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O Overview of the connection between Higgs
physics & BG (general M| arguments).

O CP Violation & EDM & Higgs global fits

O The electroweak phase transition & Higgs physics
O Future direct measurements.

O Summary and outlook.
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The origin of mass!
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The origin of mass!

With more and more data,™™
do learn that we
would understand more on

electroweak symmetry
breaking!

| Typical fits for models
08 10 12 14 based on EFT

Higgs coupling to vectors a

P. Giardino, et al, arxiv: 1303.3570

we may answer from that?



The origin of matte

After the electroweak
phase transition, the
broken phase, all the

masses are turning on.

How is generated in our universe!

Quite interesting if connected to the
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Electroweak baryogenesis:

Sakharov’s condition:

O baryon number violation (Sphaleron transitions)

O CP violation (SM CPV too small, )

O Strongly Ist order PT (SM: crossover,
)
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Strongly |st order P

When the universe is cooling down, if we have
strongly | st order PT, then we have bubble expanding

Strongly first order
phase transition
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jump generate
a net chiral charge inside

Xy
( the bubble wall

It diffuses into the
bubble (broken phase)
| <>=0 and then converted into
Bubble Wall — net baryon density.

require
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LHC Higgs data: CPV sc

D OC
g

My (U)eie(fu)

A complex mass term which
has vev dependence

suggests that particle X would
contribute to hgg and hy~y.
vertex with

if electric charged

There might be more universal results
X as top quark based on LHT.
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The connection

Since hgg and h~y~y.
vertex are so critical
in the Higgs global fits

Indirect Higgs global fits tells us on
the EWBG mechanism as long as the
mediator particle is charged.
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- Beyond SM physics: LHC

. data & CPV source




General connectio
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General connectio

VOC |
Ty (U)ezg(w

Lx ~ (auf)‘]gc
Oi€ = Ov€(Av)vw /Ly

Behave like a chemical potential term

<p>=0

Qx ~ g-(8:E)T?/6 ~ (0:£)T°.

Bubble Wall —*

# Converted to B by sphalerons
inside the bubble wall
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General connectio

Consider a fermion mass X with complex mass
AN (ORH m (v) X (1 + i€ (v)ys) X |

Expanding around v, CP odd term: EZQ {E(v)+%%}f(~mx

An axial rotation of X can remove the
2nd term, results extra terms where F
is the gauge field where X is charged.

- (g(v) L W) ﬁ) FF

dlogv v
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Stories on CPV

2
2miy RWIW + cV—ZhZ Z,+c >

v "7r'v

+ehval [c EhE, Fos+ Er7—hd,2,0,25 + b, — thaazﬂ].

v ™ ™

Loz =cy W ey ShFWD, 7,
v

Certainly | can do a global fits
based on the above EFT
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Global fits based on CP

DOC Global fits based on EFT, only central
values (best points) are shown here.

ATLAS|[1.6=0.3[1.5£0.4|1.4£0.4| -04+1.0[0.8£0.7
0.8+0.3/0.8£0.2/09+0.2] 1.1+05 [0.9£05

cc € & G a
R.v Rww Rzz Rvesb Rrr

1.08 —0.91 0.17 —0.58 0.52
—0.19 0.81|; 3= 108 198 047 1.71

0.83 —0.33 1.04 —0.21 0.96
—1.00 0271491 0.83 0.83 093 1.02

. 0.82 —0.45 1.00 —0.29 0.93
Combined | —0.99 0.37|, o= 136 086 1.02 1.18

TABLE I: Best fit points with tan3 = 0.8. ATLAS: xZ,, —
Xanm = —3.27. CMS: 2., — Xaum = —1.74. Combined: x2.;, —
xim = —0.39.
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In order to make a connection with
baryogenesis, | must make a model.

V= %(¢I¢1)2 + %(d%dn)? +X3(6]1)(6102) There are two

+ M(8]62)(8}61) + 5 [Ms(6162)? +hc] independent phases
— L2610 + [m2,(6162) +he] +my(¢56a)}. from 112 and \5.

