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Probing the nature of Higgs boson from
particle colliders to gravitational wave
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Outline

» Research background
» Electroweak baryogenesis in a nutshell

» The effective Lagrangian and concrete
model

»Hints at the hadron collider
»Test atthe lepton collider

» Gravitational wave from EWPT
»Summary and outlook
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Physics after Higgs

Independence Day

» The discovery of 125 GeV scalar at the LHC opens a new
window to study the fundamental physics, such as
neutrino mass, Higgs (portal) inflation, Higgs dark energy,
baryogenesis (Higgs cosmology), and the “cosmological
relaxion”, Nnaturalness...

» However, these fundamental problems may related to the
nature of Higgs potential, namely, the true shape of Higgs
potential, the nature of EW SSB, and the type of the EW
phase transition, the EW baryogenesis.



The nature of the Higgs potential may related to all the fundamental problems!

Cosmological Constant  The 125 GeV Higgs boson-so simple, yet not so natural !
problem:inflation,dark  CEPC/SPPC helps to understand these problems

energy, ) ) i
the largest hierarchy: DY Precise measurement ﬁ{e ;[arl]r% rI]—>I/|'%ggbrigg)npertles.
the order of EW phase

Co =~ (2 x 10%eV)* < Mp

transition,
/ baryogenesis(This talk
focuses on this topic.)
L:Higgssector — CO — MQHTH + )\(HTH)Q -+ (yijq}Li\I}Rj -+ hC)

triviality/stabilitk A// flavor; \

of EW vacuum CP-violation:
\ mass and mixing hierarchy
1 T — Higgs Inflation......
+Oia..-acffit?-rz. H'H ~ Higgs portal scenario,hidden

sector of new physics,
Precise higher order calculations in SM. Case by case study of new physics Phenomenology.



What Is the nature of Higgs potential and the type
of EW phase transition?

7?7
‘o For the Higgs potential, we know

o ot :> nothing but the quadratic oscillation
around the vev=246GeV with the mass

\ ’ /
e/
| j 125 GeV from the current LHC data.
SM Higgs Potential

1 A

Lt 252 N4
|:> V(h) = S5 H h= + 4}’1
1 A 1

or Vi(h) = 5;32/12 — 1/14 + A—Qhﬁ

Pre CDR of CEPC

arxiv:1511.06495 Nima Arkani-Hamed, Tao Han, Michelangelo Mangano, Lian-Tao Wang
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The nature of Higgs potential and the type of EW
phase transition

» The true shape of Higgs

potential
First order » Baryon asymmetry of the
EW phase ﬁ universe (baryogenesis)
transition » Gravitational wave

» Help to know the evolution
history of the universe at
hundred GeV temperature.



From the

Current particle collider
has no ability to unravel REAR TALL

the true potential of the  Ee i e 801 3
Higgs boson, we need
new experiments.
A: Directly, we can build}
more powerful colliders, =
such as the planned
CEPC/SppC.

Pre CDR of CEPC




Strain (10~%%)

B:Indirectly, GW detectors can test Higgs
potential as complementary approach.
The Dawn of the Gravitational Wave physics
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Motivation from cosmology: origin of
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the baryon asymmetry of the universe

A long standing problem in
particle cosmology is to unravel
the origin of baryon asymmetry
of the universe (BAU).

After the discovery of the 125
GeV Higgs, electroweak (EW)
baryogenesis becomes a timely
and testable scenario for
explaining the BAU.

1 = np/n, = 6.05(7) x 10~ ( CMB, BBN)



Baryogenesis-Sakharov conditions(1967)

To produce the observed BAU, three necessary conditions are
needed at the same cosmic epoch:

»Baryon number violation: create baryonic charge

»C and CP violation: distinguish matter from anti-matter

» Departure from thermal equilibrium or CPT violation:
provide a time arrow



EW baryogenesis:
SM technically has all
the three elements for
baryogenesis,

but not enough.

» B violation from anomaly in B+L
current.
» CKM matrix, but too weak.

