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• Baryon (atomic matter):  
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Ŝ ! ��, � !
˜̄tt , ˜̄t ! didj ⌧�

D
& tf ⇠ (1sec)

⇣
MeV

Tf

⌘
2

& 1cm ��CP

(light t̃ , b̃)
mscalar � mgaugino(Higgsino) ⇠ TeV ⌦B

⌦DM
⇠ o(0.1)

Y�(Tf) =
neq

� (Tf)

s(Tf)
' 3.8

g1/2
⇤

g⇤s

m�

Tf

�
m�Mplh�Avi

��1
,

(B ! B̄) (� ! u�⇤) ◆B H̃ut ! d̄i d̄j pp ! K+K+

⌦B ⇡ 4%, ⌦DM ⇡ 23%, ⌦B ⇡ 5% ⌦� ⌘ ⌦DM ⇡ 27% m� ⇠

TeV⌧ B̃ ⇠ 102
� 103 1

m2
SC

�udd ⇠ 10�4
� 10�3

TD < Tf < m� mscalar � mgaugino ⇠ TeV

TeV⇠ mgaugino ⌧ mscalar ⇠ 100 � 1000 TeV
B̃ ! B! (µ > mscalar � mgaugino)
⇠ 10% for yi ⇠ O(1)
mgaugino ⌧ mscalar

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions
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Extension to antihelium searches

baryon asymmetry in the universe:
• dynamically: large CP violation is needed
• separation of matter and antimatter in the early universe

antihelium is a natural extension of the antideuteron search:
• bound on antihelium gives constraint for the distance between galaxies and antigalaxies 
• because antihelium production in p-ISM interactions in the matter universe is extremely 

small
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•What is origin of the matter-antimatter asymmetry? (Baryogenesis) 

— the Universe starts with  (inflation)              B = 0 B ≠ 0?

Baryogenesis

•Sakharov conditions for BG (1967): B violation, CP violation, out of equilibrium

1 Executive Summary

There is more matter than antimatter in the Universe. This asymmetry, quantified as the

ratio of baryon density to photon density, is measured at the time of Big Bang Nucleosyn-

thesis (BBN) and the Cosmic Microwave Background (CMB) to be (nb�nb̄)/n� = nb/n� =

(6.10 ± 0.4) ⇥ 10�10 [1]. Inflation dictates that such an asymmetry must be dynamically

generated after reheating, necessitating a mechanism of baryogenesis.

Sphalerons
Explicit B violation
Explicit L violation

Other particle number violation

New CP violation in scalars, 
quarks, leptons

Cosmological phase transitions
Out-of-equilibrium decays

Chemical potential

Sakharov 
Conditions

B/L violation CP violation

Out of equilibrium

CP violation in a dark sector

Figure 1: Some of the traditional BSM ingredients evoked to satisfy the Sakharov condi-

tions [2] and explain the BAU.

In order to produce a matter–antimatter asymmetry, a model of particle physics must

satisfy the so-called Sakharov conditions [2]. These are: (i) Baryon number (B) violation,

(ii) C and CP violation, and (iii) departure from thermodynamic equilibrium. In the

Standard Model (SM), (i) Baryon number is anomalously violated in the weak interactions

of the SM. Although the rate of B-violating sphaleron processes is exponentially suppressed

at zero temperature, sphalerons are very e�cient at temperatures at which electroweak

symmetry is restored, T & 130 GeV [3, 4]. (ii) There is CP violation in the CKM matrix,

and possibly in the PMNS matrix [5]. It has been argued that the CKM phase is not

su�cient (in fact orders of magnitude too small) for producing the baryon asymmetry of

the Universe (BAU). Within the SM there is no process to employ the CP violation in the

PMNS matrix to produce the BAU. (iii) There are many ways a process could occur out

of thermal equilibrium, such as particle decay at temperatures below its mass, or a first-

order phase transition. There is no process in the SM that goes out of thermal equilibrium

in the early Universe. These shortcomings of the SM are a clear sign of BSM physics.

By the nature of the problem, these observations and the related new physics have strong

implications for early Universe cosmology. Beyond-the-Standard Model (BSM) models that

seek to explain the BAU invoke certain ingredients to satisfy the Sakharov conditions (see

Figure 1 for a short summary).

Although the question of generating the BAU has been around for several decades,

particle theorists are still coming up with novel ways to address this mystery, inspired

– 2 –

Examples of BSM ingredients evoked to satisfy Sakharov conditions and explain  (arxiv: 2203.05010)ΩB

Requires BSM new physics to explain !ΩB ≈ 4 %
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Traditional Baryogenesis  
— Model and Pheno

• Electroweak baryogenesis: EW sphaleron + bubble collisions during 1st order PT; 
minimal models ruled out (SM+MSSM) with LHC data (extensions being investigated)

• Affleck-Dine baryogenesis: evolution/decay of the VEV of scalar condensates in 
SUSY models; direct test challenging (high scale)

★Leptogenesis : decay of heavy RH neutrinos; intriguing connection to neutrino 
physics (Seesaw); direct test challenging (high scale) (this talk)

• GUT baryogenesis: decay of GUT scale massive particles; challenged by constraints 
on inflation scale and subsequent  ; direct test challenging (high scale)TRH

A general summary of representative BG mechanisms developed in the past decades
 (Not a complete list!)

— Well-studied, well-motivated, attractive models; yet some challenged by recent data, others 
are yet challenging to test  
☞ Further pursuits are required!
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New Developments on Baryogenesis 

Recent progress in solving the  puzzle, driven by:ΩB

• Big question persists:  no less important than  !ΩB ΩDM

• Some of the paradigms challenged/constrained by recent data: e.g. GUT BG, minimal 
EWBG; new theoretical ideas beyond the known: worthy intellectual pursuit

• Traditional mechanisms typically assume high scale: BG at  (100 GeV) or much higher;  
 In reality, BG can occur as late as just before BBN (MeV)! 
☞ The uncharted/under-explored low-scale BG landscape (theory and observables)!

TEW
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• Traditional mechanisms generally involve very high energy physics ( ): challenging/impossible to 
directly test with terrestrial probes 
★ Imprints from the very early/high energy Universe? New opportunity with the era of precision 
cosmology/astrophysics observatories (CMB, LSS…) + gravitational wave astronomy! (E.g. This talk)

≫ ΛEW
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≫ ΛEW

• Increasing attention on the coincidence problem:  (e.g. asymmetric DM), 
connection/inspiration/synergy with recent developments in dark matter studies?

ΩB ∼ ΩDM
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Figure 2: An incomplete but representative sample of new physics ingredients that are

introduced to satisfy the Sakharov conditions, and various associated experimental observ-

ables that can arise in new proposed mechanisms of baryogenesis. Unlike traditional high

scale mechanisms of baryogenesis, novel proposals lead to mechanisms that can produce

the baryon asymmetry over a variety of scales.

2 New Ideas in Baryogenesis Models

The question of generating the BAU has been around for decades and is one of the strongest

drivers of new physics ideas. In order to showcase the exciting developments in this area,

we reached out to several researchers who worked on such new physics models in the recent

years. Below is a compilation of such models, many of them with exciting experimental

implications. This is of course an incomplete list, but it points to the several new directions

the field has taken.

2.1 Axiogenesis

Contributors: Raymond Co and Keisuke Harigaya

Axions are highly motivated as new physics beyond the SM. The QCD axion [6, 7] arises

from the Peccei-Quinn (PQ) symmetry [8, 9] that solves the strong CP problem. The

axion-like particles (ALPs) appear in other spontaneously broken global U(1) symmetries

that solve various problems in the SM such as the flavor symmetry [10] or the lepton

symmetry [11]. Such axions in the light mass regime are cosmologically stable and therefore

serve as excellent dark matter candidates [12–14].

The axiogenesis mechanism [15] proposes that the observed baryon asymmetry of the

universe can be generated by the novel axion field dynamics in the early universe in a way

– 4 –

A Snowmass White Paper (arxiv: 2203.05010)

• New ideas in BG models 
• New ideas in testing traditional BG models 

(This talk)



Early Universe Probes for High Scale Baryogenesis?

7

• Opportunity for probing high scale BG:
Early universe (e.g. inflationary epoch) naturally provides a very high energy environment 
☞Imprints in cosmological observables? (CMB, LSS, 21 cm, GW…) 

— Timely! In light of the rich precision data in coming years



Early Universe Probes for High Scale Baryogenesis?

7

• Opportunity for probing high scale BG:
Early universe (e.g. inflationary epoch) naturally provides a very high energy environment 
☞Imprints in cosmological observables? (CMB, LSS, 21 cm, GW…) 

— Timely! In light of the rich precision data in coming years

• A particular focus of this talk (an intriguing/inspiring example): 

            ⭐  Cosmological Collider as a Novel Probe for Leptogenesis ⭐
Observables: detectable, distinct patterns in primordial non-Gaussianity (bispectrum) 
                                                             (CMB, LSS, 21 cm)

Underlying physics: L-violating interactions, mass of massive RH Majorana neutrino, CP 
violating phases (essentials for LG)



Outline
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• A brief review of leptogenesis 

• Basics of cosmological (Higgs) collider physics

• Leptogenesis, neutrino masses and CP phases during inflation

• Cosmological (Higgs) collider signals of leptogenesis

• Conclusion
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• Essentials for generating an lepton asymmetry:

February 2, 2008 8:54 World Scientific Review Volume - 9in x 6in tasi06proc-MCC

24 M.-C. Chen
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Fig. 1.7. Diagrams in SM with RH neutrinos that contribute to the lepton number
asymmetry through the decays of the RH neutrinos. The asymmetry is generated due
to the interference of the tree-level diagram (a) and the one-loop vertex correction (b)
and self-energy (c) diagrams.

is generated due to the CP asymmetry that arises through the interference
of the tree level and one-loop diagrams, as shown in Fig. 1.7,

ε1 =

∑
α

[
Γ(N1 → "αH) − Γ(N1 → "α H)

]
∑

α

[
Γ(N1 → "αH) + Γ(N1 → "α H)

] (1.89)

#
1

8π

1

(hνhν)11

∑

i=2,3

Im

{
(hνh†

ν)21i

}
·
[
f

(
M2

i

M2
1

)
+ g

(
M2

i

M2
1

)]
.

In Fig. 1.7, the diagram (b) is the one-lop vertex correction, which gives
the term, f(x), in Eq. 1.89 after carrying out the loop integration,

f(x) =
√

x

[
1 − (1 + x) ln

(
1 + x

x

)]
. (1.90)

Diagram (c) is the one-loop self-energy. For |Mi − M1| % |Γi − Γ1|, the
self-energy diagram gives the term

g(x) =

√
x

1 − x
, (1.91)

in Eq. 1.89. For hierarchical RH neutrino masses, M1 & M2, M3, the
asymmetry is then given by,

ε1 # −
3

8π

1

(hνh†
ν)11

∑

i=2,3

Im

{
(hνh†

ν)21i

}
M1

Mi
. (1.92)

Note that when Nk and Nj in the self-energy diagram (c) have near degen-
erate masses, there can be resonant enhancement in the contributions from
the self-energy diagram to the asymmetry. Such resonant effect can allow

‣  generated by out-of-equilibrium decay of  heavy Majorana neutrinos  (tree+loop 
interference), couplings are L- and CP-violating (phases) 
 Realistic models: 3 generations of  ,  (Davidson-Ibarra bound); 
 At least 2 generations for non-zero interference  

‣Conversion to  via sphaleron process

ΔL Ni

Ni M1 ≳ 109GeV

ΔB

Close connection to Seesaw mechanism for SM neutrino masses (heavy )Ni
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• Washout effects: potential reduction of produced ΔL

• Prediction for baryon asymmetry:

 Inverse decay ( ) and   scattering may erase the produced asymmetryΔL = 1 2 → 2 ΔL = 2
 Parametrization of washout:

5

perature equals m1, r = �1/H(T = m1), i.e.,

r =
MPl

32⇡ ⇥ 1.7
p
g⇤

(y⌫y†⌫)11
m1

. (16)

r ⌧ 1 is the weak washout regime, while r � 1 leads to
strong washout that significantly suppresses the yield of
YB . The relation between r and  can be obtained by
solving Boltzmann equations relevant for YB evolution
[55, 56]. For our choice of parameters in Fig. 3 we are
always in the range 10 < r < 106, corresponding to a
moderate washout scenario. In this range it is good to
take the approximation  ' 0.3/(r log r)0.6 [56].
In Fig. 3 we take H = 1013 GeV and show the signal

size, namely the coe�cient of oscillating shape function
in (12), with m2 = 2m1, and scan over a range of mass
eigenvalue m1 and Yukawa coupling y12 within the per-
turbative regime. To give concrete examples, we take
R3

h = 1/2, 1/⇤ = y212/m1, '12 = ⇡/4, '5 = �⇡/3.
We also show the predicted baryon asymmetry YB to-
gether with its observed value today YB0 ⌘

nB�nB̄
s '

8.7⇥10�11, as inferred from CMB and BBN related mea-
surements [57, 58]. In Fig. 3, leptogenesis parameters
realizing the observed value is shown with the solid ma-
genta line, while contours with larger or smaller YB are
also shown to account for the possibility of late-time di-
lution or the presence of other sources for baryogenesis in
addition to leptogenesis considered here.
As we can see, a good range of the parameter space for

viable leptogenesis can lead to signals within reach of fu-
ture CMB/LSS/21 cm line experiments [59–62]. Further-
more, with a CHC calibrated with known SM processes
[32], it is possible to identify the neutrino signals out of
SM “backgrounds.” Note that the detection prospect
for a CHC signal is most distinct and promising when
m1 ⇠ H: for m1 � H, the signal would be strongly
suppressed as shown in Fig. 2, while for m1 ⌧ H the
Majorana mass becomes subdominant to the Dirac mass
term–in this case a CHC signal can be observable but re-
stores the familiar pattern known in the literature. Fur-
thermore, since the signal strength depends on H mainly
through the ratio m1/H, for a fixed m1, increasing (de-
creasing) H in Fig. 3 amounts to shifting all shadings
horizontally towards the right (left) side, while the lines
remain the same.

