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Baryon Asymmetry of the Universe
�∆�
�
≈ (�. ퟓ�± �. ퟏퟏ)× ퟏ�−ퟏퟏ

from Planck satellite

Figure from Kaori Fuyuto
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Baryon Asymmetry of the Universe
• Sakhorov’s criteria
1. Baryon number violating process,

Generate �∆�. 
Triangle Anomoly 

2. C and CP violations,
�(� → � + �) ≠ �(� → � + �), L and R. 
CKM 

3. Out of equilibrium. 
�(� → � + �) ≠ �(� + � → �). 
Electroweak phase transition

Way too small to explain the observed BAU within the SM. We need 
new physics!
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Baryon Asymmetry of the Universe
 �  � ≲ �. ퟏ� 풆�

from Planck satellite 

Seesaw mechanism

� ⊃− ������� −�������
� = (

0 ��
�� ��

)

�1 ≈
−��

2

��
, �2 ≈ ��.

The lightness of the observed neutrinos is explained by heavy right-
handed neutrinos, 

Additional CP violations can exists in the neutrino mass matrix.
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Leptogenesis
• �훼훼 is the CP asymmetry in �1 decay, 

comes from the interference between the tree-level and one loop amplitude.

• Hierarchical RH neutrinos,
        ��ퟏ ≥ ퟏ�

�GeV.
Davidson-Ibarra Bound, no possible signatures.

        Higgs mass unstable, Hierarchy problem

• Resonant leptogenesis
if at least two of the RH neutrinos masses are degenerate,

        Fine-tuned 
 � ≲  1

2
, only needs ��ퟏ ≥ ���� ≈ ퟏ�� GeV.

• ARS leptogenesis
Degenerate RH neutrinos Oscillate, 

        Fine-tuned 
 ��ퟏ ≥ ퟏGeV.
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Test Leptogenesis
• How to test leptogenesis?
High scale: Collider can not reach
Low scale: Can not measure mass degeneracy
                   Only allowed region, No test

Marco Drewes, Yannis Georis et al, Phys.Rev.Lett. 128 (2022) 5, 051801
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Test Leptogenesis from GWs

Leptogenesis            GWs

• Can we test leptogenesis from GWs?

• Relativistic bubble wall dynamics
     EWPT, RHN mass, wall speed
        I. Baldes, S. Blasi et al, Phys.Rev.D 104 (2021) 11, 115029
        P. Huang, K. Xie, JHEP 09 (2022), 052
        D. Borah, A. Dasgupta et al, JHEP 11 (2022), 136
        E. J. Chun, T. P. Dutka et al, JHEP 09 (2023), 164       
• Early Matter Dominance from RHNs or scalar
    Inflation or EWPT GWs 
       S. Datta, R. Samanta et al, JHEP 11 (2022), 159, 
       JCAP 11 (2024) 051, JCAP 08 (2025), 095
       More from A. Ghoshal et al
• Graviton...
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Test Leptogenesis from GWs

Scalar

Leptogenesis

EWPT

BAU

GWs

• Can we modify mechansim of Leptogenesis to connect GWs?
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Scalar assisted Leptogenesis
• Can we enhance CP, without finetuned mass splitting?
And without distablize the Higgs mass?

• Can we probe leptogenesis with GWs?

• Toy model:
Scalar assisted Leptogenesis, scalar �� symmetric Model
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Scalar assisted Leptogenesis

• CP Asymmetry
Require ��2 − ��1 > ��(�)
CP Asymmetry from vertex correction, ∝ 푺��, ∝ ���ퟏ푺
CP Asymmetry from self energy, ∝ (���ퟏ푺)�

• Advantage:
Do not need degenerate RHNs, or too heavy RHNs
No fine-tuning, Higgs mass stable
SHH couplings = 2�����, �� is the vev of S
Leptogenesis is highly connected to 1st order EWPT, in magnitude
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Scalar assisted Leptogenesis

• CP Asymmetry from vertex correction
Dominates for light RHNs

• CP Asymmetry from self energy
Dominates for not that heavy RHNs

• CP Asymmetry from vannila seesaw
Dominates for heavy RHNs

We consider light RHNs to avoid Hierarchy problem
Dominant vertex correction
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Scalar assisted Leptogenesis
• Boltzmann Equations

