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Motivation from particle
Higgs Independence Day:4 July 2012@LHC deliberate !
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Post-Higgs Era

After the discovery of 125 GeV scalar at the LHC, Higgs becomes a
new and realistic portal to study the fundamental physics and its
deep connections to cosmology, such as neutrino mass (leptogenesis),
Higgs (portal) inflation, cosmological relaxion, EW phase
transition/baryogenesis, Higgs portal dark matter...

O =1l
Relaxion O — M2 — g¢ neutrino mass and

FPH,et.al.arXiv:1605.03120 leptogenesis

O — R _i—O/zi(/([( ,,H’]_] O — ¢¢

. . - : Higgs portal dark matter
Higgs (bouncing ) inflation -
FPE et.al.arXiv:1307.7458, ¢ FPH,et.al.arXiv:1704.04201

arXiv:1509.08772 O — ¢S ) ¢¢

EW phase transition/ baryogenesis
FPH,et.al.arXiv:1507.08168,arXiv:1511.03969,
arXiv:1601.01640,arXiv:1704.04201,arXiv:1709.09691
arXiv:1804.06813

See Andrew Long and Jonathan Kozaczuk’s talk
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Motivation from wave
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Post-GW Era

>The observation of GW by aLLIGO has initiated a new era
of exploring the nature of gravity, cosmology and the
fundamental particle physics by GW,.

>0bvious shortcomings in our understanding of particle
cosmology (such as the DM and the baryon asymmetry of
the universe), and no evidence of new physics at LHC
may just point us GW approach.

>GW may be used to hear the echoes of EW symmetry
breaking patters, DM, baryogenesis...



Motivation from cosmology
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The nature of Higgs potential and the type of EW phase transition

>The true shape of Higgs
potential (Exp:CEPC)

> Baryon asymmetry of the

E‘Zlgzi;e universe (baryogenesis)
: h >Gravitational wave (Exp:LISA

Physics 2034)
>PDark Matter blind spots,
Asymmetry dark matter

Study of EW phase physics at CEPC and LISA
helps to explore the evolution history of the
universe at hundred GeV temperature.



The physics of QCD phase transition

As for (dark ) QCD phase transition physics

> Axion physics
> Axion dark matter conversion to photon (SKA 2020)

FPH, Kenj1 Kadota, Toyokazu Sekiguchi, Hiroyuki Tashiro
arXiv:1803.08230, Phys.Rev. D97 (2018) no.12, 123001

>Gravitational wave (SKA) work in progress

Study of QCD phase physics at SKA helps to explore
the evolution history of the universe at about hundred
MeV temperature and dark matter.



short summary
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phase transition GW signals

N\

SFOPT can drive the plasma of the early universe out
of thermal equilibrium, and bubbles nucleate during
it, which will produce GW.

E. Witten, Phys. Rev. D
30, 272 (1984)

C. J. Hogan, Phys. Lett.
B 133,172 (1983);

M. Kamionkowski, A.
Kosowsky and M. S.
Turner, Phys. Rev. D 49,
2837 (1994))

EW phase transition
GW becomes more
interesting and
realistic after the
discovery of

Higgs by LHC and
GW by LIGO.



Mechanisms of phase transition GW

For simplified cases, the GW spectrum depends on four
parameters:«a , 8, bubble wall velocity v, and the efficiency
factor A. (Explicitly, they depends on numerical simulations.)
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T.--——— EW baryogenesis in a nutshell
P16 Bhe s
AN MmetRy ¢ T
. A long standing problem in particle
T R P : . .
@- "?2 T ' cosmology is the origin of baryon
e asymmetry of the universe (BAU).
af Sm '?90 ) K(T 5R After the discovery of the Higgs
= dlfference ; M Q "\ boson by LHC and gravitational
‘* waves (GW) by aLIGO, electroweak
. ,, +« 7/ (EW) baryogenesis becomes a timely
( EANGH 7 /— and testable scenario for explaining
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EW baryogenesis:
SM technically

has all the three
elements for
baryogenesis ,
(Baryon violation,

C and CP violation,
Departure from
thermal equilibrium
or CPT violation)
but not enough.

> B violation from anomaly in B+L

>
>

D. E. Morrissey and M. J. Ramsey-Musolf, New

current.

