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Electroweak baryogenesis (Motivation)

Baryon asymmetry cannot be explained within SM — “baryon asymmetry problem”

Itimplies Sakharov conditions:

= Baryon number violation
satisfied within non-perturbative SM

(with sphalerons)
= C, CPviolation

(particles - anti-particles)

appears in SM, but effect is too small
= CPT violation

(thermodynamic equilibrium breaking)

prevent the got asymmetry from ‘washing’

Motivation and model

termodynamical first order
equilibrium breaking = phase transition

unbroken symmetry broken
—0 @/ symmetry
@ (9 £0
Electroweak Baryogenesis within SM

SU2)L x U(L)y = U(1)em

NO first order

Miiggs > 70 G&V = ,135e transition
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Composite Higgs model

L=Lsv+ Lcu + Lit,, Lcu - strongly coupled with G inner symmetry

<ginvariant> spontaneous ( invariane) . Goldstone bosons 5 Higgs boson
vacuum breaking vacuum phase transition

Effective
potential Ve

of broken phase \

order . invariant _ invariane
parameter (g vacuum) & (9 =0 <7'[ vacuum> & (9 #£0
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Minimal Composite Higgs model

minimal model G = SO(5) x U(1)y, H = SO(4) x U(1)y D SU(2)L x U(1)y

minimal < the coset must contain Higgs doublet ¢ € SU(2)c C Sg = SO(5)/SO0(4)

_ 0 0 - SO(5)—S0(4) [0Ogxq4 O symmetry
- T 4x4 T N
Y= (‘I’/\I/J> =¢ [( 0 g) + TZITI:| 3 low energy ? < 0 §> 3 breaking

Y1y is a condensate of the SO(5)-inn.sym. fundamental fields ¥;
& is NB-bosons, iy is “radial” fluctuations, ¢ is background field
Motivation and model -1/14




Effective field theory

Z[J) = /Dq& eS¢ —; WU

I[{¢)] = - J—/dd eﬁ[f) —|—Veff[(¢>]> - effective action
=0if ((b) const
Effective potential: Vg = L
p g eff — VOl4
. . or (¢)=const Ve J=0
Equation of motion (EoM): =J — =0 ives extrema condition
| 5(9) 5(0) 8
AdS/CFT “1/14



AdS/CFT

In a narrow sense: non-perturbative method for correlators calculations;
In general: conformal field theory Zcgr ~ field theory in AdS Zqgs

quasiclassical

AdS/CFT quasiclassical
Z |8Ad$ " non-perturbative

AdS ——————
correspondence approximation

strongly coupled Acer > 1 with Acpr ~ ﬁ
gives Aags << 1 weakly coupled field theory

AdS/CFT

Zeprl] = / D[*fields”] exp(—S — O - J) Zads|pnas

correspondence

Fields of CFT are unknown, action is unknown,
but we know something (symmetries) about the sources J and the operators O

2
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Holographic correlators
dSads

56 =0 = solution of the equation of motion: ¢(x, z) 220, Ay (x) + 22 1 (%)

OAdS
conformal boundary /“

O0AdS ﬂil/ Ly

7.5 T ~ % = gravity at the horizon
AdS bulk <

.-BH horizon

Z ZHorizon

o AdS/CFT AdS/CFT
:/D[... S0 exp(—Snas[¥]],_o), J
EoM solutions gad

Yo(x), (O) ZEZ ()

m boundary part Spads %l CFT generating function
5\" ) g §ngbulk §ngborder
G, =(0..0)=(2)1 ZJ‘ (%) s _ AdS DAds
1=10...0) = (5;) log 2l =~ (5 ) sl ( = g
AdS/CFT =0 due to EoM 6/14




Holographic potential

Extrema condition: Veg| oy = Vert| o < Go;
AdS/CFT: Gy < boundary term of dual theory Syaqds

AdS/CFT

Yo=0
= Gop = W[J = 0] === Spys|""

