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Baryon Asymmetry 
of the Universe 
(BAU)



n We find baryons mostly, not antibaryons !
¤ Existence of antiproton

In cosmic rays,  𝑝 + 𝑝 → 𝑝 + 𝑝 + 𝑝 + 𝑝̅
At TEVATRON,  𝑝 + 𝑝̅ →X

n Asymmetry between baryons and antibaryons in our Universe

2021/09/21

4Baryon v.s. antibaryon

How large ??? 

Baryon
proton （𝐵 = +1)
neutron （𝐵 = +1)

Antibaryon
antiproton （𝐵 = −1)
antineutron （𝐵 = −1)



Baryon Asymmetry of the Universe (BAU)
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n Observational value

𝑌! =
𝑛!
𝑠 = (0.872 ± 0.004)×10"#$

𝑛! ∶ baryon number density, 𝑠 ∶ entropy density

Planck 2018 [1807.06209]

[Strumia 06] [PDG]

CMBR BBN



Brief history of the universe
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Inflation 

BBN 

Recombination 

Today 

Generate
BAU !

Baryogenesis

CMB 4He, D,… 

𝐵 = 0

𝐵 ≠ 0
𝐵 ≠ 0

temperature

~MeV

~0.3 eV

~10!" eV
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7Baryogenesis

n Sakharov （１９６７）
（１）Baryon number B is violated

（２）C and CP symmetries are violated

（３）Out of thermal equilibrium

“According to our hypothesis, the occurrence of C asymmetry is the 
consequence of violation of CP invariance in the nonstationary expansion of 
the hot Universe during the superdense stage, as manifest in the difference 
between the partial probabilities of the charge-conjugate reactions.”

Let us see whether  the SM 
satisfies these conditions



B violation in the MSM
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n At classical level, 𝐵 and 𝐿 are conserved

n At quantum level, 𝐵 and 𝐿 are violated 
by non-perturbative anomaly effect

𝜕!𝑗"
! = 𝜕!𝑗#

! = 𝑁$
𝑔%

32𝜋%
𝑊!&' 0𝑊'!&

𝜕!𝑗#
! = 0

𝑁" : number of generations (families)

𝜕#(𝑗$
# − 𝑗%

#) = 0

Baryon number: 𝐵 = ∫𝑑(𝑥 𝑗")

Lepton number: 𝐿 = ∫𝑑(𝑥 𝑗#)

both charges are conserved

𝜕!𝑗"
! = 0

accidental symmetries

𝐵 and 𝐿 are violated, but (𝐵 − 𝐿) is conserved ! 



DB and DL
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n Chern-Simons number (integer)

Energy   

∆𝐵 = 0
&*

&+
𝑑𝑡 0𝑑'𝑥 𝜕#𝑗$

# = 𝑁(∆𝑁)*

𝑁)* =
𝑔+

32𝜋+
0𝑑'𝑥 𝜀,-.𝑡𝑟 𝐴,𝜕-𝜕. +

2
3
𝑖𝑔 𝐴,𝐴-𝐴.



2021/09/21

10DB and DL

n At the vacuum (at temperature 𝑇 = 0)

Energy    

Instanton  

B+L breaking effect is negligible

[G. ʻｔ Hooft ʼ76]  

Γ~ exp −
16 𝜋%

𝑔%
= 𝒪(10,-.))

The transition rate 
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n For high temperatures (at temperature 𝑇 > 𝒪(10%) GeV)

Energy    

The transition rate 

Sphaleron

10/+ GeV > 𝑇 > 10+ GeV

Γ~𝜅 𝛼01 𝑇1

( per unit volume )

[Moore ʻ00]

Sphaleron process is in equilibrium

[Kuzumin, Rubakov, Shaposhnikov ʼ85]

∆𝐵 = ∆𝐿 = 𝑁(

Buchmuller
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n Initial (𝐵 − 𝐿) asymmetry is converted into 𝐵

n 𝐵 − 𝐿 / = 0 initially leads to 𝐵 = 0 universe
à Initial asymmetries 𝐵/ and 𝐿/ are washed out if 𝐵 − 𝐿 / = 0

n We have to generate 𝐵 − 𝐿 / > 0 initially 
in order to explain 𝐵 > 0 universe !

[Khlebnikov, Shaposhnikov ʻ88, Harvey, Turner ʻ90]

𝐵2 =
8𝑁( + 4
22𝑁( + 13

𝐵 − 𝐿 , = 0.35 𝐵 − 𝐿 ,



Baryogenesis in the Standard Model
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n B and L violations
¤ Sphaleron for T>100GeV

n CP violation
¤ 1 CP phase in the quark-mixing (CKM) matrix

à too small

n Out of equilibrium
¤ Strong 1st order phase transition if

but
à not satisfied

[Kajantie, Laine, Rummukainen, Shaposhnikov]

CPV~
𝐽#$ 𝑚%

& −𝑚'
& 𝑚%

& −𝑚(
& 𝑚'

& −𝑚(
& 𝑚)

& −𝑚*
& 𝑚)

& −𝑚+
& 𝑚*

& −𝑚+
&

𝑇,-.&
~10/.0

𝑚0 < 72 GeV
𝑚3 = 125 GeV

We have to go 
beyond the SM !



Various baryogenesis scenarios 
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¤ GUT baryogenesis, GUT baryogenesis after preheating, 
Baryogenesis from primordial black holes, String scale 
baryogenesis, Affleck-Dine (AD) baryogenesis, Hybridized AD 
baryogenesis, No-scale AD baryogenesis, Single field 
baryogenesis, Electroweak (EW) baryogenesis, Local EW 
baryogenesis, Non-local EW baryogenesis, EW baryogenesis 
at preheating, SUSY EW baryogenesis, String mediated EW 
baryogenesis, Inflationary via baryogenesis, Baryogenesis 
without ground unification (leptogenesis), Resonant 
leptogenesis, Spontaneous baryogenesis, Coherent 
baryogenesis, Gravitational baryogenesis, Defect mediated 
baryogenesis, Baryogenesis from cosmic strings, B-ball 
baryogenesis, Baryogenesis via neutrino oscillations, 
Monopole baryogenesis, …

See, for example, talk by M. Shaposhnikov @COSMO 2012



Leptogenesis



Leptogenesis
ーMotivation



Neutrino properties
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n Mixing angles and mass squared differences are measured very 
precisely

n Unknown properties

¤ Absolute masses of neutrinos (𝑚& 12345675 ?  Mass ordering ?)

¤ CP violations (Dirac phase ?   Majorana phase(s) ?)

¤ Dirac or Majorana fermions

sin& 𝜃.& = 0.308/1.1.&31.1.4

sin& 𝜃&4 = 0.440/1.1.031.1&4

sin& 𝜃.4 = 0.02163/1.1115631.11156

Δ𝑚&.
& = 7.49/1..531..0 ×10/7 eV&

Δ𝑚4.
& = 2.526/1.14531.1&0 ×10/4 eV&

Gonzalez-Garcia, Maltoni and Schwetz 
(𝜈-fit,  August ʼ16)

(NH case)

17



Right-handed neutrinos
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𝜈!