CKM matrix, but too weak.
strong first-order phase transition
(SFOPT) with expanding Higgs Bubble

wall.

J. Phys. 14, 125003 (2012).
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Bubble Wall ==

Sphaleron

<0>=0



SFOPT in extended Higgs sector motivated
by baryogenesis or other new physics

From lattice
simulation

Vg, T)

>

SFOPT for m, <75 GeV

T>TM

Quantum
tunneling and T:Tcn'tzTEW

. Thermal
fluctuation
/T ¢y

-

EW Vacuum (¢ms=v)

Cross over for m,> 75 GeV

Vg, T)

T> TEW T=Tey T« I

|
/
/

/

Smooth
transition

EW Vacuur—n (6mn=V)

eI

Extension of the Higgs sector can easily produce SFOPT even for
125 GeV Higgs boson.



I.Cosmological connection to EW phase transition history
by CEPC and LISA

From the current data, for

99 the Higgs potential, we know
99 " nothing but the quadratic
S o I:> oscillation around the vev
YN T f\g ," e 246 GeV with the mass 125
e 2 GeV.
_/
SM Higgs Potential ]“ /\

V(h) = 5/12/22 — 1/14

- L 55 A 1.
:> or Vih) = 5/1'/7“—1/7"4+F/)("

\' Leads to SFOPT

arXiv:1511.06495 Nima Arkani-Hamed, Tao Han, Michelangelo Mangano, Lian-Tao Wang
PreCDR of CEPC




Current particle collider has no ability to unravel the true
potential of the Higgs boson, we need new experiments.

Particle approach Wave approach

we can build more powerful GW detectors can test Higgs

colliders, such as planned  potential as complementary
approach. (LISA launch 2034)
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Benchmark scenario for EW phase transition

New Higgs potential and EW phase transition

For simplicity to investigate the signals from particle colliders to GW
detector, we firstly use the effective Lagrangian (discuss renormalizable

models later) , | 1 9,9 /\ 4 A, 6
"/tree(h) pa— 5,[1 h -1 Ih | 81\2 h

To study the EW phase transition, we need to calculate
the one-loop finite temperature effective potential
using the finite temperature field theory:

V:eff(ha T) — Vtree(h> + VlT:O(h> —+ AvlT#O(ha T) + Vdaisy

Xinmin Zhang Phys.Rev. D47 (1993) 3065-3067

C. Grojean, G. Servant, J. Well PRD71(2005)036001

A.Noble, M. Perelstein Phys.Rev. D78 (2008) 063518

D. Bodeker, L. Fromme,S.J. Huber, M. Seniuch,JHEP 0502 (2005) 026

D.J.H. Chung, Andrew J. Long, Lian-tao Wang Phys.Rev. D87 (2013), 023509
FPH, et.al, Phys.Rev.D94(2016)n0.4,041702 ,Phys.Rev.D93 (2016) no.10,103515
Lots of discussions, sorry that I can’t cover all



>Here, we focus on the EW phase transition type

SM Higgs Potential

Leads to SFOPT

>The concerned dim-6 operators can be induced from
many renormalizable extension of the SM.

model details see FPH, et.al Phys.Rev. D93 (2016)
103515 and arXiv:1708.0473



SFOPT leads to obvious deviation of the
tri-linear Higgs coupling

At one-loop level, deviation of the
tri-linear Higgs coupling

6, € (0.6,1.5)

The Circular Electron Positron
Collider (CEPC), ILC, FCC-ee can
precisely test this scenario by precise
measurements of the hZ cross
section (e- et——hZ).

SM NNLO hZ cross section recently
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Hints at hadron collider: Modity the invariant
mass distribution of Higgs pair due to

See Zhen Liu’s talk

. gelelelele]0) P
interference effects: 7
. —— e
000000 N
S » Two peaks for the baryogenesis scenario,
- Sy 1 one peak for the SM.
B A U - EWB(G,=15=01) | 1 » Due to the difficulties to suppress
4 EWBE=18=0) |3 backgrounds at the LHC, it will be difficult
'; 3.5 — to completely pin down these anomalous
c = coupling at 14 TeV LHC, even with 3000
©,sF 3 ab~! integrated luminosity.
Eé 2%_ _§ » Exploiting boosted tricks helps to increase
3 . sE E ability to extract the anomalous couplings.
°E cy & » More precise information may come
e B 1 from future100 TeV hadron collider, such as
05E / 3 SppC, or future lepton collider, such as
D500 300 400 500600 700 600 900 tooo CEPC.
M., (GeV)



