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Motivation

- SM cannot explain baryon asymmetry of the Universe (BAU),
ng/ny = 10-10,

(1) no strong 1st-order EW phase transition (EWPT),
(2) no sufficient CP violation

- 2HDM is a simplest extension that can solve the 2 problems.

(1) Sphaleron decoupling condition is crucial for EWBG tests.

-> We quantify overlooked magnetic mass effects on the condition.
K. Funakubo (Saga U) and E.S., 2003.13929.(PRD)

(2) Size of CP violation is highly constrained by electron electric dipole
moment experiment [ACME II (2018)].

-> We revisit top-driven EWBG scenario.
K. Fuyuto (LANL), W.-S. Hou (Natl Taiwan U) and E.S., 1910.12404 (PRD).
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Today’s topics

1. "Magnetic mass effect on sphaleron energy”,
Koichi Funakubo and E.S., 2003.13929 (PRD).

Improvement of sphaleron decoupling condition —— 21

2. "Cancellation mechanism for the electron electric dipole moment
connected with the baryon asymmetry of the Universe”,
Kaori Fuyuto, Wei-shu Hou and E.S., 1910.12404 (PRD).

Cancellation mechanism for electron EDM in general 2HDM.



Sphaleron decoupling condition

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

~ W/O U(l)Y ~
K 1 a a v \
Lgauge—l—Higgs " _ZFILLI/F ¢ (D,U(I))TDM(I) e V((I))v
F?, = 0,A% — 0, A% — ge®* A° AC,
T 02\

How do we find a saddle point configuration?

-> use of a noncontractible loop.
[N.S. Manton, PRD28 ('83) 2019]

u € [0, 7]
In the limit of r = || = oo,
& . i =
AEL)O (:uv w) = _gazU(:U’? (97 ¢)U (:ua 97 Qb),
O (u, ) =U(p,0,9) ( . )
Neos=0 \ /\/§ J




Manton’s ansatz

[N.S. Manton, PRD28 (‘83) 2019]
© -
Ay, 0, 8) = 'aUu,ecb (1,0, 9),

2o - 1 0 ] @ B 06 T G

L

u=m/2 = saddle point configuration (sphaleron)
uw=0,m = vacuum configuration

Changing the variable r = V&2 to &, one gets

Energy functional (u = g) Ag =0

 4qv df g? dh )\ )
B = 222 | ds{ (B So-pr S8 vn e
4%@8 / )
T sph
: input: 5 =0.3 (SM)



Sphaleron energy

Equations of motion for the sphaleron

07—521”(6) = §—2f<£><1 — F(€)A - 2f(€)) - ifﬂ(s)(l ~ f(©)),
7 (E552) = 2hO1 - FO)° + SO - Dh®
with the boundary conditions: Prr. s
| ) - e g
0 D) D . '
lim f(&)=1, lim () =1. T
Hor my; = 125 GeV. 2
e 210 - ey
Eoon = 9.08 TeV
\( St ) . 00 200 400 600 800 1000

mpy, [GGV]



Higher-order corrections

o L
v = v <ln = cz->

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

Hard thermal loops
Perturbative expansion breaks down at high T.

e.g. g n sub-bubbles
g4T3 <92T2 ) =l

Resummed LClg rangidn [Parwani (92), Buchmiiller et al (93) etc.]

e @R - AmZ(T)\IJQ)Jr @CT i AmQ(T)\Ijﬁ Am?

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

W: scalars, gauge bosons
(T): thermal masses




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,LW(p> glﬂ/ pz L/W<p>7 LL;Z; o U,u S0 (p : u)pﬂ/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

2
mmr

Ay =0 == AL G- - /d3:1: A?A?.  but, gauge inv. is unclear.



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.



Sphaleron energy - sm wo ua -

Energy functional

_dmy [ o8 2\ 2 .
B = 2 [ dt [er7 4 507 - P+ S |
2 i
L e §g‘§;}(4h) — %gsph |
where §&=gur, 7, = Z—‘Z/ Vo(h) = Mvt(h? — 1)2/4 pil
EOMs >
5 |
d? 2 1 :
d—gf a0 g )
@b 2dh 2 >0 L I 2t
ae2 ——gd—g‘Fg—Qh(l—f) +g2v4 J.
w/ b.c. lim £(€) =0, limh(¢) =0, AR
glim f§) =1, glim e) = 1 e

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.




