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Higgs and cosmology

1 Higgs boson was discovered.

& )
mp = 125.36 + 0.37(stat) + 0.18(syst) GeV, (ATLAS)

mzr = 125.03 +0.30 {fgjgg(stat)fgfg(syst)} QeV, (CMS)
\§ o

1 What is the implication of Higgs physics for cosmology?

4 : : N
- cosmic baryon asymmetry < EW baryogenesis

- dark matter < inert Higgs, Higgs portal etc.

- inflation & Higgs inflation.

& etc ”

We discuss EW baryogenesis in connection with Higgs physics.
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Baryon Asymmetry of the Universe (BAU)

Baryon density Q52
0.005 0.01

[ Our Universe is baryon-asymmerftric.

. e
nMB = 2B _ 6.23(17) x 1071°, [CMB],
Ty
nPBN = 28 — (5.1 -6.5) x 107, [BBN]
\_ n’Y d

3 If the BAU is generated before
T=0(1) MeV, the light element
abundances (D,?He,*He,’Li) can be
explained by the standard Big-Bang
cosmology.

Baryogenesis = generate right 1)

Baryon-to-photon ration X 1




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

Sakharov’s criteria

G : : . . ¥
@ B violation: anomalous process 0 < " (3¢} +13) (LH fermions)

i=1,2,3

@ C violation: chiral gauge interaction

@ CP violation: Kobayashi-Maskawa (KM) phase and other
complex phases in the beyond the SM

@ Is*-order EW phase transition ( ) with
5 expanding bubble walls 5
gl :r?s>> . average bubble radius O(107°) m
T i [Carrington, Kapusta, PRD47, (‘93) 5304]
N T
broken phase N %
e (®) #0  |—»
Fg’>< H _} ‘ ):_ =i Q_>
e £ e Al

[ BAU can arise by the growing bubbles.
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EW Baryogenesis mechanism

How do we test this scenario?

symmetric phase (®) = 0 -> cannot redo EWPT in lab. exp.
(s) So, test Sakharov'criteria instead.
T 'Y > H

probe by CPV physics

Electric Dipole Moment etc

broken phase

oy N L ) T
ol Hfz “““““ Relevant particles are light (<1TeV)

P N probe by collider physics
¢ Higgs physics efc
(1) Asymmetries arise (-~ CPV) but no BAU. "5 =Zz£;ngi+?5;ngi:o
70 #£0

(2) LH part changes (-~ sphaleron) -> BAU  ng =nf —nl +nff —nft — np #0

changed

(3) If [Fg) < H) the BAU can survive.




F$)<H

B-changing rate in the broken phase is ey
- \ el sphaleron
') (T) ~ (prefactor)e™ Pseh/ 5
\ A NG N = >
0 1 Ncs

Esph IS proportional to the Higgs VEV j

4 )

Esph O GxY, sl

J

what we need is

large Higgs VEV after the EWPT

==> EWPT has to be “strong” 15" order!!

4 N

I'y (To) < H(Te) =P 73 i R

\ J ¢ (GeV)




F$)<H

B-changing rate in the broken phase is erery
e sphaleron
F(é)) (T) o (prefactor)e_ESph/T sph instanton /\
Esph IS proportional to the Higgs VEV ; B SA]\;CS NGs

Esph X VU sl

J

what we need is

large Higgs VEV after the EWPT

==> EWPT has to be “strong” 15" order!!

4 N

I'y (To) < H(Te) =P 73 i R
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4 D)

Fg) (T') ~ (prefactor)e” F=on/T < H(T) ~ 1.66,/g. T2 /mp

\_ J

Fepn = 4mv€ /g2 (ga: SU(2) gauge coupling),

Wi i 2 > 49_25 {42,97 + log Corrections} = q g
i

J dominant effect = sphaleron energy. 5120 GeV

J sphaleron energy depends on the

Higgs mass efc.
[F.R.Klinkhamer and N.S.Manton, PRD30, 2212 (1984)]

TR < mp < 1 TeV, i
SM case 1.04 < £ < 2.44,
1.45 < (pn <0292 S
\ i % SM case
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Fg) (T') ~ (prefactor)e” F=on/T < H(T) ~ 1.66,/g. T2 /mp

\_ J

Fepn = 4mv€ /g2 (ga: SU(2) gauge coupling),

@ D
v
— > 157—25 {42.97 + log Corrections} = q g
\ J
J dominant effect = sphaleron energy. 512 GeV

J sphaleron energy depends on the

Higgs mass efc.
[F.R.Klinkhamer and N.S.Manton, PRD30, 2212 (1984)]

TR < mp < 1 TeV, i
SM case 1.04 < £ < 2.44,
1.45 < (pn <0292 S
\ i % SM case

0 200 400 600 800

= CSph = ].].6] my, [GeV]

i e 125 L %%




How do we get 15'-order EWPT?

