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JG|U SM Electroweak Transition

Crossover: 1st-order transition:
| attice result for the physical SM Conventional perturbative resummation
V(. T) VT(4,T)
A Temperature Temperature
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JG|U Critical Temperature

| | Effective Potential
e (Consider simple scalar theory:

¢4
4 Temperature
.

1
Vo = —§M2€b2 |

e At high temperature,
schematically:

mgff — _,MQ _|_ )\CF2

=P Symmetry restoration, when

T, = - d
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JG|U The Problem: Breakdown of Perturbation Theory

o Consider one-loop diagaram with n insertions of self energy diagram

Daisy
Diagram

T2

e Each self energy insertion contributes multiplicative factor of a =

= Fixced order perturbation theory requires a <, I <1
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JG|U The Solution: Daisy Resummation

e Resumming geometric series of daisy diagrams

=) D(p,w,) = Do(p,wn) Y (—Dy(p,w))"

n

2 2 2
wi + p2 +m= + 11

* Propagator mass is replaced by effective mass:
m*(¢) — meg(6, T) = m*(¢) + (¢, T)
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JG|U Going Beyond High-Temperature Self-Energy

* Standard daisy resummation leading high-temperature self-energy:
I=XT%  m(¢)/T <1

* However, across the bubble wall, masses can get heavy:

m~Ap, /T ~O(1)

2
» Self energies become field dependent: II(¢, T) ~ T=J 5 (mT(;b)) + ...

=P T0 describe smooth thermal decoupling of heavy modes, full thermal
functions are needed! This can affect

V(¢7T)7 p:_V7 GZV—TaTV, Cg, Vo - - -
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JG|U Self-Consistent Thermal Masses: Gap Equation

e Beyond high-T, self-energy depends on mass running inside the loop
[T =T1I(m*(¢), T)

e [his motivates a selt-consistent determination of the dressed mass:

M=(¢,T) = m*(¢) + II(M?(¢,T),T) Gap Equation

e [terating the gap equation gives:

Superdaisy Resummation in Theories with Broken Gauge Symmetries — 25/08/2026 — Martin MUnzenberg



JG|U Beyond Daisies: The Relevant Topologies

L=1 ( ) ANT?

il = 2 E ) A2NZ L —— AINT? @ N ¢oN —;

Single-scalar
case: NV =1
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JG|U

L=1 ( ) ANT?

Single-scalar| ! .
case: N =1] | |

Lollipop

Super-Daisy

noit generatied
by gap edq.

Bevond Daisies: The Relevant Topologies

Sunset

Generated with

» wrong combina-

 torial factor
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JG|U Beyond Daisies: The Relevant Topologies

L:]_ S ? ANT?

Lollipop Sunset

Super-Daisy

Single-scalar
case: N =11 : | : | by gap ed. :

i i i ; not generated i
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JG|U Beyond Daisies: The Relevant Topologies

L =1 () ANT? 5m%

Daisy Lollipop 5m2 Sunset
LL

L =2 i ) A2N2%3 5m% 4@7 A2NT? @

Super-Daisy
5m?g D

T5 T4 T4 T4
3 nr3 3 nT3 . 4 12 n72
L=3 ﬁ“\fﬁ § NN —@A'Wzmz @ MO

)\4N4T—i
m

Single-scalar
case: N =11 : | : | by gap ed. :

i i i ; not generated i
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JG|U Convergence After Resummation

e After resumming in a, compare leading contributions from different families:

om5, N omz N)\NT _ 5

2 2
0y om7, m

=P 3 controls the hierarchy of the resummed expansion.

e Other subleading topologies:

»° 1
T2 N2

2 2
OMmY, OMgs

1
5m% Nﬁﬁ’ 5m% ~ b

=P Superdaisy, lollipop and sunset enter at same next order in 3
(up to additional Nand ¢/T surpression)
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JG|U Dressing Procedure

Full Dressing (FD): Partial Dressing (PD):
* Direct mass replacement in CW and * Mass replacement Iin tadpole,
thermal potential (standard approach) INntegrating back w.r.t. fielo
d(Vow + V-
Vvefgfi(¢7 T) — %ree +- VCW(MQ) T VT(MQ) ‘/;Flzfd — %ree * /d¢ ( C\§¢ T) (MQ)
d
~ log(wi +p° + ./\/12) ~ — / log(w? 4+ p* +m~
Zn:/p d¢ Zrz: p ( : ) m?2— M?

=P Dressed propagator and vertex =P Dressed propagator

AV (dMm? 1 AV (dm2> / 1
S X
do OC( do )/pw%JFPQJrMQ d¢ d¢ ) Jp wy +p* + M-
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JG|U Full Dressing (FD) vs. Partial Dressing (PD)

Which one is the correct one?

