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What is it?

Very first 3D lattice computation of Standard Model baryon number

violation at T=0 from Higgs bubble collisions
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What is it?

Study dynamics of Chern-Simons number in First Order ElectroWeak Phase Transition by numerical

ﬁ

lattice simulations of the Higgs doublet and SU(2)-gauge fields

—— Relevant for FOEWPT with 7i.n below sphaleron freeze-out temperature Zspn =~ 130 GeV

Outline of this talk

1) Motivation
2) Key observables: Standard Model SU(2)-gauge textures, Higgs winding number Ny and Chern-Simons number Ngog

3) Chern-Simons production from bubble collisions in a FOEWPT

4) Baryon asymmetry estimate
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Motivation

In previous works by Tranberg et al., Standard Model baryon number violation at

News on Cold Baryogenesis

— T= 0 has been studied on the lattice, from tachyonic Electroweak PT (Higgs

guenching), assuming low-scale inflation
(no bubbles)

Krauss, Trodden, Phys. Rev. Lett. 83 (1999) 1502
Garcia-Bellido, et al. Phys. Rev. D 60 (1999) 123504
E. J. Copeland, et al. Phys. Rev. D 64 (2001) 043506
Tranberg, Smit, JHEP 0311 (2003) 016

— First idea: Cold Baryogenesis in the context of FOPT

Planar bubble walls without gauge fields

Konstandin, Servant, JCAP07(2011)024
Servant, Phys. Rev. Lett. 113, 171803 (2014)
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Key Observables

df d>x TrF“”F

—— Chern-Simons number of SU(2)-gauge field Nes(t) — Nes(0) =

Chern-Simons variance ANE’H(t) — <Nf35(t)2> - <N(f5(t)> ——  Baryon number

2
Chern-Simons rate g = I; dﬁﬁ;; s () B(t) = 3(Necs(t) — Neos(0))
C
. . 1 3 (i7", d)
— Higgs winding number Ny = &Px e, Te(Q;U)UT(Q,U) U0, UUT, U=
2472 T
characterizing SU(2)-gauge textures

topologically non-trivial Higgs field configurations
assoclated to SM gauge group

513
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Baryons from SUZ)-gauge texture dynamics

production of gauge textures

EW symmetry SU(2)-orientation of Higgs field is inhomogeneous in
breaking space Necs — Ny # 0
Note: Neg — Ny 1S gauge invariantand Ngg = Ny In vacuum i Neo
vacua
@ O

Cold Baryogenesis Is based on dynamics gauge textures of the EW sector of the
SM:

If typical size < my; —— Nw relaxesto Nes

O

@
sphaleron :
by thegnal fluctuations gauge dr CSSINg
by classical dynamics
Baryon number ) . -~
typical size > my!— Nes relaxesto Ny —, violation N = N
Nw dressecfl_bly via quantum anomaly Higgs winding H
gauge Tie ds by classical dynamics
AB = 3ANcs

Konstandin, Servant, JCAP07(2011)024 .

Martina Cataldi



CLUSTER OF EXCELLENCE

News on Cold Baryogenesis

a3 Universitait Hamburg
DER FORSCHUNG | DER LEHRE | DER BILDUNG

Set u 1 1 ]
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. Vbarr _ i"’YT H}m‘r o ‘&V 0_1__ /
Jinno et al.,, 1906.02588 | |
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Extensive Lattice Simulations

—— Implementation of Higgs doublet and SU(2)-gauge fields and critical bubble profile -
L ~ Tr[F,, F*™] + |D,H|* — V(h) O(4) bounce solution

h/’UH

Bubbles of true vacuum are initialized in simulation box with random positions
and random Higgs orientations

— Lorentz-boost factor at collision can be estimated as 7., ~ — ~

R, Lm g \/3( 3 )UH

R-:: Ra::mfﬂ 2 471—”&
with mean bubble collision radius R, = %L(.—:L 3 )1/3
T
— 2 scales: wall width [, and R. resolving the wall width means Axzmpy < l,my =

—— SU(2)-gauge field simulations (quantities averaged over many runs, large -.,)
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3D—Numerlca€l_ £eSU—ltS Higgs winding and Chern-Simons number time evolution

D e =02, 75 =46

i Volume-averaged |
' Higgs norm | — Ny

20 |

AL i A A | :
_ | Y U MM e U ftab e
0204060mHt80100120140 _20:_ Vv \JL\\WJ _

€e=102,~ =46

~——— | Energy ol
. | distribution NN 5 0 N A
o <Ei> | mHt
) a1 We checked numerically that:
i
1) 2-bubble collision gives Nw = 0 , due to spherical/cylindrical
| symmetry
| 2) Bubbles with same SU(2)-phase orientations give Ny = 0
"o T e T w0 T T w0 8
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For € = 0.2