Voly Ver| OAdS

extrema

Extrema condition & duality: J =1y =0; duality: (¢) =11

Vet AdS/CFT  § . with assumption
(5<¢> - 571/11 (S[z/}HaAds) bo=0 =0 ( (¢p)=const >
gives vacuum expectation values:  {(#)min1, (#)min2,-.. } — possible vacuums

Extrema positions and values {((qﬁ)mm i Vet [(@) mini]) } = phase transitions

AdS/CFT 61/4
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Phase transition

Wegt
()

L (CINZ Y

Effective potential extremal values and the
positions allow one to judge about PT:

= trivial minimum (vacuum) only =
there is no PT;

= non-trivial true vacuum with the
potential barrier = 1-st PT;

* non-trivial true vacuum without a
potential barrier = there is no PT.

The extrema of the effective quantum potential Vqg: T is the plasma temperature,

A
‘((p) — Minima — Maxima — Trivial minima
‘T i . barier
~trivial ;
gggonrll:sa thn;”t]rltrjneavacuum disappears
inflection
‘1-storder PT !
[is possible |
Veff Ve Veff
(P (9 )
() is the vacuum expectation.
Solution

Unscaled schematic illustration! Data in real scale are at the backup slides.
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Temperature estimations

Experimental restrictions < mass of the lightest predicted particle.

Og4xqa O = AdS/CFT O4xa O
Yy=£" T X
S [( 0 Q) o I] : dual to v ( 0 X)

m,, ~ ms, fluctuation mass ~ slope of the “hat”.

(@) = X(2)+ox(t.%,2) = EoMy[x] = oMz [x+oy] =229 [om? = 4,

Solution 9/14




Bubble free energy

Free energy of a bubble:  F|[Vg]

thin walls

approximation

3
47rR2,u — =R (Fout — Fin)

4

Fe % F(Re): ifR > Re,

bubbles grow and PT occurs.

B Fc
1/ ~ appear — collide time

1/H, ~ universe expansion
van1071k1, Ol

B 5
102> = > 10
NH*N

vy B 4
102 < — < 10" 4
1000 Som S
10t 1
= 0.100
s® o y=11 o 4=20
0.001 E
e v=13 e y= 30
1075+ 1
® =15 ® y= 50
1077 L . . . ]
0.280 0.285 0.290 0.295
T/m

Bubble nucleation

0.28 3 I < TOmin)
T~L< L —suggestion, ymin<1
- ~ 03
&~ 91/14
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Gravitational Waves

The spectrum of the gravitational waves can be estimated as
(within the approach of relativistic velocity of the bubble walls v,, ~ 1)

—2 2 1
Qewh? = 1.67-10-5xA [ 2 a g« \ o
ow " <H* 1+a (100)

Only scalar waves! Sound waves and turbulence are not included!
We estimate only scalar waves produced during initial collisions.

P T (8,

fo=1.65-10"°Hz -
g 2" 3 H, 0.1Tev \100

(Qewh?, fy)-curve is the estimation GW amplitude (peak value).
It does not contain the spectral shape S(fy) (in this case S(fy = f?*) = 1).

Bubble nucleation (41/11) / ~ SZerm”t‘
ST



Observations

k
= 100(vy = 1), = < 1
£

B k
L= 3000~ < 1
. JOOO,ﬁ <

...... m = 10TeV,

3 k
R m = 100TeV, 1;— = 3000, 5 <1

2

- B _ k_
m > 10TV, = 3000, 5 = 0.01

Quwh

+m > 10TeV, = 30()(]% =1

[ m>10mev Hl 10005 <1

B

B k
10 < m < 100TeV, 1;1_ = 3000, 0.01 < 3 <1

 |[Tska
10 [] LISA
[] DECIGO
[ BBO

Bubble nucleation December/14




Observations (without legend)
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Bubble nucleation (-1mod14)/14




Conclusion

Sch[X]

0 "
Budy + Wy kJif + ... Lon

Composite H|ggs model Interaction with SM Standard Model
- -~

|

/

Holographic model
Sdilaton-grav. + Sch-h [X] + Sgauge-kin + SsM-ineraction

l >

: : this work first order
Scr-nX] ‘matter part” | — e ———> [phase transition

arXiv:
2209.02331
Sdilaton—grav. ‘graVity part’ LS

) <

@bservable baryon asymmetry ) @bservable gravitational waves )

