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Introduction
Model (inert Higgs doublet + vector-like leptons)

(g-2),,, dark matter

Strong lst-order electroweak phase transition
(SFOEWPT) and its implication: Z boson decays.

Summary



Introduction

Drawbacks of the Standard Model (SM)

- Baryon asymmetry of the Universe (BAU), ng/s=10-10
- Dark matter (DM), etc.
muon g-2

BE ot gt = (DR 14 8.0) X 107
a,u a,u CLM ( ) [Hagiwara et al, 1105.3149]

A model extended with inert Higgs doublet and vector-like

leptons can explain DM and (g-2),,.
[L. Calibbi, R. Ziegler, J. Zupan, 1804.00009 (JHEP)]

Q. Is EW baryogengesis (EWBG) compatible with them?
As a first step, we focus on 1st-order EWPT.



Model

Particle content SU(3)c®SU(2).®U(1)y®Z2
Vector-like leptons: E;—;_5: (1,1,—1,—)
SM + Inert Higgs doublet: yE (L 2828

[D. Boraha, S. Sadhukhanb, S. Sahooa, PLB771, (2017) 624 (1703.08674)]
[L. Calibbi, R. Ziegler, J. Zupan, 1804.00009 (JHEP)]

mew lepton Yukawa interaction X
e e yijZiLnEjR +mg, E;pE;r + h.c.

Higgs potential
Vo(®,m) = pi®"® + pzn'n +
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Lepton Yukawa int.

Couplings of SM leptons to E and 1.
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—Ly D yiiliznltir + me, B Bir + h.c.
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= —eryEr(H +iA) + vpyErH' + mg, EiL Eir + h.c.
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where mg is diagonalized. In this basis, y is the general 3 X 3 complex matrix

yeEl yeEQ yeEg
Ui [yMEl YuE, qugj relevant to muon g-2
yTEl yTEQ yTEg

As a simple setup, we consider y e #0 and others = 0.



Higgs potential

tree-level potential w/ Z ® — ® and n — —n

: 25t ® L 12ntn L 2L (Btd2 1 22 (12 o
Wo(@,n) = 1 @' + pan'n + - (212)" + —(n'n)” + A3(2'2)(n'n)
= _
+ Xa(@n) (@) + | T (2T)? + hc

4 7 <%(v +Gh++ iGO)) e (%(51 iA)> | %

H or A (lightest Z> odd particle) can be a dark matter (DM).

In this study, we consider H is DM.



Higgs masses

In the vacuum v = 246 GeV

K m; = A v°, W

1
m%—{ — lu% -+ 5()\3 + A4 + )\5)?}2,
1
my = ,u% e 5()\3 + gy — )\5)?}2,
2 1 2

- Heavy Higgs masses come from both 115 and symmetry
breaking term (Av2).

- We may know which part is dominant by measuring Higgs
couplings precisely.



Model parameters

Original parameters: ,u%, ,ug, A1, A2, A3, A4, As.

Converted parameters: v, ,ug, Ao, My, ME, MA, M+,

At tree level

In our study, H is DM, and my=my/2 is taken.
DM physics point of view, 15 — AL = A3+ A+ Xs

Also, ma=mu: (A4=As) to avoid p-parameter constraint.



muon ¢g-2
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Dark Matter




muon ¢g-2

New particles contribute to (g-2), at 1-loop.
H, A

— —

- Y 3 L pr) T
3272 1P Top), / \

p=H,A1=1-3 ot ) E. s

p e - > p
e 2 R B, YuE YuE
TE;p = mEi/mlm Fop = mcp/m,u %
i)

2 4
For mg, = my =M > my, S = e IO(%>

1202 M4
e 2 2 oy
1 m o\ (100 GeV\“ |yu.E |2
80, Elyug|? = (177 x 1079 ‘L‘
U = pn3 gppa VBl = (177X )< M > 1ol

Exp. value:  §a, = at*F — oM = (26.1 £ 8.0) x 1071°
Hagiwara et al, 1105.3149.



DM relic abundance

For myg < mw

YuE
H ity A >
AN
N\ h
P e b F
/
H// f e Bttt )
y,uE
e 2. 2123 )
aeEts NG AimiBy yurl® v
T T6m (s —m7)? +mily | 60mmY (1+7E)"
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where 5f:\/1_ : re =mg/my

- mp=mp/2 can give the right amount of DM relic density.
- 2nd diagram would be important if yur > O(1).



DM constraints

Spin-independent cross section pf LD e
2 |
OS] —= A 5 |
with f ~ 0.3

From the DM direct search,

. B
AL S O(1077) E
A Ay e
My = iz + 507~ i, =
[ F . : =
2 DI RASE DSl or e A3 |
kmA i 2 2 g . 2 : J WIMP mass [GeV/c?]

A;(>0) controls the mass splitting between H and A.