Correlate particle collider and GW signals: Double test
on Higgs nature and baryogenesis from particle to wave

0l T 7 |> For CEPCwith10
a
s o ab~1 at \/s = 240
107 eLISA C4 it GeV,  precision of
6, =22%|| O, may be about
107 Amn 6_00531?, 0.4% and can test
3 LAl vl the scenario.
S b, = 18% -
10_1- DECIGO /// ) }"70066\:] > LISA, BBO,U
O/ - ol DECIGO are
’ DRG0 — | capable of detection
107 b,,,=13%] » The study on EW phase
transition naturally
10-18 _ / CEPC bridges the particle
107 107~ 0.01 l 100 physics at collider with
f[Hz| GW survey and
FPH, et.al, Phys.Rev.D94(2016)n0.4,041702 baryogenesis

Phys.Rev.D93 (2016) no.10,103515



Systematic study on this type of EW phase transition in general

dimension-six effective operators from EW observables to future
lepton collider

Testing electroweak phase transition in the scalar extension models at lepton colliders
Qing-Hong Cao, FPH , Ke-Pan Xie, Xinmin Zhang arXiv:1708.0473

In general, many other dim-6 operators would occurs simultaneously
which will make contributions to the EW precise observables.
Through the following discussions, we can see that the Higgs sextic
scenario still works well after considering all the dim-6 operators.

LD —p’|HI” = NH|* + c|H|°
+ c7O71 + cww Oww -+ other dimension-six operators
do(nz) = (0-26eww + 0-016%9 + 0.04cw p — 0.06cy — 0.04cr + 0.74(:23)6

+0.28¢, +1.03¢), — 0.76¢5) x 1 TeV? + 0.0160,,

SFOPT produce large modification
of tri-linear Higgs coupling 5} Thus, C6 dominate the hZ cross section deviation.
1




Renormalizable realization from triplet model

The model with an SU(2), triplet scalar without hypercharge ¥(1.3.0)

6L =Tr[(D'E)'D,X] - METr(X%) — (g [Tr(Z*)]* + 26, H'SH -2 “Tr(2%)
Using the covariant derivative expansion (CDE) method, the

matched dim-6 operators and their coefficients at one-loop level
in triplet scalar models can be systematically obtained:

Dimension-six operator Wilson coefficient
Oww = g~ |H| Wi, Wty CWW = (471”0 Gh\?Q
OQH? = —3 (Dﬁ "W ;:,_/)2 Cow = = 1 471r)2 30%2[)2
Osw = % g Ga.bc‘ U'/c)z M ”;ll’l/ ‘I;f/) Caw = (471r)2 309\'12
Op = %(O,L1|H|2>2 CH = (41)_ :[Zi
Or = %(I—ITB#I—[)2 cr = % n (4ﬂ)~ 1()§[g§%
O, = |H|2|D;1H|2 cr = —ﬁf} 4 i )(f[z;%
Os = |H|G ce = _HAZIS;:Z (41)9 2\ § (431’)2 1(:)<§;§€é
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The parameter space of triplet model (without hypercharge) that compatible with
strong FOPT and current experiments including the future CEPC's prediction.
Qing-Hong Cao, FPH , Ke-Pan Xie, Xinmin Zhang arXiv:1708.0473



Renormalizable realization of the from doublet model

~ . )\ ‘
5L =D,®'D"® — M2oTd — I‘I’(q;ﬂcp)2

— X3[(®- H)? + h.c] + (nu|H|* + ns|®|?

— MOTOHTH — \o|® - H|?

