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Electroweak Baryogenesis

Three necessary conditions for baryogenesis:

}  Baryon number Q Q My csiaarchl
violation :

Sufficient C & CP
violation
Departure from Q Q
thermal equilibrium

If the created baryon asymmetry can be preserved to today?

Computation of baryon number violation rate!

Yanda Wu (TDLI/SJTU)
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Novel aspects
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Novel aspects

+ Topological classification : sphaleron or monopole

DARK MATTER

< Baryon number violation rate:

% Monopole mass / Sphaleron energy in BSM

[ Sphaleron rate under gauge invariant 3D effective
field theory — SM crossover application

GAUGE-INVARIANT

TRONG FO—EWPT]

Yanda Wu (TDLI/SJTU)



Topological classification of field solution
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Topological classification of field solution

YW, Ramsey-Musolf, Zhang, 2307.02187v1,v2 will appear soon

 If Multiplet ® with Y # O:

G
= ~ S°. m,(G/H)=0 Sphaleron topology

 If Multiplet ® with ¥ = 0:

G
o S°, mn,(G/H)# 0 Monopole topology

Y = 0 multiplet can contribute to DM relic density

Topological analysis can tell us whether sphaleron or
monopole solution emerges during the EWPT.

Yanda Wu (TDLI/SJTU)
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Baryon number violation rate

To the one-loop (determinant) order:

FSph/ 1—‘mon = @_ 1V, tr(N V)mt K e_E/T

f

LO effect
Zero modes

Yanda Wu (TDLI/SJTU)



SM crossover sphaleron rate
Li, Ramsey-Musolf, Tenkanen, YW, in prep.
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SM crossover sphaleron rate

Li, Ramsey-Musolf, Tenkanen, YW, in prep.

E S oboy=F Xel )

lﬂsph,NLO(xa )’) =1 X /Vtr(g/’/%)mt(—y)Sgge_\/__ygz(x)

— D'gn1o
1‘1/@':1
sph, NLO
—— Lattice
—-—- Burnier et.al.

D’ Onofrio, et.al.

Burnier, et.al.

T T T T T
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T (GeV)

g

Phys.Rev.Lett. 113 (2014) 14
JCAP 02 (2006) 007




Conclusion

+ The electroweak baryogenesis is a promising mechanism to
explain the baryon asymmetry of our universe, which is testable in

the future collider experiments.

+ The topological classification of field solutions for EW multiplet ®:
e Y=0: Monopole solution - Dark Matter

« Y# 0 :Sphaleron solution

%+ The sphaleron rate can be formulated in a rubout and gauge-
invariant way under 3D EFT, which is crucial for “strong” first

order EWPT.

Yanda Wu (TDLI/SJTU)
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Strong first order EWPT

How to reformulate this into a gauge

invariant and rubout way?

Gauge invariant and rubout
Sphaleron /Monopole rate!

Yanda Wu (TDLI/SJTU)



Complex SU(2) multiplet (Y = 0) extension

+ Monopole mass in the broken phase
YW, Ramsey-Musolf, Zhang, 2307.02187v1,v2 will appear soon
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Complex SU(2) multiplet (Y = 0) extension

+ Monopole mass in the broken phase
YW, Ramsey-Musolf, Zhang, 2307.02187v1,v2 will appear soon

A, = 0.001 @

monopole

>

O H
Traditional Strong FOEWPT:

v

T - ' ' | T
100 200 300 400 500 600 700 800
vy (GeV)

can be relaxed!

Yanda Wu (TDLI/SJTU)




SU(2) Y = 0 mutiplet contributes to DM relic density

DM

Scaled cross section

A13=0
[ -~ 213=0.03
— = A13=0.05

LZ (2022)

500 104

Yanda Wu (TDLI/SJTU)



Complex septuplet (Y = 0) extension to the SM

+ The Higgs field and septuplet field 1812.07829

V — Vo(H) =i VpOl”tCll(H’ (I)) o Vself(q))
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Complex septuplet (Y = 0) extension to the SM

+ The Higgs field and septuplet field 1812.07829

V — Vo(H) =i VpOl’l‘Cll(H’ (I)) o Vself(q))

( Pt

é(\w h+in)

\

Yanda Wu (TDLI/SJTU)

\

)

P33
P32
P31
é(v(ﬁ + ¢+ imy)
P31
¢35,
\ ¢3,—3 )

Baryon asymmetry could be made in

C1, so it's important to know the
Baryon number dilution rate (monopole

mass) in broken phase at Y.

14



Topological classification of field solution

Before EWSB: G = SU(2); X U(1)y
After EWSB:
 If Multiplet ® with Y #0: H=U(1),,

G SUQ),xU(l)y §3
H S i.e. SM Higgs

Sphaleron topology

 If Multiplet ® with Y =0: H= U(1),,, X U(1)y

G SUQ)xUl)y
HiE Ty bl

SZ

Monopole topology

i.e. real triplet

Y = 0 multiplet can contribute to DM relic density

Yanda Wu (TDLI/SJTU) 15



Complex septuplet (Y = 0) extension to the SM

+ Monopole mass in the broken phase

8
A
@ A, = 0.001

rs

BNPC CAN BE SATISFIED
DURING THE FIRST BROKEN
PHASE FOR LARGE ' L !
MULTIPLET VEV B

vy (GeV)

Patel, Ramsey-Musolf, JHEP 07 (2011) 029

Yanda Wu (TDLI/SJTU)



Invariance property of the 1-form

+ Electroweak scalar multiplet

4y 3
Egn=——FALH®) AT ~ (EQUIU=" (U*HdU™ = > EL

a=4

Ahriche et.al. (2014) use the invariance property of I', without proof

+ Construction of general dimensional sphaleron unitary matrix

Express U™ as the multiplication of two Wigner-D matrices

Usei (1.0, ) = Z ~6.4) Dy, (4. 6. 0,).

60+=—Mi(¢—5)
e3> ]

We demonstrate that I is invariant when J = [5,1,5,2,5,3 :

Yanda Wu (TDLI/SJTU)



The general sphaleron energy expression

T T
Egn=E(u=2) = E(u = =)
4729

8

1
[d-f [—F,j’ Fi(&,pu= —) o+ fyﬁj(éf p= —) + (DH) (DH)(E, p = Z)

+(D®) (DD)E, p = §> + V(H, D)E, p = §> — V(H, D) &, p = — §>-

Yanda Wu (TDLI/SJTU)



The field EOMs

2h2

2 V
F+ =P = D+ (1) |+ =gy +ad?) =0,

) 2
=5 (3 A= D(1+26)] + (G + 0 =9 = 0.

2

g2(4gzh2+ﬂ¢z)(fo ~f;) =0,

2
6’+—52 (fe /o)
I oVihgl

W+ 2 = B2 = P+ Uy — fP] -
e e e
8Q%¢

s ol R Ty e
e 3y0R R T Y

=0,

[J(J+ 1) — J3lv; J5v3
= T o :
02
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