LHC constraint

Lorenzo Calibbi, Robert Ziegler, Jure Zupan, 1804.00009 (JHEP)

Model LLO, A;=2 Y, E
GO0 T T T T e

LEP Ms>Mp

[105 GeV < me < 1256eVJ 0 200 400 600
Mg My [GCV]

Is this parameter consistent with SFOEWPT?
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EW Phase transition



EW baryogenesis (EWBG)

Sakharov's conditions [Kuzmin, Rubakov, Shaposhnikov, PLB155,36 ('85) ]

o R
+ B violation: anomalous (sphaleron) process

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

+ Qut of equilibrium: 1st-order EW phase transition (EWPT) with
expanding bubble walls

_J
symn;;’;rlc ghase f np =0 — np # 0 (sphaleron proecess)
JE W i 1/ baryogengesis occurs outside bubbles!
broken 'y
% 3
<«— | Pphase

—>  B-preservation condition
(®) # 0

b (Yo, I1st-order
| S TQleE . el {ch%l} EWPT!




1st-order phase transition

A7 AT
o oD IR S R i e SENE A a0
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In our model, the former implies A3 has to be big. — [mH < mA]




1st-order phase transition

A
Vegg = D(T? — T2)p?|— ETY® I+ Tt = 2202 (9 — v)?

Veff
j / 2ET, ve  2F
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In our model, the former implies A3 has to be big. — [mH < mAj




1st-order phase transition

Ve o2 DI =TI oR — IR e

Veff
/ QETC UV 28 > 1

Extra Higgs loops can enhance E.
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In our model, the former implies A3 has to be big. — [mH < mAj




1st-order phase transition

Ve o2 DI =TI oR — IR e

Veff
////////// :Zlfiftj UV 28 > 1

Extra Higgs loops can enhance E.

| =

] M/'RTC 2 2 ]_ s 2
e m4 — + =\
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At 1-loop

non-decoupling
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In our model, the former implies A3 has to be big. — [mH < mAj




1st-order phase transition

Ve o2 DI =TI oR — IR e

Veff
/ QETC UV 28 > 1

Yo = = e =y
)\TC’ TC )\TC
O:% _ Extra Higgs loops can enhance E.
wch - 2 2 1 5 2
GRS 1oocp1(5GoeV)200 250 300 mq5 — ,u2 —|— iAthqﬁgp
At 1-loop
g non-decoupling

~ (e BT (1 i M;2/2> i O L 1 <2 N i
Vet 2 < i

213/2 Mg’ ¢ Dipe e, 2
R (1 | 5 ) for pj > Apgew”/2.
H2 decoupling

\

In our model, the former implies A3 has to be big. — [mH < mAj




Phenomenological
Consequences




(9-2)pvs. £ = P

Without any calculations, we know Z -> P+H- must deviate
from the SM prediction in the (g-2),-favored region.

H, A

— —

e E%> i i (g-2),
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(9-2)pvs. £ = P

Without any calculations, we know Z -> P+H- must deviate
from the SM prediction in the (g-2),-favored region.

H, A

— —

e e Eé> e > (g-2),
N —

> Loy u—l—u-

We consider the Z decay in the case of my << ma.



Dividing the SM and NP parts, 9, =9, +295,

3|yuE|?
Ty e %
AIZpn = ~ggm

3 1
FS(mEamﬂamA)+ § : { <_2+S%/V> FQ(mE7m¢)+S%VF3(mE7m¢)}:|’
¢o=H,A

Aggm — (0



Z - -
Limiting cases: 3 cases

(i) (ii) (iii)

Case of My = mpg = M/

>

—— mEi mey §m¢ mg
Agéﬁu — 0 for ' '

Mz —— Mg ;| Mg

Case of Mg, My K MA (mass splitting between neutral scalars)

Ag” 1, — log enhancement of In(m? /m¥)

D) 2 B Vi o
Mz 97 |YuE e S C 1 lln m

12873 i 1 Al

2 2 A3 o

non-log terms mj —my ~ 5

- log enhancement is known in Z->bb in 2HDM [Haber, Logan, hep-ph/9909335(PRD)].

- This is also emphasized in lepton-specific 2HDM [E. Chun, J. Kim, JHEP07(2016)110]

— Al'(Z —- pu"p™)

R




Lepton flavor non-universality

- this scenario is severely For mpg >~ 63 GeV, mp = 120 GeV
constraint by '
Rl )
e [(Z — ete) 25l

R

- ARyje is enhanced as ma - |
< i

increases. - In(ma/my)

- SFOEWPT region is
275 GeV= ma = 350 GeV

TR T DM O h F

Giga/Tera-Z experiments can test this scenario.



muon ¢g-2

H A
. //: 3t :\\ 3
For myg < m 4, one finds %7
G : &3
: 3212 _12m%l e RS e 6 m? :

< ‘qu|2 mi
S i

N 7

- Effects of A is simply decoupled. (no log-enhancement).

cf. Z->pt-, log enhancement comes from W[ M<
W N

However, no such diagrams in (g-2),,.



muon ¢g-2

e s S T. :

For myg ~ 63 GeV, mg = 120 GeV | Lo,
| -
o g o \ — |
- very sensitive to yur e vl = 1.0
=) 20
. B 10° § ]
- (g-2), can be explained at — .
10 level if yur = 1.0. | |
T 0.3
- However, ma<160 GeV due to 2
the Z decay constraint. T 150 w0 om0 w0 s

- No regions that satisfy SFOEWPT & (g-2), simultaneously.



