Electroweak Baryogenesis

Kaifei Ning

5/17/2024

6~-0\ University of
-] Massachusetts
Ambherst

In collaboration with J. B. Habashi, N. Blinov, W. Chao, M. Gonzale-Alonso, J. Kozaczuk, M. Ramsey-Musolf



L Contents

HISTORY OF THE UNIVERSE A

Dark energy
accelerated
expansion

Cosmic Microwave Structure

- Next‘tO'Minlmal SUSY | HIC & Pcc-k-gb'iound radiation  formation
H H Accelerators is visible
- CP violation

18ISSOg

&

Method
- VEV-insertion approximation
- Quantum transport equation

IVW Xiva
)

£
&
2
o
=
&

4
vy /i
<

& <
Electroweak baryogengsis

t = Time (seconds, years)

“«g 1 U U t@ E = Energy of photons (units GeV = 1.6 x 10710 joules)
CEOUILY

© quark
b © reutino & ion * star

- Baryon asymmetry B e W O
- Electric dipole moment " e I oo S

BT I —— in a 1986 paper by Michael Turner. Particle Data Groupl LBNL © 2015 Suppor‘ted by DOE

Credit: Particle Data Group at Lawrence Berkeley National Lab



- Next-to-Minimal SUSY

NMSSM:  WNMSSM = pyMSSM 4 S Hy + 2kS® + 2 fS2 + as

I-‘PF'PHE'Qm' 2 ()7 £



- Next-to-Minimal SUSY

NMSSM: - WNMSSM = MSSM 4 aSH Hy + 2xs3 + 2 5S2 + aS

The electroweak phase A(S) generates an effective
transition gets strengthened Ues resolving the u problem
with S

DPF-PHENO 2074 s



- Next-to-Minimal SUSY

NMSSM: - WNMSSM = MSSM 4 aSH Hy + 2xs3 + 2 5S2 + aS

The electroweak phase A(S) generates an effective Introduce more possible CP
transition gets strengthened Ui resolving the p problem violating interactions for the
with S baryon asymmetry.



- Next-to-Minimal SUSY

NMSSM: - WNMSSM = MSSM 4 aSH Hy + 2xs3 + 2 5S2 + aS

The electroweak phase A(S) generates an effective Introduce more possible CP
transition gets strengthened Ui resolving the p problem violating interactions for the
with S baryon asymmetry.

_ 1 1
L™ = L3 — W HHy — m§STS — |24 SH Hy + 5 KAS® +5m3S? + m3S +h.c.



- Next-to-Minimal SUSY

NMSSM:  WNMSSM = yMSSM 4 dSH Hy + 23 + 2 fS% + aS

The electroweak phase A(S) generates an effective Introduce more possible CP
transition gets strengthened [ resolving the u problem violating interactions for the
with S baryon asymmetry.

— 1 1
LINMSSM = pMESM _ Wl Hy — m2STS — |AA,SH, Hy + S KAS® +=mES? + miS +h.c.

Phase Invariants

MSSM(w/o ) NMSSM

Oy = arg{ M; M3} #h = arg{kAv3}

@2 = arg{MlMé*} ¢2 = arg{Mlx\vsbS}

@3 = arg{aual} | ¢3 = arg{Ax*v,vav}?}

&4 = arg{agqat} ¢ha = arg{A\A\v,vqvs }

@5 = Ocxm ¢5 = arg{\B v, vav}}
¢o = arg{bov,va} ¢6 = arg{mZv?}
¢1 = arg{Mya}} ¢7 = arg{mivs}

dg = arg{ Myp'bs} | ¢s = arg{Mv,vga*}




NMSSM:  WNMSSM —

- Next-to-Minimal SUSY

The electroweak phase

transition gets strengthened

with S

NMSSM __ ,MSSM
Lsoft =L

soft

- ﬂlﬁuﬁd

Phase Invariants

1
m2STS — |1A,;SH, H,; + BKA S3 +

WMSSM 4 ASH,Hq + = K53 += ﬁSz +a$

A(S) generates an effective
U resolving the p problem

MSSM(w/o )

