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Abstract: <span>After a brief overview of electroweak baryogenesis,& nbsp; | will show how to construct a solution of
the Dirac equation for a CP violating kink wall. This solution nicely reduces

to the known solution for a CP violating thin (step) wall.& nbsp; The novel solution can be helpful for studies

of baryogenesis sources at strong first order phase transitions, which is

relevant for electroweak scale baryogenesis studies.</span>
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OUTLINE

@ STANDARD MODEL

e particle content

@ ELECTROWEAK TRANSITION
e cquilibrium considerations

e dvnamics of 1% order transition

@ ELECTROWEAK BARYOGENESIS

e measurements ® tests
e particle models e calculational techniques
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STANDARD MODEL

MATTER CONTENT & INTERACTIONS

Three Generations
of Matter (Fermions)

® matter: 3 generation of hiral fermions e

Mmatt4aamey | 137 6ev inlse | 0
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) . 3 al ey l Lhd ey - 41 Gev . 9
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® Spontancous svmmetry breakine by Hioos: g V'“LJ" T lW

SU3)e x SUR)L x U(1)y = SU3 Je X U(D)En

— fermions and gauge bosons acquire masses
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STANDARD MODEL

MATTER CONTENT & INTERACTIONS

Three Generations
of Matter (Fermions)

e matter: 3 generation of chiral fermions '

1

Mass =43 4mev 127 Gev 1712 Gev
charge +34 ¥ c : t
= . spin—s%; Va
(quarks & leptons): max. violate parity narme RN |liceml [
A8 MoV 104 Mev 42 Gev
- . ~ ¥ ¥ )
e interactions: gauge fields: ‘wd|es =D
4 down strange bottom
gluons. Ws. Zs. hyvpercharge tield Ve %Vl Ve
) _ - neu 33_ neutrino ntw'ino‘ |
svmmetry: SU(3)c x SUR)L x U(l)y e | (T | (Lo
. . — -V. e ¥ ¥a T
e spontancous svmmetry breaking by Higgs: & [siecwen | mien [ cau

SUB)ex SUHIIL XUy — SUB)e x U(DHEM

— fermions and gauge bosons acquire masses
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OBSERVED MATTER- c
ANTIMATTER ASYMMETRY

A The ratio of the baryvon and photon number densities:

17 . _ _— e
175 = B =(6.2+0.2)=x107"° - nucleosynthesis constraint,

1. cmbr+LSS measurements

10 |

bamvons: increase compression (odd)

peaks, decrease rarefaction peaks

Pirsa: 12110076 Page 6/34




NUCLEOSYNTESIS s g @ 6
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NUCLEOSYNTESIS e Ge
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NUCLEOSYNTESIS
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SAKHAROVS CONDITIONS

Sakharov (1967) establisheed the criteria for dvnamical
barvogenesis:
1. B-violation
2. C & CP violation

- processes including baryons and antibaryons are not equally fast

3. Departure from equilibrium

- CPT symmetry implies equal number of particles and antiparticles.
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ELECTROWEAK TRANSITION
AND BARYOGENESIS

N
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e Ve

EQUILIBRIUM ASPECTS OF
THE TRANSITION

e Higgs potential at T=0:
V(H)=-m3H*H + A(H*H)? R

H—>—1—| O ‘ o= My
N1 E)

— LHC: Mua = 126 GeV

= 246 GeV

e Higgs potential at T=0:

T2

2

c
/
—> E: regulates the strength of the transition: bosons =T /
/ \ sz T=TC

—> Shaposhnikov’s condition: A¢p/Te -1 /\ ®

—>» bubbles of 1 order transition form @ Te¢~Ton-T» — T -

VP (H )=m| 1—— |H* —E(T)H? + A H*
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EQUILIBRIUM CONSIDERATIONS “'°°
EW TRANSITION in MSM & MSSM

Kajantie. Lame. Rummukamen. Shaposhiukov 1996
¢ for Higgs mass ~72Ge\ transition 1s a crossover

¢ LHC result for the Higgs mass ~126GeV: nules out BAU 1in MSM and MSSM

Strong first order phase transition in MISSM

¢ allowed “triangle™ for MSSM (white):
Carena. Quuros. Seco. Wagner. 2000. Quuos 2001

