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Qutline

+ Higgs physics/cosmology connections

* Electroweak baryogenesis and Higgs self coupling

+* SUSY 4 Higgs Doublet Model + charged singlets
(4HDMQ)

+ Strong 15" order EWPT and hhh coupling

“ summary




Higgs physics/Cosmology connection
[ Higgs physics at colliders

- Discovery of the Higgs boson and mass measurement (@LHC) ~125 Gev?
gauge bosons  mass

fermions generation
- Measurements of the Higgs self couplings (access to Higgs potential)

- Measurements of the Higgs couplings with {

i Existence of the hhh coupling < test of EW symmetry breaking.

3 cosmology
- Baryon Asymmetry of the Universe (BAU) n?B ~ 107

Lots of attempts: GUT, Lepotogenesis, Electroweak baryogenesis etc.

connection with collider physics e.g., 2HDM case
[PLB606 (2005) 361, S. Kanemura, Y. Okada, E.S.]

[Elec’rroweak baryogenesis] e
N potentidllal 10, If EW phase transition is a strong 1%

U remnant appears! ordet, Annn would receive large quantum
[I—Iiggs self couplings) corrections!

Higgs potential at T=0. "Nondecoupling loop effect plays a central role.”

We consider such a possibility in a SUSY model.



Electroweak baryogenesis
symmetric phase (®) =0
IFe, 5 [Kuzmin, Rubakov, Shaposhnikov, PLB155,36 ('85) ]

s

il Baryogenesis could occur if EWPT is of

T T 15" order.

S

Sakharovs conditions

: anomalous process at finite temperature (
chiral gauge infteraction
CP violation: KM phase and/or other sources in beyond the SM

-+ Out of equilibrium: 1" order EW phase transition (EWPT) with |
. expanding bubble walls -3 linked to Higos physics (foday’s topic) ]

well-known fact: Standard Model EWBG was ruled out.
- KM phase is too small and EWPT is not 1st order for mp>114.4.




Order of PT

J Effective potential (free energy density) is used to study the EWPT.
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Order of PT

) Effective potential (free energy density) is used to study the EWPT.

Veir(viT)

A

Ve 0:1) -
= order parameter

= Higgs VEV

= EWBG requires
15" order PT

= To get a 1" order
PT, there must be a
negative contribution

in the potential.

T T
2nd order PT Ist order PT ﬂ
[From K. Funakubo’ slide] thermal boson loop



1-loop thermal potential

T4 i 2 2
Vile,T) = Z 52 [nBIB(a?) -+ nFIF(CL?)}, Ig r(a®) = / dx x°1n (1 == om )
(0 0

i boson fermion 2V,
m(p) = 752

High-1" expansion

3 For a small a=m/T, Ipr(a?) can be expanded in powers of az.

4 7) 4 7 3
jEIgle Ay IW 2 e o i G b S e O(ab
' ZRCE St Ly B o A" (a”),
Tt w2 a? e 3
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J Boson loop gives a cubic ferm with a negative coefficient, which
comes from the zero frequency mode.

wy, = 2n7l for boson ¢f. w, =(2n+ 1)7T for fermion

As a simplest example, we consider the EWPT in the SM.
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To keep the generated baryon asymmetry, we need

p(®)

sph

—1
< Bl = g i > 6 - mpsm < 48 GeV
SM EWBG was ruled out.

3 Light Higgs boson (small A) is required.
T Additional bosons (AFE) can rescue this situation.




Caveat

"scalar does not always play a role.”

Suppose that the mass of the scalar is given by

M : mass parameter in the Lagrangian,

e A7 L g .
RS A : coupling constant
M2
AU?

\v?
M2

3/2
If M? < A2 Vg 3 —A3¥2T0? (1 | ) It helps.

3/2
> It doesnt

ﬁHAP:>AﬁZ%ﬁ9—MWPT<1

Requirements: 1. large coupling A, 2. small M.

U
e g S AT N
1o




Correlation between AAnnn and ve/Tc in the 2HDM

Let us consider the quantum corrections to the hhh coupling.
[S. Kanemura, S. Kiyoura, Y. Okada, E.S., C.-P. Yuan, PLB558 (2003) 157]

~h Forsin(f—a)=1

2

A\2HDM 3my, 1

FRES -
d=H A H=*

7
7

12702 m3 v?

c=1(2) for neutral (charged Higgs bosons)
ms ~ M?* + \v?, M?* = ms3/(sin Bcos B).

r 5
For M? < \jv? (m% ~ \;v?), the quantum corrections would grow with m .

= nondecoupling loop effect. (note: smaller my, is preferable.)

For M? > \;v? (m3 ~ M?), the quantum corrections would be suppressed.
| = ordinary decoupling limit

J

Obvious strong correlation between enhancement of vc/Tc and the
large quantum corrections to Anan!!




Correlation between AAnnn and ve/Tc in the 2HDM

[S. Kanemura, Y. Okada, E.S.,PLB606 (2005) 361]
Contour plot of Ahyn/AMnn @nd @ /T, in the mg-M plane

AAnhh/Ahhh = 5%
sin(a-p) = -1, tanp = 1
mh = 120 GeV

Md=MH=MA= MH=2
1 1 1 1 1 1 1

ORISR GRS o ) Rt 16O B 2 B 10
M (GeV)
3 If EWPT is the strong 1°t first order, ANuun/ANMunn is more than 10%.

J This correlation is due to the nondecoupling effects of the heavy
Higgs bosons.