Ly =QrYp® Dr+QrYy(iry)¢5Ur+LLYe01ER

(¢1) = ( vcosoﬂ/\/§ )’ (62) = ( 'vﬂinﬂ(f:'f/\/5 )

—84Ca; CaCay So H,
SaSapSa,. — CaCa., —SaCa. — CaSapSa. CapdSa. Hy

Mass eigenstates:

A

S8a8apCa,. + CaSa. SadSa. — CaSa,Ca, Ca;,Ca,
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In order to make a connection with
baryogenesis, | must make a model.

Higgs coupling

COoS o sin o
. Cosyp , Cp=— COS ¥y,
sin 3

Cs =
t cos 3

¢; = —cotfsinay, , ¢, =—tanfSsina,

_ - SM  _ _ SM
Ly, vy = cosapsin(f — a)Lyyy = alyyy

'y measures the CPV

— s sin 2€ v2
tan ap ~ > €

Ty oy or 2/ S&
ms 4 + (A4 — A5 cos 2§)v? /2
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New ACME results

Much Tighter constraints than before:

|de| < 8.7 x 107" ecm XTI/ AGH N

More than one order improvements

But is that really the general case? No
need for CPV direct search!?

Where are the room for direct CPV searches!?
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Bounds from EDM

When there is a CP odd
operator contributes to

hgg or hy~.

The same operators would
contribute to the EDM or CEDM

D. McKeen, M. Pospelov, A. Ritz,
PRD, 86, | 13004 (2012)

Bounds from neutron EDM and chromo-EDM (CEDM) are much weaker
due to small u, d quark charge and Wilson coefficient in RG running.
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2HDM case

The two pieces
can naturally
cancel each other
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Final Results

, p=a+m,

ACME bounc

Future Neutron
EDM bound will
probe this region

Mercury EDM is
weaker

05 10 15 20 25 30 el ARUYE

tan/s
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MSSM with
chargino & staus

Negligible CPV in the
Higgs sector

Heavy Higgs coupling
enhanced by tan beta
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Change in the CPSuperH

ATaY

[de/e] (10~ cm)

—60

Stau contour

ACME exclusion

Preferred by EWBG
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Correction in CPSupe
DOC

O A sign mistake in the anomalous D of the di-pole
operator ( at low energy).

O No operator mixing effects are considered
O Detailed RG running in the Mercury & other EDMs
O Update the matrix elements

O W boson loop included in the Barr-Zee diagram.
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+8CFr 0 0
vs = |+8Cr +16Cy — 4N 0 . (36)
0 +2N N +2n;s + By
v = [—1205 + 6], (37)
_[-12¢ 0
V= [ 0 —120;]’ (38)
and
+4 +4 0
Vsf = [ 0 0 0] ’ (39)

where N =3, Cp = (N*-1)/(2N) =4/3, 5, = (11N -
2nyz)/3 and ny is the flavor number.

Now, we explore details of the RG running.

Firstly, we need to use the ny = 5 version of the above
RGE for running from A(we use My in our analysis) to
my. In which, CP-odd four-fermion operators ( 33 ) play
a significant role. For our case, we one consider the opera-
tors containing the bottom quark for tan 5 enhancement
effects. In addition to coefficients Ciyy 4y, Cly a)p that
contribute to the light quark CEDM through RGE oper-
ator mixing, we also considered the coefficient Cy,, which
mixes with and contributes to the b-quark CEDM. Keep-
ing only the leading logarithmic terms that make addi-
tional contributions to the CEDMs of bottom and light
quarks at the matching scale y = m;, we have

AL

Correction in CPSupe

bellow m,. scale we use 3 flavors version of RGE.
After above processes, we have the nentron EDM

dn, = (€316, + eGii8) + (oG + eGiba) + BEC (44)

with update hadroni_c matrix elements g,‘,‘ =0.82 x 1078,
P =-33x1075% (" =082x10"% (¢ =163 x10°"
and 8% =2 x 107® ecm [45).