160
- i ¢ the “triangle™ extends by
3
~5GeV for larg »>>TeV
CELQ_m " mgm2TeV| re\” tor large mo>>Te
o
*% = i strong transition: AT Carena. Nardumi. Quuos. Wagner. 2008
o 120
~o1 1 breaking phasc
1”00 105 10 115

my, (GeV) Higgs mass
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EQUILIBRIUM CONSIDERATIONS “'°°
EW TRANSITION in MSM & MSSM

Kajantie. Lame. Rummukamen. Shaposhuukov 1996
¢ for Higgs mass ~72Ge\ transition 1s a crossover

¢ LHC result for the Higgs mass ~126GeV: nules out BAU 1in MSM and MSSM

Strong first order phase transition in MISSM

¢ allowed “triangle™ for MSSM (white):
Carena. Quuos. Seco. Wagner. 2000. Quuros 2001
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Q > I .
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EQUILIBRIUM IN MODELS WITH
SINGLETS

+ singlet model without discrete symmetries NMSSM

a2 - Hf"!., .
- ~ k. . Woarssar = ASH,-H, + —228
W = ASH H; + 5% + nH\H; + 5 T ‘ A

I = =200 GeV
tan 3 = —10
k= 0.9

A = 0.05
meo = 20 GeV

1000 50 150
Mo[GeV] —

Huber.Schmidt 2000 Menon, Morrissey, Wagner 2004
Huber, Konstandin, Prokopec, Schmidt 2006
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WHY IS ELECTROWEAK
BARYOGENESIS INTERESTING?

MODELS ARE TESTABLE AT ACCELERATORS (LHC. 1LLO)

@ New (scalar) particles at LHC (Higgs. ..)

@ New sources of CP violation (EDNI experiments)

@ Gravitational waves produced at the EW phase transition

@ Nlagnetic fields produced at the EW phase transition dndirect)

CENTRAL QUESTION: Does the explanation for the origin of
matter-antimatter asvimmetry lies at energies ~1Te\V accessible by

LHC, ILC?

ALTERNATIVE: LEPTOGENESIS

— problem: GUT scale physics. not directly accessible to experiments
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ELECTROWEAK BARYOGENESIS AT !4
A STRONG 1st ORDER TRANSITION

CHARGE TRANSPORT

Cohen,kaplan,Nelson 1991

ediffusion: ink in water

...... symmetric 7

Poss o o wln v ouile vl phase ;

o P D L I ), R R i -
----------------------- 1.0 |— —‘

¢ expanding bubbles of higgs phase
o> CP violation on bubble walls
> B violation in svmmetric phase
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SUPERSIMETRY & MSSM

« each particle of the standard model has a supersymmetric partner
with a different spin (& statistic):

Q—[ | ug, d :C*Q—IH‘I g, d (squarks)
— ” = o . — e " ; S ar\ S
L -__\ _,'L R R L .“ AL R R
| v ’ -re—— I-L—_ | S ’ ,e. (sleptons)

'L /L
/ h+ \ f h“’ A ~ H+ \ - H+ ‘ . . i
H=| N lre=] 5 = =] 2[R =| = | thiggsines)  charginos
\ h] ) N h2 / \ hl / \ h2 &
W™ = W~* (winos) neutralinos

v, Z° = 7,Z° (photino,zino)

 —

g < g (gluinos)

NE: in contrast to SM, MSSM has 2 complex Higgs doublets
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SEMICLASSICAL FORCE 16

Jovce, Prokopec. Turok. 1994

Kainulainen. Prokopec, Schmidt. Weinstock 2001: Rangarajan 2003

e semi-classical force: consequence of a difference 1n energy between
fermionic particles & anti-particles (s = spin = &£ . m=|mj|e*, c=1):

| m|* &'
ZEU\/})JZ_+ | 12 |?

A\

E,, =FE,*nhs E, =~ p*+|m|?

e semi-classical force

— —

oy = —=VE,,, , S
e semi-classical force in lanetic theory: “%s :
= i B oy = (T S = A
((t+1' (>‘<+F.;'1 (ﬁ)-fsi_([.fsi]‘ 18_("55‘3

NE - applicable for energetic particles for which gradient expansion applies:

he|V]<< E

> met for typical thermal particles with E~T, since |V -1/, and LwT>>1.
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SEMICLASSICAL FORCE FOR CHARGINOS

Jovce. Prokopec. Turok. 1994

LAGRANGIAN Kainulainen. Prokopec. Schmidt. Weinstock 2001
p— wh wi
Lonoss — W M ¥y + h.c. T = (£+R),¢L: (if.
1R 2,L
me, gHZ ) v,
. M = - ino S -
mass matrix: gH? L == oplcha‘g“‘

. . Fs
Higgs vev's: H,; = h,e'® H, = h,e'??