Discussion and Conclusion. In this Letter we pro-
pose a new method of using cosmological observations
to probe the well-motivated leptogenesis mechanism with
Majorana neutrinos, which to date is considered challeng-
ing to test directly due to the high energies/masses in-
volved. Specifically, we consider the scenario where the
SM Higgs has an appreciable contribution to the primor-
dial fluctuation during inflation. Based on Cosmologi-
cal (Higgs) Collider Physics, we demonstrated that this

FIG. 3. Contour plots for the amplitude of neutrino signal at
CHC f

(signal)
NL and baryon density YB predicted by the lepto-

genesis model on the 2D plane of Yukawa coupling y12 and
Majorana RH neutrino mass m1. The solid red line indicates
the observed value of baryon asymmetry, YB0.

scenario can lead to observable and distinct imprints of
the Higgs’ Yukawa couplings to heavy RH Majorana neu-
trinos and SM neutrinos in the primordial bispectrum.
Essential information about leptogenesis, such as the L-
violation, heavy RH neutrino masses (in the unit of the in-
flationary Hubble scale H), and the CP violating phases,
can be extracted from dedicated measurements of the pri-
mordial non-Gaussianity. Our work presents an intrigu-
ing case of how CC physics may shed light on the pro-
found puzzle of matter-antimatter asymmetry in our Uni-
verse, in light of the rich incoming data from CMB and
LSS observations targeting primordial non-Gaussianity.
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Note: dependence on couplings 
(Potential tension with detectable CC 
signal, later…)

4

expected in the squeezed limit. This result is known in
the literature [29, 32] and is compatible with the scenario
of Dirac neutrino/Dirac leptogenesis.
2. If there is a Majorana-mass-induced mixed Yukawa

coupling but without CP phases, the correlator (9) would
be proportional to fm1fm2 + gm1gm2 with m1 6= m2. In
this case, there is a piece proportional to (⌧1⌧2)±i(em1�em2)

which is not canceled out at the leading order. We then
expect to see an oscillating signal at the leading order of
squeezeness with a single frequency given by em1 � em2.
The other possible combination em1 + em2 gets cancelled
for the same reason as in the case of Dirac mass.
3. If, in addition, the mixed Yukawa coupling con-

tains irremovable CP phases (as in the realistic leptoge-
nesis models), then the signal would be proportional to
cos('12+'5)fm1fm2 +cos('12�'5)gm1gm2 . In this case,
both (⌧1⌧2)±i(em1�em2) and (⌧1⌧2)±i(em1+em2) show up at the
leading order for generic '12 and '5. Therefore, this new
feature would reveal itself as two distinct sets of oscilla-
tion modes in the CHC signature at the leading order of
the squeezeness.
It is then straightforward to compute the 3-point corre-

lation function of �h and consequently the shape function
in (2). The result for non-Dirac case can be summarized
as follows. (The case of pure Dirac mass has been calcu-
lated before [29, 32].)

lim
%!0

S(%) = 2R3
hP

�1/2
⇣

y12
⇤

⇥
�
cos'5 cos'12Re

⇥
C(em1, em2)%

2+i(em1�em2)
⇤

+ sin'5 sin'12Re
⇥
C(em1,�em2)%

2+i(em1+em2)
⇤ 

, (12)

where

C(em1, em2) =
i

21+iem12⇡5

1

em2
12

(1 +
iem12

4
)(1� cosh em12⇡)

⇥ sinh(em12⇡)�(
1
2 � iem1)�(

1
2 + iem2)�(2 + iem1)

⇥ �(2� iem2)�
2(2 + iem12)�(�4� 2iem12), (13)

with em12 ⌘ em1 � em2.
Fig. 2 illustrates the signal shape function for the three

cases outlines above. The “Dirac” case is known in
the literature, while the “Majorana” and “Majorana+CP
phases” are new results from this work featuring di↵erent
oscillation patterns. The case of “Majorana+CP phases”
is most relevant to our study as it corresponds to a re-
alistic leptogenesis model. The “Majorana” case is also
worth noting as it represents a class of models with mass-
mixing couplings with new oscillation pattern. Here we
only present result for one pair of mixed mass eigenstates.
Given the three generations of neutrinos, it is possible
that more than one pair of mass eigenstates contribute
to the signal. However, according to (13), the signal

FIG. 2. The oscillatory shape function of the primordial bis-
pectrum (12) as a function of k1/k3 for the three cases we
consider in the text. We take mD = 0.5H for “Dirac”, and
take m1 = 0.5H and m2 = 1.5H for both “Majorana” and
“Majorana+CP.” We take '12 = ⇡/4 and '5 = �⇡/3 for
“Majorana+CP.” For all cases we take R

3
hy12H/⇤ = 1.

strength has sensitive dependence on the masses. Thus,
in general, we would expect only one pair of states con-
tribute predominantly.

Conditions for Baryon Asymmetry and Results.

We numerically scan parameter space to identify the re-
gions giving rise to observable CHC signals as well as
a successful leptogenesis. As we can see from (12), de-
tectable CHC signals favor large Yukawa couplings. On
the other hand, large Yukawa couplings poses a potential
tension with leptogenesis as they generally lead to strong
washout. We briefly review the washout e↵ect as follows.

The baryon asymmetry YB as predicted from leptoge-
nesis can be generally expressed as

YB =
cs

cs � 1

✏1
g⇤

, (14)

where cs = (8Nf+4)/(22Nf+13) is the sphaleron conver-
sion e�ciency factor, and cs = 28/79 ' 0.35 for Nf = 3.
g⇤ is the number of relativistic degrees during leptogen-
esis epoch, which is 106.75 for SM. ✏1 is the asymmetry
from the the decay of heavy RH neutrinos (assuming the
lightest N1 dominates the contribution), given by [54]
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The baryon asymmetry as calculated above is subject to
potential reduction by the so-called “washout” processes,
including the inverse decay and 2 ! 2 ◆L scattering. The
impact of washout is characterized by the washout fac-
tor , which is the ratio of the decay rate of the RH
neutrino, �1, to the the Hubble scale H when the tem-
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expected in the squeezed limit. This result is known in
the literature [29, 32] and is compatible with the scenario
of Dirac neutrino/Dirac leptogenesis.
2. If there is a Majorana-mass-induced mixed Yukawa

coupling but without CP phases, the correlator (9) would
be proportional to fm1fm2 + gm1gm2 with m1 6= m2. In
this case, there is a piece proportional to (⌧1⌧2)±i(em1�em2)

which is not canceled out at the leading order. We then
expect to see an oscillating signal at the leading order of
squeezeness with a single frequency given by em1 � em2.
The other possible combination em1 + em2 gets cancelled
for the same reason as in the case of Dirac mass.
3. If, in addition, the mixed Yukawa coupling con-

tains irremovable CP phases (as in the realistic leptoge-
nesis models), then the signal would be proportional to
cos('12+'5)fm1fm2 +cos('12�'5)gm1gm2 . In this case,
both (⌧1⌧2)±i(em1�em2) and (⌧1⌧2)±i(em1+em2) show up at the
leading order for generic '12 and '5. Therefore, this new
feature would reveal itself as two distinct sets of oscilla-
tion modes in the CHC signature at the leading order of
the squeezeness.
It is then straightforward to compute the 3-point corre-

lation function of �h and consequently the shape function
in (2). The result for non-Dirac case can be summarized
as follows. (The case of pure Dirac mass has been calcu-
lated before [29, 32].)
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with em12 ⌘ em1 � em2.
Fig. 2 illustrates the signal shape function for the three

cases outlines above. The “Dirac” case is known in
the literature, while the “Majorana” and “Majorana+CP
phases” are new results from this work featuring di↵erent
oscillation patterns. The case of “Majorana+CP phases”
is most relevant to our study as it corresponds to a re-
alistic leptogenesis model. The “Majorana” case is also
worth noting as it represents a class of models with mass-
mixing couplings with new oscillation pattern. Here we
only present result for one pair of mixed mass eigenstates.
Given the three generations of neutrinos, it is possible
that more than one pair of mass eigenstates contribute
to the signal. However, according to (13), the signal

FIG. 2. The oscillatory shape function of the primordial bis-
pectrum (12) as a function of k1/k3 for the three cases we
consider in the text. We take mD = 0.5H for “Dirac”, and
take m1 = 0.5H and m2 = 1.5H for both “Majorana” and
“Majorana+CP.” We take '12 = ⇡/4 and '5 = �⇡/3 for
“Majorana+CP.” For all cases we take R

3
hy12H/⇤ = 1.

strength has sensitive dependence on the masses. Thus,
in general, we would expect only one pair of states con-
tribute predominantly.

Conditions for Baryon Asymmetry and Results.

We numerically scan parameter space to identify the re-
gions giving rise to observable CHC signals as well as
a successful leptogenesis. As we can see from (12), de-
tectable CHC signals favor large Yukawa couplings. On
the other hand, large Yukawa couplings poses a potential
tension with leptogenesis as they generally lead to strong
washout. We briefly review the washout e↵ect as follows.

The baryon asymmetry YB as predicted from leptoge-
nesis can be generally expressed as
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where cs = (8Nf+4)/(22Nf+13) is the sphaleron conver-
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g⇤ is the number of relativistic degrees during leptogen-
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in general, we would expect only one pair of states con-
tribute predominantly.
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We numerically scan parameter space to identify the re-
gions giving rise to observable CHC signals as well as
a successful leptogenesis. As we can see from (12), de-
tectable CHC signals favor large Yukawa couplings. On
the other hand, large Yukawa couplings poses a potential
tension with leptogenesis as they generally lead to strong
washout. We briefly review the washout e↵ect as follows.
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nesis can be generally expressed as
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where cs = (8Nf+4)/(22Nf+13) is the sphaleron conver-
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The baryon asymmetry as calculated above is subject to
potential reduction by the so-called “washout” processes,
including the inverse decay and 2 ! 2 ◆L scattering. The
impact of washout is characterized by the washout fac-
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neutrino, �1, to the the Hubble scale H when the tem-
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Cosmological Collider (CC) Physics 101

Large Hadron Collider
ATLAS detector

2

Cosmological Collider
The universe

3

Inflation

era of accelerated (exponential) expansion

The universe over time

• CC physics (Chen, Wang 2009; Baumann, Green 2011 Arkani-Hamed; Maldacena 2015…)
‣ Man-made, terrestrial collider physics:  
2D map of energy deposition in calorimeters→ physics 
of high energy collision (short distance): interactions, 
masses of new particles
‣ Cosmological collider physics:  
2D map of CMB or galaxy distribution (sourced by 
primordial fluctuation)→ physics of high energy 
inflationary Universe (new heavy particles, interactions…) Cosmic history:

 2D map

  
Hubble expansion 
energy (H) during 
inflation: up to 

!
→production of heavy 
particles well beyond 
the reach of LHC!

E = mc2

O(1013) GeV
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Cosmological Collider (CC) Physics 101

photon decoupling
CMB

galaxies formed
LSS survey

dark ages
21cm tomography

Gravitational waves

4

• Inflation: era of exponential expansion after the BB, address large scale homogeneity of the Universe 

• Primordial quantum fluctuation of a scalar field(s)  during inflation (e.g. inflaton), : seeds CMB 

anisotropies, structure formation (inhomogeneities)

ϕ δϕ

Single field slow-roll inflation

Inflation

explains how those fluctuations are generated

explains why CMB is nearly uniform

Simplest realization: single-scalar field in slow-roll (SFSR)  

“slow-roll” 
phase: 

potential is  
nearly flat

end of inflation

V (�)

�

era of accelerated (exponential) expansion

δϕ δϕ(x)

δρm(x) δT(x)

LSS CMB

-Primordial Fluctuations
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Cosmological Collider (CC) Physics 101Two puzzles of big-bang
cosmology:

1 - Why so uniform?

2 - Where were these
fluctuations from?

Basic picture

7

Planck 2018
k

Pζ (k)

“Fourier transform”

Evolve back in time

★ Reveal info about interactions of the field(s) 
contributing to primordial fluctuation (inflaton+…)

Collision (interactions!)

- How we extract information from the CMB

h�T (x1) · · · �T (xn)i
<latexit sha1_base64="WuxXrNFtCbOkpyE/ABgZbd85d3k="></latexit><latexit sha1_base64="WuxXrNFtCbOkpyE/ABgZbd85d3k="></latexit><latexit sha1_base64="WuxXrNFtCbOkpyE/ABgZbd85d3k="></latexit><latexit sha1_base64="WuxXrNFtCbOkpyE/ABgZbd85d3k="></latexit>

→ ⟨ζ(x1) . . . ζ(xn)⟩ ⟨δT(k1) . . . δT(kn)⟩
⟨ζ(k1) . . . ζ(kn)⟩: curvature perturbation due to  ζ(x) δϕ

Fourier transform

• n=2: 2-point correlator ☞ power spectrum  

• n>2: Higher order correlations, bispectrum (3-pt), trispectrum (4-pt)☞ Non-Gaussianity!