. _ _ _ Asymptotic value of Chern-Simons variance
Time evolution of Chern-Simons variance

vs boost factor at collision

e = 0.2 e =10.2
- - - - - - - - - - - - - - 3.5¢ T T T T T T T T T
1.5+ i
%1.0- [ -
é
e ¢t : :
¢
D.[J-
o s 10 10 20 2% 5 | | | —
mHt T
2 __ 2 2 ] ;
ANgs(t) = (Nos(t)”) — (Nes(t) Averaged over 100 simulations for
, , each point, 10 bubbles per volume 9
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For € = 0.2 . 1 dANZ(t)
. CS = 73 Time duration of PT
Chern-Simons rate Ledt
e = 0.2 e = 0.2
E— - — — ' ' ' ] 50—
| Yo | ] | { i
3L 2.8 | 501L
3.3 1 |
3.9 |
—-ﬁg 46) 1 45 {
“*-:: 2t 49 ] }]' '
< | =
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Ir |
35: { +
] |
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mrt o

In our mechanism, peak of the CS rate gets smaller while the time duration of the PT gets larger with boost factor
. . ANZ.
For ¢ =0.2, integrated Chern-Simons rate f dtlog = —2

75 const
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Dependence of CS variance on ¢
Tachyonic instability value

Normalized by AV 7
- 50_ . n:;r} _ o * 21:
T w1 S o
<|.m * 0.0002 _%3 ”E % % % :
8= SIS ¢ ‘
2, i3, % 'y ?f} = Py
= } : % j . " ¢ 3§ _
% } i} §}§ ;3 _ . o ¢ 0 5 ° s 4 i I ]
10 - . ©3 o se, ¢ *e e
: % % 1 i ¢ & @ LI § ¢ s ** ¥ * s ’ ]
2 4"f.-f§_] 6 8 E /
For e € 0.2 —— CS production decreases with 7, Pushing towards technical limits
Most extensive lattice
For e 22 0.2 —— CS production is (at least) constant with 7z, simulations with SU(2)-
gauge fields!! 11
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Dependence of CS variance on € : (1+1)D case with U(1) gauge field

1D .
———— — 13 ./, Probe higher
1000 - . ? = € € — 032
- . 0.6 :
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01 | s 0 | | TS0 100 | <h) =V
T T
: : Probe higher () =0
— CS production changes behaviour .
Yw
For € ~ 0.1 Space
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Baryon asymmetry estimate

— Baryon number density from Higgs bubble collisions at T=0

3 a4 At Les T,1 AN?Z.
ng = 3INcg = — dqj“/ At CSL(E )5CP _ 36(}13 ( CS
0

| parameter §cp
L3 0 73

(no CP-violating term simulated)

) with dimensionless CP-asymmetry

—— Baryon asymmetry toda
Y Y Y 4 L? = Hubble volume

L Sor ANcs') _, 979, " (Tyeh) dcp (ANGs At = duration of PT
S Vg2 qg. (T?‘fih.)i-:r:i:h L3 = T reh &Vﬂ.‘fﬁl I3 _ _
* AV = released Higgs potential energy
__, For a preliminary estimate, consider the lower bound on CS Tren, ~ AV ~ 0(30) GeV

production given by ¢ = (.2

Yap = 8.2 x 10 %Iop reproducing observed baryon asymmetry for dcp ~ 107
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Mexican standoff

Tachyonic Cold Baryogenesis First Order Electroweak Baryogenesis bubble collisions
Cold Hot (thermal sphaleron) Cold
Microscopic time duration Macroscopic time duration Macroscopic time duration
Every point in volume Eventually sweeping whole volume Eventually sweeping whole volume
Low scale inflation Strong FOEWPT Strong FOEWPT
Tachyonic transition Bubble wall interface Suéﬁ)l;tbﬁ)e(tx;?f ggﬁgi cl)—lniggs
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Summarising

—— Novel realization of Cold Baryogenesis, which relies on

1) Out-of-Equilibrium dynamics from strong First Order Electroweak Phase Transition

2) Production and decay of SU(2)-gauge textures leading to baryon number violation

— Extensive lattice simulations to compute Standard Model baryon number violation at T=0 from
Higgs bubble collisions

— Potentials with ¢ — 1, 1.e. false-vacuum trapping regions after collisions, seem to be favoured for the
Chern-Simons production mechanism

—— Able to reproduce observed baryon asymmetry for reasonable value of CP, i.e dcp ~ 107
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(1+1)D case with U(1) gauge field

1 .
L= —3Ful" + D = V), Db =0, —igAyp

Nw = 1/(27) [ dx O, Arg[y)]

NG’S = g/(Qﬂ') deCAl
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Runaway regime for EWPT: supercooling

L 1
Pressure contributions: P, ~ —m?27T? and PNLo ~ QpYumy T

24

Terminal velocity of bubble wall reached when Pnxro = AV

We impose 1 to attain runaway regime for an EWPT

>
R, ™

— &M 3
S BA0TGeVT) B/H = (10° —10%)  for T, < (0.1 —1)GeV

Thus
T ~
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