NMSSM

Electroweak Baryogenesis

@ = arg{ M1 M3}

#h = arg{kAv3}

@2 = arg{MlMé*}

¢2 = arg{M1 /\vsbS}

&3 = arg{ayal}

¢3 = arg{ \w*vvgvt?}

@4 = arg{aqa;}

¢4 = arg{AA\vyv4vs}

@5 = ok m

¢5 = arg{AB v, vqv;}

¢o = arg{bovyvg}

¢6 = arg{mZv?}

¢1 = arg{Mja}}

¢7 = arg{miv,}

dg = arg{ My p/'b5}

¢g = arg{ \wyvga*}

CPV Int. Phases

tr —tr $2 + do — ¢1 + D3
H-B ®9 + do
H-W ¢9 + ¢o — @1
H-S $9 — P2 — P5

HyY —HY ™ | ¢3, 64,65, 08, 0

H) -8 $3, P4, $5
HY-S ?3, ¢4, ¢5

Introduce more possible CP
violating interactions for the
baryon asymmetry.

1
2mSZ+mS+hc



NMSSM:  WNMSSM —

- Next-to-Minimal SUSY

The electroweak phase

transition gets strengthened

with S

NMSSM __ ,MSSM
Lsoft =L

soft

- ﬂlﬁuﬁd

Phase Invariants

1
m2STS — |1A,;SH, H,; + BKA S3 +

WMSSM 4 ASH,Hq + = K53 += ﬁSz +a$

A(S) generates an effective
U resolving the p problem

MSSM(w/o )

NMSSM

Electroweak Baryogenesis

@ = arg{ M1 M3}

#h = arg{kAv3}

@2 = arg{MlMé*}

¢2 = arg{M1 /\vsbS}

&3 = arg{ayal}

¢3 = arg{ \w*vvgvt?}

@4 = arg{aqa;}

¢4 = arg{AA\vyv4vs}

@5 = ok m

¢5 = arg{AB v, vqv;}

¢o = arg{bovyvg}

¢6 = arg{mZv?}

¢1 = arg{Mja}}

¢7 = arg{miv,}

dg = arg{ My p/'b5}

¢g = arg{ \wyvga*}

CPV Int. Phases

tr —tr $2 + do — ¢1 + D3
H-B ®9 + do
H-W ¢9 + ¢o — @1
H-S $9 — P2 — P5

Hyt —HY ™ | ¢3, 64,65, 8, 0

H) -8 $3, P4, $5
HY-S ?3, ¢4, ¢5

Introduce more possible CP
violating interactions for the
baryon asymmetry.

1
2mSZ+mS+hc



- Next-to-Minimal SUSY

NMSSM:  WNMSSM — 1/MSSM 4 AcH Hy + = KS3 += ﬁSz +a$

Introduce more possible CP

A(S) generates an effective
violating interactions for the

The electroweak phase

transition gets strengthened [ resolving the u problem
with S baryon asymmetry.
[NMSSM _ rMSSM _ | /ff ff tce _ 1 3 1 2
Soft = Lokt wH,H; — SS AA;SH, Hd+3KAS +2mS +mS+hc
Phase Invariants
Electroweak Baryogenesis
MESMGv/o ) TS CPV Int. Phases ctron FOX
Oy = arg{MiM3} | ¢ = arg{kAcv3} PP P Dtz Blhees
&y = arg{MyM;} | o = arg{ M \v,b5} -5 o X0 | 1,90, b2, $3, b5, 9
B3 = arg{ayal} | ¢s = arg{ Ak v,vqvi2} o ot o0 X* D1, Go, B2, P
@, = arg{aqa’} | da = arg{AAv vgvs} — e vH ®1,3,4, B0, $s P19
5 = Ooxm ¢5 = arg{AB v, vqv5} O _HO | g3, a5, 60 WW | @1,90,$2, 3,85, P9
¢o = arg{bovuva} ¢6 = arg{mFv3} HO_ 5 b da. b5 WH | @1, ¢o, P2, ¢3, &5, P9
¢1 = arg{MiaZ} ¢r = arg{mjuv,} HY— S b5, bu. s ZH ®1, ¢o, Py, P29
¢o = arg{Mip/'bs} | ¢s = arg{Mvyvaa*}




" VEV Insertion Approximation

\
- - B
<e>=0
/ I li .