Propagation 
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Cosmological Collider (CC) Physics 101
- How we discover new heavy particles with CC

3-pt correlation function: 
Non-Gaussianity: beyond the power spectrum

k1

k2

k3

h��1
k1
��2
k2
��3
k3
i = (2⇡)3�(3)(k1 + k2 + k3)B

�1�2�3
� (k1, k2, k3)

tensor bispectrum

shape:

amplitude: fNL =
B

P 2
⇣

Fourier transform
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- How we discover new heavy particles with CC

Interactions  
(tree, loop, intermediate particles)

3-pt correlation function: 
Non-Gaussianity: beyond the power spectrum

k1

k2

k3

h��1
k1
��2
k2
��3
k3
i = (2⇡)3�(3)(k1 + k2 + k3)B

�1�2�3
� (k1, k2, k3)

tensor bispectrum

shape:

amplitude: fNL =
B

P 2
⇣

Fourier transform
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Cosmological Collider (CC) Physics 101
- How we discover new heavy particles with CC

Interactions  
(tree, loop, intermediate particles)

3-pt correlation function: 
Non-Gaussianity: beyond the power spectrum

k1

k2

k3

h��1
k1
��2
k2
��3
k3
i = (2⇡)3�(3)(k1 + k2 + k3)B

�1�2�3
� (k1, k2, k3)

tensor bispectrum

shape:

amplitude: fNL =
B

P 2
⇣

★Amplitude of non-G:  fNL ≃ |S(k, k, k) |

Signal size

h⇣k1⇣k2⇣k3i0 ⌘ (2⇡)4P 2
⇣

1

(k1k2k3)2
S(k1,k2,k3)

⌧ = 0
x1 x2x3

⇣
⇣

⇣

In the unit of Hubble: ⇣ = � H

�̇0

�� = �2⇡P 1/2
⇣ ��
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· (vertices) · (propagators)

fNL ⇠ (2⇡P 1/2
⇣ )�1h��3i

⇠ 3.6⇥ 103
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1
13

: shape function S(k1, k2, k3)

Fourier transform
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Cosmological Collider (CC) Physics 101
- How we discover new heavy particles with CC

Future experiments Excluded
Strongly 
coupled

“non-Gaussianity”
fNL ' |S(k1,k3)|
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SPHEREx, 1412.4872

f (local)
NL = �0.9± 5.1

f (equil)
NL = �26± 47

f (ortho)
NL = �38± 24
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Planck 2018
1905.05697

O(1) in ~10yrs? O(0.01) ultimately
21cm tomography

Meerburg, Muñoz, Ali-
Haïmoud, Kamionkowski, 
1506.04152; Münchmeyer,
Muñoz, Chen, 1610.06559; 
Dizgah, Lee, Muñoz, Dvorkin
1801.07265; 

11
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Gravity floor

Future experiments Excluded
Strongly 
coupled
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Gravity floor

Observational prospect for   : fNL

Now 
Planck 2018:

O(1) in 10 yrs? 
SPHEREx: launch 2024∼

O(0.01) ultimately 
21 cm tomography
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Cosmological Collider (CC) Physics 101
- How we discover new heavy particles with CC

Squeezed limit of bispectrum:   
☞ key for revealing new heavy particles

k1 ≃ k2 ≫ k3

• : more information beyond ! S(k1, k2, k3) fNL

k1

k3
=

eHtlate

eHtearly
= eHΔt

Small-momentum mode exits horizon 
 earlier during inflation 
☞ : measures time differencek1/k3

3

1
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Squeezed limit of bispectrum:   
☞ key for revealing new heavy particles

k1 ≃ k2 ≫ k3

• : more information beyond ! S(k1, k2, k3) fNL

k1

k3
=

eHtlate

eHtearly
= eHΔt

Small-momentum mode exits horizon 
 earlier during inflation 
☞ : measures time differencek1/k3
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S(k1, k3) ∝ e−πm/HeimΔt

∼ e−πm/H(k1/k3)
im/H

Propagating, real 
 intermediate particle!

Boltmann factor ( )TdS ∼ H Oscillation (QM)

— Mass measurement! 
(C.f. bump hunting at the LHC)

Examples of : S(k1, k3)

3

1
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Cosmological Collider (CC) Physics 101
- Alternatives: Cosmological Higgs Collider

• Original CC: an inflaton collider  
— inflaton fully responsible for both homogeneity (exponential expansion) and inhomogeneity 

• Beyond the minimal (yet motivated!): Separate the tasks 
vacuum energy from inflaton, fluctuations from a different source (partially) 
☞Modulated reheating (Dvali, Gruzinov, Zaldarriaga 2003), application in CC (fewer params, larger ): 
‣ Cosmological Higgs Collider (CHC): Lu, Wang and Xianyu 2019 (relevant to this talk) 
‣ Curvaton collider: Kumar, Sundrum 2019

fNL

Standard  
inflation 

Modulated  
reheating
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Cosmological Collider (CC) Physics 101

Opportunities for high scale baryognesis?  
A benchmark: Leptogenesis  

Naturally suitable for CHC: heavy RH neutrino, coupling to SM Higgs

- Apply it for probing high scale leptogenesis?

•Attempts of probing BSM particle physics with CC physics: 
‣ SM particles (Chen, Wang, Xianyu 2016) 
‣ GUT physics (Kumar, Sundrum 2018) 
‣ Higgs potential at high energy (Hook, Huang, Racco 2019) 

      … 
—Cosmological collider: probe the impossibles for terrestrial colliders!
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Structure of Leptogenesis Model During Inflation 
— Masses, Couplings

•  Model for leptogenesis (Type-I Seesaw): heavy RH Majorana neutrino , SM lepton doublet 
 , couple to the SM Higgs . 

N
L = (ν, e−)T H

February 2, 2008 8:54 World Scientific Review Volume - 9in x 6in tasi06proc-MCC

24 M.-C. Chen
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Fig. 1.7. Diagrams in SM with RH neutrinos that contribute to the lepton number
asymmetry through the decays of the RH neutrinos. The asymmetry is generated due
to the interference of the tree-level diagram (a) and the one-loop vertex correction (b)
and self-energy (c) diagrams.

is generated due to the CP asymmetry that arises through the interference
of the tree level and one-loop diagrams, as shown in Fig. 1.7,

ε1 =

∑
α

[
Γ(N1 → "αH) − Γ(N1 → "α H)

]
∑

α

[
Γ(N1 → "αH) + Γ(N1 → "α H)

] (1.89)

#
1

8π

1

(hνhν)11

∑

i=2,3

Im

{
(hνh†

ν)21i

}
·
[
f

(
M2

i

M2
1

)
+ g

(
M2

i

M2
1

)]
.

In Fig. 1.7, the diagram (b) is the one-lop vertex correction, which gives
the term, f(x), in Eq. 1.89 after carrying out the loop integration,

f(x) =
√

x

[
1 − (1 + x) ln

(
1 + x

x

)]
. (1.90)

Diagram (c) is the one-loop self-energy. For |Mi − M1| % |Γi − Γ1|, the
self-energy diagram gives the term

g(x) =

√
x

1 − x
, (1.91)

in Eq. 1.89. For hierarchical RH neutrino masses, M1 & M2, M3, the
asymmetry is then given by,

ε1 # −
3

8π

1

(hνh†
ν)11

∑

i=2,3

Im

{
(hνh†

ν)21i

}
M1

Mi
. (1.92)

Note that when Nk and Nj in the self-energy diagram (c) have near degen-
erate masses, there can be resonant enhancement in the contributions from
the self-energy diagram to the asymmetry. Such resonant effect can allow

Recall:  essential interactions/processes (post-inflationary)

Generate ΔL  transferred to  before EWPTΔL ΔB
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Structure of Leptogenesis Model During Inflation 
— Masses, Couplings

•  Distinct story when applying to CHC:  
During inflation Higgs gets a large VEV  ! quantum fluctuation (e.g. Bunch, Davies 1978), 
 : Hubble during inflation ➜ Distinct pattern of neutrino mass/mixing 

— different from both leptogenesis era ( ) and today—after EWPT ( ) 

v ∼ H ≫ vEW

H
v = 0 v = vEW
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During inflation Higgs gets a large VEV  ! quantum fluctuation (e.g. Bunch, Davies 1978), 
 : Hubble during inflation ➜ Distinct pattern of neutrino mass/mixing 

— different from both leptogenesis era ( ) and today—after EWPT ( ) 

v ∼ H ≫ vEW

H
v = 0 v = vEW

 Take 1 generation of  as a toy example first: parametrize the Higgs asN
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acteristic oscillatory function of the momentum ratio
% ⌘ k3/k1. It is useful to express the signal in
terms of the conventionally defined dimensionless and
(nearly) scale-invariant shape function S(k1, k2, k3) ⌘

(k1k2k3)2/(4⇡2P⇣)2h⇣h,k1⇣h,k2⇣h,k3i
0 (0 symbol means

that the �-function for momentum conservation is re-
moved), as (see [48] for more details):

lim
%!0

S(%) = f (signal)
NL %↵ sin

�
! log %+ #

�
, (2)

where f (signal)
NL is the amplitude of the signal. The dimen-

sionless quantities (↵,!,#) measures the scaling behav-
ior, the frequency, and the phase of the oscillatory signal.
They can in principle be extracted from data, and are also
calculable for specific processes. Therefore these quanti-
ties provide very useful information about the massive
states mediating the process. It is previously known that
the signal mediated by a Dirac fermion of mass m via a
1-loop diagram is characterized by ↵ = 3 and ! = 2m/H
[32]. A key result of this Letter is that the Majorana
mass of the RH neutrino and CP phases innate to the
leptogenesis mechanism can generate new patterns in the
signal. In particular, the CHC signal with a Majorana
neutrino gives ↵ = 2 instead of 3, and the CP phases give
rise to more than one value of !, and the signal would be
superpositions of di↵erent oscillation patterns.

Leptogenesis, Neutrino masses and CP phases

during inflation. Leptogenesis mechanism satisfies the
general Sakharov conditions for baryogenesis in the fol-
lowing ways: 1) lepton number violation–via the Majo-
rana masses of the RH neutrino N ’s and the Yukawa
couplings of the N ’s to the SM Higgs (H) and SM lep-
ton doublet L, 2) CP violation–via the CP phases in the
Yukawa couplings and the interference between tree-level
and loop process of N decay, and 3) out of equilibrium–
via the decay process [1, 53]. A non-vanishing lepton
asymmetry requires at least two generations of N ’s, while
three generations are typically considered in leptogenesis

literature. The N decay typically happens well above the
electroweak scale, so that the lepton asymmetry can be
transferred to baryon asymmetry via sphaleron.
A key observation is that, when there is a Majorana

mass term as in leptogenesis or Type I seesaw, the mass
matrix and the Higgs couplings cannot be simultaneously
diagonalized. This results in a new type of Yukawa cou-
pling that mixes di↵erent mass eigenstates and thus dis-
tinct CHC signals. The following derivations closely fol-
low the standard neutrino seesaw model, with the key
di↵erence that H’s VEV is typically around the Hubble
scale H during inflation, and consequently the neutrino
mass/mixing pattern is very di↵erent in the inflationary
era, vs. the later leptogenesis epoch or current day.
One generation su�ces to demonstrate how the mixed

coupling arises. Consider the usual Type I seesaw with
one generation of N and SM lepton doublet L = (⌫, e�)T .
In CHC the Higgs gets a nonzero VEV v ⇠ H during in-
flation due to quantum fluctuations. Here the inflationary
Hubble parameter H is required to be higher than elec-
troweak (EW) scale for the original CHC mechanism [32]
to work. Parametrizing the Higgs asH = (0, (v+h)/

p
2)T

and focusing on neutrinos only, we have

�L = ⌫†i�µ@µ⌫ +N†i�µ@µN

+
h
mD

�
1 +

h

v

�
⌫N �

1

2
mNNN + c.c.

i
, (3)

where mD ⌘ yv/
p
2. The U(2) symmetry of the kinetic

term allows us to choose mD and mN to be real without
loss of generality, and also to rotate to mass eigenstates
 ± with mass eigenvalues m± = 1

2 (mN ±
p

m2
N + 4m2

D).
In the post-inflationary epoch such as during leptogenesis
or current-day, Higgs resides in its true vacuum, with the
VEV being 0 (vEW ) before (after) EW phase transition
(EWPT), thus mD ⌧ mN , such that m� ⌧ m+, and
the seesaw mechanism for SM neutrino masses is realized
after EWPT. But during inflation mD ⇠ mN ⇠ H is
likely, therefore  ± could have comparable masses.

Although these are mostly familiar results, the im-
portant point is that the Higgs coupling matrix cannot
be simultaneously diagonalized by the above rotations.
Rather, it takes the following form after the rotation:

L �
mDh

v
p

m2
N + 4m2

D

h
mD( 2

� �  2
+) +mN � +

i
, (4)

with a nonzero trilinear coupling that mixes  ± when
mN 6= 0. As we will see, this mixed Yukawa coupling in
the mass eigenstates can give rise to a unique signal in
3-point function of Higgs, and thus can be viewed as a
signature of Majorana neutrino mass.

Realistic leptogenesis model typically involves 3 gener-
ations of RH N ’s. With nonzero Majorana mass terms,
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They can in principle be extracted from data, and are also
calculable for specific processes. Therefore these quanti-
ties provide very useful information about the massive
states mediating the process. It is previously known that
the signal mediated by a Dirac fermion of mass m via a
1-loop diagram is characterized by ↵ = 3 and ! = 2m/H
[32]. A key result of this Letter is that the Majorana
mass of the RH neutrino and CP phases innate to the
leptogenesis mechanism can generate new patterns in the
signal. In particular, the CHC signal with a Majorana
neutrino gives ↵ = 2 instead of 3, and the CP phases give
rise to more than one value of !, and the signal would be
superpositions of di↵erent oscillation patterns.
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during inflation. Leptogenesis mechanism satisfies the
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Yukawa couplings and the interference between tree-level
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three generations are typically considered in leptogenesis

literature. The N decay typically happens well above the
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transferred to baryon asymmetry via sphaleron.
A key observation is that, when there is a Majorana

mass term as in leptogenesis or Type I seesaw, the mass
matrix and the Higgs couplings cannot be simultaneously
diagonalized. This results in a new type of Yukawa cou-
pling that mixes di↵erent mass eigenstates and thus dis-
tinct CHC signals. The following derivations closely fol-
low the standard neutrino seesaw model, with the key
di↵erence that H’s VEV is typically around the Hubble
scale H during inflation, and consequently the neutrino
mass/mixing pattern is very di↵erent in the inflationary
era, vs. the later leptogenesis epoch or current day.
One generation su�ces to demonstrate how the mixed

coupling arises. Consider the usual Type I seesaw with
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In CHC the Higgs gets a nonzero VEV v ⇠ H during in-
flation due to quantum fluctuations. Here the inflationary
Hubble parameter H is required to be higher than elec-
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with a nonzero trilinear coupling that mixes  ± when
mN 6= 0. As we will see, this mixed Yukawa coupling in
the mass eigenstates can give rise to a unique signal in
3-point function of Higgs, and thus can be viewed as a
signature of Majorana neutrino mass.

