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O The Time to test EWBG (A general overview).

O Electroweak Phase Transition in the post-LHC era.

O Higgs related CP violation and baryon asymmetry
generation in the post-LHC era.

O Future prospects of testing EWBG.

O Summary and outlook.

Concise Sketch on the Electroweak
Baryogenesis after the LHC data
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The origin of mass!

ELEMENTARY
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Higgs mechanism

I 11 11 The origin of electroweak
e e symmetry breaking

What big questions can we
learn from that?
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The origin of matte

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

masses are turning on.

How “positive” matter is generated in our universe!

Quite interesting if connected to the mass generation.
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Electroweak baryogenesis: generate baryon
asymmetry with particle mass generation at EVV scale.

Sakharov’s condition (EVWWBG):

O Baryon number violation (Sphaleron transitions)

O Strongly Ist order PT (SM: crossover) Out of thermal
equilibrium

O CP violation (SM CPV too small)
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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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B humber generatio

mx(v)eif(”)
»CX O (auf)Jg(

Ot = Ov€(Av)vw /Ly

Behave like a chemical potential term
Qx ~ g-(8E)T?/6 ~ (0:£)T°.

CPV phase jump generate a net chiral
charge close to the bubble wall

ﬁ Converted to B by sphalerons

inside the bubble wall

Sphaleron

<p>=0 <p>=0

Bubble Wall =

require strongly first order phase transition
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Lessons from T=0 Higgs

) ()

EVV Phase Transition:

For any particle S would S
contribute to the thermal
Higgs effective potential [N E—

.. -
........

O Charged under SM group: (MSSM stops, 2HDM, etc:
LHC Higgs global fits, direct searches on S, etc) A

O Higgs mixture (NMSSM, etc, LHC non-Standard Higgs
searches, EWV precision, etc) B

O Hidden (EW & Higgs precision, SPPC direct search) C



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 CPV

if electric charged

J. S,Y. Zhang, Phys. Rev. Lett.
X as top quark 111 (2013) 091801
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Lessons from T=0 Higgs

- (v)eie(v) A complex mass term
X with vev dependence

O Charged under SM group: (MSSM charginos, stops,
2HDM top quark, etc: LHC Higgs global fits, direct
CPV searches.)

O Singlet Higgs mixture (NMSSM, etc: EWBG driven by
singlino. Relatively difficult to test)

O Complex Yukawa (vector quarks)?
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EWPT Classificatio

I. Thermally (BEC) Driven
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Higgs Field [h]
IIB. Tree-Level (?Jon-ch.) Driven
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Effective Potential [ Vg |
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Higgs Field [ h]

Effective Potential [ V. )

Effective Potential [ Vg |

IIA. Tree—Level (Ren.) Driven

/

|

+h’? -h’

/ _\J

Higgs Field [ h)
III. Loop Driven

D. Chung, A. Long, L.

T. Wang, PRD 87
(2013) 023509

/

Higgs Field [ h)

Also may from fermion contributions
M. Carena, A. Megevand, M. Quiros, C. Wagner, NPB 716 (2005) 391-351

H. Davoudiasl, I. Lewis, E. Ponton, PRD 87 (2013) 093001
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A Master Formula

For scalar driven |st order EWPT (focus on
thermal driven):

J. S, private derivations.

O Increase the thermal cubic term E term (E is the
coefficient of ¢°T')

O Decrease the T=0 energy difference AV (Increase the
fine tuning of the Higgs potential)
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arge E case (No Higgs

@ "Q‘ he |Ist case (large E) is indeed the case A & C (
MSSM stops, strongly top Yukawa with N=12 to
increase the loop effect)

1

Ve, T) =~ %Aqﬁ‘* + - [+ eaT? ¢*—T [ESM¢3 - 2N(rs)m3(¢’ 7)

2 127

m2(¢,T) = m?+ a¢® + II,(T)

term EgrsiEWe] has to decrease with
phi to compete with positive terms

such that there is a Ist PT

Therefore for the single scalar, @ > 0.
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Higgs Global Fits

For the positive EWSB mass square a > 0, if it is
colored or electric charged.

o(gg—h) _ T(h—gg9) _ Eusm+dc
o(gg = h)sm T'(h— gg)sm Cq.SM

Enhanced Higgs production
Suppressed Higgs di-photon BR

W. Huang, J. S, Y. Zhang, JHEP 1303 (2013) 164
D. Chung, A. Long, L. T. Wang, PRD 87 (2013) 023509
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The MSSM case

O For MSSM stops, it requires
Stop (a>0) & Stop like state (a>0) small stop mass ~ 100GeV
sbottom(a<0) and large Yukawa couplings to
Higgs so it is ruled out by the

experiments.