1st(2nd) order PT = discontinuities in 1st(2nd) derivatives of free energy
2"d order PT 15t order PT
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Origins of the negative contributions in Ve

2 representative cases.

1. Thermal loop driven case e.g. SM, MSSM. > doublet Higgs
boson loop

v1<b°S°“>:§ i / (;i’)“g In |(2n7T)? + k2 + m*(p)] Typical signals

n=——oo

T2 Telf Deviations of hgg and/or
nEO_ 127 m2:_gng2_ 127 hYY Clnd/Ol" hhh COUP“ngS
[N.B.] If m?(p) = g%p? + M? ~ M?, no |p|® term!!

2. Tree driven case e.g. 'SM, NMSSM. > singlet Higgs

Vo D UrsPHPs + Py

E . Typical signals
> M (pgs, bs)(@r + ©5)

Deviations of HVV and/or
Hff and/or hhh couplings.

3/2



What are possible models?

- SM EWBG was excluded. No 15'-order PT for m,=125 GeV.

SUSY ;—Z > 1 not satisfied

I MSSM Wyssm = fOHLE + FYH,QD — f" H,QU + uH,Hy,
K
I Next-to-MSSM (NMSSM)  Wxmssm = Wassm | u=o0 + ASH, Hg + §53

3 U(1)'-extended-MSSM (UMSSM)  Wumssm = Wassum | u=o + ASH, H

[ 4 Higgs doublets+singlets-extended MSSM
W = A[Hu®uC + Hu®an— H,2,07 — Hi®sQF +na®,® + na(Q70" - ()]

— p(HyHg — nang) — pa®,®q — pa(Q7 Q" — (n).
[S. Kanemura, T. Shindou, T. Yamada, PRD86, 055023 (2012)]

) etc.

non-SUSY SM + SU(2) n-plet Higgs, n=1,2,3,...




MSSM EWBG
light stop scenario

28 <52
y: sin” (3
m; (p) = F——¢° (mg, > mZ A — p/tan B|* ~0)

Strong 1s'-order EWPT is driven by the light stop with a mass below 120
GeV. [M. Carena et al, NPB812, (2009) 243].

Prediction: 0(gg -> H ->VV)/0(gg -> H -> VV)sm = (2-3)

- > W,Z
b% t1

t1| : ___,__h___,,_

g M t W.Z

\W4



MSSM EWBG
light stop scenario

2% 42
y: sin” (3
m%l(gp)f: : . P> (mg, > mZ ,|A; — p/ tan B|? ~ 0)

tr’

Strong 1s'-order EWPT is driven by the light stop with a mass below 120
GeV. [M. Carena et al, NPB812, (2009) 243].

Prediction: 0(gg -> H ->VV)/0(gg -> H -> VV)sm = (2-3)

- > W,Z
b% t1
g M $ W.Z

Confronting this scenario with LHC data,

MSSM EWBG is ruled out TP VY )
at greater than 98% CL (ma>1 TeV), is inconsistent.
at least 90% CL for light value of ma (~300 GeV)

[D. Curtin, P. Jaiswall, P. Meade., THEP08(2012)005]



MSSM EWBG
light stop scenario

QB 55
y: sin” (3
* (p) = & o> (mZ, > m: ,|A; — p/tan B)? ~ 0)

tr’

ATLAS Preliminary L, =201fb"{s=8 TeV L, =47 fo" {s=7 TeV
=m 5_> t zz [
—Ett 7(0 [
Bttty . 2L [1403.4853
== 5—> ng 5{1 1L [1407.0583], 2L [1403.4853
EHt—c 221 [
ESDbify [

—— Observed limits ==== Expected limits
Al limits at 95% CL

500 1000 1500 2000

ma

Confronting this scenario with LHC data,

MSSM EWBG is ruled out B oanddd
at greater than 98% CL (ma>1 TeV), is inconsistent.
at least 90% CL for light value of ma (~300 GeV)

[D. Curtin, P. Jaiswall, P. Meade., THEP08(2012)005]




MSSM EWBG

v 5902 (mz, > m~ |Ay — p/ tan B|* =~ 0)

light stop scenario

Status: ICHEP 2014

ATLAS Preliminary L, =201fb"{s=8 TeV L, =47 fo" {s=7 TeV

== L—) tx ,(0 [ ]
—Ett %y [ ]
[ ] t -ty ,( 2L [1403.4853]
== t — W B X, 1L [1407.0583], 2L [1403.4853
= t — g; [ ]
[ ]

== b ff X, 7.0608], 1L [1407.0583

—— Observed limits ==== Expected limits
Al limits at 95% CL

500 1000 1500 2000

ma

Confronting this scenario with LHC data,

MSSM EWBG is ruled out +0(gg -> H ->VV)

at greater than 98% CL (ma>1 TeV), is inconsistent.

at least 90% CL for light value of m4 (~300 GeV) vc B ¥ ofishied
[D. Curtin, P. Jaiswall, P. Meade., JHEP08(2012)005] T e



4 Higgs doublets+singlets-extended MSSM

[ Strong 15'-order EWPT is driven by the charged Higgs bosons.