)(® - H + h.c.),

Using CDE, the matched dim-6 operators and their
coefficients in the doublet scalar models are obtained:

Dimension-six operator
2
Ou W = g |H| W

a a.uv
“VH/ o

Wilson coefficient

cww ﬁy =2\ + Az)r}g

¢
O = —3(D'W i) C2W = g2 %‘_fl«%
Osw = 3,g€abeu HW b"U cp Caw = Wﬂi?l(b_
Opp = ’2|H|2BWBW CBB = Ww (2)‘1 /\2)7}5
Owg = g9'H'o*HW, B*" )\Q 1

O2p = —1(0*B"")?

i

€2B = T4m)? 60 M3
On = 3(0,|H*)? cy = ,—g[cn@,m, + LA+ + )3+ N)]Tﬁg
= %(HTDHH) or = W LA -4N) 2y Wz
=|H|*|D,HI? Cr = 7 (677¢nH +5 (A3 +43)) 577
Os = [H|* e =N

=1 + gz 3 e + 67]4,(/\1 ~ /\2) — 2(2A] +3A T + 3/\1>\2 +23)

=2\ + M2)Xs] 377
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Singlet model
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I11. Cosmological connection to EW baryogenesis
with dynamical CP violation by CEPC and LISA

Current electric dipole moment (EDM) experiments put severe
constraints on many baryogenesis models. For example, the ACME
Collaboration’s new result, i.e. |de| < 1.1x 10729 cm - e at 90% C.L.

(Nature vol.562,357,18th Oct.2018) , has ruled out a large portion of
the CP violation parameter space for many baryogenesis models.

Large enough Strong tension in most cases pretty small
CP-violating source CP-violation
for SucceSSf“I. to avoid strong EDM
EW baryogenesis constraints

How to alleviate this tension for successful baryogenesis?



Question: How to alleviate the tension between sufficient CP

violation for successful electroweak baryogenesis and strong
constraints from current electric dipole moment measurements ?

Answer: Assume the CP violating coupling evolves with the
universe. In the early universe, CP violation is large enough
for successful baryogenesis. When the universe evolves to
today, the CP violation becomes negligible !

Large enough Neslisibl
CP-violating source alleviate by assuming the CP-violating source CP-vi ig;gl ¢
. . -violating source
in the early universe 5>

for successful at current time

EW baryogenesis to avoid stro.ng EDM
constraints

is time dependent

Dynamical/cosmological evolve

e ]. Baldes, T. Konstandin and G. Servant, arXiv:1604.04526,
* I. Baldes, T. Konstandin and G. Servant, JHEP 1612, 073 (2016)
e S. Bruggisser, T. Konstandin and G. Servant, JCAP 1711, no. 11, 034 (2017)

* S. Bruggisser, B. Von Harling, O. Matsedonskyi and G. Servant, arXiv:1803.08546



First, we study the following case as a representative
example:see Zhuoni Qian’s talk for more details at CEPC.

arXiv:1804.06813, Phys.Rev. D98 (2018) no.1, 015014
(FPH, Zhuoni Qian, Mengchao Zhang)

. 1 1 1 1
Lsn — yt%SQLCDtR +He+ 50,50"S + §M2S2 — 1AS‘* — imSQ(CI)TCI))

n=a +3b The singlet and the dim-5 operator can come from many types composite Higgs models
arXiv:0902.1483 , arXiv:1703.10624 ,arXiv:1704.08911,

Firstly, a second-order phase transition happens, the scalar field S acquire

a vacuum exception value (VEV) and the dim-5 operator generates a
sizable CP-violating Yukawa coupling for successful baryogenesis.

Secondly, SFOPT occurs when vacuum transits from (0,<S>) to (<®>,0).
1. During the SFOPT, detectable GW can be produced.

2. After the SFOPT, the VEV of S vanishes at tree-level which avoids the
strong EDM constraints, and produces abundant collider phenomenology
at the LHC and future lepton colliders, such as CEPC, ILC, FCC-ee.

J. R. Espinosa, B. Gripaios, T. Konstandin and F. Riva, JCAP 1201, 012 (2012)

J. M. Cline and K. Kainulainen, JCAP 1301, 012 (2013)



Second, we study a renormalizable model to achieve
dynamical CP violation for the successful EW
baryogenesis and g-2 discrepancy originating from the

same coupling.
work in progress with Eibun Senaha

A model of BAU and (g — 2),: two 107 problems

A A
Vo(®,n) = 12070 + 2ntn + Z-(010)2 + 22 (nfn)? + As(2@) (')

2 ( 2 2
F @) + | @)+ e,

The new lepton Yukawa interaction is

—Ly > yijZiLnEjR + mEiEz'LEz'R + h.c.

vector-like lepton (F;)



Dynamical CP violation can be induced by phase transition process
in the early universe.