EW Phase Transition (EWPT)

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

Vet (0; T') = Vo(p) + Vi(p; T),
where
2
bt o Ag
Vi = ——
0 m? T ms
Vilp; T) = | Z n; [64772 (lﬂ 2 o Ci) 4 2—7T2]B,F (T2>]
il e
WiT’ZL,T’VL,T’t’b
with  Ipr(d®) = / dz °log (1 :Fe—vww), a® =m?/T*
0
Kﬁzf are the thermally-corrected field dependent masses. (Parwani scheme) -

Using this potential, we evaluate v¢/Tc(=Rc) and Topn(Te).
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Yukawa interactions in g2HDM

Up-type Yukawa couplings:
L — qiL(le’j(i)l i YQiji)Z)QjR T h.g.
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- EWBG driven by pi; (f-EWBG) K. Fuyuto, W.S. Hou, E.S., 1705.05034 [PLB]
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L . [_])‘i B (037 125 GeV Higgs
sy = Uir /3 et =50 Uinlhel CP-odd
DR g Lhc
U; —o —o | Uy i LPij (U .C.
1 L_\/§B 755_3}% ﬂLPJJR 3
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EWBG-related CP violation

for a review, see A. Riotto, hep-ph/9807454

Diffusion €q. for ne: z < 0: sym-phase, Z > 0: br-phase

= -
. & .

Donig(2) — vun's(2) — 0(~=2)Rnp(2) = 0(~2) S T5" ™ me (2)

eiffusion const.  wall velocity back reaction sph. rate .

Neft IS generated by scatterings btw parficles and bubbles.

e.g. g2HDM / CRsUR \\

tL tL

(%)

bubble wall

Im part
PCl SCPV

loop function ngp
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BAU-related CPV at T=0

ViVt Vs VRl Y

Puu  Puc Put
Ptu  Ptc  Pit

t-c case

TR {(Yl)tc(Yg)j;C} — Im [(ngdiangT)SQ(V[?,LIOV}%LT)SZ}

Simplified case: Guo et al, 1609.09849 [PRDI.
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0 (L. ()

N Im[(yl)tc(yz);;} A Dnle) oD

P« IS the contributor to the BAU!!
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t-c case

e Im{(yl)tc(YQ)tc} = Im[(VL YaiagVR )32 (V* ,OV“T):_%z}

Simplified case: Guo et al, 1609.09849 [PRDI.

(. 0 0
Y190 = 0 0 0 . tang — 1 (Vi (O
0 (L. ()

e Im[(Yl)tc(Yg tc} = (Cadm(py)) pet =0, me=0.

P« IS the contributor to the BAU!!



Ramdom scan
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- Yukawa couplings (Y1,2)
are randomly scanned.

- Leading effect on Ya:
Pt
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- Subleading effect:
ptc
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- Yukawa couplings (Y1,2)
are randomly scanned.

- Leading effect on Ya: §:
Pt

- Subleading effect:
ptc

\Ptt|

However, ptt IS highly constrained by eEDM.



electron EDM constraint

Dominant eEDM contributions come from 2-loop diagrams.
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eEDM connected to t-EWWBG

eEDM in the t-EWBG scenario is induced by pi.
If pu # O and other psr = O,

: 4P
e It OemS2~ T
g ( ) = . e@mptt g,
fo e 122730 ™My
0
h,H,At,t/ 13 2’7 Ag gl glmn) 0 mf/m?
e 2 - c T 1 1 Cl?(l—x)
g(T)_i/O dmx(l—az)—Tln( i )

eEDM bound: *not found yet

d.| <1.1x107%° ecm (ACME-II) |do| <87 x107% ecm (ACME-I)

Imps is necessary for EWBG but constrained by eEDM.



t-EWBG
before ACME-II

myg = ma = mg+ = 500 GeV, cg_, =0.1

- Sufficient BAU can be Pt = |Ptt‘ez¢tt
- 0 el
generated if |ptt|=0.04 : ot
: 0.5 $
with moderate CP phases e
e .
I
- ACME-II has excluded Tar 4 :
g : E E ._\
such a parameter space!! o
So, IS -EWBG dead? 2.5 L Hn =08y
- This conclusion is made e e s
assuming other p;;=0. iz
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Importance of Pee

K. Fuyuto, W.-S. Hou, E.S., 1910.12404 [PRD]

- Pee cannot be exactly zero w/o symmetry or protection
mechanism.

- Once there exist 2 complex parameters (p:, Pee),
cancellation of eEDM is in principle possible.

Classification of cancellation mechanism

Structured cancellation: O L~ A ]
SM Yukawa-type hierarchy £ /

A¢ are known

Unstructured cancellation: i
Non-SM Yukawa-type hierarchy AEf I




Decomposition

For nonzero pi and pe, the following 2 diagrams are

relevant.

