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Recent Milestones

Discovery of the Higgs boson (2012)

Nobel Prize (2013)

Discovery of gravita;onal waves (2015)

Nobel Prize (2017)

Standard Model works! Einstein’s gravity works!
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Explore Our Universe



Recipe for Our Universe
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What is the origin of 
ma`er-an;-ma`er 

asymmetry?

What is the nature of 
dark ma`er? 

Is dark energy a cosmological 
constant?



The Asymmetric Visible Universe
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An;-proton to proton ra;o in cosmic rays is consistent with 
secondary produc;on,                            .ŶƉ̄/ŶƉ � ϭϬ�ϰ

<latexit sha1_base64="N2V4WWu8G8htmw6qzWnmsmc9EZI="></latexit>

All the visible stuff (stars, gas) are made of baryons (ma`er).

An;-ma`er are only seen in cosmic rays, or produced in the 
laboratories.



Precision Cosmology
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Ŷ�/Ŷɶ � ϲ � ϭϬ�ϭϬ
<latexit sha1_base64="FWYMARdprhR9OLzIM2LuSSdrASw="></latexit>



Tantalizing Puzzle
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Star;ng from a CPT conserving theory, necessary condi;ons 
for genera;ng nonzero baryon asymmetry are  (Sakharov, 1962)

Baryon asymmetry of the universe is a CPT viola;ng quan;ty.

• Baryon number viola;on: if universe starts symmetric 

• CP viola;on: treat baryon/an;-baryon differently 

• Out-of-thermal equilibrium: suppress inverse processes

What is the origin of such an asymmetry? Ini;al condi;on, or 
was it generated during the evolu;on of universe?



Baryon Number Viola<on
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It is well known SM offers a baryon number viola;on process 
in early universe  (Klinkhamer, Manton, 1984).

Different NCS correspond to different B+L quantum numbers, B+L 
can be violated by transi;ons between vacua (but conserve B-L).

It would be simple and elegant to make use of this effect.

sphaleronquarks an;leptons

an;-
sphaleronan;quarks leptons



Electroweak Baryogenesis
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(Kuzmin, Rubakov, Shaposhniov, 1985; Cohen, Kaplan, 
Nelson, 1990, 1991; Farrar,  Shaposhnikov, 1993; Huet, 
Nelson, 1995, 1996; Rio`o, 1995; Carena, Quiros, Rio`o, 
Seco, Vilja, Wagner, 1997, 2001, 2003; Cline, Joyce, 
Kainulainen, 2000; Lee, Cirigliano, Ramsey-Musolf, 2004 …)

For a short period, EW sphalerons work out of equilibrium in a 
preferred direc;on to generate the desired baryon asymmetry; 
It then shuts off quickly to prevent washout. 

Among every 1010 quarks/an;quarks in the universe, only one 
par;cipates in such a process (highly out-of-equilibrium).



Problem: around cri;cal temperature Tc, the universe expands 
too slowly,                                     , no out-of-equilibrium.

How Short Period Is Short?

11

ȳƐƉŚ � ϭϮϬɲϱ
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<latexit sha1_base64="S15s3f+lYrc6MQrIeLYqW0FwnJc="></latexit>

, � dϮ/DDW � ȳƐƉŚ
<latexit sha1_base64="drnC9WRRBShxYnNW8KhpFN9s2jE="></latexit>

EW sphaleron reac;on rate  (Shaposhnikov, 1985)

Cosmological ;me scale is too long, a new ;me scale needed. 

EW phase transi;on switches it off: above cri;cal temperature 
Tc (early on), v=0, sphalerons are fast; below Tc (later), EW 
symmetry broken; If v~Tc, sphalerons exponen;ally suppressed.



First Order Phase Transi<on
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In a first order EW phase transi;on, universe tunnels from h=0 
to h≠0 vacuum via bubble nuclea;on.

Bubbles expansion velocity close to c. Processes nearby highly 
out-of-equilibrium, no ;me for inverse sphalerons to occur.

barrier



Nature of EW Phase Transi<on
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First order phase transi;on 
widely occurs in extended 
Higgs sector models.