D. Curtin, P. Jaiswall, P. Meade,
JHEP 1208 (2012) 005

T. Cohen, D. Morrissey, A. Pierce,
PRD 86 (2012) 013009

Adding the light sbottom into the spectra
=02 —01 00 01 0303 can enhance the EWPT strength and cancel
8¢ the effects from stop on Higgs global fits

W. Huang, J. S,Y. Zhang, JHEP 1303 (2013) 164 Decrease AV
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Higgs + singlet (NMSS

Y
- "' he 2nd case (decrease the AV') is the case B, whN
involves Higgs singlet mixing (Higgs/2HDM + singlet,
the NMSSM, etc)

Big PT strength with

0 05 1 15 2 25 3 35 4

small T=0 potential BV (10°GeV)
difference AV . W-c. Huang, Z-. Kang, J. S, P-w Wu, J-

m.Yang, Phys. Rev. D. (2015) 2 025006

Other aspects NMSSM EWBG:

J. Kozaczuk, S. Profumo, L.S.Haskins, C.Wainwright, JHEP, 1501 (2015) 144

C. Balazs, A. Mazumdar, E.Pukartas, G.White, JHEP, 1401 (2014) 073
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Tuning of the potenti

AR The natural size of AV is )\v4/2

U

~

T. ~ 2AV A~ order 0.1 for 125GeV Higgs

The E is a one-loop effect, ~ The tuning of the Higgs

0.01 for EWV couplings potential is roughly the
order £/ )\ .
Higgs + :
Singlet Weak coupling

strength, more than
M. Carena, N. Shah, C. Wagner, o -
Phys. Rev. D. (2015) 85 036003 0% of tunning
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NMSSM PT Pattern

Decoupled Stop, Phase Transition
Triggered by the Higgs-singlet sector

As our universe cools down

O Type | PT: it first goes O HI scenario: 125
to the S-breaking, GeV Higgs is the
EW symmetric lightest

phase, then to the -~
EW breaking phase. O H2 SCENAFIo- 125
GeV Higgs is the

QO Type lll PT: One step PT. 2nd lightest
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The question is now to understand the
parameter dependence of AV .

PT parameter For the Ist time, EWPT in NMSSM s
understood semi-analytically!

A,
O Type Il PT (H1) SFEWPT requiresR,. C (5, 30)

O Type lll PT (H2): SFEWPT suggests R,. ~ —1
and ?,, C (2,10) .
O Type lll PT (H2): SFEWPT suggests R,, ~ —4/3 .
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Strong |st

PT suggest

light Higgs
spectra

No PQ limit
since the

stops are
decoupled



Overall Spectra

30 S —
! ) v T v
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W-c. Huang, Z-f. Karg, J. S, P.-.w Wu, J-m.Yang, Phys\ Rev. D. (2015) 2 025006

Either Light CP odd Hizgs or light CP eyen Higgs

12k%02
R,

v\? 3, , 2 2,2 1
—) —5/\50 sin 23 — (Mg)33 = 46"V (1+—)+---,

1
2 I 2 .2
(MI’)22 —_— 4MA sin 2ﬁ ( RK

5

Challenge in searches, may be ttbar h/A channel?
Or other non-Standard Higgs search channels?
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Hidden Models (C)

Real singlet with no vevs only couples with the Hig

Direct and indirect searches at the future colliders

O Future Z pole precision

measurements (Two loop effectsg3
. Henning, X-c. Lu,

O ILC + CEPC / FCC-ee indirect H. Murayama, 1404.1058
probe of Higgs-self couplings or

A. Katz, M. Perelstein,
hzz’ etc. JHEP 1407 (2014), 108

- . D. Curtin, P. Meade, C-T. Y
O SPPC direct PrOdUCt|On! J|_l|J|;|I:T1411 ?2301e4) 127 .
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Higgs self interactio

Higgs self-interaction is believed to be a very good prot
of the strongly |st order EVPT.

