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During vacuum domination a the Universe is all
stage of thermal inflation occurs in the true vacuum

After thermal inflation the Universe must be reheated
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Radiative symmetry breaking (RSB) & the Gildener-Weinberg
scenario



General setup of the Gildener-Weinberg scenario

We start from the most general no-scale Lagrangian:

Los = —LFA M 4+ 1D,6, D16, + bjilb; — L(Vibshioa + h.c) — Vis(@),
Du¢a = u¢a + iefbvlf‘?bb: Duwj = ;ij + itﬁ;Vfwk,

Vas(¢) = 22kl b ey



General setup of the Gildener-Weinberg scenario

At quantum level the couplings depend on the RG energy u, there
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General setup of the Gildener-Weinberg scenario

At quantum level the couplings depend on the RG energy u, there
may be some specific value = i at which the potential Vi5(¢)
develops a flat direction parametrized as ¢, = xVq:

V(X) =7 X )‘x(,u) = %)\abcd(ﬂ)yaybycydv

such that A\ (@) = 0, Aiju (@) vivv, = 0 (flat direction).

The one-loop effective potential at zero temperature is:

Vo) = 26yt + B (Iogf - 7> X Bay = nx.
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General setup of the Gildener-Weinberg model

Setting ;1 = [i we obtain A\, =0, i.e.

(Iog% - 7) X ’

B = [BaJu=a» X0 = S7irar -

Rb\

Va(x) =

When the conditions,

{ ((fi) =0 (flat direction)

( ) > (minimum condition)

are fulfilled xq is the zero temperature vacuum-expectation value of
X and is the new absolute minima of V().

The fluctuation around xo has mass mi = Bxg.
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Properties of Phase Transition in RSB models

Phase Transitions in RSB models are
always FOPT.

JCAP 04 (2023), 051 [arXiv:2302.10212 [hep-ph] =

A. Salvio.

FOPTs in RSB feature always a super-
cooling phase, i.e. the temperature
drops much below T, before the bub-
ble nucleation became effective. This
is accompanied by a period of thermal
inflation.

FOPT in RSB models are always
strong, the PT releases a large
amount of energy.
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[arXiv:2302.10212 [hep-ph]], A. Salvio
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Supercool Expansion

Supercool expansion allows to study the FOPT in a simple,
model-independent way

) 9% = >y memy (X)/x + 2 mi(x)/x?

€= =9 .
65 log 3¢ =Y memi(x) /X3

JCAP 04 (2023) 051, arXiv: 2302, 10212[hep-ph], A. Salvio JCAP 12 2023% 046, arXiv: 2307.04694 [hep ph], A. Salvio
Supercool expansion (L S Improved Supercool expansion (LO)
e<1 ) e~1 ,
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2 o 2T2 ~3
m*(T) = %5, K(T) = 4L,
AT') = Blog % JHEP 02 (2023) 125, arXiv:2212.08085,N. Levi, T. Opferkuch, D. Redigolo
1+exp(—k/(mv)
~ 3
Sy~ ey, c5 = 18.897 - -- Ss & 27mm 2k(2+9m2 ),

FOPT parameters such as T, 8/H,,... FOPT parameters expressed
expressed in terms of three parameters in terms of four parameters

(X07879) (XO?B?g?g)
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Reheating after FOPT in Gildner-Weinberg Models: General
Properties
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...but after the FOPT?

After thermal inflation the Universe must be reheated.

The field y starts oscillating around the minimum of the potential
in analogy with the inflaton field after the cosmic inflation.

In analogy with the cosmic inflation the Universe is reheated
through:
¢ Perturbative reheating: decay of the field y into SM parti-
cles. Efficient when the SM is embedded in the RSB sector.

e Preheating: particle production through parametric reso-
nance. Important when the SM is coupled to the RSB sector
through a portal.
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Reheating after FOPT in Gildner-Weinberg (GW) models

We start from the most general GW lagrangian

ﬁns = _%Fﬁ/FZV + %Du(baD'u(ﬁa + &]Zlij - %(Y;(lezqusa + h.C.) - Vns(¢)

After RSB, putting x = xo + Jx, rotating the generators such that
the vector are in mass basis

N = My,

we want to divide the vector mass spectrum in massive gauge bo-
son ny and massless gauge bosons Afy.

We also rotate the scalar and fermion fields to the mass basis, imposing
the unitary gauge <Z>(19(%1/b = ¢oTN = 0 for all the broken generators
where TV are the goldstone directions.