Why 𝝂𝑹 ?
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n Chiral structure of fermions in the SM

n Hierarchical patterns of fermion masses
¤ neutrino masses << masses of quarks and leptons

n Interesting phenomena by right-handed neutrinos
¤ Baryogenesis

l Leptogenesis / Mechanism by oscillations
¤ Dark matter

l keV mass right-handed neutrino is a candidate of WDM 
(it may be irrelevant in the seesaw mechanism)

¤ etc.

(𝑚8%9 ≃ 50 meV ≪ 𝑚: ≃ 0.5 MeV)



Standard Model 20
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Three right-handed neutrinos 21

Rt

(left-handed) (right-handed)
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Extension by right-handed neutrinos 𝝂𝑹

n Seesaw mechanism (𝑀8 = 𝐹 Φ ≪ 𝑀9)

¤ Light active neutrinos 𝝂

→ explain neutrino oscillations

¤ Heavy neutral leptons 𝑵
l Mass 𝑀9

l Mixing Θ = 𝑀8/𝑀9

0 01 1( , ) . ( , ) . .
02 2

c c
Dc L

L R T
D R

c

M M

M M
L h c h c

M NM
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M
nn

n n
n
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æ ö æ öæ ö æ ö
- = + = +ç ÷ ç ÷ç ÷ ç ÷

è ø è øè øè ø

𝜈) = 𝑈 𝜈 + Θ𝑁*
(≃ 𝜈&) Neutrino mixing

Minkowski ʼ77,  Yanagida ʼ79
Gell-Mann, Ramond, Slansky ʻ79
Glashow ʼ79, 
Mohapatra, Senjanovic ʻ79

2021/09/21

𝑀& = −
𝑀8
:

𝑀9
×𝑀8 ⟸ tiny neutrino masses !

𝛿ℒ = 𝑖𝜈;𝛾!𝜕!𝜈; − 𝐹 Q𝐿𝜈;Φ +
𝑀9

2
𝜈;𝜈;< + ℎ. 𝑐.

22



Yukawa coupling and Majorana mass

𝐹 =
𝑚;𝑀<

Φ
𝑚; = 5×10/.. GeV

Seesaw
does 
not 
work !

2021/09/21

𝑚; =
𝑀=
𝑀>

×𝑀==
𝐹& Φ &

𝑀<

23



Mixing and mass of heavy neutral lepton

Θ & =
𝑀=
&

𝑀<
& =

𝑚;
𝑀< 𝑚; = 5×10/.. GeV

2021/09/21

24



Range of parameter space
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TA, Tsuyuki ʻ15
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Bound from seesaw mechanism
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n Mixings of HNL must be sufficiently large 
to explain masses of active neutrinos !

n Bound on the mixing of the lightest HNL 𝑁/

Θ/ + ≥
𝑚4

𝑀/
Θ- % ≡ V

=>?,!,A

Θ=- %

NOTE: Θ. & can be zero for 𝒩 = 3

𝑚B =
𝑚. 𝑚4 in the NH (IH) for 3RHN (𝒩 = 3)

𝑚& 𝑚. in the NH (IH) for 2RHN (𝒩 = 2)

TA, Tsuyuki ʻ15

(No lower bound for 𝒩 > 3)



Range of parameter space
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TA, Tsuyuki ʻ15

Too small 
neutrino masses

Too large 
neutrino Yukawa 
couplings

𝐹& > 4𝜋

𝒩 = 2

Direct search

Cosmology
(BBN)

27



RH neutrinos and baryogenesis
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Extension by 𝝂𝑹 (seesaw) 

L violation
by Majorana mases

CP violation
in neutrino sector 

New particles
(HNL/RH neutrinos )

Sakharovʼs 3 conditions

C1
B, L violations 

C2
CP violation

C3
Out of equilibrium

𝝂𝑹 in the seesaw mechanism can satisfy 
all three conditions for baryogenesis 



Baryogenesis regions
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Leptogenesis
(Fukugita, Yanagida ʻ86)

Baryogenesis via neutrino oscillation
(Akhmedov, Rubakov, Smirnov ʼ98,

TA, Shaposhnikov ʼ05)

Resonant Leptogenesis
(Pilaftsis ʻ97, Pilaftsis, Underwood ʻ05)
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Thermal Leptogenesis
[Fukugita, Yanagida ʼ86]
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n 𝜈; (𝑁) can into LH leptons and also their anti-particles

n When CP is violated in neutrino sector,

n Asymmetry in 𝐿# is partially converted into baryon asymmetry 
by EW sphaleron process (𝑇 ≳ 10% GeV)

[Fukugita, Yanagida ʼ86]

𝑁.
𝐿? + OΦ

𝐿? + Φ

𝜀. =
Γ 𝑁. → 𝐿? + OΦ − Γ 𝑁. → 𝐿? +Φ
Γ 𝑁. → 𝐿? + OΦ + Γ 𝑁. → 𝐿? +Φ

≠ 𝟎 !

⟹ generate asymmetry Δ𝐿? between #𝐿? and #𝐿?

𝐵 =
28
79

𝐵 − 𝐿 6= ー
28
79

𝐿6



Out of Equilibrium Decay
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n For 𝑻 ≫ 𝑴𝟏, 𝑵𝟏 is in thermal equilibrium

n For 𝑻 < 𝑴𝟏
EQ

à Out of equilibrium decay of 𝑵𝟏
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n Yield of BAU

[Fukugita, Yanagida ʼ86]

𝜀! =
Γ 𝑁! → 𝐿" + (Φ − Γ 𝑁! → 𝐿" +Φ
Γ 𝑁! → 𝐿" + (Φ + Γ 𝑁! → 𝐿" +Φ

𝑀/ > 𝑂 107 GeV

𝑛"
𝑠
∝ 𝜀- ∝ 𝑀-

→ impossible to test 
directly such a heavy 
particle by experiments 

[Giudice et al ʻ03]

Lower bound on Majorana 
mass in order to explain the 
observed BAU    

𝑀. ≪ 𝑀&,4,…



Resonant leptogenesis
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n Resonant production of lepton asymmetry occurs 
if right-handed neutrinos are quasi-degenerate

𝜀/ ∝
𝑀8
+

Δ𝑀+

⟹ Leptogenesis is possible even for 𝑀. ≪ 100 GeV

（for Δ𝑀& > 𝑂(𝑀<Γ<)）

Pilaftsis ʼ97
Pilaftsis, Underwood ʼ04

Δ𝑀 ≪ 𝑀E

𝜀! =
Γ 𝑁! → 𝐿" + (Φ − Γ 𝑁! → 𝐿" +Φ
Γ 𝑁! → 𝐿" + (Φ + Γ 𝑁! → 𝐿" +Φ

Δ𝑀 = 𝑀& −𝑀.

𝑀< = (𝑀&+𝑀.)/2

huge enhancement

Note that 𝑀! ≳ 10# GeV in this case in order to convert lepton asymmetry 
into baryon asymmetry by EW sphaleron process (𝑇 ≳ 10# GeV)



Resonant Leptogenesis
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Degenerate RH neutrinos（𝑴𝟏,𝟐 = 𝟏𝟎𝟑GeV）

TA, Yoshida [arXiv:1812.11323]

NH IH Contour of 𝑌"Contour of 𝑌"
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Figure 1: Contour plots of Y MAX
B in the NH case. Y MAX

B is positive or negative in the region with bright

or dark color. In the left or right panel the plot is shown in the δCP-(α21−α31) plane when Reω23 =π/4

or the Reω23-δCP plane when α21 −α31 = π, respectively. The green lines shows the central value of

δCP from the global neutrino oscillation analysis.

shown in Tab. 2, for the sake of simplicity. Under this situation we investigate how YB depends on the

CP phases δC P and αi j and the mixing angle ReωI J of νR ’s.