4
Y

fyy = 0.78

U
U

strong J*'-order EWPT

strang-15+=

AAphh - — 11
Arhh|SM +10%

120 140

[S. Kanemura, E.S., T. Shindou, T. Yamada, JHEPOS (2013) 066]
If the EWPT is strong 1°' order,

- Myy is reduced by more than 20%,
- hhh coupling is enhanced by more than 207%.



4 Higgs doublets+singlets-extended MSSM

[ Strong 15'-order EWPT is driven by the charged Higgs bosons.

400 | | ] |jyl’|\yl | // |
380 - foy = 078/ ,;
360 ’r =
. strong ]}" -order EWPT o 0
2! | T fyy = 1.17 £ 0.27 (ATLAS)
L8320 ] ’ S
= 300 | 800 +0.26
280 " o8 foyy = 1‘14—0.23 (CMS)
i / ’ /"'0'82//
260 1 | :. | ,’Il | ,'/ | ,'/ ,"|'0'8§;
60 80 100 120 140
mq),lo[GeV]

[S. Kanemura, E.S., T. Shindou, T. Yamada, JHEPOS (2013) 066]
If the EWPT is strong 1°' order,

- Myy is reduced by more than 20%,
- hhh coupling is enhanced by more than 207%.




Non-SUSY models
SM + SU(2) n-plet Higgs, n=1,2,3,...

- Colored particles (squarks) may not play a role in
realizing strong 15'-order PT. (due to severe LHC bounds)

- EWPT may be simply described by extended Higgs sector.

[N.B.] CP violation comes from (chargino, neutralino)-sector which would not
be relevant in studying EWPT. (bosons are more important than fermions)



Singlet Higgs extended SM

[Fuyuto, E.S., PRD90, 015015 (2014)]

A)‘H1H1H1 = 10%

b . . : %
real singlet Higgs is | i
added.
g gH1VV _ 9H.ff
T O S
Invv Inyf
= COS &

Metastable
vacuum

- 1Ist order EWPT s driven
by the doublet-singlet
Higgs mixing effects.

- HVV, Hff, hhh couplings can deviate from their SM values.



Singlet Higgs extended SM

[Fuyuto, E.S., PRD90, 015015 (2014)]

1

L 3_ I I I I | I I I I | I I I I | I I I I | I I I I | I I I T ]
* o 5 ATLAS Preliminary ) + SM E 0.05
= (s=7TeV, [Ldt=4.6-481b x Best fit .
2F (s=8TeV, [Ldt=20.3 b —68%CL  —
1.5 Combined H— vy,ZZ* WW*ttbb ______?_5% cL = 0.9
[ SR— L S
0.5k ST g |R 085
- predictions of rSM -
O -
0.5F = 0.8
AE (1:_ -: 2 =
1 - | L L | | E 0.75 Metastable
3.8 0.9 1 1.1 1.2 1.3 1.4
. vacuum
Vv
| | |

160 180 200

M H, |GeV]

220

- HVV, Hff, hhh couplings can deviate from their SM values.



Singlet Higgs extended SM

[Fuyuto, E.S., PRD90, 015015 (2014)]
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- HVV, Hff, hhh couplings can deviate from their SM values.



2 Higgs doublet model

[Kanemura, Okada, E.S., PLB606,(2005)361]

- Extra Higgs doublet is
added

- Strong 15'-order EWPT is
driven by the heavy Higgs

boson loops. s AN I, = 10%

= )\. hhh €CAN S'gnlﬁcan+ly sin(f —a) =tanfg =1
: m, = 125 GeV

deviate even when hVV/hff Mg = My = my = my.

couplings are SM-like. 40 60 80 100 120 140
M [GeV]

- More than +20% deviation if vc/Tc>l.2.



Higgs coupling measurements@LHC/ILC

a(hAA)/g(hAA) LHC/ILC1/ILC/ILCTeV

|SM'1

02 | [arXiv:1208.5152, M. Peskin]

AXpnn/Annn = 13% @ILCTeV [ILC white paper, 1310.0763]
LHC/ILC can probe EWBG-favored region.



Summary

[ MSSM EWBG was excluded by the Higgs signal strengths and
light stop searches.

T EWBG in other models (NMSSM, 2HDM etc) are still viable.