10

I-‘PF'PHEN\.' 2024 eSSBS



" VEV Insertion Approximation

-~ o ‘/‘\
 <e>=0
/”’ N

( Sphaleron

B

<0>=0 <0>=0

Bubi;ie Wall —>
Credit: David E. Morrisseyl1, Michael J.
Ramsey-Musolf, hep-ph/1206.2942

11

I-‘PF'PHE'Qm' 2 ()7 £



" VEV Insertion Approximation

‘\ <=0

<¢>=0 N
Bubble Wall —

Al

V2

Credit: David E. Morrisseyl1, Michael J.
Ramsey-Musolf, hep-ph/1206.2942

DPF-PHENO 2024

Vi(vee'”RPy — v,e91P, )ips + h.c.

12




" VEV Insertion Approximation
4]

.\ L=-— ﬁl/)g(vdeieRPR — v,e"%LP )is + h.c.
<p>=0 ;

Oulg = =T~ (g — 1) + T* (g + pg) + S

I'* relaxation rates

. . k;T?
77, L5 chemical potentials (n; = T’ui)

<0>=0 A
Bubble Wall —

Credit: David E. Morrisseyl1, Michael J.
Ramsey-Musolf, hep-ph/1206.2942

13
DPF-PHENO 202




" VEV Insertion Approximation
1]

S .\ L=— ﬁlﬁg(vdeieRPR — v,e"%LP )is + h.c.
<e>=0 ;

g = —T~(ug — us) + T (ug + us) + SV

I'* relaxation rates

. . k;T?
77, L5 chemical potentials (n; = T’ui)
CPV 2,2 AR i
; ? SV o [A|#v4AB sin ¢pcpy XF (Mg, Ms)

<0>=0

B = tan(vy/vq)

\ ¢bcpy = O0p — 0, = g — 2 — Ps

Bubble Wall —

Credit: David E. Morrisseyl1, Michael J.
Ramsey-Musolf, hep-ph/1206.2942

DPF-PHENO 202




" VEV Insertion Approximation

_ ol ‘\
) <¢>=0

<¢>=0 A
Bubble Wall —

Credit: David E. Morrisseyl1, Michael J.
Ramsey-Musolf, hep-ph/1206.2942

DPF-PHENC

L=—m1/3
V2

i(vqet¥”RPy — v, e™1LP )ips + h.c.

k;T?
)

Oulg = =T~ (ug — ug) + T+ (ug + us) + SV

I'* relaxation rates
77, L5 chemical potentials (n; =

SCPV I |/1|21]2Aﬁ sin ¢CPV XF(Mﬁ; MS)

B = tan(vy /v4)
¢bcpy = O0p — 0, = P9 — P — s

Mg =200GeV-

0.8
| Resonance behavior near

0.6 -

|F

04

0.2 &

B w0 w0 a0 sl Mass degeneracy

0.0},
0 100
M:(GeV)

15




" VEV Insertion Approximation
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- Quantum Transport Equation
16 coupled equations for 16 distinct species of particles!
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- Quantum Transport Equation
16 coupled equations for 16 distinct species of particles!
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- Quantum Transport Equation
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- Quantum Transport Equation
16 coupled equations for 16 distinct species of particles!
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"™ Electric Dipole Moment

EDM is the most powerful probe to CP violation! It puts stringent limit on
every phase that is relevant.
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"™ Electric Dipole Moment

EDM is the most powerful probe to CP violation! It puts stringent limit on
every phase that is relevant.
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Barr-Zee diagram, comparable to
or even dominant over one-loop
contributions.