Conclusion
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Holographic model

Lcy - strongly coupled = considerN > 1 = Zcy[J] = Zpgs|Y]

The dual theory: Zpg4s[J] ~ exp ( — SAds[J]) is weakly coupled = quasiclassical limit

The asymptotic behavior near the conformal border 9AdS of the dual theory fields
defines the sources of the CH operators (i.e. the correlator functions)

f

Holography is the duality between strongly coupled theory on the border
and weakly coupled (quasiclassical) bulk theory.

F = —Tlog Zch ~ TSags x Voly - F In homogeneous case (x = x(2)): F o Veg[x]

15/14
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Action of the holographic model

1
Stot = Sgrav+¢ +Sx +Sa+Ssm+S, Sa= —9—2 /C/SX\/ 1916?9°g"F opF g
5

1
Sgraves = [—3/d5x [91e* [ — R+ 2IA| - 40,0056 — Vy(#)|, a.b=0,...4
P

Sint = € / d'xy/|g@| [cysﬂ Tr (TyA") + culio, Tr (T ) + £y
Z=¢€

1 1
Se= [ vl lig"b Tr (VX V) — va(x)
S|

. VX =0X+ A0 X], Ag=0

Vx(X) = Tr ( - %XTX - %(XTX)Q + L2§(XTX)3 + O(XS))

VN 21
L 'XIJ ~ —J/JZ+ _E[JZS + ...

27 VN
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1
Seravis = [—3/d5x lgle2 [ — R+ 2|A| — 490D — v¢(¢>)}, a,b=0,...4
P

2 d22
2 _ L afeisy g 2 2 _ 4(3
ds> = A (f(2)dr? + @ ). 6=00)
7 ~ 1
le—z—;}la ¢ = po2°, ==
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“Extrema’ curves

22X 0= x2Sz |o- <2J3+¢2J)logz 2 +0(2°)

__ givethe sourses
for CFT operators

Knowing the extrema of the effective potential and its values at these points,
we can judge abut the phase transition
1 from EoM

-—S = for effective : Vol
Vol Xloads action 4

Wess , _, extrema condition is
=J=
5(p) absence of sources

Vet = = J=0

“extreme” solutions extrema

OVeff _ o — @anew condition
) for ¢ and (p)

x 2% 62% + 0(2%) must give

1 5Veff )
Twi, === ,J, ‘ = Nooog - ext
Vo2 6{p) do X [XsoL.(: 4, 0)] o {o1 o} - extrema
o is (source) dual to (), vacuum average of the effective theory 18/14
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Nucleation ratio

The next step is to consider
Baryogenesis generates enough asymmetry (enough efficient) if
there is one bubble per Hubble volume

4
Nucleation: a74e-5 HA(T) = ( r ) _ Expansion of

Ratio Mp| the Univerce

Bubbles produced 1/(Hubble time x volume)
per timexspace volume

F = F[{©), R] - Free energy of the bubble; R is the radius of the bubble

Hubble horizon (time, volume, radius) — speed of receding object behind it is greater than the
speed of light (Don’t confuse with cosmological horizon)

Bubble appears with a certain size. It defines with “micro-physics”.
If its radius is grater, then critical one % ‘R et the bubble grow. Otherwise, it bursts.
e

It gives F¢ =] F(Rc) and defines nucleation ratio and “viability of the model”. 19/14



Estimations of the nucleation ratio

r H: m

. . . hidl
I~ H, — ~ = X Fc is defined with an error,so e T has large error
m m Mp,|
0.001 £
10—23 =
I
me
10743 ¢
10763 ¢ LI m=10Tev
L 1 il T”“ll L 1
0.280 0.282  0.284 028 0288 0290  0.292

T/m
20/14
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Free energy density

The free energy density of the non-trivial
solution (blue line) crosses the free energy
density of the trivial solution (green field) at
the poitnt where 1-st PT becomes possible.