(2) Mercury EDM

Though the contributions from d* and from the CP-
odd electron-nucleon interactions

L = Cséi’YseN’N
+ Cpée .'\-ri’)!sN T C;: €e Ni'yg,‘r‘-;N . (45)

are also incorporated in the CPsuperH, the mercury EDM
is mainly contributed by the nuclear Schiff moment (S).
The Schiff moment is generated by long-range, pion-
exchange mediated P- and T-violating nucleon-nucleon
interactions,

LN =N [g,‘,"”r‘- 7+ gn® + g (2rgn® - 7 ff)] N46)

In a general context, the isoscalar and isovector cou-
plings g‘,"’ \ g&” are dominant over the isotensor coupling
g [45), so the mercury EDM is approximately given

by [45],

2my _ _
dyg = KsS = "5%‘% (a" Y+ ay 9)) o (47)

T
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Correction in CPSupe
DOC

Before correction: After correction: —~—

[de/e](10"*cm) [de/e](10"®cm)

-'.. i 6
600 800 1000 1200 1400 1600 800 1000 1200 1400 1600
u (Gev) U (Gev)
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Off-diagonal EVWBC

he CPV sources may also coming from the
off diagonal masses

T. Liu, M. Ramsey-Musolf :
Phys. Rev. Lett. 108 (2012) 221301

H. Guo, S. Hong, T. Liu, M. Ramsey-
Musolf , In progress

EWBG BAU

b to s gamma bound

The EDM bounds are well
smaller than the bounds
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- Beyond SM physics: LHC

. data & EWPT




Classifications

O New particles with color or electric charge
couples to the 125 GeV Higgs.

SN E , G.C. Dorsch, S.J. Huber, J.M. No JHEP 1310 (2013) 29
O MUItI nggs' G.C. Dorsch, S.J. Huber, K. Mimasu, J.M. No 1405.5537

O New singlet scalars mix with Higgs
W. Huang, ZF. Kang, , PW. Wu, JM. Yang, 1405.1152

O Singlet scalars couples to the Higgs
B. Henning, XC. Lu, H. Murayama 1404.1058

O Other possibilities (even worse to detect).

Thursday, November 20, 2014



Higgs fits

Consider a Higgs portal model that S is scalar
with color 8, 3, | representation (no vev)

m2(¢,T) = m? + I1,(T) + ad?

Fits parameterization based on EFT:

o(gg — h) _ ['(h — gg) _ Cg.5M + 0Cy
o(gg = h)sm T'(h— gg)sm Cq.SM
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Higgs fits (old data

. Stop (a>0) &
Color singlet Color triplet with sbottom(a<0)

different Qs Stop like state (a>0)

' a<0 - : ‘ i .
-25 -20 -15 -10 =05 00 05 —03 -02 -01 00 0.l
0c, ocg
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EWPT

C)( )

3
PO+ g [+ aT? 6 =T | Beud® + 2N (r) ™20

m2(¢,T) = m*® + ad® + I1,(T)

term gl e] has to decrease with
phi to compete with positive terms

such that there is a Ist PT

If there is only one single
particle S, then it must be a >0.

Thursday, November 20, 2014




Critical condition: E(¥ER4CYS

N(rs)

1 N(r,) om3(v,, T.) |
T. [mg(vc: T.) — m3(0, Tc)] + %Av‘c‘ = 5TBswv; + T 1(2;)3%%

6

Strong |st order PT condition

For general mass matrix and arbitrary number of scalars

w > 1.9 (12:26\/)2

3
F[m,] = WUC —2 [mﬁ(vc, T.) — m2(0, Tc)] :
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Function F(ms) could be positive for
both a>0, a<0; which means that both Adding another scalar with
would enhance the PT strength. a<0 would make phi larger
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a1 = 0.5, m,;, = 130GeV

Adding a second scalar
with a<0 would
enhance the PT

strength and improve
the Higgs fits

124 126 128 130 132 134
m (GeV)
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Reopen BG in MSS

his is indeed the case for light stop & light sbott®
90GeYV light stop

' 150 GeV light stop,
with no way to q .
fits Higgs data 200 GeV light sbottom

O There are vacuum instability and color breaking
problems if one want to get the 125GeV Higgs
mass from stop loop.

