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* Resolving the problem of gauge dependence of Coleman-Weinberg
effective potentials.

 CW effective potential from EFT at zero and finite temperatures.



First Order Phase Transition
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Second Order Phase Transition




Gauge Independence of Effective Potential

 Debanjan Balui, Joydeep Chakrabortty, Debmalya Dey, SM, PRD (2025) ,

 Debanjan Balui, Tisa Biswas, Joydeep Chakrabortty, Debmalya Dey, Christof Englert, SM, PRD (2025) ,

Scalar QED
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Coleman-Weinberg Potential is gauge dependent

Jackiw and Dolan 1974
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So what goes wrong in the standard calculation ?

Massless scalar QED |
¢;(i = 1,2) are two real scalar
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Block-diagonalise the propagator
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Then we factorise the determinant as

Det[iA,} (¢, k)-(iD;;' (¢, k)+iQi; (6, k)] = Det[iA, ) (¢, k)]] Det[(iD;;' (¢, k)+iQi; (¢, k))]-

This is the step which is wrong and due to this we get a gauge dependent effective
potential




Multiplicative anomaly
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Under zeta-function regularisation

tr log[AB] # trlog[A] + trlog[B]
trlog|A] = logdet A
. log det[AB] # log det[A] + log det[B]
— det|AB] # det[A] det|B]

Multiplicative anomaly

det|AB| = det|A| det|B] + A(A, B)
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Correct the CW calculation taking into account the multiplication anomaly

log Det[iDo_l(qg, k)| = log Det|A1 Ay Ag Ayl,

A = k%A 112"32[’\ + /A2 —246Xe?] = K2+ A%, Az =k*A ;wz,
Ay = k* + ll—zcﬁz[,\ — /A2 —24EXe?] = K2+ A3, Ay = (k% 4 e2¢?)3.

log[Det[A1 Ay Az Ay4]] = log[Det[Aq]] + log[Det[As]] + log[Det[As]] + log[Det[A4]]

+A(A1A5)
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Multiplicative anomaly
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q=4d/2>1 No MA in spacetime dimensions d=3 and d=2

A. A.Bytsenko, G. Cognola, E. Elizalde, V. Moretti and S. Zerbini, “Analytic Aspects of Quantum Fields,”
World Scientific”

E. Elizalde, L. Vanzo and S. Zerbini, “Zeta function regularization, the multiplicative anomaly and the Wodzicki residue,
Commun. Math. Phys. 194, 613-630 (1998) [arX1v:hep-th/9701060 [hep-th]]
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Taking into account the MA, the CW potential
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Coleman-Weinberg potential is gauge invariant!
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For the Standard Model Higgs,

1
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The Landau gauge ¢ = 0 result is actually the correct gauge invariant answer.

In d=3 and d=2 there is no gauge dependence of V-, in the standard
calculation. And MA=0 in d=3 and d=2.

In the Heat-Kernel calculation of V-, , the & dependent term is a total divergence.
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SM + Singlet UV complete theory
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. Parameter space for FOPT

hep-ph/2403.01591

mg (GeV) . V.K. Oikonomou , Apostolos Giovanakis



Cosmological phase transitions: is effective field theory just a toy?
Marieke Postma and Graham White, hep-ph/2012.03953

(6) 1 2 1 o 1 4 1 4
 The parameter space for FOPT is restricted in EFT compared to the full UV model.

o Effective theory expansion breaks down for the values of parameters for which FOPT
takes place.

We need to calculate finite temperature corrections to Wilson coefficients.
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Heat-Kernel calculation of effective theories at zero and finite temperature

Joydeep Chakrabortty, SM, Nucl. Phys. B (2025)

Second order elliptic operator A=—-D,D*+U(x)+ M?

D, =0, + A,

A, =9gA,T"  [D,,D,)] =G

L=0d"Ag ¢ = ¢o(x) + ¢(x)

Effective action e_W(qu) — /D¢ €—¢TA¢
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Heat Kernel. K(:L‘,y; A, S) _ <x o SA y>

Obeys the ‘heat equation’

O
A K WA —
(as ) (z,y; A, s) =0

A = L = —D,D* +U(z) + M*
~dget "

nitial condition K (z,y; A, s = 0) = §(x — )

O OOd
W:—/ @tre_SA :—/ —StrK(x,x;A,s)
0 0

S S
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No interactions: Ag = —0,0" M?

0,
0

Heat equation ( | AO) K(x,y;Ag,s) =0

Has the solution

N2
K (,y: o s) = (4ms) =2 exp(— 00 o)
S
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Heat Kernel coefficients

K(s,z,y,A) = Ko(s,z,y) H(s z,y,).

H(s,x,y,A) Z (_]j) br(, y)

b are the Heat-Kernel coefficients

Series in powers of s* become a series in M@=k d=4— ¢
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Change variables

sM?* — T
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Integral representation of gamma function
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Effective action at zero temperature

ren

= oo e [ (2] -2 ] e [ (2] )

+ MO ——% (ln Ajj) [b2]: +O(M ™) }

Heat Kernel Coefficients with background gauge fields

1 1
bo=1 b =U, b,=U*+ gG?j— 3 Ui

How to use the Standard Model effective field theory, Brian Henning, Xiaochuan Lu, Hitoshi Murayama, (2016)

Covariant Derivative Expansion method
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Heat Kernel at Finite temperature
d=3— 2¢

d?ip

K(t;z,2;A) = (z]e|z) / - d+1 —m?t <:13\e ( D2+U)t‘p> (p|)

ddp —m?t, [—(Di+ipi)>~Q*+U)]t
E e
B /

po = 2min/pB for bosons and py = 27mi(n + 5)/B for fermions

e_im(ﬁu) P = = Oy + ipp Q = Do +1ipy = 0p + Ag + ipg



Effective action at finite temperature

‘oo Ampt 3
,C(O) — 3’;7(111( 2 )+ 5 — )’E) + L —K_z(nmﬂ).

Pressure at high temperature m f < 1

m3 2 m2 mA (ln [mﬂeYE] B 3) - £3) m® 2 s C(5)md p* o

1278 ' 90p 24,2 2 (4n) 4z 174) 7 3@nt T 260

Here m is the mass of heavy particle which has been integrated out, but at 7' > m it
contributes to the pressure and other terms in effective lagrangian.
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At low temperatures 1 <K m ,

Use the asymptotic form of Bessel function forz = mff < 1,

2 & G=WiG+Vi

= (27[_2) > (=2)k k! zk

k=0

(x), =T[x+ k]/T'[x] Pochhammer symbol

2 3 4
) :T4( - )3/2 —m/T[l 15T @(Z) 315 (z) 10395(3)
p=AL ¢ T m T 128\m/) T10a\m/) T3768\m/) T
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mp <1

- - [ 4 2  |
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Thermal correction to mass

Finite temperature EFT :

Thermal corrections to Wilson coefficients to required order: £(2) 7 ﬁ(g)
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Coleman-Weinberg Potential
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meff(¢l, T) (»Ctree(¢l) - £€—loop(¢l7 T) T £h—100p(¢l7 T))

* Generalisation of the Parwani-Espinosa procedure of Daisy diagrams.
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Improved Thermal Resummation for Multi-Field Potentials Henning Bahl , Marcela Carena , Aurora Ireland, Carlos E.M. Wagner
2404 .12439
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Polyakov loop in Effective Potential
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* Resolved the problem of gauge dependence of Coleman-Weinberg
effective potentials.

« CW effective potential from EFT at zero and finite temperatures, derived,
needs to be coded and applied in phase transition calculations.
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