» First order phase transition with

expanding Higgs Bubble wall.
From D. E. Morrissey and M. J. Ramsey-Musolf, <¢> %0 AR
New J. PhyS 14, 125003 (2012) Bubble Wall =t

( Sphaleron

B

<

<0>=0



Sphaleron process

B-violation in SM

Manton, P.R.D28(‘83)
Boris M. Kastening, R.D. Peccei, Xinmin. Zhang

Phys.Lett. B266 (1991) 413-418

Baryon number is violated In
electroweak Interactions
through non-perturbative
effect ,1.e.triangle anomaly In
baryonic current

This process trades three leptons, one from each
generation, for nine quarks, three within each generation,
and one of each color per generation


http://inspirehep.net/author/profile/Kastening, Boris M.?recid=314193&ln=zh_CN
http://inspirehep.net/author/profile/Peccei, R.D.?recid=314193&ln=zh_CN
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CP-violation souce

Driven by the current LHC data, it still leaves room for the
anomalous top quark Yukawa coupling, which may provide the CP-

violation source for EW baryogenesis.

Top quark decay via flavor changing neutral currents at hadron colliders , Tao Han, R.D. Peccei, X. Zhang.

Nucl.Phys. B454 (1995) 527-540
Nonstandard couplings of the top quark and precision measurements of the electroweak theory R.D. Peccei, S.

Peris, X. Zhang. Nucl.Phys. B349 (1991) 305-322

Dynamical Symmetry Breaking and Universality Breakdown R.D. Peccei, X. Zhang. Nucl.Phys. B337 (1990)

269-283 CP-violation FCNC process Yan Wan, Fa Peng Huang.et,al. Phys. Rev. D86, 094014 (2012)



Departure from thermal equilibrium

~ Stro

From
lattice

simulation

V(g T)

ng first order phase transition

Strong First Order phase
transition for m, <75 GeV

T V(4. T)

Quantum
tunnelingand = '];n.tz TEW

‘ Thermal
fluctuation
/ T < TEW

="

EW Vacuum (¢ynn=V)

Cross over for my> 75 GeV

T=Tew T<T.

EW

T>TEW

Emooth

transition
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Extension of the Higgs sector is needed to produce strong
first order phase transition for 125 GeV Higgs boson.

Operators analysis for Higgs potential and cosmological bound on Higgs mass

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



http://inspirehep.net/record/340299
http://inspirehep.net/record/340299
http://inspirehep.net/author/profile/Zhang, Xin-min?recid=340299&ln=zh_CN
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Extending the Higgs sector taking the effective field
theory approach

r
- 0, ~
0L = —t” X;JQL@O“RijHC

A2 5 (010)

provide sizable CP orovide another possible Higgs
violation source notential or EW symmetry breaking;
Cedric Delaunay, Christophe Grojean, Drovide StrOng first order phase

James D. Wells i

JHEP 0804:029,2008 tranSItlon

X. m. Zhang, Phys. Rev. D 47, 3065 (1993) [hep-ph/9301277].

X. Zhang and B. L. Young, Phys. Rev. D 49, 563 (1994) [hep-ph/9309269].

K. Whisnant, B. .. Young and X. Zhang, Phys. Rev. D 52, 3115 (1995) [hep-ph/9410369].

X. Zhang, S. K. Lee, K. Whisnant and B. L. Young, Phys. Rev. D 50, 7042 (1994) [hep-ph/9407259]
FPH, C.S. Li, Phys.Rev. D92 (2015), 075014

FPH, P.H. Gu, P.F. Yin, Z. H. Yu, Xinmin Zhang Phys.Rev. D93 (2016) 103515

FPH, Y. Wan, D.G. Wang, Y.F. Cai, Xinmin Zhang Phys. Rev. D 94, 041702(R) 2016




Renormalizable realization of the effective
Lagrangian

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

»We built simplified model with vector-like quark and triplet scalar.
FPH, et.al Phys.Rev. D93 (2016) 103515
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Renormalizable realization of the effective
agrangian: an example to get h® term

The model with an SU(2); triplet scalar without hypercharge (1, 3.0)

) 1 4 .
()ﬁ — QE{’}T(T ()_,_, ‘I_ Tl[(D“T‘)TDH._.] —%J[‘EZ:TI(ZQ)—hE(:)TIDTl(EZ)