Realistic leptogenesis model typically involves 3 gener-
ations of RH N ’s. With nonzero Majorana mass terms,
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1-loop diagram is characterized by ↵ = 3 and ! = 2m/H
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neutrino gives ↵ = 2 instead of 3, and the CP phases give
rise to more than one value of !, and the signal would be
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couplings of the N ’s to the SM Higgs (H) and SM lep-
ton doublet L, 2) CP violation–via the CP phases in the
Yukawa couplings and the interference between tree-level
and loop process of N decay, and 3) out of equilibrium–
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literature. The N decay typically happens well above the
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A key observation is that, when there is a Majorana

mass term as in leptogenesis or Type I seesaw, the mass
matrix and the Higgs couplings cannot be simultaneously
diagonalized. This results in a new type of Yukawa cou-
pling that mixes di↵erent mass eigenstates and thus dis-
tinct CHC signals. The following derivations closely fol-
low the standard neutrino seesaw model, with the key
di↵erence that H’s VEV is typically around the Hubble
scale H during inflation, and consequently the neutrino
mass/mixing pattern is very di↵erent in the inflationary
era, vs. the later leptogenesis epoch or current day.
One generation su�ces to demonstrate how the mixed

coupling arises. Consider the usual Type I seesaw with
one generation of N and SM lepton doublet L = (⌫, e�)T .
In CHC the Higgs gets a nonzero VEV v ⇠ H during in-
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Hubble parameter H is required to be higher than elec-
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term allows us to choose mD and mN to be real without
loss of generality, and also to rotate to mass eigenstates
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In the post-inflationary epoch such as during leptogenesis
or current-day, Higgs resides in its true vacuum, with the
VEV being 0 (vEW ) before (after) EW phase transition
(EWPT), thus mD ⌧ mN , such that m� ⌧ m+, and
the seesaw mechanism for SM neutrino masses is realized
after EWPT. But during inflation mD ⇠ mN ⇠ H is
likely, therefore  ± could have comparable masses.

Although these are mostly familiar results, the im-
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be simultaneously diagonalized by the above rotations.
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with a nonzero trilinear coupling that mixes  ± when
mN 6= 0. As we will see, this mixed Yukawa coupling in
the mass eigenstates can give rise to a unique signal in
3-point function of Higgs, and thus can be viewed as a
signature of Majorana neutrino mass.

Realistic leptogenesis model typically involves 3 gener-
ations of RH N ’s. With nonzero Majorana mass terms,
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neutrino gives ↵ = 2 instead of 3, and the CP phases give
rise to more than one value of !, and the signal would be
superpositions of di↵erent oscillation patterns.
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during inflation. Leptogenesis mechanism satisfies the
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lowing ways: 1) lepton number violation–via the Majo-
rana masses of the RH neutrino N ’s and the Yukawa
couplings of the N ’s to the SM Higgs (H) and SM lep-
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Yukawa couplings and the interference between tree-level
and loop process of N decay, and 3) out of equilibrium–
via the decay process [1, 53]. A non-vanishing lepton
asymmetry requires at least two generations of N ’s, while
three generations are typically considered in leptogenesis

literature. The N decay typically happens well above the
electroweak scale, so that the lepton asymmetry can be
transferred to baryon asymmetry via sphaleron.
A key observation is that, when there is a Majorana

mass term as in leptogenesis or Type I seesaw, the mass
matrix and the Higgs couplings cannot be simultaneously
diagonalized. This results in a new type of Yukawa cou-
pling that mixes di↵erent mass eigenstates and thus dis-
tinct CHC signals. The following derivations closely fol-
low the standard neutrino seesaw model, with the key
di↵erence that H’s VEV is typically around the Hubble
scale H during inflation, and consequently the neutrino
mass/mixing pattern is very di↵erent in the inflationary
era, vs. the later leptogenesis epoch or current day.
One generation su�ces to demonstrate how the mixed

coupling arises. Consider the usual Type I seesaw with
one generation of N and SM lepton doublet L = (⌫, e�)T .
In CHC the Higgs gets a nonzero VEV v ⇠ H during in-
flation due to quantum fluctuations. Here the inflationary
Hubble parameter H is required to be higher than elec-
troweak (EW) scale for the original CHC mechanism [32]
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2. The U(2) symmetry of the kinetic

term allows us to choose mD and mN to be real without
loss of generality, and also to rotate to mass eigenstates
 ± with mass eigenvalues m± = 1
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N + 4m2

D).
In the post-inflationary epoch such as during leptogenesis
or current-day, Higgs resides in its true vacuum, with the
VEV being 0 (vEW ) before (after) EW phase transition
(EWPT), thus mD ⌧ mN , such that m� ⌧ m+, and
the seesaw mechanism for SM neutrino masses is realized
after EWPT. But during inflation mD ⇠ mN ⇠ H is
likely, therefore  ± could have comparable masses.

Although these are mostly familiar results, the im-
portant point is that the Higgs coupling matrix cannot
be simultaneously diagonalized by the above rotations.
Rather, it takes the following form after the rotation:
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with a nonzero trilinear coupling that mixes  ± when
mN 6= 0. As we will see, this mixed Yukawa coupling in
the mass eigenstates can give rise to a unique signal in
3-point function of Higgs, and thus can be viewed as a
signature of Majorana neutrino mass.

Realistic leptogenesis model typically involves 3 gener-
ations of RH N ’s. With nonzero Majorana mass terms,
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They can in principle be extracted from data, and are also
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1-loop diagram is characterized by ↵ = 3 and ! = 2m/H
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leptogenesis mechanism can generate new patterns in the
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neutrino gives ↵ = 2 instead of 3, and the CP phases give
rise to more than one value of !, and the signal would be
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Yukawa couplings and the interference between tree-level
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via the decay process [1, 53]. A non-vanishing lepton
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three generations are typically considered in leptogenesis

literature. The N decay typically happens well above the
electroweak scale, so that the lepton asymmetry can be
transferred to baryon asymmetry via sphaleron.
A key observation is that, when there is a Majorana

mass term as in leptogenesis or Type I seesaw, the mass
matrix and the Higgs couplings cannot be simultaneously
diagonalized. This results in a new type of Yukawa cou-
pling that mixes di↵erent mass eigenstates and thus dis-
tinct CHC signals. The following derivations closely fol-
low the standard neutrino seesaw model, with the key
di↵erence that H’s VEV is typically around the Hubble
scale H during inflation, and consequently the neutrino
mass/mixing pattern is very di↵erent in the inflationary
era, vs. the later leptogenesis epoch or current day.
One generation su�ces to demonstrate how the mixed

coupling arises. Consider the usual Type I seesaw with
one generation of N and SM lepton doublet L = (⌫, e�)T .
In CHC the Higgs gets a nonzero VEV v ⇠ H during in-
flation due to quantum fluctuations. Here the inflationary
Hubble parameter H is required to be higher than elec-
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term allows us to choose mD and mN to be real without
loss of generality, and also to rotate to mass eigenstates
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In the post-inflationary epoch such as during leptogenesis
or current-day, Higgs resides in its true vacuum, with the
VEV being 0 (vEW ) before (after) EW phase transition
(EWPT), thus mD ⌧ mN , such that m� ⌧ m+, and
the seesaw mechanism for SM neutrino masses is realized
after EWPT. But during inflation mD ⇠ mN ⇠ H is
likely, therefore  ± could have comparable masses.

Although these are mostly familiar results, the im-
portant point is that the Higgs coupling matrix cannot
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with a nonzero trilinear coupling that mixes  ± when
mN 6= 0. As we will see, this mixed Yukawa coupling in
the mass eigenstates can give rise to a unique signal in
3-point function of Higgs, and thus can be viewed as a
signature of Majorana neutrino mass.

Realistic leptogenesis model typically involves 3 gener-
ations of RH N ’s. With nonzero Majorana mass terms,
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1-loop diagram is characterized by ↵ = 3 and ! = 2m/H
[32]. A key result of this Letter is that the Majorana
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tinct CHC signals. The following derivations closely fol-
low the standard neutrino seesaw model, with the key
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scale H during inflation, and consequently the neutrino
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era, vs. the later leptogenesis epoch or current day.
One generation su�ces to demonstrate how the mixed

coupling arises. Consider the usual Type I seesaw with
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In the post-inflationary epoch such as during leptogenesis
or current-day, Higgs resides in its true vacuum, with the
VEV being 0 (vEW ) before (after) EW phase transition
(EWPT), thus mD ⌧ mN , such that m� ⌧ m+, and
the seesaw mechanism for SM neutrino masses is realized
after EWPT. But during inflation mD ⇠ mN ⇠ H is
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with a nonzero trilinear coupling that mixes  ± when
mN 6= 0. As we will see, this mixed Yukawa coupling in
the mass eigenstates can give rise to a unique signal in
3-point function of Higgs, and thus can be viewed as a
signature of Majorana neutrino mass.

Realistic leptogenesis model typically involves 3 gener-
ations of RH N ’s. With nonzero Majorana mass terms,
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sionless quantities (↵,!,#) measures the scaling behav-
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They can in principle be extracted from data, and are also
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states mediating the process. It is previously known that
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1-loop diagram is characterized by ↵ = 3 and ! = 2m/H
[32]. A key result of this Letter is that the Majorana
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signal. In particular, the CHC signal with a Majorana
neutrino gives ↵ = 2 instead of 3, and the CP phases give
rise to more than one value of !, and the signal would be
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asymmetry requires at least two generations of N ’s, while
three generations are typically considered in leptogenesis

literature. The N decay typically happens well above the
electroweak scale, so that the lepton asymmetry can be
transferred to baryon asymmetry via sphaleron.
A key observation is that, when there is a Majorana

mass term as in leptogenesis or Type I seesaw, the mass
matrix and the Higgs couplings cannot be simultaneously
diagonalized. This results in a new type of Yukawa cou-
pling that mixes di↵erent mass eigenstates and thus dis-
tinct CHC signals. The following derivations closely fol-
low the standard neutrino seesaw model, with the key
di↵erence that H’s VEV is typically around the Hubble
scale H during inflation, and consequently the neutrino
mass/mixing pattern is very di↵erent in the inflationary
era, vs. the later leptogenesis epoch or current day.
One generation su�ces to demonstrate how the mixed

coupling arises. Consider the usual Type I seesaw with
one generation of N and SM lepton doublet L = (⌫, e�)T .
In CHC the Higgs gets a nonzero VEV v ⇠ H during in-
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Hubble parameter H is required to be higher than elec-
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with a nonzero trilinear coupling that mixes  ± when
mN 6= 0. As we will see, this mixed Yukawa coupling in
the mass eigenstates can give rise to a unique signal in
3-point function of Higgs, and thus can be viewed as a
signature of Majorana neutrino mass.

Realistic leptogenesis model typically involves 3 gener-
ations of RH N ’s. With nonzero Majorana mass terms,
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likely, therefore  ± could have comparable masses.

Although these are mostly familiar results, the im-
portant point is that the Higgs coupling matrix cannot
be simultaneously diagonalized by the above rotations.
Rather, it takes the following form after the rotation:

L �
mDh

v
p

m2
N + 4m2

D

h
mD( 2

� �  2
+) +mN � +

i
, (4)
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3-point function of Higgs, and thus can be viewed as a
signature of Majorana neutrino mass.
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⟹

★  during inflation— no Seesaw! ⇒  
★ Mass matrix and Higgs Yukawa couplings cannot be 

simultaneously diagonalized

mD ∼ mN ∼ H m+ ∼ m− Sizable Yukawa coupling mixing mass eigenstates! 
☞ Novel pattern of CHC signal
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Probing Leptogenesis with the Cosmological Collider

Supplementary Material

Yanou Cui and Zhong-Zhi Xianyu

In this Supplemental Material we explain details about the Higgs Yukawa couplings with three generations of Majo-
rana neutrinos and present the full calculation for the 3-point correlator of the Higgs fluctuations for the leptogenesis
model we consider.

I. Higgs-Yukawa with 3 generations

The discussion in the main text about the Higgs-Yukawa coupling with Majorana mass term can be directly gener-
alized to 3 generations. The Lagrangian can be written as

�L = ⌫†i i�
µ@µ⌫i +N†

i i�
µ@µNi +

h
mDij
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1 +
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mNijNiNj + c.c.

i
. (S1)

Here bothmDij andmNij are complex 3⇥3 matrices. We can use the U(6) symmetry of the kinetic terms to diagonalize
the full 6⇥6 mass matrix similar as we did in the main text for 1 generation. Again we expect that the Higgs coupling
matrix cannot be simultaneously diagonalized in the presence of Majorana mass, thus we have Yukawa couplings that
mix di↵erent mass eigenstates and lead to unique cosmological collider signals. More explicitly, we can parameterize
the U(6) rotation O that diagonalize the mass matrix as

O =

✓
A B
C D

◆
, (S2)

where A,B,C,D are 3⇥ 3 complex matrices, and O satisfies the unitary condition OO† = I. By construction,

OT

✓
0 �mD

�mD mN

◆
O =

✓
M1 0
0 M2

◆
, (S3)

where M1 = diag(m1,m2,m3) and M2 = diag(m4,m5,m6) represent the two diagonal blocks of the diagonalized mass
matrix M . With this we can find the Higgs coupling matrix in the mass eigenbasis, as,

L �
h

2v

�
 1, · · · , 6

�✓M1 � CTmNC �CTmND
�DTmNC M2 �DTmND

◆
0

B@
 1
...
 6

1

CA , (S4)

where  i (i = 1, · · · , 6) denotes the mass eigenstate.