First, we show the results for the NH case in Fig. 1. We find that Y MAX
B can be large as O (10−6),

which is much larger than the observational BAU in Eq. (1). The left panel represents the contour

plot of Y MAX
B in the Dirac and Majorana phase plane by taking the mixing angle Reω23 = π/4. Notice

that we have shown the results of Y MAX
B by taking ∆M = ∆M∗. This means that the observed value

Y OBS
B in Eq. (1) can be explained in the parameter region Y MAX

B ≥ Y OBS
B by taking ∆M ≥ ∆M∗. The

relevant Majorana phase is the combination, α21 −α31, in the NH case. It can be seen that the yield

of the BAU does depend on both phases significantly. #5 Thus, the experimental information of Dirac

phase, e.g. , from accelerator neutrinos [30, 31] is crucial for determining the sign of the BAU. It should

be noted that the dependence on the CP violating phases is approximately given by

YB ∝ sin
(α21 −α31

2
+δCP

)
, (10)

which is found from the parameter dependence in εαI as well as the strength of the wash-out effects,

i.e. , the structures in the partial decay rates Γ
(
NI → 'α+Φ

)
. On the other hand, the right panel in

Fig. 1 shows the contour in the mixing angle Reω23 and δCP plane when α21 −α31 = π. It is found

#5The dependence on Imω23 is discussed in Ref. [29].
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Figure 2: Contour plots of Y MAX
B in the IH case. Y MAX

B is larger or smaller in the region with bright or

dark color. In the left or right panel the plot is shown in the δCP-α21 plane when Reω12 = π/4 or the

Reω12-δCP plane when α21 = π, respectively. The green lines shows the central value of δCP from the

global neutrino oscillation analysis.

that Y MAX
B depends on Reω23 and the observed BAU cannot be generated when the mixing of νR ’s

disappears at Reω23 = 0, π/2.

Next, we turn to consider the IH case. It is found from Fig. 2 that Y MAX
B is at most O (10−8), and

hence resonant leptogenesis in the IH case is less effective compared with the NH case. Moreover,

the dependence on the CP phases are different from the NH case. In the left panel of Fig. 2 the con-

tour plot of Y MAX
B is shown in the δCP-α21 plane when Reω21 = π/4. We find that YB depends on the

Majorana phase significantly as in the NH case, however the dependence on the Dirac phase is much

milder than the NH case. This behavior can also be seen in the right panel, which shows the contour

plot of Y MAX
B in the Reω12-δCP plane when α21 =π. It is found that the dependence on the CP phases

are approximately given by

YB ∝ sin
(α12

2

)
. (11)

Note that the subleading effect which disturbs the above dependence is larger than that in the NH

case. The observed BAU cannot be produced for the vanishing mixing between νR ’s at Reω12 = 0, π/2

similar to the NH case. In addition, the sign of the BAU correlates with the sign of Reω12. See also the

below.

As described above, Y MAX
B depends on the Dirac and Majorana phases and the mixing angle of

νR ’s. We then discuss the case with the Dirac phase which is the central value from the global neutrino

7

Maximum values of YB
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Baryogenesis via
neutrino oscillation

Akhmedov, Rubakov, Smirnov ’98
TA, Shaposhnikov ‘05



Baryogenesis via Neutrino Oscillation

¤ Oscillation starts at 𝑻𝒐𝒔𝒄~ 𝑴𝟎 𝑴𝑵 𝜟𝑴 𝟏/𝟑

¤ Asymmetries are generated since evolution rates of 𝐿= and 
𝐿0 are different due to CPV

Akhmedov, Rubakov, Smirnov (ʼ98) / TA, Shaposhnikov (ʻ05)
Shaposhnikov (ʼ08), Canetti, Shaposhnikov (ʻ10)
TA, Ishida (ʻ10), Canetti, Drewes, Shaposhnikov (ʼ12), TA, Eijima, Ishida (ʻ12)
Canetti, Drewes, Shaposhnikov (ʻ12),  Canetti, Drewes, Frossard, Shaposhnikov (ʻ12) 
...

N NL

Medium effects
𝑁%

𝑁(
𝑉E =

𝑇%

8 𝑘
𝐹N𝐹

𝐿=

𝐿= 𝐹,(𝐹,'∗
𝐿9 𝐿9𝑁+ 𝑁'

2021/09/21
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Evolution of each asymmetries

2021/09/21
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LH leptons RH neutrinos



Baryogenesis via neutrino osc.

Oscillation of heavy neutrinos can be a source of BAU
¤ CPV in oscillation and production generates asymmetries
¤ Asymmetries are separated into LH and RH leptons
¤ Asymmetry in LH leptons is converted into BAU

Yield of BAU depends on 
Yukawa couplings 𝐹BC and masses

Especially, CP violating parameters
and mass difference

𝑇:;<~ 𝑀6 𝑀8 𝛥𝑀 //'

2021/09/21
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Key Point
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Baryogenesis via Leptogenesis

Baryogenesis via Neutrino Oscillation

B
B

L
L

sphaleron

sphaleron

B L B L
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Analytical Formula of BAU
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n RH neutrinos N2 and N3 must be quasi-degenerate 
to get a sizable BAU !

n CP asymmetry parameter for BAU
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11 0 atm sol
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Baryogenesis Region

Region accounting for 

TA, Eijima ʻ13

NH
IH

>O
?
= (8.55-9.00)×10/..

IH

NH

Canetti, Shaposhnikov ʻ10

𝑀8 > 2.1 MeV (NH) 𝑀8 > 0.7 MeV (IH)
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Constraints on HNL

TA, Eijima, Takeda ʻ14

Direct Search

Cosmology

𝑀8 > 122 MeV (NH) 𝑀8 > 136 MeV (IH)
𝜏< < 1 sec

2021/09/21
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Baryogenesis region
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31

FIG. 9. The range of the total mixing angle U2 consistent with both the seesaw mechanism and

leptogenesis as a function of HNLs’ mass MN . The black solid lines show the results obtained

with the full kinetic equations and vanishing initial conditions for HNLs. The blue, dashed lines

correspond to thermal initial conditions. In this regime the freeze-in does not contribute to the

asymmetry generation. The red, dotted line corresponds to neglecting the e↵ect of the expansion

of the Universe on the distribution of the heavy neutrinos. In this case the freeze-out cannot

contribute and the asymmetry is generated during freeze-in. The color contours represent the

largest allowed value of the mass splitting �M/M . Within the white regions the mass splitting is

smaller than 10�6. The left (right) panel shows the case of normal (inverted) hierarchy.