O One add vector quarks or extend the gauge group, so
MSSM is only the low energy description.
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| SFOEWPT in NMSSM




The mixing case

What if it is not the higgs portal case!?

O Another generic possibility is that the Higgs
actually mixes with other scalars necessary for
strong |st PT.

A very simple but generic realization is that
Higgs mix with a singlet after EVVSB.

This is indeed the case in many models
beyond SM, especially SUSY models.

Thursday, November 20, 2014



Let’s consider the case for NMSSM(viable
among many SUSY models and scale invariant):

Whiggs = ASH, Hy+ g§3

|/\Hu Hy—rS?)° +|\S|* (H Ha+ HIH,)

Mixture term fry2 o, B
—(HTH., H'Hy)? 'HdHu

after EWWSB T
\ tree deHde+mHuHuHu+m3|S|
SIVES 4 : (AXH, - HaS + %nAnSB +h.e.)
level term in
the potential. KON AR A R iR Lo e Ve

g?

2
+X°0T0s + T (92 — #1) " + K705 — 2Arp190095
+A%0% (5 + 1)
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NMSSM setup

HY =v, + %(SI cos B + Sysin 3) + %(Pl cos B + G sin j3),

oldstone H3=vd+\/_( SIS1nﬁ+Sgcosﬁ)+f(P131nﬁ GO cos ),
basis: S =y, + 3TIP

52 SM like z

M2)11 = M5 + (m% — X%?) sin® 28, Pl eaten by the W, Z
M%)y = —%(m% — X%?)sin4p,
(M%’)ll = M:gl :

M§~)13 = —(Mﬁ sin283 + 2/\m)§) cos 2ﬂv£, ]
’ (Mp)22 = ZMA sin 23(

12x%v 2
Ry

v
M3)22 = m% cos® 28 + A?v? sin® 2, s

Us

2 3
) - E,\mf“ sin 23 —
1
S

1
§/\nv2 sin 2.

M223 = 2C g4 Apv Ca = 1 —-Axsin25/2p — ksin25/A

1 2
M3)33 = ZM,% sin? 23 (vl) + 4%02 + KA v, —
5

M3 = 2Xvs(A) + Kvy)/ sin 28
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2
1 1
v ) + 4K2v§ (1 + —) — EAIC'U2 sin 2ﬂ’

Ug R,

1
— 402 [ 1+ = | + A\%0® — Asv®sin 28
v Ry

: 2 3 124292
(Mp)22 = ZM}t sin” 23 (v%) - EAnvz sin 283 — }';nvs
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As our universe cools d

own

O Type | PT:it first goes to the S-

oreaking, EW

symmetric phase, then to the EWV breaking

phase.

O Type Il PT: Intermediate phase is the EWV-
breaking, S-conserving phase. Large <S> does

not prefer this case.

O Type lll PT: One step PT.
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More patterns

Together with two different Higgs
spectra pattern

O HI scenario: 125 GeV Higgs is the lightest

O H2 scenario: 125 GeV Higgs is the 2nd lightest

What can we learn from that?

Thursday, November 20, 2014



Measure of PT streng

AV = (Voym — VEw(v0)) |T=0
~ Veym(Te) — Vaw (T = 0,v)
= Vew(Te,ve) — Vew(T = 0, 1)

ov

ot Tc‘ﬁ(T =T, 'UO)

Hy-scenario

FIRRARIN- o 5% -

AR 1 P

3 = T S ' .
‘:%'l‘ii"*z' § 20N L

1.5

2

25 3 35 4 J 15 2 25 3

AV, um(10%GeV) AV, m(10%GeV)
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A‘fuoc =VS - VES“, - VE{{VS - Vé{ﬁ

vim?
~— b Car2v?(u? — v2) + K% (v? — u2)?