Reheating after FOPT in Gildner-Weinberg (GW) models

We get the following interaction lagrangian related to the decay of dy

- =N gV
LY, = —(TN)2xod6xBY BNt — TN, OF 6x¢.BY BN-,

int — an >~ nc



Reheating after FOPT in Gildner-Weinberg (GW) models

We get the following interaction lagrangian related to the decay of dy

- =N gV
LY, = —(TN)2xod6xBY BNt — TN, OF 6x¢.BY BN-,

int — an >~ nc

[’iit = _)\aXO(SXQZ)IaQ%z - %Amnl05aogbO£5X¢é¢Z /07

Amnl = %)\mnld(ﬂ)ydv



Reheating after FOPT in Gildner-Weinberg (GW) models

We get the following interaction lagrangian related to the decay of dy

- =N gV
LY, = —(TN)2xod6xBY BNt — TN, OF 6x¢.BY BN-,

int — an >~ nc

[’iit = _)\aXO(SXQZ)IaQ%z - %Amnl05aogbO£5X¢é¢Z /07

Amnl = %)\mnld(ﬂ)ydv

LE = —ya6xata + h.c. (¢ = 9 for Majorana fermions),



Reheating after FOPT in Gildner-Weinberg (GW) models

General decay rates (two body)
2
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Using the definitions

_ 4m§ _ 4, o 4m? o 4yi2 o 4m?v o 4912\7
CSa—mi B CFZ—mi B’ CVN— mi B -

we can write the two-body decay rates in a simpler form

General decay rates (two-body, (-form)

~ 33/2 _ 533/2 _ B3/2
T®9(B,¢s) = 55—Csx0.  TO7(B.¢r) = So—Crxo, TV(BCv) = oo

327
(5= 13 BV TGO (1~ Cs0), (=D sidrall — ()20 (1~ Cri),

7

CVXOy

v=), (1 —C¢vn + szQ/N) V1=CvnO (1 —(vn).
N al J
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Reheating after FOPT in Gildner-Weinberg (GW) models

We can expand these expressions in the limit of small

General decay rates (two-body small ¢ limit)

73/2 33/2 33/2

r®9)(B,¢s) = §27r (sxo, TC(B,¢r) = - Crxo, TEV)(B,¢v) = o ¢v X0,

(s = i;éa +0(C), Cr=) s (CFi - g@%) +0(Ca),

i

(v = Npg — Z <ZCVN — ZC%N) +O0(Gorn).
\_ v /




Reheating after FOPT in Gildner-Weinberg (GW) models

General decay rates (three body)
3s) Sxo \ 7_ _ _
F azbc 64ﬂ5f abc w3 (ﬂ ﬁ7 \/>b7 \/7) (\/E \/E \/A»b \/Yc)

) = (G )Xo L w /s
V) — ; 3275+/B <2ws (5 gN»QN,\/)T) + gw; (ﬂ,gN,\/):))

X@<\/E—\/>Tc—291v),

Nove = AmniOnaOn0, (G = (TN OL)*.

\and w3 and w§4)

where

are adimensionalized phase space integrals. /
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Reheating temperature 7}, and instantaneous reheating

If 6x decays into some SM particles with width I's, the reheating
temperature Ty, is at least

_ N\ 1/4
T > min [ (220005 )7 (_soav )M
th < 473 g (Tyn) P\ 729« (Trn) ’

given vacuum energy density and equivalence expressed as tempera-
ture

B4
Ay =24 T gu(Teg) T, = AV,

T4 _ 156)(3
ed — 8m2g,(Teq) "



Reheating temperature 7}, and instantaneous reheating

We can express the instantaneous reheating condition
Ty = Teg,

in a general form for GW models (including only two-body decays)
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Reheating temperature 7}, and instantaneous reheating

We can express the instantaneous reheating condition
Ty = Teg,

in a general form for GW models (including only two-body decays)

2 > 51273 X3
A \J 2
tot ~ 332 M3’

where we defined

Tho(Bs Cs, Gy Cv) = T@(B, ¢s) + T3, ¢p) + TEV(B, (v) = 22 ot xo,

Grot = Cs + Cr + Qv
Using the small { expansion we obtain the condition

2 51273 X3
Nbg 2 332 M}%

Adding the three-body decay contributions make the reheating even
faster.
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Radiative Electroweak Symmetry Breaking (EWRSB):
General Properties