C. Constraints on the heavy neutrino mass splitting

The mass splitting between the heavy neutrinos is one of the most important parameters

for both leptogenesis scenarios. The main reason why leptogenesis is so sensitive to the

mass splitting �M between the heavy neutrinos is that this parameter sets the scale for the

oscillations that violate CP and lead to a lepton asymmetry. The temperature corresponding

to the onset of oscillations depends on the Hubble rate and is given as [21]

Tosc ⇡ (M0M�M)1/3 if Tosc � MN , (52)

where M0 =
p

90/ (8⇡3g⇤)MPl and g⇤ is the e↵ective number of relativistic degrees of free-

dom. For heavier neutrinos, it is possible that the oscillations begin when they are already

non-relativistic, which gives us a di↵erent temperature since the typical HNL energy is M

instead of T

Tosc ⇡ (M0�M)1/2 if Tosc
<
⇠ MN . (53)

Klaric, Shaposhnikov, Timiryasov ʻ21 [2103.16545]



Leptogenesis scenarios
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Experimental tests for 
leptogenesis scenarios



RH neutrinos and baryogenesis
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Extension by 𝝂𝑹 (seesaw) 

L violation
by Majorana mases

CP violation
in neutrino sector 

New particles
(HNL/RH neutrinos )

Experimental tests are crucial !!

• Neutrinoless double beta 
decay

• Inverse neutrinoless
double beta decay

• LNV meson decay
• …

• CPV neutrino oscillation
• EDM
• …

• Peak searches
• Beam dump experiments
• …



Lepton number violation in 
the seesaw mechanism
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1) Neutrinoless double beta decay
2) Inverse neutrinoless double beta decay
3) LNV meson decay



Neutrinoless double beta (0ν𝛽𝛽) decay
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49

n Neutrinoless double beta (0ν𝛽𝛽) decay

¤ LNV (Δ𝐿 = +2) process mediated 
by Majorana massive neutrinos

¤ Half-life of 0𝜈𝛽𝛽 decay

W.H. Furry 1939

𝑚@AA = Z
,B/,+,'

𝑚, 𝑈D,+

𝑍, 𝐴 → 𝑍 + 2, 𝐴 + 2𝑒!

𝑈D,

𝑈D,

𝑚,

𝑇//+!/ = 𝐴
𝑚E
+

𝑝+ + 𝑚@AA
+



Future prospects
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Effective mass in low-scale seesaw

n Effective mass

n 𝑁P may give a significant
contribution to 𝑚6QQ !

𝑚6QQ = V
/>-,%,(

𝑚/ 𝑈?/% + V
R

𝑓S 𝑀R 𝑀R Θ?R%

active neutrinos 𝝂2 HNLs 𝑁P

2021/09/21
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×

𝑊/

𝑊/

𝑒/

𝑒/

ΘD,
𝑀F
ΘD,

𝑁F

𝑁F

𝑓$ 𝑀% =
Λ$#

Λ$# +𝑀%
#

𝑚6QQ
E =

𝑀R Θ?R%

ΛS%

𝑀R
% 𝑀RΘ?R%

(𝑀R ≪ ΛS)

(𝑀R ≫ ΛS)

Λ$~ 200 MeV

𝑚@AA
G 𝑚@AA
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HNL may hide NDBD (𝒎𝐞𝐟𝐟 = 𝟎)
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n Range of mixing element |Θ?-|% is predicted
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Figure 6: The region of the mixing element |£e1|2 for the vanishing effective neutrino mass (between two
red lines) in the NH (left panel) or IH (right panel) case. Here we vary the Majorana phase ¥= 0 to º. The
shaded regions are excluded by the direct searches for HNL. The dotted lines shows the sensitivities on
|£e1|2 by future search experiments.

we obtain

|£1|2 =

8
>>>>>><
>>>>>>:

1
M1

"
m3 +m2

2

°
≥2 +1

¢1/2 ± m3 °m2

2
1° |A|2

p
(1° |A|2)2 +4ReA2

#
for the NH case

1
M1

"
m2 +m1

2

°
≥2 +1

¢1/2 ± m2 °m1

2
1° |A|2

p
(1° |A|2)2 +4ReA2

#
for the IH case

, (32)

We show in Fig. 7 the maximal and minimum values of |£1|2 by varying the value of ¥ as a free parameter.

Note here that |£1|2 in the considering case is bounded from below [48] by considering X! = 1 and!r = 0

as

|£1|2 ∏
m§
M1

, (33)

where m§ = m2 or m1 for the NH or IH case, respectively. This bound is also shown in Fig. 7 as the black

line. It is thus found that |£1|2 becomes proportional to M1 for M1 &§Ø, and hence a wide region of our

possibility can be tested by future experiments together with the null observation of the 0∫ØØ decay.

Finally, we mention the properties of heavier HNL N2. We have assumed so far that its mass is much

heavier than §Ø so that N2 decouples from the 0∫ØØ decay process. On the other hand, since X! ¿ 1

or X °1
! ¿ 1 as M1 gets heavier, the Yukawa coupling constants of N2 become rather large and exceed

the perturbative values when the mass of N2 becomes large. See, for example, Ref. [48]. Since all other

parameters than M2 are already fixed by the conditions related to N1 or observables of the neutrino

11

TA, Ishida, Tanaka arXiv:2012.13186



HNL may enhance NDBD (𝒎𝐞𝐟𝐟 > 𝒎𝐞𝐟𝐟
𝝂 )
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n Range of mixing element |Θ?-|% is predicted
3
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FIG. 2: Upper and lower bounds on |⇥e1|2 for the NH (left)
and IH (right) cases. We takemobs

e↵ =100 meV (red sold lines),
50 meV (blue dashed lines), and 10 meV (green dot-dashed
lines). Here M2 = 200 GeV. The current (conservative) up-
per bound on |⇥e1|2 from |me↵ | < 165 meV is shown by black
solid line (and the light-gray region is exluded). The dark-
gray regions are excluded by the direct search experiments.
The dotted lines shows the sensitivities by the future experi-
ments. See the detail in the main text.

find that |m⌫
e↵ | = 1.45–3.68 meV and 18.6–48.4 meV

for the NH and IH cases, respectively. It is found from
Eq. (7) that the lower bound on |⇥e1|

2 vanishes when
mobs

e↵ = |m⌫
e↵ |(1� f�(M2)).

The predicted range of |⇥e1|
2 is shown in Fig. 2 where

the current upper bounds and the sensitivities on |⇥e1|
2

by future search experiments are also shown [27–33]. We
take the (would-be) observed value of the e↵ective mass
as |me↵ | = 100 meV, 50 meV, and 10 meV. Importantly,
the most of the predicted range can be tested by the
future experiments.

We should note that the understanding of f�(M) is im-
portant for the precise prediction of the mixing elements,
since it contains the uncertainty of the order unity. For
this purpose the better understanding of the nuclear ma-
trix elements of the 0⌫�� decay mediated by HNL is
crucial.

Next, let us consider the case when the masses of HNLs
are degenerate

M1 = M2 = MN . (9)

In this case, the total e↵ective mass is given by

me↵ = m⌫
e↵ [1� f�(MN )] , (10)

and hence the total value is always smaller than the that
from active neutrinos |me↵ | < |m⌫

e↵ | as long as HNLs
participate the 0⌫�� decay. Note that the arguments of
me↵ and m⌫

e↵ are the same. In this case, we find the
interesting consequences if |me↵ | is measured: First, the
mass of degenerate HNLs is determined depending on the
measured value of |me↵ | as

MN = ⇤�

s
mobs

e↵

|m⌫
e↵ |�mobs

e↵

. (11)
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FIG. 3: The degenerate mass MN and mixing element |⇥2
e1+

⇥2
e2| in terms of the observed value mobs

e↵ in the NH (red solid
line) or IH (blue dashed line). We take the Majorana phase
⌘ = 0.
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FIG. 4: Range of the mixing element |⇥2
e1 + ⇥2

e2| in terms
of the degenerate mass MN by taking the Majorana phase
⌘ = 0–⇡ in the NH (red solid line) or IH (blue dashed line).

