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Thermal History of the Universe

Phase transitions are important events in the evolution
of the Universe
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Thermal History of the Universe

Phase transitions are important events in the evolution
of the Universe

» the SM predicts two of them (QCD confinement and EW symmetry breaking)
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Phase transitions in the SM

In the SM the QCD and EW PhT are extremely weak

~g the two phases are smoothly connected (cross over)



Phase transitions in the SM

In the SM the QCD and EW PhT are extremely weak

~g the two phases are smoothly connected (cross over)

e NO barrier is present in the effective
potential

V(h,T)

o the field gently “rolls down™ towards
the global minimum when T < T,

» no strong breaking of thermal equilibrium

» no distinctive experimental signatures



Weak EVV PhT is an “accident”

The SM EW PhT is first-order for m; < 70 GeV

o thermal corrections due to gauge
bosons provide a barrier in the
potential

e the field tunnels from false to true
Mminimum at 7' =1T,, < T.

» the transition proceeds through bubble nucleation
» significant breaking of thermal equilibrium

» Interesting experimental signatures (eg. gravitational waves)



Bubble Nucleation

Bubble dynamics can produce gravitational waves and baryogenesys

GW from sound waves
and turbulence in the plasma

GW from
bubble collision ‘,

baryogenesys



Phase transitions from BSM

Additional phase transitions could be present due to new-physics
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Phase transitions from BSM

Additional phase transitions could be present due to new-physics

well motivated example:
» Peccel-Quinn symmetry breaking connected to QCD axion
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How to get a first-order PhT

. “Single field” transitions

150 [

» barrier coming from:

50

e guantum corrections due to additional fields

e thermal effects

. “Multiple field” transitions P14

» barrier can be present already at tree-level and T=0

» minima In different directions in field space O




Extended Higgs sectors



Scalar singlet extension

Higes + singlet scalar potential (Z2 symmetric)
in the high-temperature limit
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Scalar singlet extension

Higes + singlet scalar potential (Z2 symmetric)
in the high-temperature limit
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+ EW symmetry is restored at very high T
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Scalar singlet extension

Higes + singlet scalar potential (Z2 symmetric)
in the high-temperature limit

2 2 2 2
Mhoo  Anga By oo Ag 4 Angoo o h n 2
Vih,n,T)="2p? 4 Zhpt p Dnp2 g Zpd  Zhy, — Yt | T
: N important to create
with thermal masses a barrier in the potential
1 1
=13 (997 + 39" + 12y + 24X\, + 2\py) ey = 35 (P +A)

+ EW symmetry is restored at very high T

<h7 77> — (Ov 0)

Va)

+ [wo interesting patterns of symmetry
breaking (as the Universe cools down) |-step
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Scalar singlet extension

Higes + singlet scalar potential (Z2 symmetric)
in the high-temperature limit

2 2 2 2
Moo | Ahya | Hp o Ag 4 Ang,o oo h n 2
T)=""h =l i 1 i — +Cp—
V(h,n,T) 2h+4h+2n+4n+2hn+<ch2+cn2 T
with thermal masses e po
ch = % (997 + 39" + 12y + 24X\, + 2\py) Cy = 1—12 (40nn + Ay)
+ EW symmetry is restored at very high T s
<h7 77> — (Ov O) 0 2nd step
(EWPT)
+ [wo interesting patterns of symmetry
: | st step
breaking (as the Universe cools down)
. [-step PhT  (0,0) = (v,0) D Q\ > h
. 2-step PhT  (0,0) — (0,w) — (v,0) EW vacuum

T — T —

» 2-step naturally realized since singlet is
destabilized before the Higgs (¢, < ¢p)



Phenomenology

First order
EVV phase transition

Gravitational waves

EWV baryogenesys

New physics
In the Higgs sector

DM candidate

Deviations in Higgs couplings
+ new states



Phenomenology

Collider - Cosmology synergy

Deviations in Higgs couplings

Gravitational waves
+ new states

testable at testable at
future interferometers future colliders



Phenomenology

Very weak constraints
+ m, <my/2 excluded by invisible Higgs decays

+ direct searches very challenging: only possible at FCC 00 TeV
(interesting channel:  pp — nnj7 (VBF))