There are consequences in 
the form of effec;ve Higgs 
poten;al and Higgs physics, 
as well as gravity waves.

Within SM, with the measured Higgs mass (125 GeV), latce 
simula;ons tell that EW phase transi;on is smooth cross over. 
(Kajan;e, Laine, Rummukainen, Shaposhnikov, hep-ph/9605288)



Higgs Physics Near Bubble Wall
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Expanding bubble wall serves as the border where the Higgs 
field quickly changes from 0 to v. Par;cles flow into it. 

• Yukawa interac;on with 
Higgs field flips chirality.

•  

h=0h≠0

v ~ c

tLtR

• Assume CP viola;on exists, 
par;cles interact with wall at 
different x (interference).

ȴ � Ŷƚ> � ŶƚĐ> = �(ŶƚZ � ŶƚĐZ) �= Ϭ
<latexit sha1_base64="QfoDXaxrJl2EAXV9GFM18hPL20g="></latexit>

ʍƚ>�ƚZ �= ʍƚĐ>�ƚĐZ
<latexit sha1_base64="9+a/Cffy85+Rj9Aqdw5I1NgER3Y="></latexit>

• First generates a chiral 
charge asymmetry



The generated chiral charge asymmetry, in par;cular,                 , 
has a distribu;on around the bubble wall.

From Chiral to Baryon Asymmetry
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Ŷƚ> � ŶƚĐ>
<latexit sha1_base64="rXXVyw8UGMWKVTHRSvJ8rveBFyw="></latexit>

Outside the bubble (v=0), EW sphalerons allow a frac;on (f) of 
asymmetry in lev-handed top quarks to be shared with leptons.

Asymmetry in right-handed fields is not touched by sphalerons.

A net baryon asymmetry will be generated this way

Ŷ� � Ŷ�̄ �
�
ŶƚZ � ŶƚĐZ

�
+ (ϭ � Ĩ)

�
Ŷƚ> � ŶƚĐ>

�
= Ĩȴ

<latexit sha1_base64="o3XJdLm0QRtMGZ2LRUydWy/ER8w="></latexit>

Worth men;oning that equal amount of asymmetry is stored in 
the lepton number (sphalerons breaks B+L).



The Role of CP Viola<on
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For a fixed energy fermion state, the Dirac equa;on reads
�
�ɶϬ � ŝɶŝ�ŝ � ŵƚ(ǆ)W> � ŵ�

ƚ (ǆ)WZ
�
ƚ = Ϭ

<latexit sha1_base64="52tuSAyMmOr5CVVaHm18zr7OQ3s="></latexit>

Dispersion rela;on modified by when deriva;ve hits on mass

The wall exerts different “forces” on par;cle and an;par;cle

Ɖ̇ =
��
�ǌ

� ± (|ŵƚ|ϮĂƌŐ(ŵƚ)�)�

�Ϯ
<latexit sha1_base64="+b2QiAd1F9oiwEFVe52njB+1T/E="></latexit>

Semiclassical picture of how CP viola;on works in baryogenesis. 
Space-;me dependent mass near bubble wall ŵƚ(ǆ) = ǇƚŚ(ǆ)

<latexit sha1_base64="MqExqTZ3V8+rQDpeoYQF6y2wHOE="></latexit>

� =
�

[Ɖ ± ĂƌŐ(ŵƚ)�]Ϯ + |ŵƚ|Ϯ � ĂƌŐ(ŵƚ)
�

<latexit sha1_base64="oQZu/mrG0b1xEPQRdSYFKHKgrcI="></latexit>

Cline, hep-ph/0609145



Source of CP Viola<on in SM
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Contribu;on from SM CP viola;on (CKM) is highly suppressed.

Maximal CP phase is (another reason where SM fails)

MƋ = zƋz†
Ƌ

<latexit sha1_base64="NishdLF33JM/LeMnQ6erCCcJH/Q="></latexit>

How to generate complex top quark mass with a physical phase?
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CP Viola<on from New Physics
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L � ŵƚ

ǀ
ƚ̄ (cos ɽ�Ws + ŝɶϱ sin ɽ�Ws) ƚŚ

<latexit sha1_base64="3aJ8AEcDyZmHEWqh9SQa9jM0XQ8="></latexit>

The 125 GeV Higgs boson could contain a CP odd A0 

component (mixing angle θCPV).  Generically, θCPV ~ Δξ .