It is clear that in the case of mN = 0, the Higgs coupling matrix is simply proportional to the mass matrix and
thus the two can be simultaneously diagonalized, with non-negative real diagonal elements. No mixing could occur in
the Yukawa couplings in this case. But when there is nonzero Majorana mass, the Higgs Yukawa matrix is no longer
diagonalized in the mass eigenbasis. In addition, we have no further freedom to rotate  i as long as mi is not zero. So
we would in general expect that the Yukawa matrix contains irremovable complex phases. These phases can generate
the desired CP violation when the heavy neutrino decays.
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•  Generalize to  realistic 3 generation ’s:  
 mixed Yukawa couplings persist, plus CP phases

N

 Rotate to mass eigenstates:

Structure of Leptogenesis Model During Inflation 
— Masses, Couplings
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Cosmological (Higgs) Collider Signals of Leptogenesis

3

the above result of Yukawa coupling to mixed mass eigen-
states still apply, but with the new feature that these cou-
plings generally contain irremovable CP phases. As we
will see below, these phases introduce yet another new
pattern in the CHC signal. Details about the Yukawa
couplings with three generations of N ’s are given in the
Supplementary Material.
Cosmological (Higgs) Collider Signals of Lepto-

genesis. In the discussion above, we have highlighted the
specific patterns of Higgs couplings to neutrinos in a real-
istic leptogenesis model: the Yukawa couplings mix di↵er-
ent mass eigenstates and carry nonzero complex phases.
In this section we will demonstrate their distinctive phys-
ical consequences on the CHC observables, with essential
steps for the calculation given. Further details are given
in the Supplementary Material.
The central object to calculate is the 3-point correla-

tion function of the Higgs fluctuation, namely the left di-
agram in Fig. 1. The CHC signal appears when the blue
lines carry momenta much smaller than the black lines,
i.e., in the squeezed limit. In this configuration it proves
advantageous to take an EFT limit for the bottom black
line in the triangle, which e↵ectively shrinks the line into
a point vertex, as shown in the right diagram of Fig. 1.
Then it is straightforward to use the diagrammatic rule
[28] to write down an expression for this process:

h�hk1�hk2�hk3i
0 =

X

a,b=±
ab

Z 0

�1
d⌧1d⌧2a

4(⌧1)a
4(⌧2)

⇥Ga(k1, ⌧1)Ga(k2⌧1)Gb(k3, ⌧2)I(k3; ⌧1, ⌧2), (5)

where ⌧ is conformal time, a = �1/(H⌧) is the scale
factor, a, b = ± are Schwinger-Keldysh indices, Ga is the
boundary-to-bulk �h propagator and I is the fermion 1-
loop integral including couplings (The Schwinger-Keldysh
indices for I can be neglected so far as the oscillatory
signal is the only concern):

I(k; ⌧1, ⌧2) =

Z
d3X e�ik·X

hO1(⌧1,X)O(⌧2,0)i, (6)

where the two e↵ective operators O1,2, shown in the right
diagram in Fig. 1, will be discussed below.

Based on the discussion in the last section, we can write
the most general Yukawa coupling mixing a pair of mass
eigenstate as

�L = �hO1, O1 ⌘ y12(e
i'12 1 2 + c.c.), (7)

where  1,2 are Weyl spinors and mass eigenstates with
masses m1,2. Generally we have m1 6= m2 (m1 = m2)
with (without) the presence of Majorama mass in the
original Lagrangian. We set y12 to be real and positive
and isolate the CP phase '12. O1 accounts for the upper

vertex in the right diagram in Fig. 1. Note that the diago-
nal case O1 = yii i i+ c.c. (i = 1, 2) can also contribute
to the signal, but this is not mass mixing and the signal
would be identical to the case of “Dirac” to be discussed
below. Nevertheless even if the diagonal case contribu-
tion is sizable, the new signal predicted in this work can
be extracted by dedicated template fitting.
The lower vertex in the right diagram in Fig. 1 is an

e↵ective vertex with the “local” neutrino integrated out
as explained above. This e↵ective coupling takes the form

�L =
1

2
(�h)2O2, O2 ⌘

1

⇤
(ei'5 1 2 + c.c.), (8)

where we denote the absolute value of e↵ective coupling
y12(y11/m1 + y22/m2) by an e↵ective cuto↵ 1/⇤ and its
phase by '5.

Now we do the Wick contraction of these two vertices
with the spinor trace taken as well:

hO1(x)O2(y)i = �
4y12
⇤

h
cos('12 + '5)gm1(x, y)gm2(x, y)

+ cos('12 � '5)fm1(x, y)fm2(x, y)
i
. (9)

Here gm and fm are functions of mass m and positions
x = (⌧1,X) and y = (⌧2,0), given explicitly in [29]. The
minus sign comes from the anticommutativity of spinors.

The oscillatory signal in CHC bispectrum can be found
by expanding fm and gm in the late time limit ⌧1,2 ! 0:

ifm(x, y) = 2Re
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gm(x, y) = 2Re
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. (11)

Here and later in the text, any mass with a tilde denotes
its dimensionless value measured in unit of H, namely
em = m/H, and X ⌘ |X|. We see that ifm and gm are
identical at the leading order and the di↵erence appears
only at the next to leading order. This has important
consequences:

1. For pure Dirac mass, the Yukawa coupling is diago-
nalizable with real eigenvalues. Therefore, in (9), hO1O2i

is proportional to f2
mi

+g2mi
, with i = 1, 2. This combina-

tion is zero at the leading order in ⌧ when ⌧ ! 0, and its
e↵ect shows up only at the next order in ⌧ . When calcu-
lating the in-in correlator, the power-law dependence on ⌧
gets translated to a scaling in the k-ratio. As a result, the
signal with Dirac mass alone decays faster than naively
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a point vertex, as shown in the right diagram of Fig. 1.
Then it is straightforward to use the diagrammatic rule
[28] to write down an expression for this process:
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factor, a, b = ± are Schwinger-Keldysh indices, Ga is the
boundary-to-bulk �h propagator and I is the fermion 1-
loop integral including couplings (The Schwinger-Keldysh
indices for I can be neglected so far as the oscillatory
signal is the only concern):
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where the two e↵ective operators O1,2, shown in the right
diagram in Fig. 1, will be discussed below.

Based on the discussion in the last section, we can write
the most general Yukawa coupling mixing a pair of mass
eigenstate as

�L = �hO1, O1 ⌘ y12(e
i'12 1 2 + c.c.), (7)

where  1,2 are Weyl spinors and mass eigenstates with
masses m1,2. Generally we have m1 6= m2 (m1 = m2)
with (without) the presence of Majorama mass in the
original Lagrangian. We set y12 to be real and positive
and isolate the CP phase '12. O1 accounts for the upper

vertex in the right diagram in Fig. 1. Note that the diago-
nal case O1 = yii i i+ c.c. (i = 1, 2) can also contribute
to the signal, but this is not mass mixing and the signal
would be identical to the case of “Dirac” to be discussed
below. Nevertheless even if the diagonal case contribu-
tion is sizable, the new signal predicted in this work can
be extracted by dedicated template fitting.
The lower vertex in the right diagram in Fig. 1 is an

e↵ective vertex with the “local” neutrino integrated out
as explained above. This e↵ective coupling takes the form
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x = (⌧1,X) and y = (⌧2,0), given explicitly in [29]. The
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by expanding fm and gm in the late time limit ⌧1,2 ! 0:

ifm(x, y) = 2Re

⇢
�(2� iem)�( 1

2 + iem)

4⇡5/2

⇣ ⌧1⌧2
X2

⌘3/2�iem

⇥


1 +

�
3� 4em(2i + em)

�
(⌧21 + ⌧22 )� 6⌧1⌧2

2(1� 2iem)X2

��
, (10)

gm(x, y) = 2Re

⇢
�(2� iem)�( 1

2 + iem)

4⇡5/2

⇣ ⌧1⌧2
X2

⌘3/2�iem

⇥


1 +

�
3� 4em(2i + em)

�
(⌧21 + ⌧22 ) + 6⌧1⌧2

2(1� 2iem)X2

��
. (11)
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gets translated to a scaling in the k-ratio. As a result, the
signal with Dirac mass alone decays faster than naively
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the above result of Yukawa coupling to mixed mass eigen-
states still apply, but with the new feature that these cou-
plings generally contain irremovable CP phases. As we
will see below, these phases introduce yet another new
pattern in the CHC signal. Details about the Yukawa
couplings with three generations of N ’s are given in the
Supplementary Material.
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In this section we will demonstrate their distinctive phys-
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steps for the calculation given. Further details are given
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The central object to calculate is the 3-point correla-

tion function of the Higgs fluctuation, namely the left di-
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advantageous to take an EFT limit for the bottom black
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with (without) the presence of Majorama mass in the
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and isolate the CP phase '12. O1 accounts for the upper
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nal case O1 = yii i i+ c.c. (i = 1, 2) can also contribute
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would be identical to the case of “Dirac” to be discussed
below. Nevertheless even if the diagonal case contribu-
tion is sizable, the new signal predicted in this work can
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em = m/H, and X ⌘ |X|. We see that ifm and gm are
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lines carry momenta much smaller than the black lines,
i.e., in the squeezed limit. In this configuration it proves
advantageous to take an EFT limit for the bottom black
line in the triangle, which e↵ectively shrinks the line into
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Then it is straightforward to use the diagrammatic rule
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nal case O1 = yii i i+ c.c. (i = 1, 2) can also contribute
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Here and later in the text, any mass with a tilde denotes
its dimensionless value measured in unit of H, namely
em = m/H, and X ⌘ |X|. We see that ifm and gm are
identical at the leading order and the di↵erence appears
only at the next to leading order. This has important
consequences:

1. For pure Dirac mass, the Yukawa coupling is diago-
nalizable with real eigenvalues. Therefore, in (9), hO1O2i

is proportional to f2
mi

+g2mi
, with i = 1, 2. This combina-

tion is zero at the leading order in ⌧ when ⌧ ! 0, and its
e↵ect shows up only at the next order in ⌧ . When calcu-
lating the in-in correlator, the power-law dependence on ⌧
gets translated to a scaling in the k-ratio. As a result, the
signal with Dirac mass alone decays faster than naively

∼

•  Central task for finding CHC signal: calculate the 3-pt correlator of δh 2

�hk1 �hk2

�hk3

 1

 i

 2

y1i y2i

y12

1

)

�hk1 �hk2

�hk3

 1  2

O2

O1

2FIG. 1. 1-loop process contributing to SM and Majorana RH
neutrino signals at the CHC (i = 1, 2). See the text for expla-
nations.

acteristic oscillatory function of the momentum ratio
% ⌘ k3/k1. It is useful to express the signal in
terms of the conventionally defined dimensionless and
(nearly) scale-invariant shape function S(k1, k2, k3) ⌘

(k1k2k3)2/(4⇡2P⇣)2h⇣h,k1⇣h,k2⇣h,k3i
0 (0 symbol means

that the �-function for momentum conservation is re-
moved), as (see [48] for more details):

lim
%!0

S(%) = f (signal)
NL %↵ sin

�
! log %+ #

�
, (2)

where f (signal)
NL is the amplitude of the signal. The dimen-

sionless quantities (↵,!,#) measures the scaling behav-
ior, the frequency, and the phase of the oscillatory signal.
They can in principle be extracted from data, and are also
calculable for specific processes. Therefore these quanti-
ties provide very useful information about the massive
states mediating the process. It is previously known that
the signal mediated by a Dirac fermion of mass m via a
1-loop diagram is characterized by ↵ = 3 and ! = 2m/H
[32]. A key result of this Letter is that the Majorana
mass of the RH neutrino and CP phases innate to the
leptogenesis mechanism can generate new patterns in the
signal. In particular, the CHC signal with a Majorana
neutrino gives ↵ = 2 instead of 3, and the CP phases give
rise to more than one value of !, and the signal would be
superpositions of di↵erent oscillation patterns.

Leptogenesis, Neutrino masses and CP phases

during inflation. Leptogenesis mechanism satisfies the
general Sakharov conditions for baryogenesis in the fol-
lowing ways: 1) lepton number violation–via the Majo-
rana masses of the RH neutrino N ’s and the Yukawa
couplings of the N ’s to the SM Higgs (H) and SM lep-
ton doublet L, 2) CP violation–via the CP phases in the
Yukawa couplings and the interference between tree-level
and loop process of N decay, and 3) out of equilibrium–
via the decay process [1, 53]. A non-vanishing lepton
asymmetry requires at least two generations of N ’s, while
three generations are typically considered in leptogenesis

literature. The N decay typically happens well above the
electroweak scale, so that the lepton asymmetry can be
transferred to baryon asymmetry via sphaleron.
A key observation is that, when there is a Majorana

mass term as in leptogenesis or Type I seesaw, the mass
matrix and the Higgs couplings cannot be simultaneously
diagonalized. This results in a new type of Yukawa cou-
pling that mixes di↵erent mass eigenstates and thus dis-
tinct CHC signals. The following derivations closely fol-
low the standard neutrino seesaw model, with the key
di↵erence that H’s VEV is typically around the Hubble
scale H during inflation, and consequently the neutrino
mass/mixing pattern is very di↵erent in the inflationary
era, vs. the later leptogenesis epoch or current day.
One generation su�ces to demonstrate how the mixed

coupling arises. Consider the usual Type I seesaw with
one generation of N and SM lepton doublet L = (⌫, e�)T .
In CHC the Higgs gets a nonzero VEV v ⇠ H during in-
flation due to quantum fluctuations. Here the inflationary
Hubble parameter H is required to be higher than elec-
troweak (EW) scale for the original CHC mechanism [32]
to work. Parametrizing the Higgs asH = (0, (v+h)/

p
2)T

and focusing on neutrinos only, we have

�L = ⌫†i�µ@µ⌫ +N†i�µ@µN

+
h
mD

�
1 +

h

v

�
⌫N �

1

2
mNNN + c.c.

i
, (3)

where mD ⌘ yv/
p
2. The U(2) symmetry of the kinetic

term allows us to choose mD and mN to be real without
loss of generality, and also to rotate to mass eigenstates
 ± with mass eigenvalues m± = 1

2 (mN ±
p

m2
N + 4m2

D).
In the post-inflationary epoch such as during leptogenesis
or current-day, Higgs resides in its true vacuum, with the
VEV being 0 (vEW ) before (after) EW phase transition
(EWPT), thus mD ⌧ mN , such that m� ⌧ m+, and
the seesaw mechanism for SM neutrino masses is realized
after EWPT. But during inflation mD ⇠ mN ⇠ H is
likely, therefore  ± could have comparable masses.

Although these are mostly familiar results, the im-
portant point is that the Higgs coupling matrix cannot
be simultaneously diagonalized by the above rotations.
Rather, it takes the following form after the rotation:

L �
mDh

v
p

m2
N + 4m2

D

h
mD( 2

� �  2
+) +mN � +

i
, (4)

with a nonzero trilinear coupling that mixes  ± when
mN 6= 0. As we will see, this mixed Yukawa coupling in
the mass eigenstates can give rise to a unique signal in
3-point function of Higgs, and thus can be viewed as a
signature of Majorana neutrino mass.