A. Nobel, M. Perelstein, Phys. Rev. D. 78 (2008) 063518

Large deviations in general are expected with some

exceptional cases with small deviation

A. Katz, M. Perelstein, JHEP

1407 (2014), 108
QO Indirect search of Higgs self-coupling at the e

future lepton collider M. McCullough, Phys. Rev. D 90 (2014), 1, 015001

S . S. Profumo, M. Ramsey-Musolf, C.
O Di-Higgs production at the HL--LHC or Wainwright, P. Winslow Phys. Rev.

SPPC / FCC-hh (Higgs-self couplings) D 91 (2010), 3, 035018
D. Curtin, P. Meade, C-T. Yu

JHEP 1411 (2014) 127

Saturday, August 29, 2015



Other aspects!

The two curves here

would results very |
different EWP-I-. — e

Need knowledge of
global behavior of Higgs
potential in principle

Colliders can only probe the local behavior.

Maybe future gravitational detection ?
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< CPViolation & EDM &
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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

onsider a fermion mass X with complex mass

N (O m (v) X (1 + i€ (v)ys) X |

. . Of(v) h) &
Expanding around v, CP odd term: EZQ {E(v) +Tgv5}x"5"
An axial rotation of X can remove the
2nd term, results extra terms where F

is the gauge field where X is charged.

The CP violating sources from X in EWBG
is proportional to the size of the effective
operators where X is integrated out.

- (g(v) L W) ﬁ) FF

dlogv v
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Affect the Higgs globa

D OC
g

6@'9(1})

My (V)
""" A complex mass term which
has vev dependence

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

There might be more universal results
if electric charged based on Higgs low energy theorem.

X as top quark J. S, Y. Zhang, Phys. Rev. Lett. 111 (2013) 091801
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2HDM example

In order to make a connection with
baryogenesis, | must make a model.

V= %((ﬂ(ﬁl)z - %(@%)2 +X3(6101)(8502)

1 There are two
+ Ma(6{02)(0]61) + 5 [Ms(8]2)? + huc] independent phases

S LHCCIR CACIRER RAREACENE f-om 77215 and \s.

Ly =QLYpo1Dr+QLYy(im2)05Ur+ L Y01 ER COS O sin &

= sinﬂcosab : cb=_cosﬁoosab
1.17 £ 0.27 99703153 ¢; = —cotfsinay, , & = —tanfSsinay,
1.14702° 727090 23
bb

0.52 & 0.40 14707 [28
1.15 + 0.62 [27][0.78 £ 0.27 [29

Ct =

Ly, vy = cosaysin(f — a)[,,sll‘”}v = aﬁ,sllf,iv
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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, 67 ~ 0(10—1) _ 0(10—2)
PRD, 86, 113004 (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

EDM excl

CMS only, tan f=2

ATLAS only, tan g=2

105 .
EDM excl. EDM excl.
05 '
= 00} SM
-05
-1, 0L SOROEOUUONT | | SUueunTone

-15-10-0500 05 1.0 1.5
a

-15-10-0500 05 l.0 1.5
a

Combined, tan B=0.5

EDM excl.

Second

Combined, tan =2

BDM excl.

________________

-15-10-0500 05 l.O 1.5
a
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Blue points:
best fits

sweet spot around

tan 0 ~ 1

J. S,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

Naively constraints ¢, ~ O(10~%) — O(10~°)
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 8

=0.8

Combined, tan 8

=0.8

CMS only, tan 8

=0.8

ATLAS only, tan S8

=2

Combined, tan S

2

CMS only, tan B8

=2

ATLAS only, tan 8

"15-10-0500 05 1.0

1.5

10

-15-1.0-0500 05

1.5

-15-10-0500 05 1.0

1.5
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2HDM case

The two pieces
can naturally
cancel each other

The Higgs is a
CP mixture!

2HDM case
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Final Results

ATLAS +CMS, f=a+7/2

1.+ Neutmn H)'M exclHio
| T Hioog Spectra Boy
0.7 :' N
0.5¢ i E ',
’ / 0 4 | |
/S | ~
03F e~
/{‘ = \.\\\\‘&
0.2/ “" eEDMexcl. _—
0.15) 4 BAU
: |
0.1
s “
! “ g T
yE—y— ." 0 :.:t I‘J-’ﬂldd_n—-.:-_'_ t
0.5 1.0 1.5 2.0 2.5
tanf3
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Heavy Higgs Search

cos( f-a)=0.02

L\l

Excl. by

125 GeV Higgs Data Excl. by

2 3> WW/ Z&=m

Llixcl. by
» 3= /h; = 1lbb

Higgs data
Excl.

