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Outline

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

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

Future prospects of EWBG & CPV.

Summary and outlook.
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The origin of mass!

Higgs ???

h

V(h)

The origin of electroweak 
symmetry breaking

Higgs mechanism

What big questions can we 
learn from that?
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The origin of matter
How mass is generated in our universe?

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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The EWBG

Electroweak baryogenesis: generate baryon 
asymmetry with particle mass generation at EW scale. 

Sakharov’s condition (EWBG):

baryon number violation (Sphaleron transitions)

CP violation (SM CPV too small)

Strongly 1st order PT (SM: crossover)
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Strongly 1st order PT

When the universe is cooling down, if we have 
strongly1st order PT, then we have bubble expanding 

Strongly first order 
phase transition
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The EWBG

CPV phase jump generate 
a net chiral charge inside 

the bubble wall

mχ(v)e
iθ(v)

θ̇

It diffuses into the 
bubble (broken phase) 

and then converted into 
net baryon density. 

require strongly first order phase transition
Friday, July 24, 2015



Why focus on CPV?

h

V(h)

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

The two curves here 
would results very 

different EWPT. 

Need knowledge of 
global behavior of Higgs 

potential in principle
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General connection

mχ(v)e
iξ(v)

LX ∼ (∂µξ)J
µ
X

Behave like a chemical potential term

Converted to B by sphalerons 
inside the bubble wallrequire strongly first order phase transition

CPV phase jump generate a net chiral 
charge close to the bubble wall
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LHC Higgs data: CPV source

mχ(v)e
iθ(v)
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as top quarkχ

A complex mass term which 
has vev dependence 

suggests that particle    would 
contribute to hgg and        . 

vertex with CPV
hγγ

χ
if colored

if electric charged
J. S,Y. Zhang, Phys. Rev. Lett. 

111 (2013) 091801
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2HDM
In order to make a connection with 
baryogenesis, I must make a model.

There are two 
independent phases 
from         and     . m12 λ5

Mass eigenstates:
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2HDM
In order to make a connection with 
baryogenesis, I must make a model.

Higgs coupling measures the CPVαb

LHC Higgs fit data 
after last summer
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The same operators would 
contribute to the EDM or CEDM

Bounds from EDM

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

When there is a CP odd 
operator contributes to 

hgg or       .hγγ

D. McKeen, M. Pospelov, A. Ritz, 
PRD, 86, 113004 (2012)

c̃γ ∼ O(10−1)−O(10−2)
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Blue points: 
best fits

Second region

SM

sweet spot around 
tanβ ∼ 1

J. S,Y. Zhang, 
Phys. Rev. Lett. 

111 (2013) 091801
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New ACME results
Much Tighter constraints than before:

More than one order improvements

at 90% C. L.

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

Where are the room for direct CPV searches?

Naively constraints     c̃γ ∼ O(10−2)−O(10−3)
J. Brod; U. Haisch and J. Zupan, JHEP, 1311, 180 (2013)
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New ACME results

Much Tightly 
constrained 
than before:

J. S,Y. Zhang, 
Phys. Rev. Lett. 

111 (2013) 091801
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2HDM case

The two pieces 
can naturally 

cancel each otherEFT only for illustration

The Higgs is a 
CP mixture!

2HDM case
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Final Results

ACME bound

Future Neutron 
EDM bound will 
probe this region

Preferred by EWBG

c̃γ ∼ O(10−2)

LG. Bian, T. Liu, J. S, 
Phys.Rev.Lett. 115 (2015) 021801
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Heavy Higgs Searches

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

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

Non-standard 
Higgs mediate the 

cancellation

EFT only for illustration

MSSM with 
chargino & staus

Heavy Higgs coupling 
enhanced by tan beta

Negligible CPV in the 
Higgs sector
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Change in the CPSuperH

Mercury exclusion
Chargino contour

ACME exclusion

Preferred by EWBG

Open the Heavy 
Higgs CPV search

Stau contour

LG. Bian, T. Liu, J. S, 
Phys.Rev.Lett. 115 (2015) 021801
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Correction in CPSuperH

A sign mistake in the anomalous D of the dipole 
operator (smaller EDMs at low energy).

No operator mixing effects are considered

Detailed RG running in the Mercury & other EDMs

Update the matrix elements (factor of 10 difference)

W boson loop included in the Barr-Zee diagram.

