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Baryon Asymmetry of the Universe (BAU)

Our Universe is baryon-asymmeftric.
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Sakharovs conditions [Sakharov, JETP Lett. 5 (1967) 24]
& . . )
(1) Baryon number violation

(2) C and CP violation
. (3) Out of equilibrium

) after inflation (scale is model dependent)
T before Big-Bang Nucleosynthesis (T=0(1) MeV)




EW baryogenesis (EWBG)

SGthlT'OV'S conditions [Kuzmin, Rubakov, Shaposhnikov, PLB155,36 ('85) ]

(- )
+ B violation: anomalous (sphaleron) process

* chiral gauge interaction
« CP violation: KM phase and/or other sources in beyond the SM

+ QOut of equilibrium: 1st-order EW phase transition (EWPT) with
expanding bubble walls
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Sphaleron decoupling condition

To avoid washout of BAU, the sphaleron process must be suppressed
after EWPT.
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Sphaleron decoupling condition

To avoid washout of BAU, the sphaleron process must be suppressed
after EWPT.
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What is the problem?

- Effective potential with daisy resummation is often used to
evaluate the sphaleron decoupling condition.

- In non-abelian gauge theories, tfransverse gauge bosons
also have thermal corrections due to magnetic mass,
mT=O(92T).

W. Buchmuller, Z. Fodor, T. Helbig, and D. Walliser, Ann.Phys.234,260 (1994).

M effect on Vc/TcZ , , .
J. R. Espinosa, M. Quiros, and F. Zwirner, PLB314, 206 (1993).

But no detailed study of mr effect on C spn!!

In this talk, we consider the mr effect on both v¢/Tc and C sph.



Sphaleron in the SM - wo uax-

f 1 o
Loange+Higgs = _ZF;?VF&W o (Duq))TDM(I) = V(o)

e =9 Ae G T g

peivs

(V)

o D,® = ((’% T igAZ%L) , V(®) = A <<I>T<I> = ;)2 -

Mantons ansatz.

_ To find a saddle point configuration,
V=t We use noncontractible loop.

p € 0, ]
Noieo [N.S. Manton, PRD28 ('83) 2019]



Sphaleron in the SM - wo uax-

Energy functional Ap=0

L di 3 . e v
B = " |4 (2) + S0 -2+ S () R 17+ S0 —1)}
.y T 3

i input: 55 = 0.3 (SM)

Equations of motion for the sphaleron
with the boundary conditions:

j_gf(g) = éf(g)u — f(£)A —2f(8)) - ifﬂ(ﬁ)(l - TG lim e =l lim hier =1
d 2dh(§) 2 A2 J :
7 (£52) 2o - 107 + 502 - Va© lm f(§) =1, lim h¢)=1
. 2
c 19 [NOTE]

(Fspn = 9.08 TeV),  &pn(T=0) > Epn(T'# 0); Copn(T = 0) < Gopn (L # 0)

szph = L.17. Higher order corrections are important!!




Higher-order corrections

L W 0
T:O. VlT_O = Z <ln ﬁ2 — Cz’)

Z, 6472
T4 D o0
T>O: VlT#O e Z ﬁIB,F (%) ; IByp(CI?) = / dx 332 In [1 e CBQ—HLQ} :
i 0

Daisy resummation
Perturbative expansion breaks down at high T.

e.g. g n sub-bubbles
g4T3 (ngz ) =l

Y

m m?
m? — m? + O(g°T?)
Resummed LClg rangidn [Parwani (92), Buchmiiller et al (93) etc.]

i @R - AmQ(T)\PQ)wL @CT i AmQ(T)\Ijﬁ Am?

new Oth-order part new counterterm
We evaluate sphaleron energy using the resummed Lagrangian.