This shows that, once mobs
e↵ is fixed, the unknown Majo-

rana phase in m⌫
e↵ determines MN . Second, the sum of

the mixing elements is found to be

��⇥2
e1 +⇥2

e2

�� = |m⌫
e↵ |

⇤�

s
|m⌫

e↵ |�mobs
e↵

mobs
e↵

. (12)

These results are shown in Fig. 3. Here we take the
Majorana phase as ⌘ = 0, and |m⌫

e↵ | = 3.54 meV and
48.4 meV for the NH and IH cases, respectively. It is seen
that the observed e↵ective mass mobs

e↵ of a few 10 meV
corresponds to the Majorana mass MN ' O(0.1�1) GeV
and the mass ordering is the IH since HNL contributions
are always destructive to the active neutrino ones. The
relation between MN and |⇥2

e1 +⇥2
e2| is shown in Fig. 4.

We find that in order to test the degenerate case the
improvement of the sensitivity by future experiments is
required especially for the NH case.

Before concluding the paper, we stress the impact
of the di↵erence among the 0⌫�� decay nuclei [21].
Throughout this paper, we have assumed the approx-
imated form of the suppression function f� to be
Eq. (6) and fixed the typical Fermi momentum as ⇤� =
200 MeV. The important point is that the nuclear matrix
elements including the suppression factor due to HNLs

𝑚DEE
FGH=100meV (red), 50meV (blue), 10meV (green)

TA, Ishida, Tanaka arXiv:2101.12498



NDBD in different nuclei
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n Effective mass
¤ Active neutrino contribution

¤ HNL contribution

𝑚6QQ
& =V

/

𝑚/𝑈?/% independent on decay nuclei

𝑚6QQ
E =V

R

𝑓S 𝑀R 𝑀R Θ?R%

𝑓S 𝑀R =
ΛS
%

ΛS
% +𝑀R

%

dependent on decay nuclei !

Multiple detection/non-detection by NDBD using different nuclei
is crucial to reveal the properties of HNLs in the seesaw mechanism



Another example of LNV:
𝒆"𝒆" →𝑾"𝑾"
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×

𝑊/

𝑊/

𝑒/

𝑒/

×

𝑊/

𝑊/

𝑒/

𝑒/

0𝜈𝛽𝛽 decay Inverse 0𝜈𝛽𝛽 decay



Inverse neutrinoless double beta (i𝟎𝝂𝜷𝜷) decay
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n 𝑒,𝑒, → 𝑊,𝑊, offers test for LNV

n 𝑒,𝑒, collision is option of ILC, CLIC
n Advantages over 0𝜈𝛽𝛽 decay

l Signal is clean
l Free from uncertainty in nuclear matrix elements
l Can occur even if 0𝜈𝛽𝛽 decay is absent

à Inverse 0𝜈𝛽𝛽 decay and 0𝜈𝛽𝛽 decay are complementary tests 
for LNV in the seesaw mechanism

[T. G. Rizzo 1982]



Inverse 𝟎𝝂𝜷𝜷 decay in the seesaw 
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n Sensitivity of mixing    (@100 fb,-) TA, Tsuyuki ʻ15



Lepton number violation 
in meson decays
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Lepton number violation by heavy 
Majorana neutrino in B decays

Takehiko Asaka (Niigata Univ.)

Flavor Physics Workshop 2016 
@Iwamuro, Niigata (26-28 October, 2016)

In collaboration with 
Hiroyuki Ishida (NCTS, Taiwan)

Ref: arXiv:1609.06113
to appear in Physics Letters B



Contents

n Why are such particles interesting?
¤ Seesaw mechanism for neutrino masses
¤ Oscillation mechanism for baryon asymmetry of the universe
¤ Direct tests by (near) future experiments

n How do we test such particles?
¤ Lepton number violating decays of B mesons,

induced by Majorana properties of such particles

B+

W+

µ+

µ+

π−W−
N

GeV scale right-handed (RH) neutrinos 𝝂𝑹

Search for 𝐵H → 𝜇H𝜇H𝜋!
at Belle II and … 

2021/09/21
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Sensitivity limits on 𝚯𝝁
𝟐

n FCC-ee ( 𝑠 = 𝑚T)

10-8
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TA, Ishida [arXiv:1609.06113]

Sensitivity by using
𝐵3 → 𝜇3𝜇3𝜋/

Belle II with 𝑁! = 5×10.1

FCC-ee (B) with 𝑁I = 10.4

(𝑍 → 𝑏 d𝑏 ⇒ 𝑁! ≃ 6×10..)

Cf. Sensitivity by using

FCC-ee (W) 
with 𝑁- = 2×10J

𝑊3 → 𝜇3𝜇3𝜋/

2021/09/21
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CPV and Leptogenesis
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Decay rate asymmetry
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n Leptogenesis

𝜀. =
Γ 𝑁. → 𝐿? + OΦ − Γ 𝑁. → 𝐿? +Φ
Γ 𝑁. → 𝐿? + OΦ + Γ 𝑁. → 𝐿? +Φ

=
1
8𝜋

f
KL.

Im 𝐹M𝐹 .K
&

𝐹M𝐹 ..
𝑓

𝑀K&

𝑀.
& + 𝑔

𝑀K&

𝑀.
&

𝑓 𝑥 = 𝑥
!
# 1 + 1 + 𝑥 log

𝑥
𝑥 + 1 𝑔 𝑥 =

𝑥
!
#

1 − 𝑥

𝜀. is determined by Yukawa couplings 
and Majorana masses of RH neutrinos

CPV in neutrino Yukawa couplings is important !!



BAU and CPV in neutrino sector

2021/09/21

n Neutrino Yukawa couplings

𝐹 =
𝑖
Φ

𝑈 𝑀G,IJKL
//+ Ω 𝑀8,IJKL

//+

Dirac phase
Majorana phase(s)

Phase(s) for 𝜈N

These phases are essential for BAU !

𝑀; = −𝑀=
O 𝑀<,PQRS

/. 𝑀= Casas, Ibarra (ʻ01)

In mixing matrix 𝑈
of active neutrinos

In mixing matrix Ω
of RH neutrinos
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CPV in active neutrino sector
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n PMNS mixing matrix of active neutrinos

¤ Dirac phase 𝛿
¤ Majorana phases 𝛼%- and 𝛼(-

n CPV in PMNS matrix can be source of BAU
¤ Decay rate asymmetry 𝜀- does NOT depend on 𝑈
¤ But, the flavor effects (for 𝑀- ≲ 𝑂(10-()GeV) give the 

connection between CPV in PMNS matrix and BAU

→ Dirac and Majorana phases in PMNS matrix can be 
a source of BAU !!