F is free energy density of the CM model, o is the source for vacuum expectation value
(@) ~ 0, ¢y is the temperature parameter T ﬁ
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Effective potentialisn’t “Tuned”

NO, it’s just ill-defined

Vy = asx* + asx? +a6x®, a2 <0,0a,<0,a06>0 nobarrier
Voge = b () + ba()t + b ()8, by >0, by <0, bg >0 there’s a barrier

in details:

= Vegr = Vege[ ()] describes a quantum objects at the border. V, is a dual classical
potential in the bulk.

5Sy

5x=0 inbulk. In other

= Vg = —ﬁSAdS’aAdS includes the solutions of the EoM
words, Vg includes physics of AdS

22/14



“Symmetries” of the dual theory potential

2 D Ay
Vy(x) = %XQ - @AX + 62 X is the expantion of a more general theory
Suggestions:

= The potential V, always has true vacuum with Eppi, (Vy il 00). So we may use

any even power " instead of the last term 5.

= The expansion of V, has certain sign of the second term A > 0
(the first one m? chosen for the theory to be conformal in AdS).

= Higher orders of the expansion don’t give new minima at the considered
temperatures.

The certain parametrization has been chosen with respect to the “symmetries”

“Scaleinvariace”, | _ Conformality near
defining : Ve the AdS border ‘AL =37 M =733
the coefficents X 7 VX (“correct” conformal weights) =+ =
Dis for the Large D limit. But its usage doesn’t give any results.

(to keep interaction constants finite at D — o) 23/14



Extrema curve on natural scale

“Extrema” curve of the effective potential Vs in real scale
with the 1st order PT “temperature” range (left picture).

E [
?5(7) @ Supercooling

] y =
g
h\ d /// Plasma I {PYmax
. A

= /// R E Py

\ T(«ﬁ)..\m[
. f ff\ T 0 ) oz ™ )
// / < o Trivial Minimum
Z LR 7/ L Vei( 05 05 1 Maximum
=10 Veie(o:

= Nontivial Minimum/

The approximation of the Vo = ag + az0? + a40? + ago®
with the points (0max, Vmax(0'max)) and (Gmin, Vimin (0min) ) (right picture).




Analytical and numerical solution

The “extrema” curves defines the positions o ~ () of the effective potential extrema

. 1
as functions of the parameter v and temperature ¢o (T ~ \/(E)

Maxima First Correction

Minima Second Correction

The dotted lines are the numerical solutions.
The dashed lines are the perturbation solution with expantion by A coupling constant.
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SM - CH modelinteractions

thi l 3 . . .
—unwaus Yva S A7R%) — “"R3 (Fout — Fin) — physical units are required
approximation 4

= Fix the Parameters (Interaction with Standard Model - bulk gauge fields)

= Physical Units (Infrared Regularization and finite temperature - “radial”
heavy fluctuations)

Wt +B,Jy < J* ~ A" - bulk G gauge field

The physical values can be estimated without gauge field:

= 0 0
Xy =(¥¥y) = €T[< 4x4 X>+77’ ]5 N 7O<\/72NMRNmn>10TeV
m, < X — X+ X - correction of the background field = 1 -pNG boson

26/14
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CH gauge field

£ = Lo+ Lon + By Tr (Ty") + Wi Tr (Te") + D0, +he,
r

[\

=Linteractions

SO(5) x U(1) : Ay = ARTH + Auy Ty

SO(5) — SO(4) :  ARTI — ASTY 4+ AT
—~—~ ~—~—~ N~
€50(5) €S0(4)  €50(5)/S0(4)

SO(4) = SU(2) x SU(2) : AT = Atk 4 ARTK
~—— =

esu(2),  eSU(2)r
~  dual OAdS .
conserved currents: J, < A, (t,x,z) , holographic gauge: A, =0

O &') J(A, U, ¢,...) — composite operators of the CH fields

27/14
I



	Motivation and model
	AdS/CFT
	Solution
	Bubble nucleation
	Conclusion
	Appendix