Summary

We have studied the model with VL-leptons & inert doublet.

Qppnh? v
strong lst-order EWPT v
observables predictions
=20 outside 20 region
(Z — putu)/T(Z — ete) ~ 10~3 probed at Z factory
e ~ (.9
K\ — Agh/)\g}y z 1.2

ma >~ mg+ 2 275 GeV

T \

p parameter  strong 1s'-order EWPT

mp = 125 GeV 105 GeV = mg = 125 GeV

My ~ Mp,/2 £ ->EE->2U+MET
™~ DM & (g-2), i







Z — VV

As is Z-> U+, Z->VV is modified.

vV

E S
I e

|
|

In this decay, there is no log-enhancement since no mass
splitting between H+ and H-.



W-U-V vertex

W-L-V vertex is also modified.

— |lepton flavor non-universality in muon decay

For my << myt

L Y
B, = ~gom

(non-log terms) + — In

This vertex is enhanced by the log correction.

However, Z->p+l- is more important numerically.
In lepton-specific 2HDM, this correction can be more important.



Dominant contribution: e
olete” -~v— ETE™) Lt
— 300 — 240 GeV
47.‘.&2 \/ 4m2 = 00t 250 GeV
T 2 2 1 E (@)
200}

- cross section depends only me. ‘L - - - -
105, = 440 1 = A5 s 420

ey GeV

- cross section is O(pb). meltsevl



Fg’) <

B-changing rate in the broken phase is

~

F(b) ~ (prefactor)e™ Fern/T

X _J

sph

sphaleron

instanton

Esph IS proportional to the Higgs VEV ¢

Egpn o< v(T)

\_

~

J

what we need is

large Higgs VEV after the EWPT

=== EWPT has to be “strong” 1st order!! i

I (To) < H(Te) =P 7 ~ |

0 1 Ncs

UC =T

RN AT AT T ARCAY, RO
50 100 150 200 250 300
¢ [GeV]



How do we get 1st-order EWPT?

1st(2nd) order PT=discontinuities in 1st(2nd) derivatives of free energy (Vefr)

2nd order PT 1st order PT
E T>1Tc
S
g
glp ““““““““ glp ““““““““




How do we get 1st-order EWPT?

1st(2nd) order PT=discontinuities in 1st(2nd) derivatives of free energy (Vefr)

2nd order PT 1st order PT
Ist-order PT
S J
K Negative contributions
o |n VeFF.
D A A glp ““““““““




How do we get 1st-order EWPT?

1st(2nd) order PT=discontinuities in 1st(2nd) derivatives of free energy (Vefr)

2nd order PT 1st order PT

Ve (3 T)

T <To

1st-order PT
2

Negative contributions
|n VeFF.

From where?



How do we get 1st-order EWPT?

1st(2nd) order PT=discontinuities in 1st(2nd) derivatives of free energy (Vefr)
2nd order PT Ist order PT

Ist-order PT

2

Negative contributions
|n VeFF.

From where?

-> thermal loops of
A, Ht in this model.




h =YY

Charged Higgs contributes to h->y v

2 Vi
1 I e o
~ |1 1 hosrs ey ¥ =F
Hyy A ( . )

=
i ”m

e i LN W §A3v2

15 < mi. is necessary to have strong lst-order EWPT

-> charged Higgs loop does not decouple in this case.
[I.Ginzburg, M.Krawczyk, P.Osland, hep-ph/0211371]
i 12 28
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h =YY

Charged Higgs contributes to h->y v

1 3 $ I 4// \\
=2 |l 1——— )|  h - H~
oo A ( . )

+
o -5

e i LN W §A3v2

15 < mi. is necessary to have strong lst-order EWPT

-> charged Higgs loop does not decouple in this case.
[I.Ginzburg, M.Krawczyk, P.Osland, hep-ph/0211371]

- » = £ N 1.18T9 17 (CMS)  1804.02716
(LW pi<m? e JM T 0.99701% (ATLAS) 1802.04146




Baryon number density (ng)

Diffusion eq. for ng: z < 0: sym-phase, Z > 0: br-phase

Daniy(2) — vun'y(2) — 6(~2)Rnp(2) = 0(~2) T8y (2)

LdiFFusion const.  wall velocity back reaction sph. rate

%

n. is generated by scatterings b/w particles and bubbles.
v(ﬂf) v(y)

’v
. / \\ TCPC
EzL

ng X Ny S?PV/\/I’%:EC

ik




S| DM-nucleon cross section

SuperCDMS Soudan CDMS-lite
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