The bounds with QCDs are much weaker
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Correction in CPSuperH

LG. Bian, T. 
Liu, J. S, 

1411.6695

See

Codes 
will be 

updated 
in the 
web 
soon
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Correction in CPSuperH
After correction: Before correction: Neutron 

EDM bound:

Mercury

ACME

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

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

∼

TRIUMF: 

Proton ring: ∼ 1× 10−29e · cm

1~3 orders of magnitude, close the cancellation region

Mercury improve by 1~2 orders soon
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Sth is up in the air?

∼

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

If we take this “over-optimistic” case

We are approaching the SM results! (Notice nuclear 
uncertainties are also shrinking nowadays)
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Think more!
If one of those experiments are before the 

end of LHC (including HL-LHC)

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

Do we need direct LHC CPV searches? 

This means CPV, if exsits, might be flavorful

EDM experiments are simply electron or 
proton constitutes  
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EWBG from CPV in Bs

CP violation in the 
B system

Generate 
baryons

How ?

Electroweak Beautygenesis

A common CP 
violating phase.
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Bs mixing data

Precision improvement crucial for further test of 

Di-muon 
anomaly is 

gone, B meson 
CPV phases is 
still measured

Motivations 
for the future 

tests!
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Electroweak Beautygenesis

The key idea is to consider extra inert scalars 
which dominantly couples to b and s with CPV. 

Hint

b

b̄s̄

s

b bs

�H� �H�

New source for 
CPV in Bs mixing

Hint

h h

CPV in b,s in 
the Higgs 

background

An extra scalar 
triggers 1st 
order EWPT.

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

Consider a type III 2HDM:

For b-s system, consider Yukawa couplings below:
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B meson mixing

RG running are also 
included
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Flavor constrains

Practically the effect is small

H & A effect cancels in the “alignment” limit

B to s gamma:
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Baryon generation

b bs

�H� �H�

CPV sources in the 
Higgs background

3

Here ∆ms and ∆Γs are the mass and decay width dif-

ference between the heavy and light mass eigenstates of

the Bs mesons [25]. as
SL

is the charge asymmetry in

semileptonic Bs decays. βs measure the time-dependent

CP violating phases in the hadronic B decay channel

Bs → J/ψφ.
The theoretical inputs and all experimental measure-

ments are listed in the Table I. The decay constants

and bag parameters are used from Ref. [12]. Notice

that we use ∆mBs = 2|Ms

12|SM
and ∆mBs = 2|Ms

12|SM

in Ref. [13] which uses the more recent decay con-

stants and bag parameters with much smaller uncertain-

ties. For the like-sign dimuon charge asymmetry, we use

Ab

SL
� −(8.5 ± 2.8) × 10

−3
which combine the D✁0 mea-

surements with the CDF measurements. For βExp
s

and

Γs measured by both CDF and D✁0 [5, 6], we use the

combined results with each measurements in 2.8 fb
−1

[6].

The overall χ2
fit is defined as

χ2
=

4�

i=1

(Omodel

i
−Oexp

i
)
2

σ2
SM

+ σ2
exp

(11)

with Oi represents the four observables in Eq.(10) [26].

We transmit the χ2
here into C. L. The overall fits from

which we scan over the parameter space for a 1 TeV

Higgs is presented in Figure 1.

Electroweak Bottomgenesis The BAU generation,

if achieved by EWBG, will involves charge transporta-

tion in the boundary of a first-order EWPT in the early

Universe (i.e., in the wall of nucleated bubbles) [27]. As

commonly done in earlier studies, we ignore the wall

curvature, which then reduces the problem to a one-

dimensional one where all relevant functions depend on

the variable z̄ = z + vwt. Here vw is the wall velocity.

Thus, z̄ < 0 is associated with the unbroken phase, z̄ > 0

with the broken phase, and the boundary extends over

0 < z̄ < Lw.