We start from the conformal SM, replacing

Ly = /L2|,H’2 — Lop = %)\ab¢a¢b|H‘27

where
_ 1 (m At
H= V2 (h-l-ing)'

We add a real scalar ¢y, with a Zy symmetry ¢, — —¢p,. The scalar
potential is then

V(0 on) = Dkt + st~ Pt

2
= (VR = RR)” + SRR~ ke,
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Radiative Electroweak Symmetry Breaking (EWRSB):
General Properties

At the renormalization scale i the classical potential vanishes along the
flat direction, and couplings and fields satisfy

VARh? = /X072 (flat direction), Aoh = 2v/An/ g

We rotate the fields so that the flat-direction field x appears manifestly in
the Lagrangian,

¢ = xcosa — H sin a,
h = xsina + H cos a,

where the mixing angle « is defined by

/)\¢h
t = —_—.
an o« 2)\h



Radiative Electroweak Symmetry Breaking (EWRSB):
General Properties

Including the 1-loop contribution along the flat direction and ex-
panding x = xo0 + dx, we get

. Agh
U = XosSIn& = Xo M7

relating the RSB scale to the Higgs VEV, so that

h=v+dxsina+ H cosa.



Radiative Electroweak Symmetry Breaking (EWRSB):
General Properties

Including the 1-loop contribution along the flat direction and ex-
panding x = xo0 + dx, we get

. Agh
U= Xosma = Xo ma

relating the RSB scale to the Higgs VEV, so that

h=v+dxsina+ H cosa.
This gives the effective 1-loop potential

)\¢>hX(2) 2 407, — )\ih AphAn 3 (Agn — 2)\h)2 4
V —loo H7 6 = H H - 7
1—1oop( X) D) + 22 Ovon + 200)? X0 + 160,

+ AonxodxH? + M5X2H2 + AN, = A% AphAn

SxH?
2 2v2\n (Agn + 2Ap)? X

B

+ 5X35X2 + dx self-interactions, M = \/AsnXo0-



Radiative Electroweak Symmetry Breaking (EWRSB):
General Properties

The EW gauge bosons and SM fermions develop a coupling with
dx. For the W bosons, the interaction Lagrangian with h is

1
Lyww = ZQ%WWJW_”

1 _ 1 _ 1 _
:ZggxgsinQaWJW ”JriggHQW:W “c052a+§ggxocosa sina HW,f W™

+ %gg)(o sin? adXW,IW—H + ig% sin’ adXQW:W_“ + %gg cos v sina SYHW,F W™,

where g1 and go are the gauge couplings of SU(2) and U(1).
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General Properties

We correctly reproduce the mass term for the W boson
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We correctly reproduce the mass term for the W boson

1

1
w 292XO S & 292U

The same happens for the Z boson; its interaction Lagrangian with
h is

1
Lhzz = §g§h2ZuZ“

— %g%xg sin® a Z, Z" + %g%HQZ#Z“ cos® o + ig%xo cosa sina HZ,, Z"

+ ig%x() sin® o dxZ, 2" + ég% sin® a 63> Z, 2" + ig% cosa sinadxHZ,Z",
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Radiative Electroweak Symmetry Breaking (EWRSB):
General Properties

We correctly reproduce the mass term for the W boson

1

1
w 292XO S & 292U

The same happens for the Z boson; its interaction Lagrangian with
h is

1
212
Lhzz = ggzh Z L0
— %g%xg sin® a Z, Z" + %g%H2ZﬂZ“ cos® o + ig%xo cosa sina HZ,, Z"
+ ig%x() sin® o dxZ, 2" + ég% sin® a 63> Z, 2" + ig% cosa sinadxHZ,Z",

1 , 1
Mz = 59z xosina = 5970, 9z =/ g3 + g5.
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Radiative Electroweak Symmetry Breaking (EWRSB):

General Properties
The mixing angle o must be small to respect experimental con-

straints, so to generate the SM VEV v we need xo > v.
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Radiative Electroweak Symmetry Breaking (EWRSB):

General Properties

The mixing angle o must be small to respect experimental con-
straints, so to generate the SM VEV v we need xo > v.