24




"™ Electric Dipole Moment

EDM is the most powerful probe to CP violation! It puts stringent limit on

every phase that is relevant. nd
CP violating

phase invariants
enter at vertices
of each diagram.
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- Preliminary Results

EWBG Driven by

Singlino(H — §)

Mo, Mgz 200
M; 200
(Mg, My,) (400, 800)

(Mg, , My, Ms)

(341,535,455)

(mpo, m g0, mpg4)

(110, 569, 663)

(mgo, myx)

(45, 311)

Single phase EWBG & EDM

I Sin(¢01 ¢6’ d’l)l

> (2,9,92)

| sin(¢o, P 1)

< (0.002,0.094,1)

| sin(p2, p3, da)|

> (0.004,2,0.374)

| sin(¢z, 3, d4) |

< (0.005,0.044,0.021)
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< (0.005, 4044, 0.021)

Baryogenesis is relatively insensitive
to the phases involved in interactions
of thermally suppressed particles.
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Electron EDM itself does
not preclude EWBG in
NMSSM.
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- Summary

NMSSM can generate enough CP violation to explain the BAU.

It can be consistent with the current electron EDM search limit.

EDMs of other particles(e.g. neutron) will introduce further constraints on the
parameter space.
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- Backup: MSSM

susy:  WMSSM = 7y QH,, — dyqQHy — éyelHy + uHyHy

First order phase transition not strong enough

u problem
_dlnv* 2p?
#7 9lnu  m?

> 0(10?)
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- Backup: VEV Insertion Approximation

z GOz, w)S(w, 2)G(z,y)

/e
d'w [ ' Gla.w)S(w, HE(v)

59_;;0 + Vj( ) = _/dsz /_o: dz TI‘[Z>(X, z)S<(z, X) — S>(X, Z)E<(Z,X)

+S<(X, 2)T7 (2, X) — B<(X, 2)57 (7, X)]
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- Backup: Preliminary Results

| - Electron EDM & EWBG

\

Not Allowed

sin(¢s)
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EWBG by Neutralino(NY, x*) Higgs(H;) Both
Singlino(H — 5) |B&W(H -B&H-W) | Singlet(H, — ) Higgs(H, — Hy) | Scalar(H, — Hy - S) All
Mo, Mggs 200 200 600 600 600 200
Mj 200 400 400 400 400 200
(M, M) (400, 800) (200, 200) (400, 800) (400, 800) (400, 800) (200, 200)
(Mg, My, Ms) (341,535,455) (351,549,597) (189, 324, 204) (185, 185, 508) (193, 193, 209) (201, 201, 208)

(103, 195, 334)

(108, 169, 343)

(mpo, mp0, mpp4) (110, 569, 663) (89, 617, 680) (94, 317, 421) (120, 275, 325)
(mgoy mz) (45, 311) (154, 163) (394, 675) (262, 673) (394, 673) (152, 161)
Constraints on CPV phases from EWBG and electron EDM
| sin(¢o, Pl b1)| > (9,9,9) > (0.005, 2, ) > (2,2,9) > (0.259,2, 2) > (2,2,9) > (0.017,2, 2)
< (0.001,0.006, 1) < (0.003,0.422,1) < (0.002,0.016, 1) < (0.001,0.014,1)

I Sin(%v ¢;J7 4’1)'

< (0.002,0.094,1)

< (0.001,0.109, 1)

| sin(@a, @3, ¢a)|

> (0.004, 2,0.374)

> (2,2,0.417)

> (2,0.035,0.003)

> (,0.100,0.010)

> (@,0.003,0.001)

> (0.007,0.040, 0.011)

| sin(¢2, @3, ¢a)|

< (0.003,0.610, 0.284)

< (0.005, 0.044,0.021)

< (0.008,0.008,0.001)

< (0.012,0.015,0.003)

< (0.011,0.004, 0.001)

< (0.003,0.006, 0.001)