As pointed out in [14], the transport properties of par-

ticles during the EWPT can be described properly only

in the non-equilibrium quantum field theory (QFT). Us-

ing the closed time path formulation of non-equilibrium

QFT (for pedagogical discussions, see [15]), we find that

the CP-violating source induced by the Higgs mediated

process bL → sR → bL is given by (note SCP�
sR

= −SCP�
bL
)

SCP�
bL

=
Nc∆(z̄)2

π2
θ̇(z̄)

� ∞

0

dk k2

ωbLωsR

(12)

×Im

� (E∗
bL
EsR − k2)(nF (EsR)− nF (E∗

bL
))

(EsR − E∗
bL
)2

+
(EbLEsR + k2)(nF (EsR) + nF (EbL))

(EsR + EbL)2
�

in the limit of freely propagation in the thermal bath.

Here nF (x) = 1/(exp(x) + 1) is equilibrium Fermi dis-

tribution, EbL,sR = ωbL,sR − iΓbL,sR are complex poles of

the spectral function with ω2
bL,sR

= k2 +m2
bL,sR

. mbL,sR

and ΓbL,sR should be understood as parameters at finite

temperature. θ̇(z̄) = dθ(z̄)/dt is given by

θ̇(z̄) =
−f(z̄)

∆(z̄)2
(ybs cosβ(∞))(|λbs| sinβ(∞)) sin θλbs (13)

with f(z̄) = (v̇u(z̄)vd(z̄) − vu(z̄)v̇d(z̄))/(sinβ(∞) cosβ
(∞)) being a function describing the relative variation

of the Higgs VEVs across the bubble wall. Although a

systematic analysis is absent in the general THDM, some

analyses have been done in the MSSM [16] which indicate

�f(z̄)/v3� <∼ 10
−4

. In this letter, we will simply adopt

this bound in our analysis. In addition, we will neglect

the effects of renormalization group running and temper-

ature evolving below the critical temperature, assuming

zero-temperature values for the parameters in Eq. (13).

Different from EWBG induced by flavor-diagonal

CPV (e.g., CPV from stop quarks mass matrix in

supersymmetric models), the transportation of both

the second and third family particles is sourced by

CP-violating terms. Define the number densities

{Q1,2,3, U,D,C, S, T,B,H = H+
u

+ H0
u
− H−

d
− H0

d
}

which correspond to left-chiral quarks of different fam-

ilies, right-chiral up, down, charm, strange, top and bot-

toms, and Higgs bosons, respectively. Since all light

quarks (except bL and sR) are mainly produced by strong

sphaleron processes and all quarks have similar diffusion
constants, with the baryon number conserved, we have

approximate constraints

Q1 = Q2 = −2U = −2D = −2C = −2B,

S + T +Q3 = 0. (14)

The system of Boltzmann equations are then given by

∂µQ3µ = Γmt (ξT − ξQ3) + Γt (ξT − ξH − ξQ3)

+2Γss (ξT − 2ξQ3 + ξS + 8ξB) + SCP�
bL

∂µTµ = Γmt (ξT − ξQ3)− Γt (ξT − ξH − ξQ3)

−Γss (ξT − 2ξQ3 + ξS + 8ξB)

∂µδµ = −SCP�
bL
, (with δ = S −B)

∂µHµ = Γt (ξT − ξH − ξQ3) (15)

Here ∂µ
= vw

d

dz̄
− Da

d
2

dz̄2 in the planar bubble wall ap-

proximation with Da being a diffusion constant, and

ξa = na/ka with na and ka being the number den-

sity and the statistical factor of particle “a”. The CP-

violating source SCP�
bL
, non-zero only within the moving

bubble wall, leads to the generation of non-zero left-chiral

quarks. The interactions include (i) inelastic top Yukawa

and strong sphaleron processes (denoted by Γt and Γss)

that convert charge from one species to another, and

(ii) top relaxation processes (denoted by Γmt), while the

other Yukawa ones are neglected due to ΓDq/v2w < 1.

Given SCP�
bL
(z̄ < 0) = 0 and using boundary conditions

Using the thermal mass

Invariant CP phase:
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EDMs

No direct Barr-Zee 
diagram contributions

Weinberg operator 
contributions are small due to 

small bottom quark mass 
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Bs --> Xs Gamma

Baryon asymmetry

B-s mixing allowed region

Overall allowed region

Bottom mass constrain

H. Guo, S. Hong, T.  Liu, M. Ramsey-
Musolf J. S, in progress
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Allowed region

Future projection on the LHCb sensitivity 
will be added soon
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Summary & Outlook

I present many examples where EW baryogenesis came from 
a CPV Higgs sector (general arguments).

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

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

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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