+ Indirect searches:

o modification of Higgs self couplings (A= ;;2 ;; T

e corrections to Zh cross section at lepton colhders

+ dark matter direct detection
o the singlet can contribute to DM abundance (but can not provide all DM)

o constraints are very model dependent
(cosmological history depends on hidden sector detalils)



The parameter space

[ Curtin, Meade,Yu 'l 4]
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The parameter space

[ Curtin, Meade,Yu 'l 4]
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The parameter space

[ Curtin, Meade,Yu ' 4]

S/v/B > 2 inVBF
accessible at FCC-hh with 30/ab
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The parameter space

[ Curtin, Meade,Yu ' 4]
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The parameter space

[ Curtin, Meade,Yu ' 4]

e ——SNG—

S/vV/B > 2 inVBF

6 | accessible at FCC-hh with 30/ab
4
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Note: PhT parameter space shrinks if nucleation probability is taken into account



The parameter space: Dark Matter

In the Z2 symmetric model the singlet can not account

for the whole DM abundance

wrong vacuum

LUX (2016)

[ Baniwal et al. "1 /]



A strongly-coupled realization

De Curtis, Delle Rose, GP ‘19



PhTs in composite Higgs

Higes as a Goldstone from spontaneously broken global symmetry
In a strongly-coupled sector

Multiple phase transitions expected:

G —.
| | f
+ breaking of the global symmetry in the H
strong sector [
G—H a T~TeV [ M
(v
EM

+ EW symmetry breaking
SU(Q)L X U(l)y — U(l)EM at T ~ 100 GeV



The EW PhT in composite Higgs

Minimal models have only one Higgs doublet

SO(5) — SO(4) -4 4 Goldstone bosons

Experimental data strongly constrain this scenario

E=0v2/f*<0.1

» only mild deviations in Higgs couplings allowed (<10%)

» EW phase transition similar to the SM one (no first order)



Extended models

Non-minimal models feature extended Higgs sector

SO(6) — SO(5)

next-to-minimal construction:

~$ 5 Goldstone bosons: Higgs doublet + singlet



Extended models

Non-minimal models feature extended Higgs sector

next-to-minimal construction:

SO(6) — SO(5) ~# 5 Goldstone bosons: Higgs doublet + singlet

Scalar potential induced by the coupling to SM fields

2 A\ \ \
V(h,m) = Geh® o+ Tt S+ Tt S

» couplings explicitly break the global
symmetry ~$ Higgs as a pseudo NGB

elementary
sector

composite sector

» structure of the potential fixed by
quantum numbers under G/H

» main contributions from top mixing



Top partners

The gquantum numbers of the fermionic top partners under SO(6)
control the Higgs potential

4 - not surtable for the top quark (large corrections to Zb.by,)
|0 - no potential for the singlet

6, 15,20° - viable representations for the top partners

(auL tr) ~ (6, 6) : typically predicts A, ~0 and A, =~ A\, /2

viable model require sizable bottom contributions and tuning

(qu, tr) ~ (15, 6) : less-tuned scenario:
no need to rely on bottom partners, but A, is necessarily small

(gL, tr) ~ (6,20°) : large parameter space available without large tuning



singlet too light

The parameter space
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Properties of the EW PhT

Results for the (qi, tr) ~ (6,20’) model

strength of the phase transition

S 2 (G2 | bubbles fail to nucleate:
_ v/ T, | the system Is trapped In the
: / metastable vacuum

3 _ 3

_ | no 1* order PhT §
_ — my = 230 GV, A, = 2

L
: 9
I bubbles fail ———
|

1= s % 4
_ \ wrong vacuum |

\ atT =0

0
120 125 130 135 140 145 / T [GeV]

bounce action has
minimal value
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Gravitational waves

First-order PhTs produce stochastic background of gravitational waves

three main components:

O(100 — 1000)

/

e sound waves In the plasma (SW)
e turbulence in the plasma (MHD)

h? Qaw

of future experiments for a significant fraction

e bubble collisions (negligible in our case)

O
- m, =250 GeV, \, =2

1078
10~ 11 ,
10~ 14 ,
10~17 ,
1020 ,

7’
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’ N S
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7:/' Ahn = 1.27'-"'\:{~~\~~
~ Qhk

