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O Time to test EWBG (Connection between Higgs
CPV & EWBG).

O Current situation of CPV & EDM constraints &
indirect light/heavy Higgs constraints at the LHC.

O Future prospects of EWBG & CPV.

O Summary and outlook.




The origin of mass!
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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 (EVWBG):

O baryon number violation (Sphaleron transitions)

O (SM CPV too small)
O (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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Why focus on CPV!?

The two curves here

would results very |
different EVVPT. = TR

Need knowledge of
of Higgs
potential in principle

What we learn from colliders or many other
experiments is simply here (local behavior)
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General connectio
VOC

mx(v)eig(”)

Lx ~ (auf)Jg(

, 3t§ = auf(A’v)’vw/Lw

@ ( Behave like a chemical potential term

<6>=0 <0>=0 jump generate a net chiral
Bubble Wall —— charge close to the bubble wall

Converted to B by sphalerons

require inside the bubble wall
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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

,Y. Zhang, Phys. Rev. Lett.
X as top quark 111 (2013) 091801

Friday, July 24, 2015




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. — CalSapSa., CapSac Hy

Mass eigenstates:

A

SaSa,Ca. T CaSa. SaSa. — CalSayCa. CayCa,
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In order to make a connection with
baryogenesis, | must make a model.

Higgs coupling 'y measures the CPV

COoS & sin & . 2
Ct = — cosayp, Cp=— COS (v}, —)\5 Sin 2§ ()
sin 8 cos 8 tan oy ~

¢: = —cotfBsinay, , &, = —tanfSsina, m%-}- + (A4 — A5 cos 26)7}2/2 ¢

Lp,vy = cosapsin(f — G)ESMV = aﬁhvv

7
ATLAS AT LHC Higgs fit data

1.14702 21] | 0.7270%0

I
ATLAS[052 £0.40 [26]| 14705 [28 after last summer
1.15+0.62 |27]|0.78 = 0.27 |29
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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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CMS only, tan 8=0.5
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Blue points:
best fits

sweet spot around

,Y. Zhang,
Phys. Rev. Lett.
111 (2013) 091801



New ACME results

Much Tighter constraints than before:

|de| < 8.7 x 107 ecm  ETaIy/ N ONE

More than one order improvements

J. Brod; U. Haisch and J. Zupan, JHEP, 1311, 180 (2013)

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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Combined, tan =0.5

CMS only, tan 5=0.5

=0.5

ATLAS only, tan g

=0.8

Combined, tan 8
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2HDM case

The two pieces
can naturally
cancel each other
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Final Results

ATLAS +CMS, f=a+7/2
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Heavy Higgs Searche

cos( f-a)=0.02

Excl. by

125 GeV Higgs Data Excl. by

2 3> WW/ Z&=m

Llixcl. by
2 3=+/h; —=1lbb

Higgs data
Excl.

10

C-Y. Chen, S. Dawson, Y. Zhang, 1503.01114

There are also heavy Higgs searches bound (strong in
the cancellation region)
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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

LG. Bian, T. Liu,
Phys.Rev.Lett. 115 (2015) 021801
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Correction in CPSupe
DOC

O A sign mistake in the anomalous D of the dipol@
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 (factor of 10 difference)

O W boson loop included in the Barr-Zee diagram.
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+8Cr 0 0
ve = |+8Cp +16Cr — AN 0 . (36)
0 +2N N +2n;+ 5
vt = [-12CF + 6], (37)
_[-120- 0
Vs = [ 0 —120;-]’ (38)
and
+4 +4 0
v =[5 50, (39)

where N =3, Cp = (N*=1)/(2N) = 4/3, By = (11N -
2nys)/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 3 enhancement
effects. In addition to coefficients Ciyy ), Clua)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

Correction in CPSupe

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

dn = (e¢26, + e(ldy) + (eé,‘:&, - ezgsd) +BSC (44)

with update hadronic matrix elements ¢} = 0.82 x 107%,
Cf=-33x107% ¢ =082x107% (% =163 x 107"
and 89 =2 x 107 ® ecm [45).

(2) Mercury EDM

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

L = Cséi‘)fseNN
+ CpéeNiysN + CpéeNivsma 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,

TR = N [g07 - 7+ g0n° + g (2ryn® - 7. )| Neo)

In a general context, the isoscalar and isovector cou-
plings g(x"), §:(rl) are dominant over the isotensor coupling
g,‘f’ [45], so the mercury EDM is approximately given

by [45],

2my B -
dyg = kg = "S%g" (ao 9 + a ,(.-1)) . (47)

T

See

LG. Bian, T.
Liu, :
1411.6695

Codes
will be
updated
in the
web
soon
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Correction in CPSupe

After correction: Before correction: N
| a¥Yab

[de/e](10"*cm) [de/e](10"*®cm)

73
18E- 60 40

25

A 6
600 800 1000 1200 1400 1600 800 1000 1200 1400 1600
U (Gev) u (Gev)