1
R [2u(us — ) + vs(v — ug)]
vimi

~46%Kk% (1 + 1/R,) vi — 26 Cqv’p® + 1

S-direction (EWV conserving) singlet vev

L {—v3(1+2/R,<)+O(CA) if R > —1;

v + O(Cp) if R, < —1. No SFOEWPT
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k:(0.01,0.5), A:(0.3,0.8), tanf: (L5, 10),
Ay 1 (200, 2000) GeV, A, : (—1000, 1000) GeV, p: (100, 600) GeV.

H,-scenario H,—-scenario

NMSSM tools
+ Higgs fits

AV, ee(10°GeV)
AV, 0(10°GeV)

|
b bhbo

RK

Finite 6 makes AV ce small
or even negative
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H,-scenario

1
: 600
i fm l sso
S F H 500
o) - 1 450
< H 400
z - 350
E OV et 1 300
> ; € - 250
< R A 200
| S{' : : [

-10 0 10 20 30 40 50

RK

-10-5 0 5 1015202530 35
RK

AV, um(10%GeV)

1
o positive mass
A square of CP
20" 10 0 10 20 30 40 50 odd Higgs
RK
H,-scenario
6 - Has the
6 smallest M33,
4
23 usually make
: the points
0 H2S

-10-5 0 5 10152025 3035
Ry
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PT parameter

For the |st time, EWPT in NMSSM s
understood semi-analytically!

O HI scenario: SFEWPT requires

O H2 scenario: SFEWPT suggests
and
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Type-lll PT

202
AL

4
YR Cap?v? + kvl (3RK - 1)

No SFOEWPT

-4/3 5 R <0,
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Type-lll PT

H4-scenario H,-scenario

Positive /?,. make the S vev steep and PT Type-l.

Almost all SFOEWPT points are in the H2S.



60 ¥ T v T v T v T v
: |D h2-ma1-all (imes 1/10) |-

| h2-ma1-s| y

AOOOOODUNNRNNRNY S—

LSS R RN

OOOOOOORGOOONNNY, S——

AARVDUDROOONRY, —

04 e e
0 100 150 200 250 300 350
(GeV)
600 — v
) i [:h’l-mm-al {times 1/2) |
400 -
300 -
200 +
100
0" N |
100

250

Overall Spectra

] Ehi-mh{-ﬂl (l'lm 1'!2)] '

v

60 70

100

r

Y g

110

420 130
(GeV)

Thursday, November 20, 2014




Q]
.
O
)
ol
V)
4]
G
U
3

[C_h2-mh1-s-Rk-all ] -

e

(R h2-mh1-s-Rk<0] 7

e J
| VAL LSS,

30

|5 h2-mat-s-Rk<0 |

LI #
h
s,
h
IS

2

AT

S,

SIS A IS SIS,

[

VAT LSS SIS LTSS TS
AALLSSSSSS,
VASSSASSSS LSS S S
VLSS LLLLLSSSSSSSSS,
Y ASSALSLSSSSSSSSSD
A SSSSSSLLLSD,
YASASS

A ASAA Yo
VAASAAASSSSSS
o4

L

™
WLALSLIIISY,
===
A fh
[

]
'
7

o
]

(GeV)

120 140 160 180 200

II

2

2k2v
Ry

kv’ sin 28 — 1

vy _3
Vg 2

sin? 28 (

2
A

M

_1
T4

(MP)22

Challenge in searches, may be ttbar h/A channel?
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Higgs-singlet protal, ILC,
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Riggs singlet portal

- %(6,15)2 — %mgs2 — A|H|*S

1 2c2 1 o3 4
—§k|H| S —ﬁuS 4'/\‘53

Essentially a two loop effects:

S=¢ [f:: cia(ms)|log 75,
3 [2v

y (. A—
" 87 cos? O

log —S_
mbcH(mb)] og m.,
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Riggs singlet portal

Higgs potential

Vi ~02|H|2—04|H|4+06|H|6,

SFOEWPT
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d Overview and Outlook B
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Prospects

EWBG & Higgs physics: DM & WIMPs, Direct
Collider Searches Collider Searches
Low energy CPV DM Direct

experiments detection
Gravitational DM Indirect
Waves Searches.