𝑈 =
𝑐.&𝑐.4 𝑠.&𝑐.4 𝑠.4𝑒/TU

−𝑠.&𝑐&4 − 𝑐.&𝑠&4𝑠.4𝑒TU 𝑐.&𝑐&4 − 𝑠.&𝑠&4𝑠.4𝑒TU 𝑠&4𝑐.4
𝑠.&𝑠&4 − 𝑐.&𝑐&4𝑠.4𝑒TU −𝑐.&𝑠&4 − 𝑠.&𝑐&4𝑠.4𝑒TU 𝑐&4𝑐.4

1 0 0
0 𝑒T

B!"
& 0

0 0 𝑒T
B#"
&



Thermal Leptogenesis
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n 𝑀- = 10-) GeV (Hierarchical masses for RH neutrinos)

NH

IH

Moffat, Pascoli, Petcov, Turner ’19



Resonant Leptogenesis
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n 𝑀-,% = 1 TeV (quasi-degenerate)
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Figure 1. Contour plots of Y MAX

B in the NH case. Y MAX
B is positive or negative in the region

with bright or dark color. In the left or right panel the plot is shown in the δCP-(α21 − α31) plane
when Reω23 = π/4 or the Reω23-δCP plane when α21−α31 = π, respectively. The green lines shows
the central value of δCP from the global neutrino oscillation analysis.

to estimate the maximal value of the BAU. It is then found that |εαI | takes the maximal

value when the condition A = |M2
I −M2

J | is satisfied. This means that the maximal value

of |εαI | is achieved when the mass difference is ∆M = ∆M∗ ≡ A/(2MN ). From now on,

we call the yield of the BAU with ∆M = ∆M∗ as Y MAX
B .

We estimate the yield of the BAU by using the Bolzmann equations for the yields

of NI (YNI ) and the charges (Xα = B/3 − Lα) associated with the baryon number B

and the lepton flavor number Lα.3 The explicit equations are presented in appendix A.

The initial conditions are YNI = Y eq
NI

and Xα = 0, where Y eq
NI

is the equilibrium value of

YNI . We then solve the equations from the initial temperature Ti # MN ,4 to the final

temperature Tf = Tsph and calculate the yield of the BAU. Here Tsph is the sphaleron

freeze-out temperature and Tsph = 131.7GeV [38] for the observed Higgs boson mass.

We take MN = 1TeV as a representative value and evaluate the maximal value Y MAX
B

by setting the mass difference as ∆M = ∆M∗. In addition, as explained in the previous

section, we consider the case when the CP violation occurs only in the mixing matrix U of

active neutrinos, i.e., we set ImωIJ = 0. We take the central values of the mixing angles θij
and the mass squared differences ∆mij shown in table 1 for the sake of simplicity. Under

this situation we investigate how YB depends on the CP phases δCP and αij and the mixing

angle ReωIJ of νR’s.

First, we show the results for the NH case in figure 1. We find that Y MAX
B can be large

as O(10−6), which is much larger than the observational BAU in eq. (1.1). The left panel

represents the contour plot of Y MAX
B in the Dirac and Majorana phase plane by taking

3The estimation based on the Kadanoff-Baym equation is found in refs. [36, 37].
4We take Ti/MN = 100 for the numerical study.
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Figure 2. Contour plots of Y MAX
B in the IH case. Y MAX

B is larger or smaller in the region
with bright or dark color. In the left or right panel the plot is shown in the δCP-α21 plane when
Reω12 = π/4 or the Reω12-δCP plane when α21 = π, respectively. The green lines shows the central
value of δCP from the global neutrino oscillation analysis.

the mixing angle Reω23 = π/4. Notice that we have shown the results of Y MAX
B by taking

∆M = ∆M∗. This means that the observed value Y OBS
B in eq. (1.1) can be explained in the

parameter region Y MAX
B ≥ Y OBS

B by taking ∆M ≥ ∆M∗. The relevant Majorana phase is

the combination, α21 −α31, in the NH case. It can be seen that the yield of the BAU does

depend on both phases significantly.5 Thus, the experimental information of Dirac phase,

e.g., from accelerator neutrinos [40, 41] is crucial for determining the sign of the BAU. It

should be noted that the dependence on the CP violating phases is approximately given by

YB ∝ sin

(
α21 − α31

2
+ δCP

)
, (3.3)

which is found from the parameter dependence in εαI as well as the strength of the wash-

out effects, i.e., the structures in the partial decay rates Γ
(
NI → &α + Φ

)
. On the other

hand, the right panel in figure 1 shows the contour in the mixing angle Reω23 and δCP

plane when α21 − α31 = π. It is found that Y MAX
B depends on Reω23 and the observed

BAU cannot be generated when the mixing of νR’s disappears at Reω23 = 0, π/2.

Next, we turn to consider the IH case. It is found from figure 2 that Y MAX
B is at most

O(10−8), and hence resonant leptogenesis in the IH case is less effective compared with the

NH case. Moreover, the dependence on the CP phases are different from the NH case. In

the left panel of figure 2 the contour plot of Y MAX
B is shown in the δCP-α21 plane when

Reω21 = π/4. We find that YB depends on the Majorana phase significantly as in the NH

case, however the dependence on the Dirac phase is much milder than the NH case. This

behavior can also be seen in the right panel, which shows the contour plot of Y MAX
B in the

5The dependence on Imω23 is discussed in ref. [39].
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n 𝑀-,% = 5 GeV (quasi-degenerate)

Figure 2: Parameter regions in the δ-η plane accounting for the observed baryon asymmetry in
the NH case are shown by lines. The red solid lines are for ξ = +1 while the blue dashed lines
are for ξ = −1. Here we take M3 = 5 GeV, ∆M2

32/M
2
3 = 10−8, Reω = π/4, and sin2 θ13 = 0.053.

We take sin2 θ23 = 0.5 (left) and 0.36 (right), respectively.

which will be tested in future oscillation experiments, is significant to determine YB in the

considering case.

On the other hand, when θ13 = 0, the CP asymmetry parameter becomes

δν = sin 4θ23 cos θ12(1− rm cos2 θ12) sin η , (33)

including the higher order term of rm. In this case the asymmetry depends only on the Majorana

phase η as expected (since the Dirac phase δ always appears together with s13). It is very

important to note that δν = 0 when θ13 = 0 and θ23 = π/4. In this case, the generation of BAU

in the NH case is ineffective and YB at O(F 6) vanishes.