LG. Bian, T. Liu, , Phys.Rev.Lett. 115 (2015) 021801
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Future of EDMs

Eo it ()

ThO molecules in a beam [12]
Neutron . Ultracold neutrons in a bottle [11]
Nucleus : - 199Hg atoms in a vapor cell [13]

K Kumar, Z-T. Lu, M. R-Musolf 1312.5416

TRIUMF:

The long-term goal, to be reached in 2018 and beyond, is d,, < 1 x 10728 e-cm

0—29

Proton ring: ~ 1 x 107*¢e - cm

Mercury improve by |~2 orders soon

a projected sensitivity of 1072® — 10~ %e-cm for ?2°Ra, a5 103! — 10~32¢.cm for 19°Hg.
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Sth is up in the air?

EDM Linit (e-cm)

ThO molecules in a beam [12]
Neutron Ultracold neutrons in a bottle [11]
Nucleus 199Hg atoms in a vapor cell [13]

K Kumar, Z-T. Lu, M. R-Musolf 1312.5416

If we take this “over-optimistic” case

a projected sensitivity of 1072% — 10~%¢-cm for ?2°Ra, o] 103! — 10~32¢.cm for 19°Hg.

WVe are I (Notice nuclear
uncertainties are also shrinking nowadays)
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If one of those experiments are before the
end of LHC (including HL-LHC)

Do we need direct LHC CPV searches!?

or even CPV searches in the future
lepton colliders such as CEPC in China!?

EDM experiments are simply electron or
proton constitutes

This means CPY, if exsits, might be
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EWBG from CPV in Bs

O U
CP violation in the .

B system

Generate
baryons




Bs mixing data

AYAYO
LHCb 1.0fb™ + CDF 9.6fb "+ DO 8fb~ + ATLAS 4.9fb™
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Di-muon
anomaly is
gone, B meson

CPV phases is
still measured
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Precision improvement crucial for further test of
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Electroweak Beautygengesis
OC

The key idea is to consider inert scald
which dominantly couples to b and s ﬁi’rh CPV.
int
) i > S \s._,¢:
' (H) (H)
Hint : \\ ,,
[ \ /
S < [ B b \ - V4 < b

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



EVV Beautigenesis:

For b-s system, consider Yukawa couplings below:

MO0 B o) 0w adel]
Mp(z) = —|v1(2)](0 0 0 +wva(2) | O 0 0
V2 0 (YlD)sz (YlD)ss 0 (YzD)sz (YQD)33

(Mp)ij; = Tgymz'j [1 "‘|C°'31‘34%777'(1"2,;'3')f‘ijea ‘*J] :

2 2 2 2 D D D ,__
|((Mp)a2|” + [(Mp)as|” = mg + my Y35, $33, T3a(= 1) = CP, BAU, FCNC
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B meson mixing

b ]
hH, A
v b

1 T — S i
— Y =55 [ FPLDGPLA) + (x},)* (3PrA)(sPRA)
i=(h,)H,Aq i
.* . (f{. )2
+ 23kt (5P d)(§PRd)] CSLL _ S T
i=(h,)H,Ao
SRR (K'bs)2
Cy=- Z 202

RG running are also i=(h)H.40
2k KL

included Cift=— ) i

iz(h,)H,Ao

_ 2
AM, =2{M},| = 2|(BYIH& o (10) | By)| = 3mpF§[2.46C;™ — 1.47(CTH: + CTFY)]
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Flavor constrains

iﬂ sg—a75Np | —es—a75ND ‘

1One loop: suppressed by (my, /mpg ag )4 compared with SM diagrams.

B to s gamma:

6

Br(B — Xs7) 55 1.6Gov = (355 £ 24+ 9) x 107°, x”/DOF = 0.85/5, HFAG 2012.

SM, NNLO —6
Br(B — XS'7)|E'Y>1.6G9V = (315 £ 23) x 10 .

Practically the effect is small
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Baryon generation

Using the thermal mass

2 . oo dl{? k‘2
9(2)/ (
0

wawSR
(&, Esn — K2)(nr(Esy) — nr (&)
{
><Im —*2
(ESR o gbL)

(5 LgSR + k2)(nF(‘€SR) + nF(g L))
R oo

__@F@) yp
2|M3|2 1,13

D - D D
|Y5 ;| sin [arg(v1 v5 Yl,inQ’i;‘)]
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Weinberg operator
contributions are small due to
small bottom quark mass

Friday, July 24, 2015

No direct Barr-Zee
diagram contributions
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Allowed region
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Summary & Outloo

O | present many examples where EWV baryogenesis camge
a CPV Higgs sector (general arguments).

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

O After the ACME results, large CPV effects are possible due
to cancellation, future EDMs or LHC searches will soon

cover those regions.

O Direct CPV at the LHC or future colliders are worth to look

for even after future EMD experiments, especially in the
heavy flavor cases (t or b). Great for both LHC & LHCbs!
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