In the early universe, for example, T=100 GeV, the new doublet scalar could
have a complex VEV during the strong first-order phase transition in some
parameter spaces, and then CP violating VEV is transferred to the baryon
asymmetry production process through the new lepton Yukawa interaction with
the following diagram.

= () = () 0= (50) = (o)

<n(z) > o
< T]O(y.)">

.
,

s
. .
. .
. B
‘} 4
X <
N B
. .

N .

.

Eir
KL
Hr

At late time, T=0, the CP violation disappears: (V1 =— U, P9 = L3 = 0




Strong First-order EW phase transition

The daisy-improved 1-loop effective potential is

Verr () = Vo) + Vi(e; T') + Vaaisy (903 T), (4.2)
Where QO = {9017 P2, @3} and
V_1221222ﬁ4&2 221)\)\222
o(p) = SHIPL T+ 2@(% + @3) + gt g (¢35 +3)" + 4( 3+ A1)01(93 + 3)
1
+7 [Rssfﬁ(@% — ¢3) — 21590?902903}
_ T m?
VilgsT) =) [Vcw(m?) + 55 lnr (T2)] , (4.3)
T, - )
‘/daisy(cp; T) = = Z njm [(M]2)3/2 _ (m?)3/2:|7 (44)
j=h,H,A,HE GO ,G*,
Wr,Zr,vr

with i = h, H, A, HE,G°, G*, W, Z,t and R5 = Re()\5) and I5 = Im()\s). Vow and I p(a?) are
defined by



CP-violating source term

Using the Closed-Time-Path (CTP) formalism, the CP-violating source of the SM lepton i induced

by the vector-like lepton j may be cast into the form

2
(X) = BB o i) H s, Ty, )

Sﬁi 9 n
<k k2 1 EE; + K2 EE — I
Hm;, I';,m; 1';) = I —1 i ) —n; Urrs

<m7 7m]’ ]) /0 7T2 wzwj 1m [( +n —l_n])(gz_'_g])Q _I_( nz _l_n])(gz*_gj)Q

<n’(x) >

<n’(y)>

Eir
)

KL



Diffusion equations

. - Q?):ntL +nbL7 T:ntRa B:an7
The relevant particle number densities are
Ly = Ny, T Nup, Er = ngp,
H = Ne+ + Ngo + T+ —+ 150

The set of Boltzmann equations is given by

aujggy, =Ty, (st +&m — fT) + L, (fT - €Q3) — 21 N5,
Ougr = Ivi(€qs + & — &) — Tar,(r — &@s) + Lss N5,
Ouiry = 1V (o — & — &r) + oy (Ere + €20) + T, (Ee — E22) + S
Ouie, = Uv.p (€, — & — Er) — FJJ\F@E (Ere +&ra) — Tag, €y — E12) — Sy
ity = Tvi(€qs + 8 — &) + Ty, ,(§, — §m — €r) — Tuén,

CP-conserving source term

Yo, B, |2 *dk k* 1 o EE+ R L EE — kP
IF(X) = —- 2X/ —1 F i) o RS R




g-2 and dark matter phenomenology

da, = a, " —a" =(26.1+8.0) x 107",

2
7

T L

100 GeV\? |y
2: 1. 1 -9 ML
(1.77 x 10 )( i ) 10

If the mass of DM (X = H/A) is less than my,, the main annihilation cross sections are

f
(O-’Urel)XX—>h—>ff — NéWA%XX (s . 2)2

|y€iEkyz<jEk |2 v
60rm3 (14 rg,)*

(O—Urel)XX—)Ek—)fiZj —



Baryon number density

N,
/[ — _ _ Sym _
Dn'y(2) — vunl(2) = 6(=2)Rnp(2) = 0(=2) 25" . (2)
1~-EWBG -EWBG uT-EWBG

Ys o o o
(9—2), da, ~ 1079 X da, ~ 1077
Z — B(Z = utp)~10"% B(Z -7 )~10°% B(Z—pTp 777,y 7F) ~107°
T — [y X X B(t — py) ~

iy 0.9 0.9 0.9

Kan = Azn/ A0 >1.2 >1.2 >1.2

QDMh2 O O O

The CEPC can help to test this scenario by precisely
measure the Higgs self coupling, Z decay mode
and LISA can measure the phase transition gravitational waves.

