®ye

Higgs inflation and cosmological
electroweak phase transition with
N scalars in the post-Higgs era

Department of physics, Chongqging University

Speaker: Wei Cheng
2018.06 Shanghai Jiao Tong University

Based on latest work with Ligong-Bian
arXiv:1805.00199



http://arxiv.org/abs/arXiv:1805.00199

\ 0] wotiation
)\

' : @ The Models

'
; Outline )
[ ‘} @ High scale and low
i scale phenomenologies

Y

/ @ Summary




1.Motivation

The standard model of

particle physics (SM) Problems
et Quarke A. Horizon and flatness
Solving

a) Cosmic inflation

In order to solve the
problems of horizon and
flatness in the cosmology
of thermal big bang, Guth
made it clear in the early
Peter Higgs  Francois Englert| 1980s that the universe

under went a period of near
exponential acceleration before
the big bang. universe's violent
expansion is also called inflation. It
was the violent expansion of the
universe during the period of The
process of the inflation that W|ped
out the inhomogeneity and
anisotropy of the early universe. - .


https://en.wikipedia.org/wiki/Cosmic_microwave_background_radiation
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https://en.wikipedia.org/wiki/Disc_galaxy
https://upload.wikimedia.org/wikipedia/commons/0/02/Gravitational_lens-full.jpg
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C. Baryon asymmetry

C)

Problems

The Sakharov conditions :
* Baryon number violation
* C&CP violation

strong first order electroweak * Departure from thermal
phase transitions ( SFOEWPT ) equilibrium

Solving

The mechanism of Electroweak brayogenesis (EWBG) can solve

the puzzle of the BAU with a SFOEWPT occurs at the |

electroweak scale, followed by the electroweak symmetry
breaking.
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Combination of those theory simultaneously

S taion | Sr0EWPT | Abundant

SM +One singlet scalar Small 1,  Large A, Under
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SM +N O(N) "\ &=
singlet
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- 2 Models

O(N — N-1) scenario

The N singlet scalar S; with O(N) being
spontaneously broken to O(N -1) symmetry

Vo(H,S) = —2H H + | H H|? + i S| dvilsa) Volh5.A),
dh h=v ds §=Vs

T _ 0 i = My + sV /2,40 = = (hgsv? /24 Ag5).
with H (G+ (v+h+iG )/\/_) af? ( 202, vvskhs> o [ cos0, SI'FIQJ

The zero temperature tree-level potential

=0

=0,

As
+ —(SiSi)2 -+ —7Lh5|H|ZSiSi ,

2 .
Wikps 2V5A —sin@, cos6
O(N) scenario
N . 2 — 2 N 2 - mﬁz sin29+m,2n cos’ 0
After the spontaneously symmetry breaking My, h, = AnV + sVy M= 52 :
of the Electroweak symmetry, the mass term ’ A2 — A2 — v 5 .
of s; is given as vy — Apv . my, cos~ 0+ mj, sin” O
5 ) 5 cos20 2v; ’
mg. = Mg —|—7\,th /2 A — (my, —mj ) sin20
.=

2vvy



' 2.1Theoretical constraints

c Perturbativity

M| < 1, |As| < V4m,

M, >0, A >0, Ag, >0
or Agp > —2v/ A .

@ Perturbative unitarity

2

(3x+(1v+2 -y BA— (N +2h, )2 +4N

RGE
3
& g (1 99 apd 42
Bg,— ( ( 7)+ (47[:)4 ( 6 + g 26gv 2xhyr)a
39— 3, 35, 3
2( ) (58 g8 +123g§xhy:>

81+xh g’3 199 , 9, 44, 17 ,
2( ) 188 38 +?8;—gxh%

By, = (6 +3)A 6y + 8(

B, = Ao (lehlh + 4x3x gy + ONX Ay + 6y — 9g gg'z),
By = e 4n) —— (I8NxAS +2G,03,),

By, = (4);;)2 [‘%82—%52—883"‘23;49}’?]-

withy, = (—9¢% —3g”? +12y?), g, ¢’ and y, are the standard model SU (2), U (1)

and top—quark Yukawa couplings, and
1+ &2 /M2 e 1+ &2/ M;
1+ &nh? /M + 6570 /M2 T 1 4Es? /M2 + 68252 /M3,

Xn =

4 2, 12 Nx; 2
28"+ (& +87)) + M+ = A )




' .' ;;_:'2.2 Higgs precisions

L5500+ 506 With[OHE%(alHTHl)Z] O = [H'H|?

A2 A2
22 Ny NX;
N b N N _ s CN — hs
=N, cs =0, N ggm 0T T agme
2 3
CN—)N—l _ lhs ’ CN—>N—1 —0. NoN=1 Mg —N—-1 _ _M
H 2 Ho T 4gm e 4872 °

|
Lerr D (1 +SZh)5(8yh)2

with 82, = 2v’ep /my, | for O(N) (O(N — N — 1))



2.2 Higgs precisions
- For O(N) scenario

a Confine to N and 4, from LHC, ILC, CEPC, and FCC-ee.

Production cross section of ete™ — hZ :

VZCH

Sozn =2 where cNv?/(2m3) ~ NA; v?/(2hsm3)
S(h2)

° Confine from the S and T parameters.

AS — LCH v? log(ms(hz)) Gfitter Group
127" mg,, my Eur. Phys. J. C 74, 3046 (2014)
, 5 doi:10.1140/epjc/s10052-014-3046-5
3 14 S(h
AT = ———cp——log(—32) || §=0.06+0.09, T = 0.10+0.07
16Tcy, M (1) miy ’




2> Higgs precisions

For O(N — N-1) scenario

c Confine from the T parameter.