• Additional terms from �� → ���:
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• At finite temperature:

• An Illustration –

Magnitude controlled by �푺�, �푺, �� 
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-
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Gravitational wave spectrum

Scalar induced EWPT
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Observable GWs
• GW spectrum can be calculated from EWPT:

• For the LISA detector, signal-to-noise ratio (SNR):

SNR > 10, can be regarded as criteria of signal



1515
• Two Step Phase Transition: for �� symmetric Model

• CP Asymmetry is highed related to the EWPT

(0,0)

First 
step

(0, ��)

(�ℎ, 0)

Second 
step

Connection between Leptogenesis and EWPT 
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Connection between Leptogenesis and EWPT 
• Leptogenesis is highly connected to 1st order EWPT, in time
Require ��2 − ��1 > ��(�), mass bound
SHH couplings = 2�����, �� is the vev of S



1717

Testing Leptogenesis from Observable GWs
• Leptogenesis is strongly correlated to GWs!
��: Nucleation temperature, 
��: Critical temperature, degenerate vacuum
�� −  �� > 10 GeV: Strong EWPT, 

• For one benchmark:
Linear dependence!

• General correlation
weaker dependence 
when mass bound close before PT
��2 −��1 > ��(�)

• Successful Leptogenesis can lead to observable GWs in the near 
future



1818 Leptogenesis can be tested via Gravitational Waves
• CP Asymmetry can be enhanced by additional scalar
• No fine-tuning, Higgs mass stable
• CP Asymmetry connected to 1st-order EWPT

      in magnitude, ∝ �����, also control 1st-order EWPT

      in time, near the EWPT period, EWPT control mass bound
• Leptogenesis is strongly correlated to GWs, can be tested from Observable GWs

Conclusion
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Leptogenesis
BAU from neutrino!

1. Lepton number is violated within the neutrino masses terms.

2. Additional CP violations can exists in the neutr ino mass 
matr ix.

3. Right-handed neutrinos decay out of equilibrium potentially.

And EW sphaleron to transfer �∆�into �∆� before EW phase 
transition,

�� =
28
79
��−�
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What is EWPT?
EW symmetry restoration in the early Universe

Current W & Z  bosons are massive;
Photon is massless, 
Mexican-hat like

The early Universe

(Thermal effects)SU(2)L & U(1)Y bosons are massless,
True vacuum

Phase transition

Scalar induced EWPT
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It could be –

Lattice calculation shows the phase 
diagram ==>

Thus in the SM it is a crossover, since 
Mh = 125 GeV > 75 GeV;

However, a 1st-order EWPT is more 
interesting.
(Needs new physics)

HIGGS AND ELECTROWEAK SYMMETRY BREAKING 13
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Figure2.10: An illustration of acontinuouscrossover (left) andafirst order phase transition (right).

of theelectroweak phase transition, we requireprecisionmeasurementsof Higgsphysics
at adedicatedHiggsfactory experiment like theCEPC.

First Order Phase Transition or Continuous Crossover?

Despiteyearsof careful study at theLHC, westill havesuch apoor understandingof the
Higgsthat it isimpossibletodetermineeven theorder oftheelectroweakphasetransition.
In general, these twoscenariosareused to classify symmetry-breakingphasetransitions:

A first order phase transition proceeds through the nucleation of bubbles that grow,
coalesce, andeventually fill thesystem.

By contrast, acontinuouscrossover occurssmoothly throughout thesystem.

See also Fig. 2.10. If the phase transition is determined to be first order, therewould be
profoundimplicationsfor early-universecosmology andtheoriginof thematter-antimatter
asymmetry. Moreover, determining the order of the EWPT is simply the first step in a
much richer research programthat dealswith other aspectsof thephasetransition includ-
ing its latent heat, bubblewall velocity, plasmaviscosity, and soon.