4HDM(

particle content = MSSM+2 doublets+2 charged singlets

Spin 1/2 SLOAEN ST DI | Zs

Superpotential W = (yu)'UfHa2 - Qj + (ya)/DfH1 - Qj + (ye)EfHi - L
+ A1821H1 - H3 + A2822H7 - Hy
— wH1-Hy — wW'Hs - Hy — o $21522.




Higgs potential

‘/O T VF’Higgs =+ VD’Higgs == Lsoft|Higgs
+ M0 ®; + Mma®i®y + MABLD; + MmIB[ B, + M2 wlwy +MEwiwy

+ € | Bu®i®), + B' 1/ ®LP% + Bouow wy + Ajwi @@L + Aswy ®LD) + h.c.

(Gl ey i+ _
+ A1 e @ O4 7 + Ao ler @551 + [\ [Pwi wi (9] @) + D1ds)
+ | AoPwfwy (BL®y + BLD4) + | — Mptwi @LBs + Appwy BB, + Ay wi @)

k_ )\QILL/*(JJ2_¢;§¢2 = eij)\luaw;q)iq)‘g e 6@)\2#5&)1— (Déq)‘zl —+ h.c.

o g, s : : PR
+ T (— 0] @1 + 20 — B]@s + 2] D))

n % {(@Iqh)(cpgq)l) + (D1 ®5) (DL 1) + (B1D4)(R]D1) + (DL D5) (DL Do)

VD |Higgs + (D5 D4) (D) D2) + (DLB4) (B D3) — (B]D1)(DLD3) — (D1 D2)(D] D)

/2 12

+ - (—0] 01 + 8] @5 — D)@y + Bf0y) (wiwr —wiwy) + S (wiwp —wiwy)?

[ Sizes of the F-term contributions depend on the A couplings.
c.f. D-term contributions are limited by the gauge couplings.




Mass formulae of the Z;-odd charged particles

[ Z3-0dd charged Higgs

—

> 300 ]
O 1

Mgt = Mgs =~ m s =160-400 GeV,
for )\2 = RS

Ncutoff = 2 TeV (for Az = 2.5) [S. Kanemura, T. Shindou, K. Yagyu, 2010]

1




Lightest Higgs boson mass

1-loop corrected lightest Higgs boson mass-squared
Ao ad gl
» ~m7 cos” 203 + (MSSM-loop)
MosMgrs  Av?sh
& mf‘_{,i 1672

Mg = M; = M; = 1000 GeV, mpy+ =500 GeV; 1
/LZMZ =2M1 = 200 GEV,
At = Ap = X¢ + 1/ tan g; M

[J Dependence of the Zz-odd particle

loops on my, is mild even in the large
>\1 and >\2. U

nice feature for strong 1°" order PT

{ Lighter Higgs boson
nondecoupling heavy Higgs boson
™ enhance vc/Tc




U(j/T(j VS. 7\2

3 ve/Tc is calculated using the resummed 1-loop effective potential.
(high-T expansion is not used here.)

X;/M; = 0.6 X,/M; = 2.0

180 —

160 -
140 -
2

strong 15t order strong 15t order
EWPT region * EWPT region

I | I I I I | I I I 1 T T T T | I I I I | I I I
1.5 2 2.9 1.5 2 2.5

A2 A2

3 15t order EWPT gets stronger as A: increases.

[ Enhancement of vc/Tc is due to the Z;-odd charged Higgs loops.




AMnih [ ASMppp,

3 Extensive studies of AAnhn /ASMunn in various SUSY models.

[S. Kanemura, T. Shindou, K, Yagyu, PLB699 (2011) 258]
500|||||||||||||||

— MSSM
Model-1

(Ayy=0-0.75)| -
__ Model-1 .
(Ayyy45=0-2.5)

— Model-5
— Model-9

Model ;4 SM
A7\“hhh /}\“hhh [%]

3 4HDMQ (Model-9) predicts the large A\uun/2A5Mpun, which can reach
around 50% for m;=125 GeV.

3 Nondecoupling loop effect of the Z;-odd particles is essential.




Summary

We consider 4HDMAQ. (EW baryogenesis] 2 ah
U

EWPT can be strong 1" order.
(Strong 1 order PT)  Vin(p,T)

ANunk /NMunn can reach 50%

Yo i S (€ Y

Large loop corrections Vg (o, T = 0)
Both are due to the to the Auww coupling | "

nondecoupling loop effects of U
Z.-odd charged Higgs bosons.

(MecxsurememL of Annn at the ILC)

Such large deviation of the
Arnh coupling can be
measurable at the ILC.




status of MSSM EWBG

T Electroweak phase transition is strong 15t order if

o, AT (Gl iy = 1DAD (G
[M. Carena, G. Nardini, M. Quiros, CEM. Wagner, NPB812, (2009) 243]
BUT,
e . . . 1) 1157
[D. Curtin, P. Jaiswall, P. Meade., arXiv:1203.2932] |

% For mp=125 GeV, 110 85/////

MSSM EWBG is ruled out 105 “
at greater than 97.7% CL. |

EWBG excluded at 97.7 % [98.6 %] CL

100

* Region excluded at “less than S o5

90% CL” is ma=117 - 119 GeV. .
(80-85% CL) | A

N 4
Incidentally, in the NMSSM, so-called type-B 80— 500 1000 1500 2000
phase transition is still viable since light stop My

(<m4) is not necessarily required.
[K.Funakubo, S. Tao, F. Toyoda., PTP114,369 (2005)]

For a recent study, Singlino-driven EWBG in the NMSSM, K.Cheung et al, PLB710 (2012) 188