10

C-Y. Chen, S. Dawson, Y. Zhang, JHEP 1508 (2015) 058

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

Non-standard
Higgs mediate the
cancellation
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Allowed CPV for MSSM

[de/e] (10~ cm)

ATAaY
Open the Heav

Higgs CPV search

RO

Stau contour
ACME exclusion

Preferred by EWBG

L-g, Bian, T. Liu, J. S, 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 (smaller EDMs 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.

The bounds with EDM with colored

objects are much weaker



+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

L-g, Bian, T.
Liu, J. S,
Phys. Rev.
Lett. 115
(2015) 021801

Codes
will be
updated
in the
web
soon
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Correction in CPSupe
DG

After correction: Before correction:
[de/e](10"*cm) [de/e](10"*®cm)
73
18- 60 40
16 ﬂ 25

14

Ss
L L
-
.....
TS
-
-~
-~ .
-~ L
- -
-r*
“
“»

-
“ G
s
-~ -

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

L-g, Bian, T. Liu, J. S, Phys. Rev. Lett. 115 (2015) 021801
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Something is up in the

D0C

Electron 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 10722 e-cm.

Proton ring: ~ 1 x 107*¢e - cm

a projected sensitivity of 1072 — 10~ %°¢.cm for 22°Ra, o 103! — 10~32¢.cm for 19°Hg.

3 orders of magnitude, close the cancellation region



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?

One possible solution is that we search for
CPV in b systems, (LHCb!)
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Electroweak Beautygengesis
OC

The key idea is to consider extra inert scald
which dominantly couples to b and s ﬁi.’rh CPV.
New source for An extra scalar Lt

CPV in Bs mixing triggers Ist h N e h

- " N

; . order EWPT. '\ K
: CPV in b,s in (H) —~ (H)
Hine the Higgs " .
[
e : background ’ > : . .

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

H. Guo, S. Hong, T. Liu, M. Ramsey-Musolf J. S, in progress
Saturday, August 29, 2015




Weinberg operator
contributions are small due to
small bottom quark mass

Saturday, August 29, 2015

No direct Barr-Zee
diagram contributions



Comments on CPV cha

O CPV in h to massive gauge boson coupling: CP odd is
dimb, 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.S. 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

M. Dolan, P. Harris, M. Jankowiak, M. Spannowsky, PRD, 90 (2014), 073008
O Other CPV fermion couplings

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

lectroweak Cogenesis (asymmetric DM and
generation at the weak scale).
C, Cheung, Y. Zhang, JHEP 1309 (2013) 002
O Electroweak baryogenesis from exotic electroweak

S)Immetr'y breaking. N. Blinov, J. Kozaczuk, D. Morrissey, C.
Wagner, Phys. Rev. D (2015) 035012

O Electroweak baryogenesis from a early time phase

P J.S, T. Tait, C. Wagner, Phys. Rev. D

O Electroweak baryogenesis from Randall Sundrum
models P. Creminelli, A. Nicolis, R. Rattazzi, JHEP 0203 (2002) 051

G. Nardino, M. Quiros, A. Wulzer, JHEP 0709 (2007) 077
Some models missing..........
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Summary & Outloo

atural connection between EWPT and Higgs physi
Strongly I st order tells you: strong coupling or shallow
potential at T=0.

O Future lepton and hadron colliders greatly help this aspect.

O A natural connection between BAU in EWBG and CPV in
the Higgs sector (EDMs are more sensitive than colliders).

O After the ACME results, large CPV effects are possible due
to cancellation, future EDMs will soon recover those region.

O Direct CPV at the LHC or future colliders are worth to look
even after future EDMs. Great for both LHC & LHCDb!
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Prospects: BG versus [

DOC
EWBG & Higgs physics: DM & WIMPs, Direc
Collider Searches Collider Searches
Low energy CPV DM Direct
experiments detection
Gravitational DM Indirect
Waves Searches.

Many inputs from the astrophysics and
nuclear physics has to be well understood

Fun to explore
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