The Higgs Potential

Theorder of theEWPT is intimately connected to theshapeof theHiggspotential energy
function. For each value of the Higgs field, h, there is an associated potential energy
density, V (h). Duringtheelectroweak phasetransition, theHiggsfieldpassesfromh = 0
wheretheelectroweak symmetry isunbroken toh = v ' 246GeV wheretheelectroweak
symmetry isbroken and theweak gaugebosonsaremassive. Thus theorder of thephase
transition is largely determinedby theshapeof V (h) in the region 0< h < v.
For instance, if the Higgs potential has a barrier separating h = 0 from h = v, then

electroweak symmetry breakingisaccomplishedthroughafirstorderphasetransitionwith
the associated bubble nucleation that wediscussed above. If there is no barrier in V (h),
the transition may be either first order or a crossover depending on the structure of the
thermal effectivepotential, Ve↵(h, T).
Currently weknowalmostnothingabouttheshapeof theHiggspotential. Thissituation

is illustrated in Fig. 2.11 and the following discussion. When we make measurements
of the Higgs boson in the laboratory, we only probe small fluctuations of the potential
around h = v. By measuring the strength of theweak interactions, GF = (

p
2v2)−1 '

1 ⇥10−5 GeV−2, we learn that theHiggspotential hasa local minimumat v ' 246GeV.
By measuring the Higgs boson’smass, we learn that the local curvature of the potential

HIGGS AND ELECTROWEAK SYMMETRY BREAKING 13
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Figure 2.10: An illustration of a continuous crossover (left) and a first order phase transition (right).

of the electroweak phase transition, we require precision measurements of Higgs physics
at a dedicated Higgs factory experiment like theCEPC.

FirstOrderPhaseTransitionorContinuousCrossover?

Despite years of careful study at the LHC, we still have such a poor understanding of the
Higgs that it is impossible to determineeven theorder of theelectroweakphase transition.
In general, these two scenarios are used to classify symmetry-breaking phase transitions:

A first order phase transition proceeds through the nucleation of bubbles that grow,
coalesce, and eventually fill the system.

By contrast, a continuous crossover occurs smoothly throughout the system.

See also Fig. 2.10. I f the phase transition is determined to be first order, there would be
profound implications for early-universecosmology and theorigin of thematter-antimatter
asymmetry. Moreover, determining the order of the EWPT is simply the first step in a
much richer research program that dealswith other aspects of the phase transition includ-
ing its latent heat, bubble wall velocity, plasma viscosity, and so on.

TheHiggsPotential

The order of theEWPT is intimately connected to the shape of theHiggspotential energy
function. For each value of the Higgs field, h, there is an associated potential energy
density, V (h). During theelectroweak phase transition, theHiggsfield passes from h = 0
where theelectroweak symmetry isunbroken to h = v ' 246GeV where theelectroweak
symmetry is broken and the weak gauge bosons aremassive. Thus the order of the phase
transition is largely determined by the shape of V (h) in the region 0 < h < v.
For instance, if the Higgs potential has a barrier separating h = 0 from h = v, then

electroweak symmetry breaking isaccomplished through afirst order phasetransition with
the associated bubble nucleation that we discussed above. I f there is no barrier in V (h),
the transition may be either first order or a crossover depending on the structure of the
thermal effective potential, Ve↵(h, T ).
Currently weknow almost nothingabout theshapeof theHiggspotential. Thissituation

is illustrated in Fig. 2.1 1 and the following discussion. When we make measurements
of the Higgs boson in the laboratory, we only probe small fluctuations of the potential
around h = v. By measuring the strength of the weak interactions, GF = (

p
2v2)−1 '

1 ⇥10−5 GeV−2, we learn that theHiggs potential has a local minimum at v ' 246GeV .
By measuring the Higgs boson’s mass, we learn that the local curvature of the potential

or

EW-symmetric phase
hep-ph/0010275

EW-broken phase

SM

New Phy.

Figure from L.-T. Wang’s talk in IHEP workshop

Scalar induced EWPT
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Why we focus 1st-Order EWPT?
Sources of the stochastic GWs:

• Collision of the bubbles
• Sound waves in plasma
• Turbulance in plasma

EWPT GWs typically peak in mHz.

LISA detector

Scalar induced EWPT