�,ϭ� =
�
Ϭ, ǀϭ(ƚ)Ğŝʇϭ(ƚ)

�d
, �,Ϯ� =

�
Ϭ, ǀϮ(ƚ)ĞŝʇϮ(ƚ)

�d

<latexit sha1_base64="vyOb5TcqSy1td86diqznphxMV9U="></latexit>

H10

H20

A0

θCPV

SUSY: similar role of top could be played by charginos/ neutralinos.

Two Higgs doublet models: two Higgs VEVs during EWPT

Top quark mass mt = y1 v1 exp(iξ1) + y2 v2 exp(iξ2). Rela;ve phase 
Δξ has a poten;al, V ⊃ m122(H1†H2) + λ12 (H1†H2)2+h.c.



Electric Dipole Moments
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, = ĚĞ�Ɛ ·��
<latexit sha1_base64="EBKfPYunmY6g4mIchMaCNcHfHKo="></latexit>



Electron EDM and ACME II
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Barr, Zee, 1990

Weak scale CP viola;on, a back-of-envelop es;mate

ĚĞ � Ğ'& ŵĞ

(ϭϲʋϮ)Ϯ
ɽ�Ws � ϭϬ�Ϯϲ ɽ�Ws Ğ Đŵ
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Latest electron EDM measurement ĚĞ < ϭ.ϭ � ϭϬ�Ϯϵ Ğ Đŵ
<latexit sha1_base64="copKZLZtfzTg8ymee0iEeVuu/0o="></latexit>

ACME collabora;on 2018
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Higgs rate measurement
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Severe Challenge Now
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EW baryogenesis 
favored region

Shu, YZ, 1304.0773, PRL 
Inoue, Ramsey-Musolf, YZ, 1403.4257, PRD

type II 2HDM, alignment limit, β-α=π/2

ACME 2013 (ThO)

ACME 2018 (ThO)

pre-ACME (YbF)

neutron EDM



• Higgs portal (sourcing CP viola;on & phase transi;on) 

• Z’ portal (for transfer CP viola;on)

A Simple Way to Suppress EDM

22

Ğ
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Electron EDM can be suppressed if the CP viola;ng fermion is a 
SM gauge singlet (does not couple to photon).

How to transfer CP viola;on in the early universe? I will discuss 
a new mechanism with two ingredients:

In this case, the leading EDM 
contribu;on has to arise with 
extra loop factors. 

ʖ
<latexit sha1_base64="/3cn9CXuLu8LY7+fbTR1mzxYaDA="></latexit>

Ś
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Carena, Quirós, YZ, 1811.09719, PRL



Ingredient of Dark Sector Model
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dark sector
CP

SM sector
C B

(DM interaction) (EW sphaleron)

X

HS

first order phase transition

Z’

transfer particle asymmetry

|S|2|H|2

Carena, Quirós, YZ, 1811.09719, PRL



The Role of Higgs Portal
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The direct coupling between a SM gauge singlet fermion χ and 
the Higgs boson would be higher dimensional. 

To write down a renormalizable theory, introduce a new scalar, 
S, also SM gauge singlet, with Yukawa coupling to χ

A first order phase transi;on involving S field, in presence of a 
rela;ve phase between m0 and y, can generate chiral charge 
asymmetry in χ par;cles (analogue of top-Higgs interac;on)

ȴ � Ŷʖ> � ŶʖĐ> = �(ŶʖZ � ŶʖĐZ) �= Ϭ
<latexit sha1_base64="TZWOecn8RzomgwqUQ4bhHmnPjYc="></latexit>

L � ʖ̄>(ŵϬ + Ǉ^)ʖZ + Ś͘Đ͘
<latexit sha1_base64="A9nfJy8IeCiHbwhlIHa4o1yKW94="></latexit>

Carena, Quirós, YZ, 1811.09719, PRL



New EW Phase Transi<on
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Espinosa, Konstandin, Riva, 1107.5441

A scalar-Higgs interac;on, λ|S|2|H|2, with λ>0, can trigger 
strong first order EW phase transi;on of the following form 
(with mS ~ S ~ hundreds of GeV, and λ ~ 1-3).

wx

bubble wall profile

H S

zO

field space

S

HO



The Role of Z’ Portal

26

EW sphalerons cannot touch the chiral charge asymmetries in χ 
because it is an SU(2) singlet — must transfer such a CPV effect 
in other ways to the SM sector.

