,y,A) = < y|e ™ |x >

The Heat-Kernel satisfies the heat equation, (0,+ A)K(t,x,y,A) =0

with initial condition, K (0,x,y,A) = d(x — y)

The HK for the operator A, K(t,xz,y, A) = Ky(t, x, y)

Contains the
information about the

interaction, U

A.A.Bel’kov et al., hep-ph/9506237

I.G.Avramidi, Nuc.Phys.B, 355(1991)
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Heat Kernel: A Brief Review

Consider the part of the UV Lagrangian that's bi-linear in ®, L% = ®T(D? + U + M?*)® = ®&T(A)9,

The Heat-Kernel for operator A can be written as,  K(t,x,y,A) = < y|e ™ |x >

The Heat-Kernel satisfies the heat equation, (0,+ A)K(t,x,y,A) =0

with initial condition, K (0,x,y,A) = d(x — y)

The HK for the operator A, K(t,z,y, A) = H(t,z,y,A).

(471)~ > Exp

A.A.Bel’kov et al., hep-ph/9506237

I.G.Avramidi, Nuc.Phys.B, 355(1991)
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Heat Kernel: A Brief Review

Consider the part of the UV Lagrangian that's bi-linear in ®, L% = ®T(D? + U + M?*)® = ®&T(A)9,

The Heat-Kernel for operator A can be written as,  K(t,x,y,A) = < y|e ™ |x >

The Heat-Kernel satisfies the heat equation, (0,+ A)K(t,x,y,A) =0

with initial condition, K (0,x,y,A) = d(x —

52

_ (x =)’ ( £k

d/2 2

(4rt)~“= EXp e tM | 5 b,(x, y)
k

The HK for the operator A, K(t,xz,y, A)

A.A.Bel’kov et al., hep-ph/9506237

I.G.Avramidi, Nuc.Phys.B, 355(1991)
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Heat Kernel: A Brief Review

Consider the part of the UV Lagrangian that's bi-linear in ®, L% = ®T(D? + U + M?*)® = ®&T(A)9,

The Heat-Kernel for operator A can be written as,  K(t,x,y,A) = < y|e ™ |x >

The Heat-Kernel satisfies the heat equation, (0,+ A)K(t,x,y,A) =0

with initial condition, K(O x, Yy, A) = 5 :E —

52

(x =) ( %
41 th_ I bi(x,y)
k oy

Heat-Kernel

The HK for the operator A, K(t,xz,y, A)

(471)~ 4> Exp

coefficients

A.A.Bel’kov et al., hep-ph/9506237

I.G.Avramidi, Nuc.Phys.B, 355(1991)
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One-loop effective action and Heat-Kernel coefficients

Consider the part of the UV Lagrangian that's bi-linear in ®, L% = ®T(D? + U + M?*)® = ®&T(A)9,

The Heat-Kernel for operator A can be written as,  K(t,x,y,A) = < y|e ™ |x >

The Heat-Kernel satisfies the heat equation, (at + A) K(2, x, y, A)=20
with initial condition, K (0,x,y,A) = d(x — y)
The HK for the operator A, K(t,z,y,A) = Ko(t,z,y) H(t,z,y, A).
’:‘ How to obtain one-loop effective action in terms of Heat-Kernel coefficients?

, , *dt _ ., = dt
gefﬁ1_loop=cstr10g(—P + U+ M) = Cstr —e — CStr TK(t’x’x’ A)

o ! 0
* dt 2 C — (_ )k
Use: — — (At 2 e—M —t b > M2k I'[k—d/2]1tr[b
5 CSL (4 2 bl = D) Tk = d/2]triby
ln/lz—J —te_m =
o ! Heat-Kernel

coefficients
25



One-loop effective action and Heat-Kernel coefficients

’:‘ How to obtain one-loop effective action in terms of Heat-Kernel coefticients?

©9)

_ 5 wox D
Leff, 1-loop = gpi ;)M LTk = d/2]triby]

Operators of the form O(D"U’) appear in the HKC b, (x, x) where n = r/2 + 5.

Start with the initial condition, I?O(X, x)=1

n=r/2+s n! (n . 1)y
Use recursive relation, O(D"U®) = [b,,, [[U°]] = Z K120 — k)|

k=0

{k D*"=O{Ub_ [[US 11} = Tt B LU 11} g

= 1—1[11[1'2---/1711 — DﬂlTllQ-uIlnz + RﬂQ--ollrnelll’

H2 .ol J4] — [DﬂQ"'Dﬂrn’ Dlll]’
= Rl"2113---ll-rrzsll'l — G#Q#l DﬂB"'Dllm T Dlizz DﬂB---lhnelll?

in the above equation, R
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