(A, pté) )

/

Ca ‘ : G
(>\€/ pee)

o }\tIm(pee), }\elm(ptt) (mix)
Im(peepr) -+ (extra)

(d27)e = (d7)F"™ + (d7)F

Py e

/ e

(Ae, Pee)
—  gIm(pee) -+ (mix)

(dS)w = (d&)w™



Cancellation mechanism

We consider cancellation mechanism such that
Pt =0 W

| |

Imp,. Ao Repee Imp,. Ae
— C X — — — —=C X .
Impy; At Repy Impy At
& )
A
= i — ¢ X — SM Yukawa-type hierarchy
. At .

c = (16/3)Ag/ (AT, — (16/3)A).
E.g., c=0.7 in the EWBG benchmark. (my=ma=mu,=500 GeV)
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dtho and its details

Let's take absolute values of EDMs to see cancellation behavior

drho = de + aThoCls

where .

Len = _ECS(NN)(&'%‘B)

OThO = 119 ¢ 10_20 € CIn

- Strong cancellation happens in dfffy

due to (d®7); + (d?)w = O.

- d?"V becomes dominant,
followed by d%4.

- Cancellation happens if
Dee#0 and r=0(1).

e cm)|

[ S

EDMs

mpg =ma = myg+ = 500 GeV, cg_, = 0.1
102

Reptt = Imptt = —0.1

10728 E_|de| =8.7x107%° e cm

|

|dTno| el
|d| pral
o




t-EWBG With pee 5&0

dest — (43405 <105 € cni

dTho = de + aThoCs Zq qllf)v.v.e.d. lregion of dtho

- Dangerous diagrams are -
cancelled by nonzero pe.. . 3
- BAU-favored regions g 0 [

revive!! o = .

| sufficient BAU'T—

- ACME-II may indicate o i

Pee - )\e - : e e ““*-

ptt >\t 0.01 0.1 1




Summary

Ist part of my falk:

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

e Nonzero magnetic mass can increase the sphaleron energy, which
makes the sphaleron decoupling condition more relaxed.
2nd part of my talk:

 We have revisited the +-EWBG scenario in the general 2HDM in light of
ACME-II.

e Built-in cancellation mechanism for eEDM exists, which indicates the
presence of p.. such that |p../pul ~A/A\.. -EWBG scenario is still viable.






- EWBG-viable region

- Heavy Higgs w/ non-
decoupling plays a role.

1st-order EWPT
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Case of (d27)3* £ 0

We could consider another cancellation case:

G ol
Taking Repee=0 for illustration, one has

Impee - (16/3)A9 A o &
Imp:e AT, — (16/3)Af +€ Xy

where  sayAre = —(16/3)Repst | f(1e4) + g(72a)].

- ¢'>>1 if the denominator becomes small. -> dmho gets
enhanced by other diagrams, which can be excluded.

- |c'|>0.3 in experimentally allowed Reps:.



CP violation at 1-loop

OT MEO = diag(m%,, m%,, m%.)

m% 0 — % At Im oy m%
M2 ~ 0 W —%Repttlmpttm?
T % )\tlmptt m% - % Repttlmptt m% mi
D
tan 2y = 2o WIS L 5.~ 96x 10 for ma= 500 GeV, Impx=l.
My, = 1y
2(MF )23
tan 2023 = i _Nm% =00 O3 =7/4 for mu=ma= 500 GeV, (M2)s3 #£ 0

For the top-loop Barr-Zee diagram, one of the relevant parts takes
the form

Z 02,03 f (Tym,) = 021%][(%1{1) + (022033 + O23033) f(Tm,) < 1,
Z «l1 <«<1 -+ orthogonality of O

Therefore, 1-loop CPV effects are rather minor.



(s comes into play

ACME experiment measures EDM of ThO.

-
dTho =

.

de +t 0TS« Lo

Qplho — 19 < 1072 ¢ cm

Once the cancellation happens in de, Cs contribution could
comes into play.

= d |- 11x10:2 e cm s pol applicable. . €-=0

We have to use

d

EXE — (4.3+£4.0) x 1073 e cm

[ACME, Nature 562,355(2018)]

From now on, we consider drho taking Cs into account.




Cs contribution

CP-violating Higgs couplings to fermions

Egbff : —¢f(9£ff i%!]gff)f

Cs arises from 4 fermion operators as

-
CPV - o
Lir ™ = Z Coe(q)(Elyse) q 5 )
: B e
. 9paq9gpee 5
ge m2 ; e : o
o=h,H, A ¢
L
We use
o [6.3(%6 oo MY DMV (Cbe :
it M my

The sign of Cs depends on py, (q=u,d,s,c,b)