Many inputs from the astrophysics side has
to be well understood
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O CPV in h to massive gauge boson coupling: C
odd is dim5, always small (hard to measure).

O Measure CPV in gamma gamma or Z gamma
requires information in photon polarization.

G.C. F. F. Bishara, Y. Grossman, R. Harnik, D. Robinson, . J. Zupan. JHEP
1404 (2014) 084; Y. Chen, A. Falkowski, I. Low, R. Vega-Morales 1405.6723

O Top CPV promising: in ggjj--> h + 2j or ttbar Higgs
O Other CPV fermion couplings

R. Harnik, A. Martin, T. Okui, R. Primulando, F. Yu, PRD, 88 (2013) 7, 076009



CPV in ttbar higgs prod

difference

0.174

0.007
0.176

0.134
0.180
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——even —— even 300} ——even
200 odd 200 odd odd
i, 2 200
oy R : " 3\ "
100 —_ A R, 100 | 100 13 \ b
-1 -05 0 05 1 e -05 0 05 1 -1 -05 0 05
(a) pp — tth. (b) gg — tth. (c) gg — tth.
— even 300 | —— even
300 mix mix
odd odd
200 ‘. 200
i £ 3
100 100 st
0 1 =05 0 05 1 0 -05 0 0.5 1

(d) gg — tth S-channel.

CPV in ttbar higgs prod

(e) gg — tth T-channel.
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down the
backgrounds

is a difficult
task



Summary on the CPV &
DOC

O There is indeed a natural connection between
BAU in EWBG and CPV in the Higgs sector.

O After the ACME results, still a lot of room for
large CPV effects, which could be tested in the

O Direct CPV at the LHC is still worth to look for and
it is difficult to measure.
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O T=0 EWSB determines the finite T EVWPT.

O Realistically, many different categories on how
new physics affects the Higgs physics & the EVWPT.

O Future Z factory or the Higgs factory would help us
to know more. But not sure if that can let us know
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High-Energy Particle Theory (AJO-3258)

Beijing, Inst. Theor. Phys. - Postdoc

Field of Interest: hep-ph
Deadline: 2014-05-30 (PASSED)
Region: Asia

Job description:

The Institute of Theoretical Physics, Chinese Academy of Sciences (ITP-CAS) has several openings
for postdoctoral associates in the area of High-Energy Particle Theory, especially related to

the models of Electroweak Symmetry Breaking, Collider Phenomenology (with simulation studies)
and related subjects on Neutrinos, Dark Matter and Baryogenesis.

The particle theory group of Institute of Theoretical Physics has six other active faculties in this area
and many postdocs and graduate students. The Institute of Theoretical Physics, Chinese

Academy of Sciences (ITP-CAS) is the basis for the Kavili Institute for Theoretical Physics in China
(KITPC), which is the largest platform for all activities of theoretical physics in China and the

State Key Laboratory of Theoretical Physics (SKLTP) which is the only National Key Laboratory in
Theoretical Physics.

The positions are financially supported by the program "1000 Young Talents" and are guaranteed for
at least two years (Very possibly extend to three years). Candidates should send the following things

1):CV.

2): Research Statement.

3): Three Reference Letters.
4): List of Publications.

to jshu @itp.ac.cn with email-title of "PD_ITP/CAS". Any questions should also be addressed to the
same email address.

More information: hitps:/academicjobsonline.org/ajo/jobs/3258
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