Next, we turn to consider the IH case, where the CP asymmetry parameter δν at O(r0m) is

estimated as

δν =
1

4
sin 2θ12 cos

2 θ13
[

− 5− 3 cos 4θ23 + cos 2θ13(7 + cos 4θ23)
]

sin η

+ sin 4θ23 cos
2 θ13 sin θ13(sin δ cos η − cos 2θ12 cos δ sin η) +O(r2m) . (34)

It is then found that δν at the leading order depends only on the Majorana phase when θ23 =

π/4, which should be compared with the NH case. This behaviour is shown in the left panel of

Fig. 3. Moreover, we discover that δν in the IH case does not vanish even when θ23 = π/4 and

θ13 = 0;

δν =
1

2

[

1 + (1 + r2m)
1/2 + 3[1− (1 + r2m)

1/2] cos 2θ12
]

sin 2θ12 sin η

= sin 2θ12 sin η

[

1 +
1

4
(1− 3 cos 2θ12)r

2
m +O(r4m)

]

. (35)
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hypothesis (δCP ¼ 0, π) is about 20%. The different mass
orderings induce a variation of the number of expected
events of about 10%. Matter effects are negligible for the νμ
and ν̄μ candidate samples, while they affect the number of
events in the νe and ν̄e candidate samples by about 6% and
4%, respectively, for maximal CP violation.
A series of fits are performed where one or two

oscillation parameters are determined and the others are
marginalized. Confidence regions are set using the constant
−2Δ lnL method [8]. In the first fit confidence regions in
the sin2 θ23 − jΔm2

32j plane (Fig. 5) were computed using
the reactor measurement of sin2 θ13. The best-fit values
are sin2 θ23 ¼ 0.532 and jΔm2

32j ¼ 2.545 × 10−3 eV2=c4

(sin2 θ23 ¼ 0.534 and jΔm2
32j ¼ 2.510 × 10−3 eV2=c4) for

the normal (inverted) ordering. The goodness of fit for all
three analyses is better than 80%. The result is consistent
with maximal disappearance. The T2K data weakly prefer
the second octant (sin2 θ23 > 0.5) with a posterior proba-
bility of 61%.
Confidence regions in the sin2 θ13 − δCP plane are

computed independently for both mass-ordering hypoth-
eses (Fig. 6) without using the reactor measurement. The
addition of antineutrino samples at Super-K gives the first
sensitivity to δCP from T2K data alone. There is good
agreement between the T2K result and the reactor meas-
urement for sin2 θ13. For both mass-ordering hypotheses,
the best-fit value of δCP is close to −π=2.
Confidence intervals for δCP are obtained using the

Feldman-Cousins method [47]. The parameter sin2 θ13 is
marginalized using the reactor measurement. The best-fit
value is obtained for the normal ordering and
δCP ¼ −1.791, close to maximal CP violation (Fig. 7).
For inverted ordering the best-fit value of δCP is −1.414.
The hypothesis of CP conservation (δCP ¼ 0, π) is
excluded at 90% C.L. and δCP ¼ 0 is excluded at more
than 2σ. The δCP confidence intervals at 90% C.L. are
(−3.13, −0.39) for normal ordering and (−2.09, −0.74) for
inverted ordering. The Bayesian credible interval at 90%,
marginalizing over the mass ordering, is (−3.13, −0.21).
The normal ordering is weakly favored over the inverted
ordering with a posterior probability of 75%.
Sensitivity studies show that, if the true value of δCP is

−π=2 and the mass ordering is normal, the fraction of
pseudoexperiments where CP conservation (δCP ¼ 0, π) is
excluded with a significance of 90% C.L. is 17.3%, with
the amount of data used in this analysis.
Conclusions.—T2K has performed the first search for

CP violation in neutrino oscillations using νμ → νe appear-
ance and νμ → νμ disappearance channels in neutrino and
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Figure 5. Charged lepton EDMs in the 3 + 2 effective model as a function of θi4, i = 1, 2, 3 (left)
and m4 (right). The current upper bounds and future prospects are also shown as blue and black
lines respectively.

can see from figure 5, the maximum values for the EDMs are obtained in the ranges of

sin θi4 ! 10−2 (i = 1, 2, 3) and 100GeV " m4 " 100TeV. The range sin θi4 ! 0.1 is

excluded by the constraints discussed in the previous section, in particular by electroweak

precision data. The electron EDM is always below the current experimental upper bound

|de|/e < 8.7 × 10−29 cm (so no additional bound on the parameter space arises from this

CP-violating observable), but the corresponding contributions can be within the optimistic

future sensitivity, |de|/e = 10−30 cm. On the other hand for the muon and tau, the predicted

EDMs are much smaller than any future sensitivity.
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Figure 6. Parameter spaces (|Uαi|2,mi), for α = e, µ, τ and i = 4 or 5. The coloured surfaces
are excluded due to the violation of at least one experimental or observational -mostly from BBN-
bound. Lines (full, dashed and dotted) delimit the expected sensitivity of several facilities: DUNE,
SHiP, FCC-ee and LHC. Green points denote predictions for the electron EDM within the future
sensitivity reach, |de|/e ≥ 10−30 cm.

Subtracting the (one-loop with mostly active neutrino contributing in the loop) SM con-

tribution in eq. (5.4), one obtains

∆aµ ≈ −
4
√
2GFm2

µ

(4π)2

3+N∑

i=4

|Uµi|2Gγ

(
m2

i

m2
W

)
, (5.6)

where the active neutrino masses mi (i = 1, 2, 3) are neglected and Gγ(z) is defined by

eq. (4.3). As has been shown in [91], the new contribution to the muon anomalous magnetic

moment can hardly fill the unexplained discrepancy with experiment. Taking into account

all the experimental constraints discussed in sections 4 and 5, the predicted value of the

muon anomalous magnetic moment is roughly ∆aµ ∼ −10−12 for |Uµi|2 ∼ 10−3, and thus

additional contributions to the anomalous magnetic moment are still required to explain

the discrepancy between theory and experimental measurements.
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Search for HNL (𝝂𝑹)



Search for Heavy Neutral Leptons
n Production by meson decays

¤ Peak search experiments
l Measure 𝐸? in 𝐾U → 𝑒U 𝑁

¤ Beam dump experiments

𝑁 ⟶ ℓH ℓ! 𝜈 + 𝑐. 𝑐.

𝐸D =
𝑚M
+ −𝑚D

+ −𝑀8
+

2 𝑚M

ev
en

ts

𝐾3 → 𝑒3 𝑁

𝐾3 → 𝑒3 ν
𝐾H → 𝑒H 𝑁, 𝐾H→ 𝜇H 𝑁,…

[Shrock ʼ80]

𝐾H → 𝑒H 𝑁

𝐸:

CERN
PS191

2021/09/21
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Search for HNLs at T2K
Production of 𝑵 Detection of 𝑵
𝐾H → ℓH + 𝑁 𝑁 → ℓ!+ℓH + 𝜈

TA, Eijima, Watanabe
[JHEP1303 (2013) 125]

PS191

T2K

𝑉 = 61.25m$(9m$)10#!POT

0.86×10!" POT
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constraints are valid only under strong assumptions of
the hierarchy of U2

e , U
2
µ and U2

⌧ . A “combined” approach
was then defined, in which all the heavy neutrino produc-
tion and decay modes (presented in Figure 3) and the ten
di↵erent analysis channels (five for each beam mode) are
considered simultaneously. For a given analysis channel
A, the contribution of a mode i is characterised by:

• the expected number of decays in the detector as-
suming U2

e = U2
µ = U2

⌧ = 1 and 100% selection
e�ciency, denoted �i ;

• the selection e�ciency of these decays in the cur-
rent channel "A,i ;

• the actual values of U2
e , U

2
µ and U2

⌧ via the factor
fi = U2

↵

P
U2
�j

with ↵,�j 2 {e, µ, ⌧} where ↵ is
the flavour involved at the production of the heavy
neutrino and �j are the flavours involved in its de-
cay (only one for charge current modes, several for
neutral current modes).