)

dimension-6 operator tee-level and one-loop matching
2 21172 1y7a,pv I Ky
Oﬂf w =g |H| " L n CWW = 067w2 M 5
o1 pyrsa (2 e g°
Oow = _Q(D " H-u) 2w = 4SD?T911-I%
o l _abey; ___..*ap. y ___rbu 17cP e, QE
On = 2 (O H|?) “H = Tgx2 M2
"J.
_ 1 _ &%
= S(H' D, H)? T = ML
2 5]
M [
O = (H'H)? ce = ZE o=




Renormalizable realization of the effective
Lagrangian:an example to get h® term

Considering the existed electroweak
precise observables (work in progress)
There exists parameter space to get the
needed size of h® term.

Next step: compare the EFT and the UV
Completed model

T=008+012 T =~—-78cr

SM
9ZH — 9zH
SM
OZH

~ (0.26cww +0.0legp + 0.04cw g — 0.06¢ — 0.04er ) (TeV)2 + 0.0165,



New Higgs potential and EW phase transition

For simplicity to investigate the signals from particle colliders to GW
detector, we use the effective Lagrangian form for future discussion.

1 A K
Virea(h) = =11*h* + = h* 4 h®
tI‘EE( ) 21" —I_ —_1 | 8;_‘]_2
To study the EW phase transition, we need to calculate
the one-loop finite temperature effective potential
using the finite temperature field theory:

Vit (0. T) = Vireo(h) + ViT=0(R) + AV 72 (0, T) + Vigaisy

C. Grojean, G. Servant, J. Well PRD /1(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
Lots of discussions, sorry that | can’t cover all



http://inspirehep.net/author/profile/Noble, Andrew?recid=768126&ln=zh_CN
http://inspirehep.net/author/profile/Perelstein, Maxim?recid=768126&ln=zh_CN

Strong first order phase transition leads to
obvious deviation of tri-linear Higgs coupling
B \/)\2A2—4ﬁ;u2
NG

T > 0

U(TC) _ 2N\ —c
T. \/)\QAQ—ZLH,;J,Q

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

8, €(0.6,1.5)




CP violation source

(;b Provide sizable

0 2 Qy dupy + He, B

We only consider the top quark, and then the operator can be
parameterized as

[ —

Tt

ht(1 4 0, +id; v°)t
U



CP violation source

The top quark acquires a complex mass inside the bubble
during the phase transition:

- (1406, +i0;, v°)h(2)
17 =6.05(7) x 1071 e 5, = O(0.01 — 1)

We assume that the severe constraints from the EDM are relaxed by other
new physics beyond the SM .

my(z) = il




Hints at the large hadron collider
(LHC): Higgs pair production
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Modify the Higgs pair production at the
LHC

do(gg — hh G202 . ] .
( df ! - 512?%)3“(1 +0n)(1+ 0,7 )P(3)FA
)
b (145} 2FAA + (072 FEP
>

)
+ |(1+5j)5gGéB| +|(1+5j)QGéA+(5g)QG§B
2"\
|1+ 8007 PGIFE + (1+07)07 FAP|

F and G are the 8 form factors after loop calculation, respectively.




Invariant mass distribution of Higgs pair
production at the LHC induced by the dim-6
operators

5 - » WO peaks for the baryogenesis scenario,
455 — SM _ 3 one peak for the SM.
I AN Eﬁiﬁ?lﬁ‘g)” = > Due to the difficulties to suppress
£ a5t — = backgrounds at the LHC, it will be difficult
e ERL completely pin down these anomalous
9, = coupling at 14 TeV LHC, even with 3000
R 1 ab~! integrated luminosity.
S 25_ 3 > Exploiting boosted tricks helps to increase
s 150 o 3 ability to extract the anomalous couplings.
[V 3 » More precise information may come
055 / - = from future100 TeV hadron collider, such as
P e a0 e e s evo 1000 SPPC, or future lepton collider, such as CEPC .