W: scalar & gauge fields
(T): thermal masses




Magnetic mass corrections to Espn

1
Lo = Tr[AMTL, AY] = S AL, A,

Static limit p° =0, p — 0 with 9;4; =0 (sphaleron ansatz)

1 . 1 -
ng) = §mL( G §mT( A, i e T(poap)]

electric mass magnetic mass

mmr

2
Eqpn is modified by AL, = F / Bx AT A

Magnetic mass: mr = cg?T

e 01l [Espinosa, Quiros, Zwirner, PLB314,206(93); gauge-dep. 1-loop gap eq.\
Buchmuller, Fodor, Helbig, Walliser, AP234,260(94)]

¢ = 0.28 [Buchmuller, Philipsen, hep-ph/9411334]
¢ = 0.38 [Alexanian, Nair, hep-ph/9504256] gauge-inv. 1-loop gap eq.
¢ = 0.35 [Patkos, Petreczky, Szep, hep-ph/9711263]
kc = 0.46 [Heller, Karsch, Rank, hep-1at/9710033] Lattice .

Since there is no robust result, we regard c as the varying parameter.



Sphaleron energy with my.

Energy functional

_dmy [ o0 22 .
B = 2 [ dt [er7 4 507 - P+ S |
E2Vo(h)] _ 4 5
e L gziﬁl) = %v“%ph |
where §&=gur, 7, = ;:JL—;; Vilh) — )\v4(h2 i 1)2/4 pil
Equations of motion =
o
d 2 1 i
d—gf = g_2(f — A1 -2f) - Z(h2 e
@b 2dh 2 >0 L I 2t
ae2 __Ed_§+§_2h(1_f) +g2v4 J.
w/ b.c. g%f(g):o, g%h(g):o, EmemEa
lim f(€)=1, lim () =1. &

Sphaleron energy gets larger as mr increases.



w/o any symmetry, e.g. Z;

|
General 2 Higgs doublet model (g2HDM)

Particle content: SM + ®, «— 2nd Higgs doublet

o e o
Ly = qr(Y\P®; + YY®5)dg + g1, (YL ®1 + Y3 &) up

e L1901 +Y;9®o)en + he. P12 =0T, .
Higgs potential:
o =

Vo(®1, Bs) = m2® Dy + m2®idy, — (m2d!dy + hc.)

Yukawa int.

) A
+ 2 (@]1)% + 22 (0]@5)2 + 2a(@]@1)(@] @) + Ay(@] @) (@] )

- {ﬁ(df{@z)? + {26(@]01) + Ar (D] @2) } (@] D2) + h-c} »

’

< 5

Assumption: CP is NOT violated by the Higgs potential and VEVs.

2
ms

inputs: sin(8 — ), tan 8, mp, ma, mg=, Me — e A
v = 246 GeV, m; = 125 GeV.




Effective potential

EWPT is studied in the SM-like limit. sin(f — o) =tanfg =1

4 Vel T) = Vol L Vol .
where
Vo(p) = —%902 -+ Afs&‘*,

0 m? T m?
Vilgs T') = Z n; [64#2 (h’l = Ci) + 2—7T2[B,F (ﬁ)]

i=h,H,A,H* GO G*
5
Wi 2y rYp,mthd

with Ig r(a?) = / dr z°log (1 o e‘vx2+a2), a0
0

Kmf are the thermally-corrected field dependent masses.  (Parwanis method) -

Using this potential, we evaluate v¢/Tc(=Rc) and Tspon(Tc).



ve/Tc>TCspon(Tc) region

Sg_a =tp =1, M = \/mg/sﬁcﬁ = 300 GeV, A6 =l

ve/Te> Cc-> T spheH
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effect.



ve/Tc>TCspon(Tc) region
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ve/Tc>TCspon(Tc) region
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ve/Tc>TCspon(Tc) region
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ve/Tc>TCspon(Tc) region
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Summary

We have studied the sphaleron decoupling condition taking the
magnetic mass into account.