X
HG» H:(z) mass insertions

e, io: soft susy breaking parameters

® The presence ot a propagating bubble wall (Higgs condensate) induces
chargino tlavour oscillations ( Ist order 1n gradients). analogous to neutrino
flavour oscillations. and semiclassical torce (2nd order 1in gradients)
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CHARGINOS MEDIATED BARYOGENESIS

Carena, Moreno, Quiros, Seco, Wagner (2000)

Cline, Jovce, Kainulainen (2000)

~ Khonstandin, Prokopec, Schmidt, Seco (2005)

e Charginos decay into quarks & leptons ™ - ' |
via weak strength interactions

e Sphalerons bias production ot a net barvon
number. which ditfuses mto the broken phase

(e, v)
(d,t1)
= @)

- (8,1
(adina) ™_

25

Al

We solve the relevant diffusion equations. We use the system of equations
initially proposed by Huet and Nelson 1995, and refined in the work of Carena,

Moreno, Quiros, Seco, Wagner 2000; Balazs et al 2004.
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CHARGINO BARYOGENESIS IN MSSM (3) “'°°

Konstandin. Prokopec. Schmidt. Seco (2005)

ma=400

ma=200

400 -

l
/llu 300 ‘l C 300
o &

200 200
100 100

—100 200 300 400 100 3°°H 300 400

M 2
- N -10 /‘
black regions mean Me = & =107 ~ (ng ) ... A /:

s
Baryon asymmetry from charginos with maximum CP violation assumed

The current measurements of the electron electric dipole moment
Regan et al, Phys. Rev. Lett. 883: 071805, 2002

Id“'l < 1.6x10 = Romalis et al., 2002
constrain the CP violating phase to be < 0.1, implying that charginos (&
neutralinos) cannot produce enough baryons to explain the BAU (unless there
are fortuitous cancellations of the MSSM contributions to the EDM).
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CHARGINO BARYOGENESIS IN nMSSM

MNMenon, Morrissav, Waoner (2004)
W = AH1IH2 - mS/A+ .. ' -

Huber, Konstandin, Prokopec, Schmidt (2006)

2 . 200 I BG (-50°0)
1.8 # of models BGHEDNMI
e 150 | ;

1.4
g
1.2 -
= 1 100
0.8
0.6 50 F
0.4
0.2
0 0

0 60 100 150 200 250 300 350 400 450 50C
He

Baryogenesis in nMSSM is efficient (N10lobs=0.9)!

- Because of the additional scalar singlet S, PT transition and CP violation
are much stronger than in the MSSM
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KINK WALL WITH CP VIOLATION °*°

T. Prokopec. Jan Weenunlk. NG Schnudt 2012, 1 preparation
m Use time dependent case: particle creation «— reflection/transmission

helicity conservation < spin (L) conservation
m FERMION KINK MASS TERM:

m(t)=m +m, tanh(—37) m, =mg+iny;, My, = N, + 1Ny,

100 O

Re[m(t)] -=o} C=d

a4

time |

[S I == S r——— -

IMlE)] "2 [ s s nmsarsmuenids™

o O

NB1: can remove mar by global fermion rotation
NBZ2: by varying y=1/t can change " wall' thickness.

m CP even case (m:1=0) has been studied by Ayala Jalilian-Marian McLerran&Vischer (1994)
m CP violating case (m:1=0) was studied pert. by Funakubo Kakuto Otsuki, Takenaga&Toyoda
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EARLY TIME SOLUTIONS

m POSITIVE FREQUENCY SOLUTIONS FOR U (early times):

@ + (1, +m, ) . =
1 3 . _ ‘
mh(f)E"fﬁ(”z\/ SRR 2% (1= 2) < Fi(a,. b, i 2) —IE s gl
- _
_ . hk —im @ — (M, o+1mye) . . "
u_, ()= ul)()=— L > 1R 2R. < z%(A—-2) <, F(a_.b_.c.2)—== > u_, e
\/kz + m!2 2w

C'P violation

m (One can prove that) these solutions are properly normalized: |"+;,|2 s |"-»|2 =1

m CP violation is in the phase factor in front of u.n (1n the rel phase betweenU-.n and U+n)

m [ he solutions are valid both when CP violating phase is small (<<1) or large (~mn).