Introduce a Z’ vector boson (will be gauge boson of a new U(1)) 
with the following interac;ons. First, coupling with χ

If qχL≠qχR, there is a net charge density, generates a background 
for the Z’0 component (analogue of sta;c electric poten;al).

ȴ
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Chemical Poten<als from Z’0
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In addi;on, Z’ also couples to SM fermions, with the following 
generic charge assignment

If Z’0 background is nonzero, the above interac;ons generate a 
chemical poten;al μ=qZ’0 for each fermion (H ~ μN).

With a chemical poten;al, the thermal equilibrium asymmetry 
between the f and fc number densi;es will dictated by μ.  
(Out of thermal equilibrium? Solve Boltzmann equa;ons…)
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ɲĚZŝ
�
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Driving the EW Sphalerons
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There is only one Boltzmann equa;on

A coincidence with the non-conserva;on of the Z’ current
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Important constraint: All SM fermions share the same number 
changing process — EW sphalerons (outside bubbles). Must 
add up all the fermions to the total B+L number.

massless 
fermions

Carena, Quirós, YZ, 1811.09719, PRL



Requirement on Z’ Charges

29

There are special cases for the charge assignment where the 
source term in the B+L Boltzmann equa;on vanishes — that is, 
when the current is anomaly free with respect to SU(2)L2.

The current Z’ couples to must be anomalous!

Key ingredient for the success of new electroweak baryogenesis 
mechanism proposed here. Guiding principle for construc;ng 
UV complete theories.

• Non-working U(1)s: hypercharge, B-L, Lμ-Lτ. 

• Working U(1) theories: baryon number, lepton number, Lμ+Lτ.

Carena, Quirós, YZ, 1811.09719, PRL



A UV Comple<on
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Extending the SM with gauged lepton number symmetry U(1)ℓ.
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not anomaly free

Fileviez, Wise, 1002.1754; Schwaller, Tait, Vega-Morales, 1305.1108
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Symmetry Breaking History

31

U(1)ℓ is first spontaneously broken above the EW scale by Φ.

• Condensate of Φ makes L’, R’, eR’, eL’’ heavy, integrated out, 
but leaves χL, χR light due to smaller Yukawa coupling.

Around EW scale, interac;on between the extra scalar S and 
Higgs field triggers a strong first order EW phase transi;on.

• Also leaves Z’ light with a small gauge coupling g’.

• Remarkably, χL, χR carry different U(1)ℓ changes by construc;on.

• U(1)ℓ is anomalous w.r.t. SU(2)L for the remaining fermions.



The New Baryogenesis Picture
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Phenomenological Implica<ons
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This model has a number of a`rac;ve predic;ons.

• Predicts the existence of a new force carrier Z’, leptophilic. 
Offers a great mo;va;ons for new Z’ (dark photon) searches.

• Predicts very small electric dipole moments.

• The χ par;cle in this model qualifies to be a thermal dark 
ma`er candidate.

• Predicts a new Higgs portal scalar S, which could mainly 
decay into Z’s.



Leptophilic Z’: Target and Searches
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Gauge Two Lepton Genera<ons
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Gauge Baryon Number
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Conclusion
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I present a new idea that makes EW baryogenesis viable where 
CP viola;on first occurs in the dark sector, and is transferred to 
the visible sector in early universe through a new Z’ force.

Mo;vate Z’ searches with anomalous low-energy couplings; 
predict highly suppressed EDMs.

The new physics we will discover next may be connected to the 
origin of baryon asymmetry in the universe.

Electroweak baryogenesis requires new CP viola;on near the 
weak scale. New ACME II result challenges many models.
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Thanks!  
Stay safe!


