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Higgs and cosmology

What is the implications of Higgs physics for cosmology?

- cosmic baryon asymmetry < EW baryogenesis

- dark matter < inert Higgs, Higgs portal efc.
EWBG and hhh coupling

(Elec’rroweak baryogenesis ]

1st-order PT

based on EW phase transition

U 15" order PT

remnant in Higgs potential at T=0.

= large deviation of hhh coupling

0 50 100 1(5GO V)zoo 250 300 e.g., 2HDM, [PLB606 (2005) 361, S. Kanemura, Y. Okada, E.S.]
¢ (Ge

Ahhh > some value (depends on “sphaleron decoupling condition”)



What are successful models?

SUSY: EWSBG in MSSM has been excluded.

" Next-to-MSSM (NMSSM), nearly-MSSM (nMSSM), -
U(L)'-MSSM (UMSSM), triplet-MSSM (TMSSM) efc.
\

J

strong 15'-order EWPT is OK, CPV is OK
SM+extended Higgs sector

strong 1st order PT| CPV(Higgs sector)
real singlet 0] X
complex singlet OK OK
MHDM (M22) OK OK
real friplet OK X
complex triplet 0] X
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SUSY: EWSBG in MSSM has been excluded.
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We consider the SM with a real singlet (rSM)



Toward Higgs precision (Higgcision)

g(hAA)/g(hAA)| -1 LHC/ILC1/ILC/ILCTeV

4 |-||ggs X Tonro) o AN s - ai lala bal=tsl | [arXiv:1208.5152, M. Peskin]
with befter accuracy at the
coming LHC and ILC.

Pressing issue

Theoretical uncertainties
iIn the EWBG calculation
also have to be minimized.

In the literature, | 7= > 1 [ is usually used.

In this talk, we evaluate this condition more precisely,
and study its impact on AAg, m,H, in the rSM.



Real singlet-extended SM (rSM)

Particle content: SM + S: (1,1,0)
Higgs potential:

/V():—,LL%{HTH—F)\H(HTH)z \
A
S H Y HS - gs HiHS?
e s g2 | Hs g3 As g1
& 2 3 4 )
Scalar fields:
G™(x)
H(r) = (\}ﬁ(v—l—h(x)—kiGO(x))) ,  S(z) = vs + s(z)



Real singlet-extended SM (rSM)

Particle content: SM + S: (1,1,0)
Higgs potential:

/V():—,LL%{HTH—F)\H(HTH)Z \
G 3
+upsHYHS A Agf ° gt H 82
\_ W,
2 /
A
i 1 S ”;SSQ : “3553 : 4554,
o J
Scalar fields:
G™(x)
H(z) = (%(v + h(z) + z’GO(x))> ,  Sz) =vs +s(z).

H-S mixings are important to have strong lst-order PT.



Tadpole conditions:

oV i \ '
<%>:U — 3 + Agv® + pHSUS gsv% =)

i _'ug HHS v? Xire o
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which can be diagonalized by
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Higgs couplings

Higgs-gauge bosons

1
L & 3 (cosa Hy — sina Ho) (Qm%‘/ij—u L mLZ,7"),

Higgs-fermions

LB e Z % (cosaw H; —sina Hs) ff.
/

Normalized couplings:

e _ gH,VV Ao 2 e b
VTR o ) B ]

Ynvv Inys

— COb (.

We collectively denote K = Ry — RF



Current status

CMS Preliminary 19.7 fb" (8 TeV) + 5.1 fb™ (7 TeV)
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Effective potential

To discuss EWPT, we use the effective potential.

Vveff(SDHa @SvT) i VO(SOHv SOS) i Vl(gpﬂa SOS) i Vl(SOHa 905'7T) e Vdaisy(SOH, (7057T)'

where

“(oH, vs) (il o, 05
1 1 - 7 |
SOH)SOS Zn 647" < 1 Iu2 : >

m2 (o,
Vl(@H)@S) an —IBF< 2(92_1[{2 SOS)> ,

T’ b
Vdaisy(nga 9057T) a0 anm {{sz(nga @SaT)}B/Z s {mi(nga@S)}g/z} 9
J

]ij(az) = / dr z*1n (1 F 6_”$2+a’2) :
0

Ng, = NH, = Nao = 1 e R N e L) —8 0 —ap 1|V




Sphaleron decoupling condition

After the EWPT, the sphaleron process has to be decoupled.

4 A

Fg)) (T') ~ (prefactor)e™Fsen/T < H(T) ~ 1.66+/g.T2/mp

\_ J

Jx massless dof, 106.75 (SM) NP Planck mass = 1.22x10° GeV

Fpli = 47’(‘?}5/92 (g2: SU(2) gauge coupling),

v(T) g2 i A
T T 42.97+1n/\/—21n(100 Gev> +} — ¢ (T),

\_ J

- Sphaleron energy gives the dominant effect.

- We evaluate vc/Tc, E(Tc), C (Tc).
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- Sphaleron energy gives the dominant effect.