3 In most cases, strong 15'-order EWPT leads to the significant
deviations of the Higgs boson couplings from the SM values.

symmetric phase (®) =0
T ') > H

~

broken phase

‘Deviations of the Higgs boson
ol T e B COUPIINGS:
i HVV, Hff, hyy, hhh

(" 15t-order EWPT )

J Higgs coupling measurements are the crucial tests of EWBG.






NMSSM EWPT in a nutshell

Us A

) Diverse patterns of the phase transitions.
[K.Funakubo, S. Tao, F. Toyoda., PTP114,369 (2005)]

-

A SYM 5 I EWe. . B: SYM I~ EW
C:SYM=1—EW D:SYM = EW

(Type B)

[ vs changes a lot during the PT.
Vs (I') >> Vs (EW) =V (246 GQV)

k= 0.1 (- vs (I) is scaled by 1/k)
A= 0.75 (.- chargino > 104 GeV) tan (3 =5, vg = 200 GeV

-> “resonance condition (A =2 k) cannot be realized.”

3 light stop.(<m:) is not required.
(cf. such a light stop is needed in the MSSM.)

4



Singlino-driven EWBG in the NMSSM

[K. Cheung, TJ. Hou, JS. Lee, E.S., PLB710 (2012) 188]
3 Strong 1s*-order EWPT is driven by the doublet-singlet mixing effects.
[ CP-violation relevant fo the BAU comes from Higgsino-singlino int.

M = 1000 GeV
3

200 300 400 500 600 700
Vg (Tc) [GGV]
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Singlino-driven EWBG in the NMSSM

[K. Cheung, TJ. Hou, JS. Lee, E.S., PLB710 (2012) 188]
3 Strong 1s*-order EWPT is driven by the doublet-singlet mixing effects.

[ CP-violation relevant fo the BAU comes from Higgsino-singlino int.

200

300
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3
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Singlino-driven EWBG in the NMSSM

[K. Cheung, TJ. Hou, JS. Lee, E.S., PLB710 (2012) 188]
3 Strong 1s*-order EWPT is driven by the doublet-singlet mixing effects.
[ CP-violation relevant fo the BAU comes from Higgsino-singlino int.

Mp. = 1000 GeV
3

% SUSYy
theory
O,

183 Expected limit (1 0,yp)
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All limits at 95% CL [ o521
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vs(Tc) [GeV] m. [GeV]

3 This specific scenario is disfavored by sbottom searches.



Singlino-driven EWBG in the NMSSM

[K. Cheung, TJ. Hou, JS. Lee, E.S., PLB710 (2012) 188]
3 Strong 1s*-order EWPT is driven by the doublet-singlet mixing effects.
[ CP-violation relevant fo the BAU comes from Higgsino-singlino int.

Mp. = 1000 GeV
3

% SUSYy
theory
O,

183 Expected limit (1 0,yp)

€500 f Ldt = 20.1fo", Vs=8 TeV
B coFoes !

All limits at 95% CL [ o521
—— ATLAS 2.05fb™", {s=7 TeV

200 300 400 500 600 700 Q 600E 700 800
vs(Tc) [GeV] m. [GeV]

3 This specific scenario is disfavored by sbottom searches.
J However, successful scenario still remain, e.g. bino-driven scenario.



Z'-ino-driven EWBG in the UMSSM

[E.S., PRD88, 055014 (2013)]
T Strong 15'-order EWPT is driven by the doublet-singlet mixing effects.

T CP-violation relevant to the BAU comes from Higgsino-Z'-ino int.

0
170 180 190 200 210 220 230 240 170 180 190 200 210 220 230 240
magr [GGV] mz: [GGV]

T BAU can be explained if the Higgsino and Z'-ino are nearly degenerate.
3 Predictions: guivv=(0.8-0.9) and light leptophobic Z' (<215 GeV)
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3 BAU can be explained if the Higgsino and Z’'-ino are nearly degenerate.
A Predictions: guivv=(0.8-0.9) and light leptophobic Z’ (<215 GeV)




Experimental constraints on light leptophobic Z°

[ Electroweak precision tests (see e.g. Umeda,ChoHagiwara, PRD58 (1998) 115008)
-> In our case, no constraint since Z-Z' mixing is assumed to be small.

3 All dijet-mass searches at Tevatron/LHC are limited to M;;>200 GeV.

3 Z' boson (<200 GeV) is constrained by the UA2 experiment.

UA2 bounds on mz
UA2 Collaborations,NPB400: (1993) 3 M. Buckley et al,PRD83:115013 (2011)
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Fig. 5. Excluded region to 90% for Z’' — qq, (excluded region is hatched). The branching ratio is (GeV)

given as a fraction of standard model branching ratio. The solid line shows a branching ratio of 1
for Z' — qq whilst the dashed line shows a branching ratio of 0.7.