Realistic leptogenesis model typically involves 3 gener-
ations of RH N ’s. With nonzero Majorana mass terms,
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sionless quantities (↵,!,#) measures the scaling behav-
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They can in principle be extracted from data, and are also
calculable for specific processes. Therefore these quanti-
ties provide very useful information about the massive
states mediating the process. It is previously known that
the signal mediated by a Dirac fermion of mass m via a
1-loop diagram is characterized by ↵ = 3 and ! = 2m/H
[32]. A key result of this Letter is that the Majorana
mass of the RH neutrino and CP phases innate to the
leptogenesis mechanism can generate new patterns in the
signal. In particular, the CHC signal with a Majorana
neutrino gives ↵ = 2 instead of 3, and the CP phases give
rise to more than one value of !, and the signal would be
superpositions of di↵erent oscillation patterns.

Leptogenesis, Neutrino masses and CP phases

during inflation. Leptogenesis mechanism satisfies the
general Sakharov conditions for baryogenesis in the fol-
lowing ways: 1) lepton number violation–via the Majo-
rana masses of the RH neutrino N ’s and the Yukawa
couplings of the N ’s to the SM Higgs (H) and SM lep-
ton doublet L, 2) CP violation–via the CP phases in the
Yukawa couplings and the interference between tree-level
and loop process of N decay, and 3) out of equilibrium–
via the decay process [1, 53]. A non-vanishing lepton
asymmetry requires at least two generations of N ’s, while
three generations are typically considered in leptogenesis

literature. The N decay typically happens well above the
electroweak scale, so that the lepton asymmetry can be
transferred to baryon asymmetry via sphaleron.
A key observation is that, when there is a Majorana

mass term as in leptogenesis or Type I seesaw, the mass
matrix and the Higgs couplings cannot be simultaneously
diagonalized. This results in a new type of Yukawa cou-
pling that mixes di↵erent mass eigenstates and thus dis-
tinct CHC signals. The following derivations closely fol-
low the standard neutrino seesaw model, with the key
di↵erence that H’s VEV is typically around the Hubble
scale H during inflation, and consequently the neutrino
mass/mixing pattern is very di↵erent in the inflationary
era, vs. the later leptogenesis epoch or current day.
One generation su�ces to demonstrate how the mixed

coupling arises. Consider the usual Type I seesaw with
one generation of N and SM lepton doublet L = (⌫, e�)T .
In CHC the Higgs gets a nonzero VEV v ⇠ H during in-
flation due to quantum fluctuations. Here the inflationary
Hubble parameter H is required to be higher than elec-
troweak (EW) scale for the original CHC mechanism [32]
to work. Parametrizing the Higgs asH = (0, (v+h)/
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where mD ⌘ yv/
p
2. The U(2) symmetry of the kinetic

term allows us to choose mD and mN to be real without
loss of generality, and also to rotate to mass eigenstates
 ± with mass eigenvalues m± = 1

2 (mN ±
p

m2
N + 4m2

D).
In the post-inflationary epoch such as during leptogenesis
or current-day, Higgs resides in its true vacuum, with the
VEV being 0 (vEW ) before (after) EW phase transition
(EWPT), thus mD ⌧ mN , such that m� ⌧ m+, and
the seesaw mechanism for SM neutrino masses is realized
after EWPT. But during inflation mD ⇠ mN ⇠ H is
likely, therefore  ± could have comparable masses.

Although these are mostly familiar results, the im-
portant point is that the Higgs coupling matrix cannot
be simultaneously diagonalized by the above rotations.
Rather, it takes the following form after the rotation:
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mDh

v
p

m2
N + 4m2

D
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, (4)

with a nonzero trilinear coupling that mixes  ± when
mN 6= 0. As we will see, this mixed Yukawa coupling in
the mass eigenstates can give rise to a unique signal in
3-point function of Higgs, and thus can be viewed as a
signature of Majorana neutrino mass.

Realistic leptogenesis model typically involves 3 gener-
ations of RH N ’s. With nonzero Majorana mass terms,
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FIG. 1. 1-loop process contributing to SM and Majorana RH
neutrino signals at the CHC (i = 1, 2).

mediated by neutrinos represented by the 1-loop diagram
on the left side of Fig. 1 (we will explain the right diagram
in the next section).
The signal shows up for squeezed bispectrum where

k1 ' k2 � k3 (ki ⌘ |ki|, i = 1, 2, 3), as a char-
acteristic oscillatory function of the momentum ratio
% ⌘ k3/k1. It is useful to express the signal in terms of
a dimensionless and (nearly) scale-invariant shape func-
tion S(k1, k2, k3) ⌘ (k1k2k3)2/(4⇡2P⇣)2h⇣h,k1⇣h,k2⇣h,k3i

0

(0 symbol means the momentum-conserving �-function re-
moved), as (see [50] for more details):

lim
%!0

S(%) = f (signal)
NL %↵ sin

�
! log %+ #

�
, (2)

where f (signal)
NL is the amplitude of the signal. The di-

mensionless quantities (↵,!,#) measure the scaling be-
havior, the frequency, and the phase of the oscillatory
signal. They are in principle measurable and also calcu-
lable for specific processes. It is known that the signal
with a Dirac fermion of mass m in a 1-loop diagram has
↵ = 3 and ! = 2m/H [34]. A key result of this Letter
is that the Majorana mass of the RH neutrino and CP
phases innate to the leptogenesis mechanism can generate
new patterns in the signal. In particular, the CHC signal
with a Majorana neutrino gives ↵ = 2 instead of 3, and
the CP phases give rise to more than one value of !, and
the signal would be superpositions of di↵erent oscillation
patterns.

Leptogenesis, Neutrino masses and CP phases

during inflation. Leptogenesis mechanism meets the
Sakharov conditions in the following ways: 1) lepton
number violation via the Majorana masses of the RH
neutrinos N ’s; 2) CP violation via the CP phases in the
Yukawa couplings through the tree-loop interference in
N decay; and 3) out-of-equilibrium via the decay process
[1, 56].

A key observation is that, with a Majorana mass term,
the mass matrix and the Higgs couplings cannot be si-
multaneously diagonalized. This results in a new type of
Yukawa coupling mixing di↵erent mass eigenstates with
distinct CHC signals. The following derivations closely
follow the standard neutrino seesaw model, with the key
di↵erence that H’s VEV is typically around the infla-
tionary Hubble scale H, and consequently the neutrino
mass/mixing pattern is very di↵erent in the inflation and
post-inflation eras.
One generation su�ces to demonstrate how the mixed

coupling arises. Consider the usual Type I seesaw with
one generation of N and SM lepton doublet L = (⌫, e�)T .
In CHC the Higgs gets a nonzero VEV v ⇠ H during in-
flation due to quantum fluctuations. Here the inflationary
Hubble parameter H is required to be higher than elec-
troweak (EW) scale for the original CHC mechanism [34]
to work. Parametrizing the Higgs asH = (0, (v+h)/

p
2)T

and focusing on neutrinos only, we have
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+
h
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mNNN + c.c.
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, (3)

where mD ⌘ yv/
p
2. The U(2) symmetry of the kinetic

term allows us to choose mD and mN to be real without
loss of generality, and also to rotate to mass eigenstates
 ± with mass eigenvalues m± = 1

2 (mN ±
p

m2
N + 4m2

D).
In the post-inflationary epoch, Higgs resides in its true
vacuum such that mD ⌧ mN , and thus m� ⌧ m+,
realizing the seesaw mechanism after EWPT. But during
inflation mD ⇠ mN ⇠ H is likely, therefore  ± could
have comparable masses.

Although these are mostly familiar results, the im-
portant point is that the Higgs coupling matrix cannot
be simultaneously diagonalized by the above rotations.
Rather, it takes the following form after the rotation:

L �
mDh

v
p

m2
N + 4m2

D

h
mD( 2

� �  2
+) +mN � +

i
, (4)

with a nonzero trilinear coupling that mixes  ± when
mN 6= 0. As we will see, this mixed Yukawa coupling in
the mass eigenstates can give rise to a unique signal in
3-point function of Higgs, and thus can be viewed as a
signature of Majorana neutrino mass.

Realistic leptogenesis model typically involves 3 gener-
ations of RH N ’s. With nonzero Majorana mass terms,
the above result of Yukawa coupling to mixed mass eigen-
states still apply, but with the new feature that these cou-
plings generally contain irremovable CP phases. As we
will see below, these phases introduce yet another new
pattern in the CHC signal.
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the above result of Yukawa coupling to mixed mass eigen-
states still apply, but with the new feature that these cou-
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will see below, these phases introduce yet another new
pattern in the CHC signal. Details about the Yukawa
couplings with three generations of N ’s are given in the
Supplementary Material.
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genesis. In the discussion above, we have highlighted the
specific patterns of Higgs couplings to neutrinos in a real-
istic leptogenesis model: the Yukawa couplings mix di↵er-
ent mass eigenstates and carry nonzero complex phases.
In this section we will demonstrate their distinctive phys-
ical consequences on the CHC observables, with essential
steps for the calculation given. Further details are given
in the Supplementary Material.
The central object to calculate is the 3-point correla-

tion function of the Higgs fluctuation, namely the left di-
agram in Fig. 1. The CHC signal appears when the blue
lines carry momenta much smaller than the black lines,
i.e., in the squeezed limit. In this configuration it proves
advantageous to take an EFT limit for the bottom black
line in the triangle, which e↵ectively shrinks the line into
a point vertex, as shown in the right diagram of Fig. 1.
Then it is straightforward to use the diagrammatic rule
[28] to write down an expression for this process:

h�hk1�hk2�hk3i
0 =

X

a,b=±
ab

Z 0

�1
d⌧1d⌧2a

4(⌧1)a
4(⌧2)

⇥Ga(k1, ⌧1)Ga(k2⌧1)Gb(k3, ⌧2)I(k3; ⌧1, ⌧2), (5)

where ⌧ is conformal time, a = �1/(H⌧) is the scale
factor, a, b = ± are Schwinger-Keldysh indices, Ga is the
boundary-to-bulk �h propagator and I is the fermion 1-
loop integral including couplings (The Schwinger-Keldysh
indices for I can be neglected so far as the oscillatory
signal is the only concern):

I(k; ⌧1, ⌧2) =

Z
d3X e�ik·X

hO1(⌧1,X)O(⌧2,0)i, (6)

where the two e↵ective operators O1,2, shown in the right
diagram in Fig. 1, will be discussed below.

Based on the discussion in the last section, we can write
the most general Yukawa coupling mixing a pair of mass
eigenstate as

�L = �hO1, O1 ⌘ y12(e
i'12 1 2 + c.c.), (7)

where  1,2 are Weyl spinors and mass eigenstates with
masses m1,2. Generally we have m1 6= m2 (m1 = m2)
with (without) the presence of Majorama mass in the
original Lagrangian. We set y12 to be real and positive
and isolate the CP phase '12. O1 accounts for the upper

vertex in the right diagram in Fig. 1. Note that the diago-
nal case O1 = yii i i+ c.c. (i = 1, 2) can also contribute
to the signal, but this is not mass mixing and the signal
would be identical to the case of “Dirac” to be discussed
below. Nevertheless even if the diagonal case contribu-
tion is sizable, the new signal predicted in this work can
be extracted by dedicated template fitting.
The lower vertex in the right diagram in Fig. 1 is an

e↵ective vertex with the “local” neutrino integrated out
as explained above. This e↵ective coupling takes the form

�L =
1

2
(�h)2O2, O2 ⌘

1

⇤
(ei'5 1 2 + c.c.), (8)

where we denote the absolute value of e↵ective coupling
y12(y11/m1 + y22/m2) by an e↵ective cuto↵ 1/⇤ and its
phase by '5.

Now we do the Wick contraction of these two vertices
with the spinor trace taken as well:

hO1(x)O2(y)i = �
4y12
⇤

h
cos('12 + '5)gm1(x, y)gm2(x, y)

+ cos('12 � '5)fm1(x, y)fm2(x, y)
i
. (9)

Here gm and fm are functions of mass m and positions
x = (⌧1,X) and y = (⌧2,0), given explicitly in [29]. The
minus sign comes from the anticommutativity of spinors.

The oscillatory signal in CHC bispectrum can be found
by expanding fm and gm in the late time limit ⌧1,2 ! 0:
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Here and later in the text, any mass with a tilde denotes
its dimensionless value measured in unit of H, namely
em = m/H, and X ⌘ |X|. We see that ifm and gm are
identical at the leading order and the di↵erence appears
only at the next to leading order. This has important
consequences:

1. For pure Dirac mass, the Yukawa coupling is diago-
nalizable with real eigenvalues. Therefore, in (9), hO1O2i

is proportional to f2
mi

+g2mi
, with i = 1, 2. This combina-

tion is zero at the leading order in ⌧ when ⌧ ! 0, and its
e↵ect shows up only at the next order in ⌧ . When calcu-
lating the in-in correlator, the power-law dependence on ⌧
gets translated to a scaling in the k-ratio. As a result, the
signal with Dirac mass alone decays faster than naively
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Here and later in the text, any mass with a tilde denotes
its dimensionless value measured in unit of H, namely
em = m/H, and X ⌘ |X|. We see that ifm and gm are
identical at the leading order and the di↵erence appears
only at the next to leading order. This has important
consequences:

1. For pure Dirac mass, the Yukawa coupling is diago-
nalizable with real eigenvalues. Therefore, in (9), hO1O2i

is proportional to f2
mi

+g2mi
, with i = 1, 2. This combina-

tion is zero at the leading order in ⌧ when ⌧ ! 0, and its
e↵ect shows up only at the next order in ⌧ . When calcu-
lating the in-in correlator, the power-law dependence on ⌧
gets translated to a scaling in the k-ratio. As a result, the
signal with Dirac mass alone decays faster than naively