The expected number of events NA in a channel A
depends on the background in this channel BA and the
sum of the contributions from the di↵erent production
and decay modes:

NA = BA +
X

i

"A,i ⇥ fi(U
2
e , U

2
µ, U

2
⌧ )⇥ �i. (3)

Only a Bayesian method has been considered in this
combined approach. The likelihood is built using a Pois-
son function for the observed number of events nobs

A in
each channel A, with Poisson parameter NA:

L =
Y

A

Poisson
�
nobs
A ,NA

�
. (4)

The uncertainties on the flux and e�ciency are taken
into account in the forms of multivariate Gaussian priors
⇡� and ⇡" respectively. The priors on the background
⇡B are taken to be log-normal with means and standard
deviations given by the expected background and its un-
certainty in Table II. The priors on the mixing elements
U2
↵ are assumed to be flat.
The marginalised posterior probability p is then de-

fined as the product of the likelihood L and the priors,
integrating over all the nuisance parameters (flux, e�-
ciency and background):

p(U2
e , U

2
µ, U

2
⌧ ) =

Z
d� d" dB ⇥ L⇥ ⇡� ⇡" ⇡B ⇡U2 . (5)

A Markov Chain Monte Carlo method has been im-
plemented using PyMC [24] to perform this integration.
The output can then be used to define 90% domains, ei-
ther by profiling or by marginalising over the two other

mixing elements. For instance,

pprof(U
2
e ) = p(U2

e , U
2
µ,maxU

2
⌧,max), (6)

pmarg(U
2
e ) =

Z
p(U2

e , U
2
µ, U

2
⌧ )dU

2
µdU

2
⌧ , (7)

where U2
µ,max and U2

⌧,max are the values maximising the
likelihood.
Limits in 2D/3D parameter space may be obtained as

well. Limits on U2
e can be computed for 140 < MN < 493

MeV/c2, while limits on U2
µ and U2

⌧ can only be computed
for 140 < MN < 388 MeV/c2 due to the kinematic con-
straints presented in Figure 3.

IV. RESULTS

Following the selection from section III B, no events
were observed in any of the di↵erent signal regions, which
is consistent with the background-only hypothesis, allow-
ing upper limits on U2

e , U
2
µ and U2

⌧ to be placed.
An example of results from the single-channel approach

is presented in Figure 5. It shows the comparison of the
three methods (A, B, C), which give similar upper limits
with method A giving slightly more conservative limits
as expected.

]2 [MeV/cNM
150 200 250 300 350 400 450 500

2 e
U

9−10

8−10

7−10

6−10

), analysis Aπ e(e→ eN →K 

), analysis Bπ e(e→ eN →K 

), analysis Cπ e(e→ eN →K 

PS191 (2-body)

PS191 (3-body)

FIG. 5. 90% upper limits on the mixing element U2
e as

a function of heavy neutrino mass using the single-channel
approach, considering only the contribution from K± !
e±N,N ! e±⇡⌥, with the three methods A, B and C. The
limits are compared to the ones of PS191 experiment [6, 7].

The results of the combined approach are shown in
Figure 6. They provide an improvement by a factor of
2-3 with respect to the single-channel approach, thanks
to the increased statistical power of the combination.
The limits are competitive with those of previ-

ous experiments such as PS191 [6, 7], E949 [5] and
CHARM [25], especially in the high-mass region (above
300 MeV/c2). The kinks clearly visible on U2

µ and U2
⌧

limits come from the changes in the contributing pro-
duction and decay modes as presented in Figure 3.

8

]2 [MeV/cNM
150 200 250 300 350 400 450 500

2 e
U

10−10

9−10

8−10

7−10

6−10

T2K

T2K, profiling

PS191 (2-body)

PS191 (3-body)

]2 [MeV/cNM
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2 µ
U

10−10
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E949

]2 [MeV/cNM
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2 τ
U

6−
10

5−
10

4−10

3−
10 T2K

CHARM

FIG. 6. 90% upper limits on the mixing elements U2
e (top), U2

µ

(middle), U2
⌧ (bottom) as a function of heavy neutrino mass,

obtained with the combined approach. The blue solid lines
are obtained after marginalisation over the two other mixing
elements. In the top plot, the additional blue dashed line
corresponds to the case where profiling is used (U2

µ = U2
⌧ = 0).

The limits are compared to the ones of other experiments:
PS191 [6, 7], E949 [5], CHARM [25].

The limits are obtained after marginalisation over the
two other mixing elements. For U2

e , the limits after
profiling (equation 7) are also presented, which e↵ec-
tively corresponds to setting U2

µ = U2
⌧ = 0. Indeed,

for MN > 388MeV/c2, the correlations between U2
e and

U2
µ (as seen in Figure 7) would give limits on U2

e out-
side T2K’s reach. However, profiling leads to a loss in
the sensitivity on U2

e with respect to the marginalisation
as it forcefully suppresses the contributions of the decay
modes involving U2

µ or U2
⌧ .

It is worth mentioning that the limits depend on the
choice of prior on U2

↵. The limits on U2
e and U2

µ are quite
robust with respect to a change of prior as T2K data are
directly sensitive to these mixing elements (e.g. using
⇡U2(U2

↵) = U2
↵ varies the limit by less than 30%), while

the limit on U2
⌧ is strongly a↵ected (more than 50%).

It is also possible to define 2D contours, e.g. in the
U2
e �U2

µ plane, allowing the correlations between the mix-
ing elements to be visualised. Figure 7 presents a set of
such contours for di↵erent heavy neutrino masses. The
change of behaviour at MN = 388MeV/c2 corresponds
to the kinematic cut-o↵ for K± ! µ±N processes as seen
in Figure 3.
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FIG. 7. 2D contours in the U2
e � U2

µ plane, after profiling
over U2

⌧ (U2
⌧ = 0). Each line corresponds to a di↵erent heavy

neutrino mass hypothesis.

V. CONCLUSION

A selection of events with two tracks with opposite
charges originating from the ND280 TPC gas volumes
allows heavy neutrino decays to be e�ciently isolated
from expected background coming from standard neu-
trino interactions with matter. No events are observed
in the defined signal regions, which is consistent with the
background-only hypothesis.
Limits on the mixing elements U2

e , U
2
µ and U2

⌧ are ob-
tained using a combined Bayesian approach. Results ap-
ply to any model with heavy neutrinos with masses be-
tween 140MeV/c2 and 493MeV/c2 such as [26], and can,
in particular, be interpreted as constraints on the sum of
N2 and N3 coupling squared as explained in the intro-
duction, for the ⌫MSM.
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n A new fixed-target experiment at the CERN SPS accelerator is 
proposed that will use decays of charm mesons to search for 
Heavy Neutral Leptons

arXiv:1310.1762
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n Limits on mixing ΘDF
Deppisch, Dev, Pilaftsis ʻ15
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n Leptogenesis
à Connection between neutrino masses and BAU is 
attractive and important idea
à Various scenarios are possible depending on RH 
neutrino masses

n Conventional seesaw scenario (𝑀8>109GeV) 
[Seesaw + Leptogenesis]
à natural framework of SUSY GUT …
à Exp. test for RH neutrinos is impossible

n Connection can be obtained even lighter mass region
[Seesaw + Baryogenesis via RH neutrino osc.]
à Such RH neutrinos might be tested! 