0001 0010 0100 1
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peak frequency within the range

of the parameter space

_ L (B T, gs \ 6
ek ~ 107°H ( )
Jpeat o (Hn> (1OOGeV> 100
bubble velocity
m,, = 250 GeV

h? Qaw

10—12 L

10—15 L

10718

Ay =3, Apy=14 -

70001 0010 0100 1
fow [Hz]

1073 1074

spectra with non-trivial shape
(due to multiple components)
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EVV baryogenesys

Sakharov’s conditions

SM SO(6)/SO(5)

/ EWV sphaleron processes

violate B+L / same as in the SM

+ B violation

+ Out of equilibrium X EW PhT not first order EW PhT can be first-order
dynamlcs and sufficiently strong

/ CP violation in the

+ C and CP violation x CP violation too small nhit coupling

22



EVV baryogenesys: CP violation

An addritional source of CP violation Is naturally present due to the non-linear
dynamics of the Goldstones

the singlet coupling to the fermions can have a complex coefficient:

b h _
Oy =y (1 —+ zf77> \ﬁtLtR + h.c.

A phase In the quark mass term Is generated
| when both the Higgs and the singlet acquire a VEV

The phase becomes physical during the 2-step phase transition
(0,0) = (0,w) = (v,0)

23



EVV baryogenesys

my = 250 GeV

—— b/f[TeV]
U-DECIGO

no 1% order PhT

,\bubbles fail 7——

———to nucleate

————

wrong vacuum
atT =0

1.20 125 130 1.35 1.40 1.45

b/f < 1/TeV Is enough to reproduce
the observed baryon asymmetry

TN —

B /E\/\/BG and observable GW

|

. spectrum can be achieved
simultaneously

Note: if /7 is broken at T=0, constraints from EDM

can challenge EVWWBG

24



The Peccei-Quinn phase transition

Delle Rose, GP Redi, Tesi in preparation



The Peccei-Quinn axion

The Peccel-Quinn axion offers an elegant solution to the strong CP problem

L D= a2 0| G2 GAR
81 \ fq i
[Peccel-Quinn; Weinberg-Wilczek]

Small size of # angle explained dynamically

» Goldstone boson of a spontaneously broken U( ) anomalous under QCD

» symmetry breaking at very high scale --§ weak coupling
f, > 10°GeV

26



The minimal PQ sector

Single scalar field (the axion) coupled to colored fermions

L= M (IXP = f2/2) + (yXQQ° + h.c.)

[t displays a second order phase transition for several reasons:
. No massless bosonic states coupled to X where PQ is restored
Il Fermion contribution to |-loop Coleman-Weinberg has “wrong” sign

Il Potential is always well approximated by m*(T)|X|* + \(T)| X|*

Peccel-Quinn breaking must be non-minimal

| to have first-order phase transition

27



The Higgs portal

Coupling with the Higgs boson is typically present
V= [HPP + MH|" + Axn | XPH]” + Ax (1X]* = f/2)°

[Dey, Ferrer, Zhang, Zhang "1 9]

Lagrangian similar to the Higgs + singlet case, but with crucial differences:

. huge hierarchy of scales v < f
» tuning of parameters:  p® = Axg/2f? + O((100GeV)?)

hing to the Hi M, Mo
1 tot L —= = A=
» MatcC INg 1o € rIggs Mmass 902 4)\X

l. both fields must have VEV at T=0

» two step transition not possible (due to minimum structure of tree-level potential)

28



The Higgs portal

Differences from minimal PQ case can arise for large portal Axpg > Ax

Expanding the potential in the limit h,v < f, Axg > Ax

Verr = = s+ —s + s

1)\XHT2 2 )\X 4 )\%(HS4 o )\XH 2
2" 6 4 64n2 o\ 252 \
s =|X|? - f*

Can deviate from quadratic + quartic potential only it

Ny~ 16m° Ay = > 1677 strong coupling ! @

29



The Higgs portal

Differences from minimal PQ case can arise for large portal Axpg > Ax

Expanding the potential in the limit h,v < f, Axg > Ax

1)\XHT2 2 )\X 4 )\%(HS4 Axﬂ 2
Vg = = . 1
A T AT
\82E|X|2—f2

Can deviate from quadratic + quartic potential only it

Ny~ 16m° Ay = > 1677 strong coupling ! @

many more possibilities open If the additional scalar

s not the Higgs |

29



Radiative PQ breaking at weak coupling



Radiative PQ breaking

Collection of scalar fields (some of which charged under PQ)
[Gildener, Weinberg /6]