Dynamical CP-violation from inflation is also under study.



II1.Cosmological connection to DM by
GW&CEPC

Motivated by the absence of DM signal in DM direct detection
(such as the LUX, PandaX-II, XENONI1T), a generic classes of
scalar DM models have been pushed to the blind spots where
dark matter-Higgs coupling is very small.

We use the complementary searches via phase transition GW

and the future lepton collider signatures to un-blind the blind
DM spots.

Inert Doublet Models
Vo = MAD'D 4+ Ap(DTD)?* + X\30T®DTD
+ M|OTD|? + (\5/2)[(®TD)* + h.c].

provide natural provide SFOPT and phase transition
DM candidate GW

arXiv:1510.08069,N. Blinov, J. Kozaczuk, D. E. Morrissey, A. de la Puente
FPH, Jiang-hao Yu, arXiv: 1704.04201



One-loop finite temperature effective potential

1 A
Vear(h, T) = 2 (=47 4 eT?) 17 + Zh4 m2(h,T) = m2 ~3\h% — p? + 1 T2,
1
— 12721 (mi(h,T))>3/? miy(h,T) ~ 5 (s + A+ As)h? + M3 + coT?,
127'(' 'O 4o 9 . 1 2 2 2
5, mﬁ(h, T) [l "m,g(h’ 1) _ 408} miu(h,T) ~ 5()\3 + A — As5)h” + Mp + T,
2/1) 647‘[‘2 Og TQ J. m%{i(i‘hT) s %)\3}12+M%+C2T2,
4 2
m (h) m ( h)
f f "
— Mt [log T2 T 2.635]

[. Thermally (BEC) Driven

*

+(pl+eTHR? [=TOHP] [+h?

EW phase
transition type
in inert doublet
model

Effective Potential [ Vg ]

Higgs Field [ h]
The two-loop finite temperature effective potential slightly weaken

the strength of the phase transition. arXiv:1702.07479,
arXiv:1811.00336,



DM and FOPT favor Higgs funnel region

m3 :
hxx N
0s1 = fN < 9 )

™ o\m,m;

Higgs funnel region: the DM mass is about half of the Higgs mass
Considering the above discussion, we take one set of
benchmark points A3 = 2.84726, Ay = A5 = —1.41463 and

Mp = 59.6 GeV. Then, the corresponding DM mass is
64 GeV, the pseudo scalar mass and the charged scalar

mass are both 299.6 GeV, Apyy = Az45/2 = 0.009.
Arxx = (A3 +As + A5)/2 = Aza5/2

N.B.: Even though the Higgs-DM coupling are pretty small constrained from
DM direct detection, the SFOPT can still be induced.




Correlate DM, particle collider and GW signals
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> GW and CEPC detectors can explore the blind spots of DM
> The study naturally bridges the particle physics at collider
with GW and DM.

We also study the mixed inert singlet-doublet and mixed inert singlet-triplet
model in arXiv: 1704.04201 FPH, Jiang-hao Yu



Summary

>The correlation between GW and collider signals at
CEPC can make a double test on the Higgs nature, DM,
and baryogenesis.

>GW provides a novel way to explore

cosmology, such as DM, baryogenesis...(More
and more relevant experiments, LISA, SKA, FAST,
Tianqin, Taiji...)

Two examples:

(1) Using aLLIGO to probe extra dimension,
H. Yu, B. Gu, FPH, Y. Wang, X. Meng, Y. Liu. JCAP 1702 (2017) no.02, 039

(2) Using SKA to detect axion cold dark matter,
FPH, K. Kadota, T. Sekiguchi, H.Tashiro, Phys.Rev. D97 (2018) no.12, 123001



Outlook

SM
Theoretical study?
Higgs as a portal to search for Higg
the new physics beyond the Cpsmolqgy:
SM and the cosmology A
O/, . H‘ H baryogenesis...

Experimental test! Crosscheck by
Higgs factory like CEPC
+ Gravitational Wave Detectors like LISA

(new experimental approach)

Thanks for your attention!