3

the above result of Yukawa coupling to mixed mass eigen-
states still apply, but with the new feature that these cou-
plings generally contain irremovable CP phases. As we
will see below, these phases introduce yet another new
pattern in the CHC signal. Details about the Yukawa
couplings with three generations of N ’s are given in the
Supplementary Material.
Cosmological (Higgs) Collider Signals of Lepto-

genesis. In the discussion above, we have highlighted the
specific patterns of Higgs couplings to neutrinos in a real-
istic leptogenesis model: the Yukawa couplings mix di↵er-
ent mass eigenstates and carry nonzero complex phases.
In this section we will demonstrate their distinctive phys-
ical consequences on the CHC observables, with essential
steps for the calculation given. Further details are given
in the Supplementary Material.
The central object to calculate is the 3-point correla-

tion function of the Higgs fluctuation, namely the left di-
agram in Fig. 1. The CHC signal appears when the blue
lines carry momenta much smaller than the black lines,
i.e., in the squeezed limit. In this configuration it proves
advantageous to take an EFT limit for the bottom black
line in the triangle, which e↵ectively shrinks the line into
a point vertex, as shown in the right diagram of Fig. 1.
Then it is straightforward to use the diagrammatic rule
[28] to write down an expression for this process:
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where ⌧ is conformal time, a = �1/(H⌧) is the scale
factor, a, b = ± are Schwinger-Keldysh indices, Ga is the
boundary-to-bulk �h propagator and I is the fermion 1-
loop integral including couplings (The Schwinger-Keldysh
indices for I can be neglected so far as the oscillatory
signal is the only concern):
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where the two e↵ective operators O1,2, shown in the right
diagram in Fig. 1, will be discussed below.
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with (without) the presence of Majorama mass in the
original Lagrangian. We set y12 to be real and positive
and isolate the CP phase '12. O1 accounts for the upper

vertex in the right diagram in Fig. 1. Note that the diago-
nal case O1 = yii i i+ c.c. (i = 1, 2) can also contribute
to the signal, but this is not mass mixing and the signal
would be identical to the case of “Dirac” to be discussed
below. Nevertheless even if the diagonal case contribu-
tion is sizable, the new signal predicted in this work can
be extracted by dedicated template fitting.
The lower vertex in the right diagram in Fig. 1 is an

e↵ective vertex with the “local” neutrino integrated out
as explained above. This e↵ective coupling takes the form
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Here gm and fm are functions of mass m and positions
x = (⌧1,X) and y = (⌧2,0), given explicitly in [29]. The
minus sign comes from the anticommutativity of spinors.
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em = m/H, and X ⌘ |X|. We see that ifm and gm are
identical at the leading order and the di↵erence appears
only at the next to leading order. This has important
consequences:
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a point vertex, as shown in the right diagram of Fig. 1.
Then it is straightforward to use the diagrammatic rule
[28] to write down an expression for this process:

h�hk1�hk2�hk3i
0 =

X

a,b=±
ab

Z 0

�1
d⌧1d⌧2a

4(⌧1)a
4(⌧2)

⇥Ga(k1, ⌧1)Ga(k2⌧1)Gb(k3, ⌧2)I(k3; ⌧1, ⌧2), (5)

where ⌧ is conformal time, a = �1/(H⌧) is the scale
factor, a, b = ± are Schwinger-Keldysh indices, Ga is the
boundary-to-bulk �h propagator and I is the fermion 1-
loop integral including couplings (The Schwinger-Keldysh
indices for I can be neglected so far as the oscillatory
signal is the only concern):

I(k; ⌧1, ⌧2) =

Z
d3X e�ik·X

hO1(⌧1,X)O(⌧2,0)i, (6)

where the two e↵ective operators O1,2, shown in the right
diagram in Fig. 1, will be discussed below.

Based on the discussion in the last section, we can write
the most general Yukawa coupling mixing a pair of mass
eigenstate as

�L = �hO1, O1 ⌘ y12(e
i'12 1 2 + c.c.), (7)

where  1,2 are Weyl spinors and mass eigenstates with
masses m1,2. Generally we have m1 6= m2 (m1 = m2)
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would be identical to the case of “Dirac” to be discussed
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Here and later in the text, any mass with a tilde denotes
its dimensionless value measured in unit of H, namely
em = m/H, and X ⌘ |X|. We see that ifm and gm are
identical at the leading order and the di↵erence appears
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to the signal, but this is not mass mixing and the signal
would be identical to the case of “Dirac” to be discussed
below. Nevertheless even if the diagonal case contribu-
tion is sizable, the new signal predicted in this work can
be extracted by dedicated template fitting.
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Here gm and fm are functions of mass m and positions
x = (⌧1,X) and y = (⌧2,0), given explicitly in [29]. The
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em = m/H, and X ⌘ |X|. We see that ifm and gm are
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1. For pure Dirac mass, the Yukawa coupling is diago-
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is proportional to f2
mi

+g2mi
, with i = 1, 2. This combina-

tion is zero at the leading order in ⌧ when ⌧ ! 0, and its
e↵ect shows up only at the next order in ⌧ . When calcu-
lating the in-in correlator, the power-law dependence on ⌧
gets translated to a scaling in the k-ratio. As a result, the
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2FIG. 1. 1-loop process contributing to SM and Majorana RH
neutrino signals at the CHC (i = 1, 2). See the text for expla-
nations.

acteristic oscillatory function of the momentum ratio
% ⌘ k3/k1. It is useful to express the signal in
terms of the conventionally defined dimensionless and
(nearly) scale-invariant shape function S(k1, k2, k3) ⌘

(k1k2k3)2/(4⇡2P⇣)2h⇣h,k1⇣h,k2⇣h,k3i
0 (0 symbol means

that the �-function for momentum conservation is re-
moved), as (see [48] for more details):

lim
%!0

S(%) = f (signal)
NL %↵ sin

�
! log %+ #

�
, (2)

where f (signal)
NL is the amplitude of the signal. The dimen-

sionless quantities (↵,!,#) measures the scaling behav-
ior, the frequency, and the phase of the oscillatory signal.
They can in principle be extracted from data, and are also
calculable for specific processes. Therefore these quanti-
ties provide very useful information about the massive
states mediating the process. It is previously known that
the signal mediated by a Dirac fermion of mass m via a
1-loop diagram is characterized by ↵ = 3 and ! = 2m/H
[32]. A key result of this Letter is that the Majorana
mass of the RH neutrino and CP phases innate to the
leptogenesis mechanism can generate new patterns in the
signal. In particular, the CHC signal with a Majorana
neutrino gives ↵ = 2 instead of 3, and the CP phases give
rise to more than one value of !, and the signal would be
superpositions of di↵erent oscillation patterns.

Leptogenesis, Neutrino masses and CP phases

during inflation. Leptogenesis mechanism satisfies the
general Sakharov conditions for baryogenesis in the fol-
lowing ways: 1) lepton number violation–via the Majo-
rana masses of the RH neutrino N ’s and the Yukawa
couplings of the N ’s to the SM Higgs (H) and SM lep-
ton doublet L, 2) CP violation–via the CP phases in the
Yukawa couplings and the interference between tree-level
and loop process of N decay, and 3) out of equilibrium–
via the decay process [1, 53]. A non-vanishing lepton
asymmetry requires at least two generations of N ’s, while
three generations are typically considered in leptogenesis

literature. The N decay typically happens well above the
electroweak scale, so that the lepton asymmetry can be
transferred to baryon asymmetry via sphaleron.
A key observation is that, when there is a Majorana

mass term as in leptogenesis or Type I seesaw, the mass
matrix and the Higgs couplings cannot be simultaneously
diagonalized. This results in a new type of Yukawa cou-
pling that mixes di↵erent mass eigenstates and thus dis-
tinct CHC signals. The following derivations closely fol-
low the standard neutrino seesaw model, with the key
di↵erence that H’s VEV is typically around the Hubble
scale H during inflation, and consequently the neutrino
mass/mixing pattern is very di↵erent in the inflationary
era, vs. the later leptogenesis epoch or current day.
One generation su�ces to demonstrate how the mixed

coupling arises. Consider the usual Type I seesaw with
one generation of N and SM lepton doublet L = (⌫, e�)T .
In CHC the Higgs gets a nonzero VEV v ⇠ H during in-
flation due to quantum fluctuations. Here the inflationary
Hubble parameter H is required to be higher than elec-
troweak (EW) scale for the original CHC mechanism [32]
to work. Parametrizing the Higgs asH = (0, (v+h)/

p
2)T

and focusing on neutrinos only, we have

�L = ⌫†i�µ@µ⌫ +N†i�µ@µN

+
h
mD

�
1 +

h

v

�
⌫N �

1

2
mNNN + c.c.

i
, (3)

where mD ⌘ yv/
p
2. The U(2) symmetry of the kinetic

term allows us to choose mD and mN to be real without
loss of generality, and also to rotate to mass eigenstates
 ± with mass eigenvalues m± = 1

2 (mN ±
p

m2
N + 4m2

D).
In the post-inflationary epoch such as during leptogenesis
or current-day, Higgs resides in its true vacuum, with the
VEV being 0 (vEW ) before (after) EW phase transition
(EWPT), thus mD ⌧ mN , such that m� ⌧ m+, and
the seesaw mechanism for SM neutrino masses is realized
after EWPT. But during inflation mD ⇠ mN ⇠ H is
likely, therefore  ± could have comparable masses.

Although these are mostly familiar results, the im-
portant point is that the Higgs coupling matrix cannot
be simultaneously diagonalized by the above rotations.
Rather, it takes the following form after the rotation:

L �
mDh

v
p

m2
N + 4m2

D

h
mD( 2

� �  2
+) +mN � +

i
, (4)

with a nonzero trilinear coupling that mixes  ± when
mN 6= 0. As we will see, this mixed Yukawa coupling in
the mass eigenstates can give rise to a unique signal in
3-point function of Higgs, and thus can be viewed as a
signature of Majorana neutrino mass.

Realistic leptogenesis model typically involves 3 gener-
ations of RH N ’s. With nonzero Majorana mass terms,

 Three cases: 
•  Pure Dirac mass: , Yukawa coupling is diagonalizable with real eigenvalues 

 , vanishes at LO ⇒ signal decays faster than naively expected 

— restores result known in literature (e.g. Chen, Wang, Xianyu 2018), applies to Dirac /Dirac LG

mN → 0, φ → 0
⟨𝒪1𝒪2⟩ ∝ f2

mi
+ g2

mi

ν

•  Majorana mass induced mixed Yukawa but no CP phase:  ,  

⇒ at LO oscillating signal with a single frequency  — new to literature!

⟨𝒪1𝒪2⟩ ∝ fm1
fm2

+ gm1
gm2

m̃1 − m̃2

•  Majorana mass plus CP phase (realistic LG):  

⇒ at LO oscillating signal with two distinct frequencies  and  — distinct signature of LG!

⟨𝒪1𝒪2⟩ ∝ cos(φ12 + φ5)fm1
fm2

+ cos(φ12 − φ5)gm1
gm2

m̃1 − m̃2 m̃1 + m̃2
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With 3 generations, more oscillation modes possible, 
but generally expect one pair of mass eigenstates dominate 
the signal

4

expected in the squeezed limit. This result is known in
the literature [29, 32] and is compatible with the scenario
of Dirac neutrino/Dirac leptogenesis.
2. If there is a Majorana-mass-induced mixed Yukawa

coupling but without CP phases, the correlator (9) would
be proportional to fm1fm2 + gm1gm2 with m1 6= m2. In
this case, there is a piece proportional to (⌧1⌧2)±i(em1�em2)

which is not canceled out at the leading order. We then
expect to see an oscillating signal at the leading order of
squeezeness with a single frequency given by em1 � em2.
The other possible combination em1 + em2 gets cancelled
for the same reason as in the case of Dirac mass.
3. If, in addition, the mixed Yukawa coupling con-

tains irremovable CP phases (as in the realistic leptoge-
nesis models), then the signal would be proportional to
cos('12+'5)fm1fm2 +cos('12�'5)gm1gm2 . In this case,
both (⌧1⌧2)±i(em1�em2) and (⌧1⌧2)±i(em1+em2) show up at the
leading order for generic '12 and '5. Therefore, this new
feature would reveal itself as two distinct sets of oscilla-
tion modes in the CHC signature at the leading order of
the squeezeness.
It is then straightforward to compute the 3-point corre-

lation function of �h and consequently the shape function
in (2). The result for non-Dirac case can be summarized
as follows. (The case of pure Dirac mass has been calcu-
lated before [29, 32].)
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with em12 ⌘ em1 � em2.
Fig. 2 illustrates the signal shape function for the three

cases outlines above. The “Dirac” case is known in
the literature, while the “Majorana” and “Majorana+CP
phases” are new results from this work featuring di↵erent
oscillation patterns. The case of “Majorana+CP phases”
is most relevant to our study as it corresponds to a re-
alistic leptogenesis model. The “Majorana” case is also
worth noting as it represents a class of models with mass-
mixing couplings with new oscillation pattern. Here we
only present result for one pair of mixed mass eigenstates.
Given the three generations of neutrinos, it is possible
that more than one pair of mass eigenstates contribute
to the signal. However, according to (13), the signal
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FIG. 2. The oscillatory shape function of the primordial bis-
pectrum (12) as a function of k1/k3 for the three cases we
consider in the text. We take mD = 0.5H for “Dirac”, and
take m1 = 0.5H and m2 = 1.5H for both “Majorana” and
“Majorana+CP.” We take '12 = ⇡/4 and '5 = �⇡/3 for
“Majorana+CP.” For all cases we take R

3
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strength has sensitive dependence on the masses. Thus,
in general, we would expect only one pair of states con-
tribute predominantly.

Conditions for Baryon Asymmetry and Results.

We numerically scan parameter space to identify the re-
gions giving rise to observable CHC signals as well as
a successful leptogenesis. As we can see from (12), de-
tectable CHC signals favor large Yukawa couplings. On
the other hand, large Yukawa couplings poses a potential
tension with leptogenesis as they generally lead to strong
washout. We briefly review the washout e↵ect as follows.

The baryon asymmetry YB as predicted from leptoge-
nesis can be generally expressed as

YB =
cs

cs � 1

✏1
g⇤

, (14)

where cs = (8Nf+4)/(22Nf+13) is the sphaleron conver-
sion e�ciency factor, and cs = 28/79 ' 0.35 for Nf = 3.
g⇤ is the number of relativistic degrees during leptogen-
esis epoch, which is 106.75 for SM. ✏1 is the asymmetry
from the the decay of heavy RH neutrinos (assuming the
lightest N1 dominates the contribution), given by [54]
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The baryon asymmetry as calculated above is subject to
potential reduction by the so-called “washout” processes,
including the inverse decay and 2 ! 2 ◆L scattering. The
impact of washout is characterized by the washout fac-
tor , which is the ratio of the decay rate of the RH
neutrino, �1, to the the Hubble scale H when the tem-

 Three cases: 
•  Pure Dirac mass: known case, signal dies fast 
•  Majorana mass w/o CP phases: single mode oscillation 
•  Majorana mass w/ CP phases (leptogenesis):  

 two distinct modes of lasting oscillation 
☞ Information about heavy RH neutrino mass!