\ij
V= S 6i0000

Flat direction in the potential at scale A (generic feature due to RG running)

)\eff(u) — )\ijkl(,u)ninjnknl , )\eff(A) =0, Qi = N0

Dynamics mainly controlled by field o

31



Radiative PQ breaking

Radiative corrections can lift the flat direction and stabilize the field

Var() = o’ (log; ) 411) (o) =~ A

» beta function needs to be positive at the reference scale

Vet (o) 4

one-loop

tree-level

_6>\eff f4/16




Thermal corrections

Due to flatness of the potential thermal corrections are always important

[Witten '81]
4 T2

F(o;T) ~ 24A2 °T 2+Z647‘(’ log — + Veg (o)

mz

even for T < f / \ e~ g9

v where ¢ is a typical coupling of o
one can formally expan.dlat hight-T to other light fields
close to the origin

one-loop
Vet (o) 4 thermal + extremely high T

one-loop + thermal
one-loop

tree-level

» barrier lasts for arbitrarily low temperatures

33



The bounce: Analytic approximation

When supercooling Is present the barrier is very close to the origin and the
potential can be approximated as

The integral of the bounce solution can be done exactly [Brézin, Parisi '78]
S V/N/12 1672 /b,
2~ 18.9 A/ AL B = beg g/ (1672)

g3 log(M/T)’

b\ S3/T scales logarithmically

with the temperature
34



Nucleation and Supercooling

Due to small deviation from conformal invariance we expect significant
supercooling

The nucleation temperature I1s determined by the equation

Sy /T 2
= ) exp(~S3/T) = H}

(T, ~ T, <

» given the peculiar form of the bounce action S3/T = #/log(M/T)
we Tind lower bound on the nucleation temperature

1
2

T, > /MH; ~0.1f (Mi>

Pl

» the beta parameter in minimized for large supercooling

B/H = #/log™(M/T)

35



An explicit realization

Two complex scalars: one charged under PQ and one with U(1) gauge charge

1
L= _@zﬂ +|D,S|? + 0, X7 + (yXQQ° + h.c.) — As|S|* — Ax|X|* — Axs|S|*| X |?

[see related Hambye, Strumia, Teresi | 8]

A tree-level flat direction is realized for Axs = —2v/AgAx

... Iifted by the running induced by the quartic couplings and by the gauge
interactions

S 1 2AsAx + %g‘l sin® o — %y‘l cos? o 4 o 1
Vip—g = o | log — — -
1672 f 4
(6&\0(\ . \
AN N
N S, X) = (sina,cos« 7 sin® o = AX
(&)= enancosa) 75 i + Vs
>

X
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Results: Pure quartics

Limit with only quartic couplings

0.100 -
0.010+

0.001 -

Talf

Improved
CW 1-loop
Approximate

03 OAW\'bj"'bﬁ"'bﬂ"'os 0.9

improvement of the potential due to
running has sizable impact impact

» a sizable region wit large supercooling

and B/H ~ few

» approximate analytic results work

remarkably well!

1.0

f=10"GeV, g=0

100,

50|

—— Improved
CW 1-loop
Approximate

06 07 08 09 10

100;‘HHW

AT CW 1-loop

-
7.
.
o

—— Improved

------ Approximate |

1076

1073

"~ 0t 0001 0010  0.100

T,/f
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Results: Gauge coupling dominance

Limit with gauge coupling dominance f=10"GeV
17 T T T T T T T T T T T T T T T T T ] T T T T T T T T T T T T T T T T
: ] 100
0.100 501
0.010
= : T 10t
&~ i Q
0.001 - St
, . —— CW 1-loop
10_4? S Approximate 3 1 - Approximate _
0 12 s e s o 12 14 16 18
g 8
100 | |
50 f
= 10 | results insensitive to
= S 1 improvement (small running)
1 ----- Approximate |
Tl 000l 0010 0100
T./f
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For large su

Portion of t

Gravitational waves

10—2 T T TTTTI T T TTTTI T T TTTTI

10_14 ,’ ,'
10_15 PR o -— ./AXAS =0.5

109 107 102
f [Hz]

ne parameter space accessible at LIGO

bercooling spectrum within the range of ground based experiments
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Radiative PQ breaking at strong coupling

40



Confinement PhT

We consider a model with the axion together with a dilaton:
PQ breaking linked to confinement PhT

Explicit realization in 5D through AdS/CFT duality [Creminelli, Nicolis, Rattazz:

Randall, Servant;...]