M. (GeV)



The Circular Electron Positron Collider (CEPC) can precisely
test this scenario through precise measurements of the Zh
production. ¢ e” = hZ m,=125GeV

250 - T T T I | I T I I | T T T T | T I I I | I I I T | T I I I
The NLO Zh cross- - — LO :
. . 200 ———- NLO -
section in the SM. R A\ N NLO (weakonly)
C 450 - NLO (virtual + soft) -
2 _ i

Towards NNLO Zh cross 5 -
section recently by L|I|nYangm 100 [-

et al 2016 E |

Yu Jia et at 2016 O 50 [ : ]
-

The Slmpler a(xs D :I Coeoc oo o b e b e b b

200 250 300 350 400 450 200

Q <] Vs (GeV)



At CEPC, for the EW phase transition
/baryogenesis scenario, the anomalous tri-linear

Higgs coupling will contribute to the Zh production
beyond the SM.



: "e” - hZ, mp, =125 GeV
Firstly, we extract 10 e R e
the anomalous o
Higgs tri-linear S 05 .
coupling at 240 N
GeV. o " -

3 Vs =240 GeV, 10 ab” ]
-0.5 —
O. I I
50 — hz,0n 70 1 S 5, =1635, %
Ohz,SM B R ra




Pin down the tri-linear Higgs coupling

For the future CEPC with the integrated luminosity of 10 ab™! at
Vs = 240 GeV, the precision of the o,;, may be about 0.4% .
Therefore, it is possible to test the §; ~25% at the CEPC.

Matthew McCullough arXiv:1312.3322

Since the new type of the Higgs potential (or the strong first order phase
transition) leads to the modification of the tri-linear Higgs boson

coupling from 0.6 to 1.5, which 1s well within the CEPC’s precision.

Thus, the CEPC has the ability to test the shape of the Higgs potential
and the type of the EW phase transition.



EW phase transition gravitational
wave(GW)

First order EW phase transition can drive
the early universe out of thermal equilibrium, and Higgs

bubble nucleate during it, which will produce GW.
Pictures from Prof. Huber and Konstandin

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

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

M. KamionkowskKi, 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 boson by LHC
and GWby  LIGO.



Source of GW during EW phase transition

> Bubble collision: well-known source

» Turbulence In the plasma fluid:

a fraction of the bubble wall energy
converted into turbulence.

» Sound wave in the plasma fluid :

after the collision a fraction of bubble wall
energy converted into motion of the fluid (and
IS only later dissipated).

New source of GW:
sound wave
M.Hindmarsh, et al., PRL
112, 041301 (2014);

G. Christophe et

al. Phys.Rev. D75 (2007)
Caprini, Chiara et

al. JCAP 1604 (2016)
Detectable GW signals
will be produced
during the EW phase
transition.
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Correlate particle collider and GW signals
Double test on Higgs nature from particle to wave
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»> eLISA,BBO,U-

DECIGO are capable
of detecting the GW
from EWPT

5. —21007 Thestudy on EWPT

naturally bridges the
particle physics at
collider with GW
survey, astrophysics
and cosmology.



We shown the combined results in this Figure:

The colored regions corresgond to the expected sensitivities of GW detectors
eLISA, BBO, and U-DECIGO.

The colored lines represents the GW spectrum for different cutoff scales, which
also corresponds the deviation of hZ cross section at CEPC, respectively.

Firstly, we can see that the eLISA, BBO, U-DECIGO are capable of
detecting the GW from EWPT.

Secondl%, the study on EWPT naturally bridges the particle physics at

collider with GW survey, astrophysics and cosmology. For example, the red
line depicts the GW spectrum for 590 GeV, which corresponds collider signal
of the deviation of hZ cross section 2.2% at the CEPC.

L_ast but not the least, the GW survey can provide a complementar

approach to probe the nature of the EWPT alternative to particle coIYiders,
and vice versa.

The future lepton collider and GW detector can make a double check on the
nature of the Higgs boson.



Summary

» Since the 125 GeV Higgs boson has been discovered at the LHC, it
becomes a central issue to unravel the structure of the Higgs potential
and the nature of the EW baryogenesis.

» The SM Higgs sector is extended using the EFT approach and a concrete
renormalizable model is also built to realize the EFT . The Collider and
GW signals and their correlation are investigated.