3 1 mj,
T = —( > ) e
167tsy, cy \my —Mz

2 2 2
< In My, ny,, In mhz]
2 3 2 2 )
M 7 mj — M W MW

m
)ln

M3




2.2 Higgs precisions

For O(N — N-1) scenario
Confine from the invisible decay.

LD Mynnhiljhy =+ Apsy sy RiSN—1SN—1
2

m
Mooy = -3 " §in(20)(vycosO+ v sin®)(1 +m /2m})

Vs
Missy_1sy_1 = My, 080/ (2vy) ,

?LhISNflSNfl = _miz:l sinE)/(sz) )

A‘h]/’tzhz - ?\’hISN—lSN—I )

10— T, (hy = hyhy ) + sin® 6T, |,,,,ﬁmb2 + (N = 1)L, (ha = sy_15n—1)
2

hosy_15N_1

= Ty, (hy — hihy) + sin> O M

MMy + (N - 1)

Oy = cos? O0YM 4+ (N — )T, (h — sy _15v-1)
2

A
2 M hisy—15n—1
= 5] N—-1)—————,
cos? O™ + ( ) omm,

2

A A2
D(hy = hihy) = 220 1 ap2 fn . T(hy — hohy) = ﬁdl — 4 i} .
1

- 32mmy,
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LHC (ATLAS+CMS) set Bpsy < 0.34 at 95%

CL.



Al 3.1 The Higgs inflation with N singlet scalars

/ S2 gth \
Q¢ Q=1+ 5 + 2
Suv Buv M2 M3
dyn [ Q2H6ER /My dy Q2 +6ELS? /M3
dh Q4 "ods Q4 ’
Conformal Transformation j

\.

Action in the Jordan frame
SJ = fd4X\/_
+0,H "H + (BHS)Z —

R E.(H'H)R —E,S*R

V(H,S)].

.

\.

Action in the Emstam frame
SE :/d4X\/ —g(— 5MPR+ Ea#Xha'UXh—i- Eapxsa”xs L

+A(Xs,Xh)9uXnd%s — U (xS,xh)) ,

b




& 3.1 The Higgs inflation with N singlet scalars

w h-direction inflation

/

dx

T~
~

\dh

>
Sinf = /d4x\/§ [%R‘F % (9x)” — U(X)] ;

where [U(x)= & 2"&‘”4’ ]

(1 +&uh? /M2 + 65202 /M2) /(1 + E® [M2)2) /2

~

W,




3.1 The Higgs inflation with N singlet scalars

inflation

reheating

Slow-roll inflation

/The slow-roll parameters\

RN

-3 (T )
d*U /dy?

n(x)=M§( U(/x)x)'

K (e<<land|n| << 1) /
\

The e-folding numbers

Xin 1
N._ = d .
e—folds o X Mp \/E

k (Ne—fold~60) J i




& 3.1 The Higgs inflation with N singlet scalars

Observables

Tensor to scalar r=16e <0.11

Amplitude of scalar spectrum fluctuations

a2 LU (x)
\ R 24m2MY &

Spectrum index ng=14+2n—-6¢ ~0.97

—22%x1077.

~

W,




: j -  '3.1.1 O(N) scenario
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~3.1.1 O(N) scenario

RG running of couplings
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The quartic couplings lives in the parameter region

The quartic couplings where the inflation is valid.

where the inflation is invalid.




~3.1.2 O(N — N=1) scenario
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3.1.2 O(N — N-1) scenario
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3.2 Electroweak phase transitions

The effective potential:

@oleman—Weinberg potenti@

N
V(h,S,N, T) - VO(haS) @CW(M”)’F

Vr (h,n, T) + Vring (h,N, T)

~

Tree level scalar potential

Finite temperature corrections




- ~3.2.1 O (N) scenario

S A S 4
A
A B .
0 0 B ’h
One-step EWPT type Two-step EWPT type
4 N\ )
V(0,0,N,T¢) = V(hE,0,N,T¢) , V(0,5¢,N,Tc) =V (h¢,0,N,Tc) ,
dV (h,0,N,T¢) dv (h,0,N,T¢)
o |h=nt =0, ah lh=nt. =0,
\. 4\ A




322 O(N — N-1) scenario

S A

~
>

0 h

One-step EWPT type

4 v(o,o,N,Tc):V(vg,s??,NaTc)a\

dh h=hP s=s8 — %%
dV(h,S,N,Tc)| —0
]’thg,stg -

% J

S A
A g— >e B

. >
0 h

Two-step EWPT type

/V(o,sé,N,TC):V(hg,sg,N,Tc),\

dV(h,S,N,Tc)‘ —0
dh h=hg,s=sg g
dV(h,S,N,Tc)‘ . s =0
h=h¢,s=s¢ — V-

N y




322 0(N = N-1) scenario

A3h1/ A3hSM

Ah2h1h1/ A3hSM
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7 5.Summary

€ The Higgs inflation and the cosmological electroweak phase transition are
studied with the N-scalars extended standard model of particle physics
(SM).

€ Two scenario of N singlet scalar extended standard models are discussed
in detail. One is the N singlet scalar invariant under O(N) symmetry, the
other one is the N singlet scalar s; with O(N) being spontaneously broken
to O(N-1) symmetry.

€ O(N) can not explain the inflation and EWPT simultaneously, while O(N —
N-1) can realize at the same time.
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