- - | R
| High T | Low T |
AdS - Schwarzschild geometry Randall-Sundrum geometry
Conformal invariance Conformal invariance broken by IR brane
+ | +
unbroken U(1)po broken U(|)pq
N\ 5 y - y

J

dual to gauge symmetry in 5D
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Confinement PhT

We consider a model with the axion together with a dilaton:

PQ breaking linked to confinement PhT

Explicit realization in 5D through AdS/CFT duality

AdS - Schwarzschild

large-N at finite T

Randall-Sundrum

confined phase

large negative free energy /

—

[Creminelli, Nicolis, Rattazzi;
Randall, Servant;...]

_// » O
\_ at low temperature

confined phase preferred

\ light dilaton expected

41



The dilaton potential

Simple parametrization for the dilaton potential

CFT explicitly broken by (almost) marginal deformation

3
g _ g
CFT+EO —tp Bg—eg+aN167T2 ...

Dilaton potential from running of quartic coupling

o
/

/
/7 \ >

./
N2t ’

——— B

¥
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The dilaton potential

Simple parametrization for the dilaton potential

CFT explicitly broken by (almost) marginal deformation

3
CFT+% —p 5gzeg+aNg |

1672

shape of potential A2

for CFT unknown 4 1 ¥ )
Ao |1 — L
\ 1672 07 [ 4—|—e<f>]

< H

r/

¥
./
_ N2 T4 \ /’

Dilaton potential from running of quartic coupling

——— B
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How to compute the bounce

Use a “'guess’” for the potential

in the CFT phase : r/
[Creminelli, Nicolis, Rattazzi < p — T
Servant,Von Harling; Brussiger et al; \
Baratella, Rompineve, Pomarol] N2T4

Neglect the CFT part and match the
gradient energy to the free energy

[Konstandin, Nardini, Quiros "1 0;
Agashe et al '| 9]

%] p—0 ~ 16m*T*

» the two methods give similar results
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Analytic approximations

At large supercooling tunnelling happens very close to the origin

N? 4 T 6
2 (1 REY L|Ao/<167r2>|1/4f] )

\

simple evolution of the quartic coupling
with the temperature

L Ss N2 (1672)!/4 1
— =285
» the 3D bounce action is given by 7 1672~ oA S Tg(T. e/

N1
1672 Aol [9(T, €]

» 4D bounce can also be relevant Sy ~ 26
(dominant at low T)
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PhT properties

Most of the effects controlled by the size of the free energy
(shape of the CFT potential almost irrelevant)

100 -

A=05 N=3 f:4-2><1011 _____——"‘; - A=0.5 N=3 f:4.2><1011 E,z’
0010* - —Chaa E ! '
5 10}
0.001 - ;
S—
3D bounce
1073 ,
0.10 + 3D bounce
1076 ; - z
4D bounce . 4D bounce
0.01 0.02 0.05 0.10 10~ 10-6 1073 1074 0.001 0.010 0.100
€ Tn/f

» B/H ~ few can be obtained but only in small portion of the parameter space
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Gravitational waves

=== ¢=0.0087

- - === £=0.013

109 101 102 10°
f [Hz]

Portion of the parameter space accessible at LIGO

10%
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Conclusions



Conclusions

Phase transitions are important events in the evolution of the Universe

New physics can significantly modify the SM predictions and open appealing
sCcenarios:

» strong first-order EWV phase transition from extended Higgs sector

e possibility to achieve EVW baryogenesys

e collider signatures (at future machines)

o detectable gravitational wave signal (at space-based interferometers)

» Peccei-Quinn phase transition

e minimal scenarios predict second-order transition
e possible first order for axion + scalar and axion + dilaton systems

e detectable gravitational wave signal (at ground-based interferometers)
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