» However, there are so many possibilities, related to all possibilities of the
extending the Higgs sector. Each type of extension is need to study in
detail both at colliders and GW detectors. (See Andrew’s talk)

» The joint analysis will contribute to deeply understand the nature of
Higgs boson, which can build an deep connection between astrophysics a
particle physics, and GW physics in fundamental physics.



Outlook

Theoretical

phenomenology study?

A:Higgs as a portal to search for
the new physics beyond the SM!

SM

Higgs

B:Unravel the nature of spontaneous  yew bhysics invidden
symmetry breaking, the order of the - iation dark encly.dark
EW phase transition and the true e

potential of the Higgs boson.




Outlook
Experimental test?

Two complementary approaches to study the Higgs physics:

» Particle Colliers, such as CEPC/SppC:
to precisely measure the Higgs boson.

» Gravitational Wave Detectors, such as eLisa, Ali:
The LIGO observation has initiated a new era of exploring
fundamental physics with GW detectors.



Thanks for your attention !




Backup Slides

Challenging to test the anomalous top quark Yukawa
coupling : need precise measurements of the Higgs
partial decay width

gﬁgg /‘ggggﬂ_f ~ (1 4+67)%+0.1157 (1 +0;7) +2.6(6; )"

op X BT(]Z — XX)

Fnxx = snr x Br(h — X X)5M

T},
SM
on U'nxx '35

SN 1-SM ;
o, Ty Lot




._I_“a_rl.._.-.r..___..______________pp___

X
M

F @ - &
P -Il.tull — i e ¥
|- L] - # £y S — [}
— £l _D L .
-h — ' 1-.-.. LI y
El L]
nnll-l..ill.ll|.-|||..._|||m||.lr|||-_|||._
¥ i ' h._.-.q N ...____- P
a L v . ]
| T i L] : & B g
ol D nan T,
D oo S o
| @ [l (] B Il &
s @ = %

1 ¥ a
= M OO [
] 1 - o u i
|._- " ¥ o E -- .__..
. ' L .
: SR kR S RN
E ¥ 5 . et
" 5 N .....t-j_.t--..
| 4 : . L.
] N~

A ", S Ny .
e Y TN NN L

b l1ob |

1.5

L0

—
I

0.5

-0.5

-1.5



Dynamics of the EW phase transition

At the critical temperature Tc, the two minma are degenerate. 1" _ A T4 —S3 / T
Phase transition and bubble nucleate at T<Tc with rate : _ 6

] N 2
Here, the Higgs bubble energy is Sy = /d*r47T*7‘2 % (%) + V(ij? T)
r

({2(_');, | 2 doy, oV (Dp, [)

dr? rodr oo

op(r — 00) =0 and d@b(;: ) =




Profile of the Higgs field

Using the over-
shoot/
Under-shoot
method, we can
obtain the Higgs
profile. For
1T=51.94 GeV
and A=600 GeV.
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Dynamics of the EW phase transition

Two Import parameters a and [

E(T) ~ [ adsS d

_ [ = =T —| =T —

= Deaa(T) H, d1 |, dT
L a2+ 22




Complementary probing of the electroweak
phase transition with relic gravitational wave

2.5
2.0 GW _~1  The observational abilities of
different from particle colliders
— 1.5 i to GW detectors.
c
Z SFOP

1.0} Detectable
Range o
CEPC

Detectable Range of LHC

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Vi



The nature of Higgs helps to understand the universe

Well understanding on Nuclear physics leads
to well understanding of the BBN process in
the history of universe (MeV)

electroweak physics

Well understanding on electroweak physics
leads to well understanding of the electroweak
transition and baryon asymmetry of the

universe in the history of universe (hundred
GeV)



Renormalizable realization of the effective
agrangian: an example to get h® term

The model with an SU(2); triplet scalar without hypercharge (1, 3.0)

. - 1 - -
0L = EE':’_;-‘}TJ&?_;-‘}E& —+ —FETI‘[(D’“E)TD#EJ

1. 1 o |
——M2Tr(X?) — = [Tr(Z?)]? — iy o' o Tr(X?)
9 > ; 4 > by .
- e £% 14 E»% - HE&%
SLelr — AL 22 (Or £ 9205) — @,
tree = 9112 2] Mgg( T +20R) Mg
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