[1n contrast to the works of Funakubo. EKakuto. Otsuki. Takenaga & Tovoda]

m When t—>« (z—1), the above solutions become linear combinations of late time

solutions. This follows from the identity:

I'ie)'(c—a—4) .
I(c—a)'(c—54)

TF'ie)I'(a+&—c)

EF(a.b.c.2)=
2+ 8 (a.b.c.2) T @)T®)

<(l=z)y ™, F(c—a.c—bic+l—a—-bl—-2)

F(ab.a+b+a—-cl-z)+
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PARTICLE PRODUCTION °=7e

m BOGOLIUBOV TRANSFORMATION LINKS EARLY AND LATE TIME SOLNS:

1y, () = 0,005 () + B,105) (1)

D Nw_ £ (myp+m,s) I'(a)I'(a, +b, —¢)
o - =223 = £
+h
@_|\®, x(myp—m,p)] I'(a )I'(b,)

Ig — (‘D+I.(D— = (”71}2 ”7?3)] F(L )r(c = ‘7:: —Z )
=1 ('c)_[('z)+ == . m,R)] I'(c—a, ) (a—8,)

Sin.h[ @ — @), +2my] lsnml' Aa—a +2my,] I
m PARTICLE NUMBER : 25 27

’%:Elﬁfrtlz = * — e = — 4 0=, =1
sitnh| “ I-1nh|

m Check: one can show that: |(z;¢|2+

m Particle production is EVEN under CP; the phase of 3 contains CP odd information.
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THIN AND THICK "WALL’ E

m THIN " WALL' (non-adiabatic [limit):

o (2N =) -0, T _lng —mJ = (CRTONE

n,.

=
4o, a 2oxe)

4

m THICK "WALL' (adiabatic Iim‘):

- A +a6, —|m.—m|)
N, ——— exp| —

4

— exponentially suppressed particle production, as it should be.
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na that exhibit CP violation.

051

o y =2 10M_ 1A/, 0.10/

02f

ol

-
-~
| g

KINK WALL: PARTICLE PRODUCTION
Il¢:4[%i

NB: For large CP violation (right panel) can achieve inverse populations (n>%).

NBZ: It is not particle numbet, but the axial and pseudoscalar currents
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KINK & THIN WALLS: AXIAL CURRENT

v =N/
y=]0\/ S W, DRy > Ny,

!l.::jfn\

\
\
\
\

Sia / 10,
."3Jr o ®
h=t \01 05t i
. tin‘e
L - - = J/ l 1 Q .t -
: \/

= 10N k=010, Mg =ty =02N[ niyp = 2\[

n 7=01M

- time

Tl R
i ) "
(U A A \
7Y Ji |
i . — @it
J
bt
\ ’ \ ]
\
\
- -

The phase of the oscillatory

part of the axial current

contains CP odd Information!
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KINK & THIN WALLS

y=10\1

Z }UF.-";

h=+

time

—-0.4 F

\57 w

y=10M.k=0.1M_ nyp =m; =02M, m,g=2M

=15

Pirsa: 12110076

- AXIAL CURRENT®?"°

=ML
Z -iSh ,?‘ ]U:;‘;
h==+ ‘,T' /

The phase of the oscillatory

part of the axial current

contains CP odd information!
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DISCUSSION & CONCLUSIONS

@« We understand well how to determine the strength of the EW transition

—> Based on this: we have ruled out baryogenesis in MSM, MSSM.
Models with additional scalar singlets and general 2HD models are still viable.

@ Baryon production at the EW scale baryogenesis:

(1) well understood from semiclassical force and flavor mixing
(charginos, neutralinos) in gradient expansion;

(2) poor understanding of sources from quantum reflection (thin wall)

(3) Need a better understanding of transport of mixing flavors

and resonant baryon production; also of dynamics of the transition.

@ Discovery of the neutrino masses & PMNS mass matrix lead to a surge
of activities in leptogenesis: production of leptons from L and CP
violating decays of heavy majorana neutrinos at a GUT scale.

PROBLEM: In contrast to the EW scale baryogenesis, leptogenesis
may not be testable (because it involves GUT scale physics).
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