 Result-1: Shape function of the primordial bispectrum:
⟨𝒪1𝒪2⟩ → S(k1, k3)
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expected in the squeezed limit. This result is known in
the literature [29, 32] and is compatible with the scenario
of Dirac neutrino/Dirac leptogenesis.
2. If there is a Majorana-mass-induced mixed Yukawa

coupling but without CP phases, the correlator (9) would
be proportional to fm1fm2 + gm1gm2 with m1 6= m2. In
this case, there is a piece proportional to (⌧1⌧2)±i(em1�em2)

which is not canceled out at the leading order. We then
expect to see an oscillating signal at the leading order of
squeezeness with a single frequency given by em1 � em2.
The other possible combination em1 + em2 gets cancelled
for the same reason as in the case of Dirac mass.
3. If, in addition, the mixed Yukawa coupling con-

tains irremovable CP phases (as in the realistic leptoge-
nesis models), then the signal would be proportional to
cos('12+'5)fm1fm2 +cos('12�'5)gm1gm2 . In this case,
both (⌧1⌧2)±i(em1�em2) and (⌧1⌧2)±i(em1+em2) show up at the
leading order for generic '12 and '5. Therefore, this new
feature would reveal itself as two distinct sets of oscilla-
tion modes in the CHC signature at the leading order of
the squeezeness.
It is then straightforward to compute the 3-point corre-

lation function of �h and consequently the shape function
in (2). The result for non-Dirac case can be summarized
as follows. (The case of pure Dirac mass has been calcu-
lated before [29, 32].)
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with em12 ⌘ em1 � em2.
Fig. 2 illustrates the signal shape function for the three

cases outlines above. The “Dirac” case is known in
the literature, while the “Majorana” and “Majorana+CP
phases” are new results from this work featuring di↵erent
oscillation patterns. The case of “Majorana+CP phases”
is most relevant to our study as it corresponds to a re-
alistic leptogenesis model. The “Majorana” case is also
worth noting as it represents a class of models with mass-
mixing couplings with new oscillation pattern. Here we
only present result for one pair of mixed mass eigenstates.
Given the three generations of neutrinos, it is possible
that more than one pair of mass eigenstates contribute
to the signal. However, according to (13), the signal

FIG. 2. The oscillatory shape function of the primordial bis-
pectrum (12) as a function of k1/k3 for the three cases we
consider in the text. We take mD = 0.5H for “Dirac”, and
take m1 = 0.5H and m2 = 1.5H for both “Majorana” and
“Majorana+CP.” We take '12 = ⇡/4 and '5 = �⇡/3 for
“Majorana+CP.” For all cases we take R

3
hy12H/⇤ = 1.

strength has sensitive dependence on the masses. Thus,
in general, we would expect only one pair of states con-
tribute predominantly.

Conditions for Baryon Asymmetry and Results.

We numerically scan parameter space to identify the re-
gions giving rise to observable CHC signals as well as
a successful leptogenesis. As we can see from (12), de-
tectable CHC signals favor large Yukawa couplings. On
the other hand, large Yukawa couplings poses a potential
tension with leptogenesis as they generally lead to strong
washout. We briefly review the washout e↵ect as follows.

The baryon asymmetry YB as predicted from leptoge-
nesis can be generally expressed as

YB =
cs

cs � 1

✏1
g⇤

, (14)

where cs = (8Nf+4)/(22Nf+13) is the sphaleron conver-
sion e�ciency factor, and cs = 28/79 ' 0.35 for Nf = 3.
g⇤ is the number of relativistic degrees during leptogen-
esis epoch, which is 106.75 for SM. ✏1 is the asymmetry
from the the decay of heavy RH neutrinos (assuming the
lightest N1 dominates the contribution), given by [54]

✏1 ' �
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The baryon asymmetry as calculated above is subject to
potential reduction by the so-called “washout” processes,
including the inverse decay and 2 ! 2 ◆L scattering. The
impact of washout is characterized by the washout fac-
tor , which is the ratio of the decay rate of the RH
neutrino, �1, to the the Hubble scale H when the tem-

•   sphaleron conversion 
•  : asymmetry from  decay 
• : washout efficiency, most sensitive 

to couplings
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FIG. 3. Contour plots for the amplitude of neutrino signal at
CHC f

(signal)
NL and baryon density YB predicted by the lepto-

genesis model on the 2D plane of Yukawa coupling y12 and
Majorana RH neutrino mass m1. The solid red line indicates
the observed value of baryon asymmetry, YB0. The solid blue
lines represent experimental sensitivities to fNL.

In Fig. 3 we also include the reach of current CMB
and forecast for future LSS/21cm observations [40]. As
we can see, a good range of the parameter space for vi-
able leptogenesis lead to signals within reach of future
CMB/LSS/21 cm line experiments [64–67]. Furthermore,
with a CHC calibrated with known SM processes [34], it is
possible to identify the neutrino signals out of SM “back-
grounds.” The prospect for CHC signals is most distinct
and promising when m1 ⇠ H: for m1 � H, the signal
would be strongly suppressed as shown in Fig. 2, while
for m1 ⌧ H the Majorana mass becomes subdominant
to the Dirac mass term–in this case a CHC signal can
be observable but restores known patterns in the litera-
ture. Furthermore, since the signal strength depends on
H mainly through the ratio m1/H, for a fixed m1, in-
creasing (decreasing) H in Fig. 3 amounts to shifting all
shadings horizontally towards the right (left) side, while
the lines remain the same.

Discussion and Conclusion. In this Letter we pro-
pose a new cosmological probe of the well-motivated lep-
togenesis with Majorana neutrinos, which to date is con-
sidered challenging to test directly due to the high ener-
gies involved. Specifically, we consider the scenario with
SM Higgs contributing to the primordial fluctuation dur-
ing inflation. Based on Cosmological (Higgs) Collider
Physics, we demonstrated that this scenario can lead to
observable and distinct imprints of the Higgs’ Yukawa
couplings to heavy RH Majorana neutrinos and SM neu-
trinos in the primordial bispectrum. Essential informa-

tion about leptogenesis, such as the L-violation, heavy
RH neutrino masses (in the unit of the inflationary Hub-
ble scale), and the CP phases, can be extracted from
delicate measurements of the primordial non-Gaussianity.
With a distinct oscillatory feature, our signal is easily
distinguishable from the local-shaped NG produced by
the Higgs self-coupling [68]. Also, by using the phase
information [58], we can further select our signal out of
other possible oscillatory signals contributed from addi-
tion heavy states, and thus establish the uniqueness of our
signal. Our work presents an intriguing case of how CC
physics may shed light on the profound puzzle of matter-
antimatter asymmetry in our Universe, in light of the rich
incoming data from CMB and LSS observations targeting
primordial non-Gaussianity.
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expected in the squeezed limit. This result is known in
the literature [29, 32] and is compatible with the scenario
of Dirac neutrino/Dirac leptogenesis.
2. If there is a Majorana-mass-induced mixed Yukawa

coupling but without CP phases, the correlator (9) would
be proportional to fm1fm2 + gm1gm2 with m1 6= m2. In
this case, there is a piece proportional to (⌧1⌧2)±i(em1�em2)

which is not canceled out at the leading order. We then
expect to see an oscillating signal at the leading order of
squeezeness with a single frequency given by em1 � em2.
The other possible combination em1 + em2 gets cancelled
for the same reason as in the case of Dirac mass.
3. If, in addition, the mixed Yukawa coupling con-

tains irremovable CP phases (as in the realistic leptoge-
nesis models), then the signal would be proportional to
cos('12+'5)fm1fm2 +cos('12�'5)gm1gm2 . In this case,
both (⌧1⌧2)±i(em1�em2) and (⌧1⌧2)±i(em1+em2) show up at the
leading order for generic '12 and '5. Therefore, this new
feature would reveal itself as two distinct sets of oscilla-
tion modes in the CHC signature at the leading order of
the squeezeness.
It is then straightforward to compute the 3-point corre-

lation function of �h and consequently the shape function
in (2). The result for non-Dirac case can be summarized
as follows. (The case of pure Dirac mass has been calcu-
lated before [29, 32].)
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with em12 ⌘ em1 � em2.
Fig. 2 illustrates the signal shape function for the three

cases outlines above. The “Dirac” case is known in
the literature, while the “Majorana” and “Majorana+CP
phases” are new results from this work featuring di↵erent
oscillation patterns. The case of “Majorana+CP phases”
is most relevant to our study as it corresponds to a re-
alistic leptogenesis model. The “Majorana” case is also
worth noting as it represents a class of models with mass-
mixing couplings with new oscillation pattern. Here we
only present result for one pair of mixed mass eigenstates.
Given the three generations of neutrinos, it is possible
that more than one pair of mass eigenstates contribute
to the signal. However, according to (13), the signal

FIG. 2. The oscillatory shape function of the primordial bis-
pectrum (12) as a function of k1/k3 for the three cases we
consider in the text. We take mD = 0.5H for “Dirac”, and
take m1 = 0.5H and m2 = 1.5H for both “Majorana” and
“Majorana+CP.” We take '12 = ⇡/4 and '5 = �⇡/3 for
“Majorana+CP.” For all cases we take R

3
hy12H/⇤ = 1.

strength has sensitive dependence on the masses. Thus,
in general, we would expect only one pair of states con-
tribute predominantly.

Conditions for Baryon Asymmetry and Results.

We numerically scan parameter space to identify the re-
gions giving rise to observable CHC signals as well as
a successful leptogenesis. As we can see from (12), de-
tectable CHC signals favor large Yukawa couplings. On
the other hand, large Yukawa couplings poses a potential
tension with leptogenesis as they generally lead to strong
washout. We briefly review the washout e↵ect as follows.

The baryon asymmetry YB as predicted from leptoge-
nesis can be generally expressed as

YB =
cs

cs � 1

✏1
g⇤

, (14)

where cs = (8Nf+4)/(22Nf+13) is the sphaleron conver-
sion e�ciency factor, and cs = 28/79 ' 0.35 for Nf = 3.
g⇤ is the number of relativistic degrees during leptogen-
esis epoch, which is 106.75 for SM. ✏1 is the asymmetry
from the the decay of heavy RH neutrinos (assuming the
lightest N1 dominates the contribution), given by [54]
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The baryon asymmetry as calculated above is subject to
potential reduction by the so-called “washout” processes,
including the inverse decay and 2 ! 2 ◆L scattering. The
impact of washout is characterized by the washout fac-
tor , which is the ratio of the decay rate of the RH
neutrino, �1, to the the Hubble scale H when the tem-

•   sphaleron conversion 
•  : asymmetry from  decay 
• : washout efficiency, most sensitive 
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FIG. 3. Contour plots for the amplitude of neutrino signal at
CHC f

(signal)
NL and baryon density YB predicted by the lepto-

genesis model on the 2D plane of Yukawa coupling y12 and
Majorana RH neutrino mass m1. The solid red line indicates
the observed value of baryon asymmetry, YB0. The solid blue
lines represent experimental sensitivities to fNL.

In Fig. 3 we also include the reach of current CMB
and forecast for future LSS/21cm observations [40]. As
we can see, a good range of the parameter space for vi-
able leptogenesis lead to signals within reach of future
CMB/LSS/21 cm line experiments [64–67]. Furthermore,
with a CHC calibrated with known SM processes [34], it is
possible to identify the neutrino signals out of SM “back-
grounds.” The prospect for CHC signals is most distinct
and promising when m1 ⇠ H: for m1 � H, the signal
would be strongly suppressed as shown in Fig. 2, while
for m1 ⌧ H the Majorana mass becomes subdominant
to the Dirac mass term–in this case a CHC signal can
be observable but restores known patterns in the litera-
ture. Furthermore, since the signal strength depends on
H mainly through the ratio m1/H, for a fixed m1, in-
creasing (decreasing) H in Fig. 3 amounts to shifting all
shadings horizontally towards the right (left) side, while
the lines remain the same.

Discussion and Conclusion. In this Letter we pro-
pose a new cosmological probe of the well-motivated lep-
togenesis with Majorana neutrinos, which to date is con-
sidered challenging to test directly due to the high ener-
gies involved. Specifically, we consider the scenario with
SM Higgs contributing to the primordial fluctuation dur-
ing inflation. Based on Cosmological (Higgs) Collider
Physics, we demonstrated that this scenario can lead to
observable and distinct imprints of the Higgs’ Yukawa
couplings to heavy RH Majorana neutrinos and SM neu-
trinos in the primordial bispectrum. Essential informa-

tion about leptogenesis, such as the L-violation, heavy
RH neutrino masses (in the unit of the inflationary Hub-
ble scale), and the CP phases, can be extracted from
delicate measurements of the primordial non-Gaussianity.
With a distinct oscillatory feature, our signal is easily
distinguishable from the local-shaped NG produced by
the Higgs self-coupling [68]. Also, by using the phase
information [58], we can further select our signal out of
other possible oscillatory signals contributed from addi-
tion heavy states, and thus establish the uniqueness of our
signal. Our work presents an intriguing case of how CC
physics may shed light on the profound puzzle of matter-
antimatter asymmetry in our Universe, in light of the rich
incoming data from CMB and LSS observations targeting
primordial non-Gaussianity.
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Conclusion

•  Cosmological Collider Physics: probe new physics with super-high energy 
collider—the cosmos during inflation!

•  A new method for probing high-scale leptogenesis with CHC 

‣ Signal strength ( ) from realistic LG models within reach of upcoming 
experiments 
‣ Signal shape (oscillation pattern) distinct from known CC signals

fNL

 ☞ Information about  couplings, CP phases and heavy RH neutrino masses!L

 Unraveling matter-antimatter asymmetry puzzle by  
dedicated measurements of primordial non-Gaussianity?

Ph. von Doetinchem   Antideuterons and dark matter   Nov 12 - p40p.

Extension to antihelium searches

baryon asymmetry in the universe:
• dynamically: large CP violation is needed
• separation of matter and antimatter in the early universe

antihelium is a natural extension of the antideuteron search:
• bound on antihelium gives constraint for the distance between galaxies and antigalaxies 
• because antihelium production in p-ISM interactions in the matter universe is extremely 

small

•  Matter-antimatter asymmetry remains a profound puzzle



Thank you!

27