= D miscounts daisy and superdaisy diagrams beyond one-loop order

V0D = 0+ Q=0+ IQQ*@*%*
o R ONOL 8

Notice: At leading order in temperature (II o< T%), both schemes agree!
This approximation is called Truncated FuH Dressing (TFD).
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JG|U Optimised Partial Dressing (OPD)

e Thermal effective potential and self-energies are functions of thermal
bosonic/fermionic functions.
2

Vr(h,T) ~ 2T42 JB/F(m%(h)),Hi(h,T) ~ Y :TQ jB/F(mf(h)) .

17 T2

T .
J

e [hermal functions admit a high-temperature expansion:

4 2 2

45 12 0 32 T ap

e Optimised Partial Dressing (OPD) uses hight-T approximation for effective
masses, but keeps the full thermal functions in effective potential

=P High accuracy, only O(10%) slower than TFD
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2. The Work



SM Self Energies

« Scalars ',” T i:/:} {,\,\,\,} @ Work done In

.-~ e using OPD and
. I second derivative
R of potential

« Gauge bosons Ni::}W N{:}w
N\:Ovmf\;vm ‘\-"'

° Ghosts ..... ' M
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SM Self Energies

« Scalars ',” T i:/:} {,\,\,\,} @ Work done In

.-~ e using OPD and
. I second derivative
R of potential

« Gauge bosons Ni::EM N{:}w
N\:Ovmf\;vm ‘\-"'

° Ghosts ..... ' M

Include Contributions Beyond Leading Orderin T
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JG|U Scalar PD Resummation

o Start from the scalar tadpole:

1 B
pscalar 5 Trlog D Hp,wn) = V! (h,T) ~ TZ / Do(p, wn)Opm? (h,&)]

with scalar propagator:

—1
2 2 2 )

- 2
= diag(mg+ , Mgt , My, Mo

 Resum self-energy insertions into propagator:

—1

with Hzg (O) — dlag (HG:: (O), HG:: (O), Hh(()), 110 (O))
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JG|U Scalar PD Resummation

e [race reduces to a sum over scalar modes:

Oy m2(h, ¢
tr [D(p, w,) mai(h,f)} = Zns 2 +;m+(M§z AT s € {G*,h,G)

S

with ngx =2, np = ngo = 1 and effective mass Mz (h,T) = mZ(h, &) + 114(0)

= Final PD-resummed scalar tadpole:

4 2 4 2 -
/PD “LS(h7€> ”Ls(h7£) 3 T “Ls(h7€)
E s | |
Vicalar (1) " dh i 6472 ( - 2 2 Q772 /B T2

K Im? — M7

Important: Replace only explicit mass arguments; do not dress derivatives!
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JG|U Gauge-Boson PD Resummation

o Start from the gauge boson tadpole: diag (mxzm m%{m WQZ, 0)
|
FgaugewlTrlo D, p,wp) = V. ..(h,T) NTZ r [Do(p,wn) Onm3 (h)]
1 2 g 0 p? n gauge 0 p? n h A
with gauge boson propagator: P;P; = 0;; F;; Z P=1

Do(p,wn)ty = (Pr + Pp)*™ (p° +m%)., +EPR (p° +&m3),

—_—— —~—
o KPR kMR
B k2 k2

=P |ivesin Lorentz space ® internal gauge space
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JG|U Gauge-Boson PD Resummation

e Thermal medium introduces preferred four-velocity v — general tensor
decomposition:

1" (k) = Pr oy (k) ap + Py Hp(k)ay + P5 e (k)ay + P Hp(k)ap

spatially trans. thermal long. | k"
1k within (u, k)-plane | K

e |n static infrared limit (K’ =0, k| — 0):
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Gauge-Boson PD Resummation

T>m
[M7,(0)ap = Tgp(0) > 0 (0) | oy ~ 97T # 0,

[17(0)q = 1%, (0) >, gib(O)‘LOHT = (0 (no sum over %)
Leading high-T Beyond leading high-T
M;: = m35 + 11°°(0) M: = m?5 + I1°°(0)
M?% = M7 = m?, M7 = M}, = m5 + I1"*(0)
= Only L-sector receives thermal ~ =) T- and D-sectors receive

mass correction corrections

Superdaisy Resummation in Theories with Broken Gauge Symmetries — 25/08/2026 — Martin MUnzenberg

21



JG|U Gauge-Boson PD Resummation

How about internal gauge space?

e Working in tree-level mass basis m% (h)a = diag (m3,, my,, my, 0)

e Unlike scalar sector, gauge boson sector features mixing:

diagonal
[T, x (0) 0 C U
0 [Ty x (0) 0 0
Mx(0)gp = |
X( ) b () 0 HZ,X (O) HZ%X (O) off-diagonal
() 0 nyZ,X (O) H’%X (O)

=) Charged sector gets simple mass shift mj; (h) — M%V, x = miy (h) + Iy x (0)
but neutral sector needs more treatment!
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JG|U Gauge-Boson PD Resummation

my + 11z x(0) Iz, x(0)

e Diagonalise neutral 2x2 mass matrix (M3 =
° ( X)ny ( HWZ,X (O) H%X (O)

using orthogonal transformations:
UX(MX)ZWUX — dlag(/\/l1 X M%X)

e Propagator becomes diagonal:

. 1 1
DX(pvwn)(Z’y) — UX dlag ( 9 0 9 4 ./\/l2 ) U;Z;

e Fvaluate the trace: Eigenmodes weighted by overlap with tree-level Z

2/
- > i Zz x Mz (h)
tr _DX (Pawn)(Zv) (ahmA)(Zv) - Z w2 + p? + -/\/l (h T)
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JG|U Gauge-Boson PD Resummation

e Each Lorentz X € {L,T, D} sector has its own mass matrix:
(M%)ab — (M%)ab — m?ﬁl(h)ab T Zb(o)v
(MT)ab = ma(h)ap + 5y (0).

=P Final PD-resummed gauge-boson tadpole:

1//PD (7) OCZTLX{Q i_m%v,x(h)(log mt%v,x(h) 3) I T JB<mW,X(h)>_

sase dh | 64r> 22/ 2w = dmiy = Miyx
2 -4 2 2 -
d [m h m h 3 T4 m h
2 UZix g gfg )(log Z’);( ) 2> "5 2‘]3( Zif;( )> > : }
1=1 ] " a d Imy — M7 x

with nr =2, np =np =1 and miy,z x(h) = [1+ (£ = 1)dxp] miy,,(h)
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JG|U Ghosts PD Resummation

* In the infrared limit, ghost self-energies have no leading O(7T#) contribution
=P Only relevant beyond leading high-T

o Start from the ghost tadpole:
L~ —Trlog Dyt == Vijost (1, T) ~ =T ) / tr[Do(p, wn) O (§m% (h))]
n P

with ghost propagator:

(Do(Pywn)) = lwn + P +Ema(R)],, -

e Resum daisy Insertions into the propagator:
Do(P, wn)ab — D(P,wp)ab = (w, + p* + Em3 + 11:(0))
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JG|U Ghosts PD Resummation

e Effective mass matrix is given by: Only these entries receive
— _/\/lz: mass corrections
Emiy + I+ 0 0 0
O €m2 _|_ H T O — MZZ O
2 — %% C C
MC(h’ T) - O O ngZ _l_ HCZ HEZny
0 0 0 0

= Final PD-resummed ghost tadpole:

VD, () o~ [ Cmie B i) _ 3y T Emiy ()

d [(EmE(h)? (  &my(h) 3y  T*  cem3(h)y
dh | 6i7T2 (lOg ZQ 2> ' 2772JB< TZQ ) Emy — M2,
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JG|U Self-Consistent Gap Equations

e Beyond leading high-1, self-energies depend on the masses running Inside the
loops through thermal functions Jg(m?*/T%)/Jr(m?/T?)

=P Solve self-consistent gap equation:
M (h, T) = m3 (h) +; ({ M5 (R, T)}; h, T)

 Numerically, we solve iteratively:

m?2 + 11, ({MJ b h,T), M2 ) = m?

n = 0: daisy — n > 0 : superdaisies
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JG|U Self-Consistent Gap Equations

o All sectors are coupled through the masses appearing inside 11,

MZ =mZ(h, &)+, ({M5};h,T),  s€{G* h,G"}.

M = &m;(h) + 11, ({M5}; 0, T) c; € {c*,c”}.

(ML) = (M%), + Moy (MG} 2, T)
(MTQF)ab — (M%)ab — (m?‘l)ab Zzb({M?L h7T) '

=P At cach iteration, evaluate all self-energies using the complete mass
spectrum from previous iteration, then update all masses simultaneously.
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3. Numerical Results




Gap Equation: Convergence

» B

1 2 3 4 5 0 7 1 2 3 4 5 0
1teration n

=P All scalar and longitudinal gauge masses converge rapidly
and simultaneously!

(Sufficient to use n=4 in further numerical results)
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MG [miy

Gap Equation: Effective Masses

h/mW
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MG [miy

Gap Equation: Effective Masses

h/mW

Superdaisy Resummation in Theories with Broken Gauge Symmetries — 25/08/2026 — Martin MUnzenberg

-= OPD

31



MG [miy

Gap Equation: Effective Masses

h/mW
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=P The effective potential rapidly stabilizes under gap-equation iteration; n=4 is

used for subsequent numerical analysis.

10*

Effective Potential: Convergence

o
n —

— n =2

— n=3
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The Barrier Disappears

x 10~

.84
1.84

1.84

30
26

436

h

= [ncluding gauge sector self-consistently removes weak first-order
barrier and drives perturbative result toward known SM crossover.
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JG|U Future Work

1. Include lollipop diagram and correct sunset combinatorical factor:

Analytic and numerical study of scale dependence

2. Thermal decoupling and degrees of freedom:

compare with standard dressing and extend to first-order PTs / bubble-wall
velocities

3. Gauge-parameter dependence:

Compare Vqg(&) and thermodynamic quantities with standard high-T
resummation
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