Nonzero magnetic mass can increase the sphaleron energy.
We applied this to 2HDM and found that the sphaleron decoupling
condition gets more relaxed, enlarging the domain of the successful

EWBG regions.

Our findings would hold in other BSM models as long as the gauge
sector iIs common to the SM.






Sphaleron energy in the SM

Cross-check of the results.

Obtained sphaleron energies become maximum at p=m/2.



Magnetic mass corrections to Ep;

1
Lo = Tr[AMTL,, AY] = S AL, A,

At T>0, Lorentz sym. is broken by thermal bath specified by M.
u* = (1,0) in the rest frame of thermal bath

Polarization tensor: {9uv,Pubv, Uuty, Putiy + Py}

KHW(pO, p) =11.(p°, p) L. (p) + Ur(p°, p)T,.(p) + La(p’, )G (p) + s (p’, p)SW(p),\
_ Uy . oo,
LMV(p) o (UT)27 T,LLV(p> glﬂ/ pz L/W(p>7 LL;Z; o U,u S0 (p : u)p’u/pQ
@) pupy’ s s p,,u:: : ugp”’“ 0
. (p) e (p) TR 3
Static limit »° =0, p — 0 with §;4; =0 (sphaleron ansatz)

[cé?ﬁzm,;( (4 - SmBTADR,  mir= lim nmp,p)]

p9=0,p—0
electric mass magnetic mass

m2
Ap=0 = ABgy=—T /d% Aate



Magnetic mass corrections to Espn

Gauge-inv, dim.2 opemfor [D. Zwanziger, Nucl. Phys. B 345, 461 (1990)]

1
4 2 4 U2 4 s
/daz‘Amin—I{nl}r}l/dazTr[(AM)]_/daz{FwDQF“ + }
_ expressed by infinite series of non-
AE{ > UA;LU_l i é(ﬁuU)U_l local gauge-inv. terms.

It is known that /d4:v A /d4x Tr[A,A*] if 8,4 =0

Since the sphaleron ansatz satisfies this condition, one has the same
mass form as the previous case.

2
[AESph - % / B A?Ag’]

We regard this as the magnetic mass correction to Esph.




Magnetic mass

Espinosa, et al, PLB314, 206 (1993);
Buchmuller, et al, AP234, 260 (1994).

2 1
WQ/W — m%:g?)—:mT—l—(’)(v) il — kTR c:S—W:O.ll

1-loop gap eq. at high T. but, this is gauge dependent.
Other studies show that

In SU(2) gauge Higgs model,

methods Refs. C

Buchmuller, Philipsen,
hep-ph/9411334

" Alexanian, Nair, 0.38
hep-ph/9504256
Patkos, Petreczky, Szep,
hep-ph/9711263

Heller, Karsch, Rank,
hep-lat/9710033

0.28

gauge-inv. 1-loop gap eq.

0.35

0.46

Lattice

Since there is no robust resulf, we regard ¢ as the varying parameter.



1st-order EWPT

Sg_a =tg =1, mpg+t =my, M = \/777%/8505 = 300 GeV
Ae =2 — 0

- Heavy Higgs w/ non- ori 203
decoupling plays a role.
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- Too heavy Higgs could
violate perturbativity.

- EWBG-viable region
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cf € sph=1.17 using Vo w/o mr.



1st-order EWPT

Sg_a =tg =1, mpg+t =my, M = \/771%/8505 = 300 GeV

de — a0 — 00

- Heavy Higgs w/ non- o) _—I - e 2 l—_
decoupling plays a role. 520 | -
| 500 1.9 =
- Too heavy Higgs could < | '
lolat turbativity. = x -
violate perturbativity . o i
& @?&/ =

- EWBG-viable region gt 10y
L& Ga o
420 |- T =0 _

VC/TC > C Sph 400 PUsl e e e T ] B i

400 420 440 460 480 500 520 540

cf € sph=1.17 using Vo w/o mr.
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