Xo[GeV] Xo[GeV]
107 108 10° 10* 102 107 10° 10°
1072 S VW z_ 103 i x — HWW 5 _q0-+|]
B ‘ﬁ_, 1074 < X = wy b
10 -
_ 10°¢
1076
LT r 1
" q0-10 " 1010
10-12 10712
107" 107+
107° 1074 107? 1072 10~ 107° 1074 1072 1072
sin o sin e

Figure taken from JCAP 02 (2026) 021 arXiv:2507.21215 [hep-ph], FR, A. Salvio
The condition for instantaneous reheating takes the form
3,2
2 52 S 5127 v

Giby sin® o 2 R = T
352 M2




Concrete case: B-L and DM production

Starting from the following Lagrangian

£1’lS

matter

= L8 + D ATD* A + Nji)N; — B, B"™

+ (Yij LN, + 3yi; AN;N; + h.c.) — Ag|A|* + Ao A2 H?



Concrete case: B-L and DM production

Starting from the following Lagrangian

Urhsatter = rSIT\/[ + DMATD“A + NjimNj - %B;IWB/W
+ (YZJLZ'HNJ + %yijANiNj + h.C.) — /\a|A’4 + /\ah‘A|2"H’2,
where
A ! (a+iny)
= —(a+1im),
\/5 T4

Dy, = 8, +igsT*GS + igaT*W +igy Y By, + ilgmY + ¢;(B — L)]BY,.



Concrete case: B-L and DM production
The new massive gauge boson and §x have masses
m = 49" x3, m} = Bx3,

96g;"  8(4m)?

b= (4m)2 3%,




Concrete case: B-L and DM production
The new massive gauge boson and §x have masses
m = 49" x3, m} = Bx3,

96g;"  8(4m)?
(4m)? 3¢5

=

Dark matter abundance (Right-handed Neutrino)

__ PDM Somn, 0.110 mn,
= /DM _ SNy pR(5y — DM) &
Slom = T = SHE arGy CROX 7 DM~ == X eV

2406.01705, M. Cirelli, A. Strumia, J. Zupan
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Concrete case: B-L and DM production

So in our specific case

xo VB¢ Cnvi(1— CN1)3/2'

0 2~0.11
pumh” A~ 010X 5o = 3

We used the improved
supercool expansion

to calculate the FOPT
parameters

JCAP 04 (2023) 051 ¢z
arXiv:2302.10212 [hep-ph],

A. Salvio
JCAP 12 (2023) 046

arXiv:2307.04694 [hep-ph]
A. Salvio

Figure taken from JCAP 02 (2026) 021 arXiv:2507.21215 [hep-ph], FR, A. Salvio
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Preheating: the dark photon model

There are cases when reheating is not very efficient: typically when
the RSB is a dark sector (feeble interaction with the SM).

The dark sector is described by the Lagrangian

Lpp = _%A;WAMV - gAm/]:W/ + %(D,ud))a(Duqs)a - Vns(¢)a
equipped with a U(1)p gauge symmetry.
The dark sector is coupled to the Standard Model via

Axh
Lyn = %sz‘”z-
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Preheating: the dark photon model

We allow for EWSB in the SM sector, while RSB only occurs in
the dark sector. It must then be

v > X0 — mg, Mp, > My
Perturbative reheating can only occur through
ox — A’A’/hh — 4 fermions

suppressed by 4-body phase space.
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Preheating: the dark photon model
At some stage x undergoes small oscillations around xp,
X(t) = xo + @ sin(myt).

Resonant production of dark photons can occur,

d’ A,
szk + (ay — 2qcos(2z)) A}, =0,
where
o AR+ el) _deg® VB xot
k = = y =

Pl ) qi = —> 3
BX3 " Bxo 2
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Preheating: the dark photon model

The decay of A’ into fermions can reheat the Universe

2 2 2 2
I'(A" — 2 leptons) = (me)“ma 1-— <2ml> <1 -

L) Oe(mg—2

2 92 2 ) 2
['(A” — hadrons) = (nié M [y <m“> (1 + m;) R (/s =myg),
7r

my

where R (@) = o(ete™ — hadrons, s)/o(ete™ — utu=,s).



Preheating: the dark photon model
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Conclusions

Reheating after FOPT is not a simple process (several contributions:
bubble collision, reheating, preheating...).

We studied the perturbative reheating that occurs after FOPT in GW
models where the SM is embedded in the RSB sector...

...and the preheating in the case the RSB sector is hidden.

But this picture of reheating (especially preheating) can be improved!

Interesting phenomenology to explore: dark matter production, gravita-
tional wave production...

Thank you for your attention !
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