- We evaluate vc/Tc, E(Tc), C (Tc).



Sphaleron decoupling condition

mp, = 170 GeV, vg =90 GeV, us = —30 GeV, pgs = —80 GeV.

I I I I I I I I I I | ! ! ! !
20 15 _ i 220 15

« |degrees| a |degrees|

- L (Te)= (1.2-1.3)
- ve/Te > L (T¢) is satisfied for | | > 15 deg.




Sphaleron decoupling condition

mp, = 170 GeV, vg =90 GeV, us = —30 GeV, pgs = —80 GeV.

conventional criterion

I I I I I I I I I I | ! ! ! !
20 15 _ i 220 15

« |degrees| a |degrees|

- L (Te)= (1.2-1.3)
- ve/Te > L (T¢) is satisfied for | | > 15 deg.




hhh coupling

3 hhh coupling in the SM.

3m? O9m? m
SM T H . Hilk, Z | ; i
E i=W,Z,t,b Hy ;

The dominant one-loop correction comes from top loop

3 hhh coupling in the rSM.

rSM __\rSM,tree rSM,loop
)\HlHlHl 5 )\H1H1H1 —|_ )\H1H1H17

ree A /
)\Isll\f._l’:Hl =) |:)\H?JC:; | M;IS SQC(QX - ;IS Saca(vsa _|_/USCOé) i (MSS i ASUS) Si:l 7

0°V; 0°V; 0*Vi Vi
)\rSM,loop o 63 < > 3 62 o < > -+ casi < > | Si < > )
HyHy Hy ¥ 6(70?{ - (9@%{8905 aSDHaSD% 890?9

Larger a gives the larger deviation from the SM value.

(To have strong 1st order PT, (Aygs, it s) have to be large.)



K VS. A)‘H1H1H1

1H1 Hq

B3 )\SM
1Hq

1H4
)\SM

1

1

)\rSM

mp, = 170 GeV  ptns = —80 GeV
vg = 90 GeV g = —30 GeV

ANt =

- Smaller K giVGS larger JAY 7\.|-|1|-|1|-|1.
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AN, g, g, contours in (mg,, k) plane

EW vacuum is not global

o ANy, g, 1, = 16% for kK >~ 0.97 and 160 GeV < mpy, < 169 GeV,

o ANy, g, 1, = 27% for kK >~ 0.95, and 163 GeV < mpy, < 176 GeV.
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AN, g, g, contours in (mg,, k) plane

EW vacuum is not global

o ANy, g, 1, = 16% for kK >~ 0.97 and 160 GeV < mpy, < 169 GeV,

Y

o ANy, g, 1, = 27% for kK >~ 0.95, and 163 GeV < mpy, < 176 GeV.



Summary

[ We have discussed the EW phase transition and
sphaleron decoupling condition in the rSM.

3 ve/Te > (1.1-1.2) in the typical cases.

[ We also studied the deviation of the hhh coupling from

the SM value based on the improved sphaleron decoupling
condition.

[ The deviation is greater than that based on the
conventional criterion vc¢/Te>l.



Our prediction

Higgs potfential has this form!
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EW baryogenesis mechanism

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

[ BAU can arise by the growing bubbles.

symmetric phase (®) = 0

i By

(s) b
Le 8 Bl (ol 0o (0 + 1)
7 =N

GP : CP-violating interaction
Ll between particles and
I Higgs bubble.

\_ J

To avoid the washout by ] © 3
the sphaleron, el

H: hubble constant

\ 7

most important condition for collider tests.



Sphaleron eneray

For SImPIICIfy, we evaluate sphaleron energy at T=0. [Klinkhammer and Manton,
PRD30, ('84) 2212]

We take SM as an example. (U(1l)y is neglected)

1
L= —Fu P+ (D, @) DH® — Vy(P)

Vo(®) = A (qﬂcp— ”—2)2

2

w 1.5
sphaleron energy: :
dmrv 1-
Esph = —¢ i
g2 0.5 -

. 0: L L L L L L

HIggS Mass ( 0.001 0.01 01 1 10 100 1000
A g3
m; = 2\v°

For my, = 126 GeV (A = 0.13), £ ~ 1.92 — % > 1.16



Patterns of EWPT

) Diverse patterns of the phase

transitions.
[K.Funakubo, S. Tao, F. Toyoda., PTP114,369 (2005)]

Vs A

(A SYNE 21 EW. B SYM 5104w
C:SYM = 1T » EW D:SYM = EW

L

<V

(Type B)

[ Before EW symmetry breaking, singlet develops a VEV.

3 In this case, T¢c can be significantly lowered. (v¢/Tc gets enhanced.)

O vs changes a lot during the PT.



Benchmark points

H-S mixing parameters
PT type
mi, |GeV]
o |degrees]
vs |GeV]
urs |GeV]
g [GeV]

0
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—80.00
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K
AAHl H1H, [%]
logm (A/GGV)

0.94
31.8
9.68
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Benchmark points
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below GUT scale

no significant deviation




