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Neutrino properties

2017/07/17
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n Mixing angles and mass squared differences are measured very 
precisely

n Unknown properties

¤ Absolute masses of neutrinos (𝑚"	$%&'()*( ?  Mass ordering ?)

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

¤ Dirac or Majorana fermions

sin. 𝜃0. = 0.30867.70.87.709

sin. 𝜃.9 = 0.44067.70;87.7.9

sin. 𝜃09 = 0.0216367.777?@87.777?@

Δ𝑚.0
. = 7.4967.0?87.0; ×106E	eV.

Δ𝑚90
. = 2.52667.79?87.7.; ×1069	eV.

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

(NH case)



Physics of neutrino masses

2017/07/17

n These unknown properties are important 

¤ To identify new physics beyond the Standard Model
l Models of neutrino masses

n New paritcles ?  New interactions ?

¤ To understand other questions in the Standard Model
l Origin of matter of our universe

n Baryon asymmetry of the Universe
n Cosmic dark matter
n …
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In this talk

2017/07/17

n We discuss physics of right-handed neutrino (𝜈J)

¤ 𝜈J and neutrino masses  – seesaw mechanism –

¤ 𝜈J and baryon asymmetry of the universe (BAU)

¤ 𝜈J and experimental test of model

¤ 𝜈J and neutrinoless double beta decay
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𝝂𝑹 and neutrino masses 
-- seesaw mechanism --

2017/07/17
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Extension by right-handed neutrinos 𝝂𝑹

n Seesaw mechanism (𝑀N = 𝐹 Φ ≪ 𝑀R)

¤ Light active neutrinos 𝝂

→ explain neutrino oscillations

¤ Heavy neutral leptons 𝑵
l Mass 𝑀R
l Mixing Θ = 𝑀N/𝑀R
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𝜈V = 𝑈	𝜈 + Θ	𝑁Z

(𝑁 ≃ 	𝜈J) Neutrino mixing

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

2017/07/17

𝑀" = −	
𝑀N
_

𝑀R
×𝑀N ⟸ tiny neutrino masses !

𝛿ℒ = 𝑖𝜈J𝛾e𝜕e𝜈J − 𝐹	𝐿h𝜈JΦ +
𝑀R
2 𝜈J𝜈JZ + ℎ. 𝑐.
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Yukawa coupling and Majorana mass

𝐹 =
𝑚"𝑀k

�

Φ
𝑚" = 5×10600 GeV

Seesaw
does 
not 
work !

2017/07/17

𝑚" =
𝑀N
𝑀R

×𝑀N=
𝐹. Φ .

𝑀k
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Mixing and mass of heavy neutral lepton

Θ . =
𝑀N
.

𝑀k
. =

𝑚"
𝑀k 𝑚" = 5×10600 GeV

2017/07/17
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Range of parameter space
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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 𝑁0

Θ0 . ≥
𝑚n
𝑀0

Θ0 . ≡ p Θq0 .
�

qrs,e,u

NOTE: 	 Θ0 . can be zero for 𝒩 = 3

𝑚n =
𝑚0	 𝑚9 in the NH (IH) for 3RHN (𝒩 = 3)

𝑚.	 𝑚0 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)
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Baryogenesis regions

2017/07/17
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TA, Tsuyuki ʻ15

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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𝝂𝑹 and baryon asymmetry 
of the universe (BAU)

2017/07/17
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Baryon asymmetry of the universe (BAU)

2017/07/17
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[Strumia 06]

Planck 2015
[arXiv:1502.01589]

Baryon number density
Entropy density

Baryon Number 𝑩 = (# of baryons) − (# of antibaryons) 

:Bn
:s

𝒏𝑩
𝒔 = (𝟖. 𝟔𝟕𝟔 ± 𝟎. 𝟎𝟓𝟒)×𝟏𝟎6𝟏𝟏



Conditions for baryogenesis
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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.”



Baryogenesis Conditions in the SM
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n B+L violations
¤ Sphaleron for T>100GeV

n C and CP violations
¤ 1 CP phase in the quark-mixing (CKM) matrix

à too small

n Out of equilibrium
¤ Strong 1st order phase transition if 𝑚� < 72 GeV,

but 𝑚� = 125 GeV
à not satisfied

2 2 2 2 2 2 2 2 2 2 2 2 12 19CPV ( )( )( )( )( )( ) / 10CP t c t u c u b s b d s d EWJ m m m m m m m m m m m m T -µ - - - - - - :

[Kajantie, Laine, 
Rummukainen, Shaposhnikov]

New physics is needed !



Baryogenesis conditions and 𝝂𝑹

2017/07/17

n By introducing 𝜈J three conditions can be satisfied

n The way to generate BAU is different depending on the scale of 
Majorana mass

¤ Leptogenesis

¤ Resonant leptogenesis

¤ Baryogenesis via neutrino oscillations

17



2017/07/17

18Leptogenesis

n 𝜈J	(𝑁)	can into LH leptons and also their anti-particles

n When CP is violated in neutrino sector,

n Asymmetry in 𝐿V is partially converted into baryon asymmetry 
by EW sphaleron process (𝑇 ≳ 10. GeV)

[Fukugita, Yanagida ʼ86]

𝑁0
𝐿V + Φ�

𝐿V + 	Φ

𝜀0 =
Γ 𝑁0 → 𝐿V + Φ� − Γ 𝑁0 → 𝐿V + Φ
Γ 𝑁0 → 𝐿V + Φ� + Γ 𝑁0 → 𝐿V + Φ

≠ 𝟎	!

⟹ generate asymmetry Δ𝐿V between #𝐿V and #𝐿V

Δ𝐿V 	⟹ 		𝐵



2017/07/17

19Leptogenesis

n Yield of BAU

[Fukugita, Yanagida ʼ86]

𝜀0 =
Γ 𝑁0 → 𝐿V + Φ� − Γ 𝑁0 → 𝐿V + Φ
Γ 𝑁0 → 𝐿V + Φ� + Γ 𝑁0 → 𝐿V + Φ

𝑀0 > 𝑂 10; 	GeV

𝑛�
𝑠 ∝ 𝜀0 	∝ 𝑀0

→ 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    

𝑀0 ≪ 𝑀.,9,…



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

𝜀0 ∝
𝑀k
.

Δ𝑀.

⟹ Leptogenesis is possible even for 𝑀0 ≪ 10; GeV

（for Δ𝑀. > 𝑂(𝑀kΓk)）

Pilaftsis ʼ97
Pilaftsis, Underwood ʼ04

Δ𝑀 ≪ 𝑀k

𝜀0 =
Γ 𝑁0 → 𝐿V + Φ� − Γ 𝑁0 → 𝐿V + Φ
Γ 𝑁0 → 𝐿V + Φ� + Γ 𝑁0 → 𝐿V + Φ

Δ𝑀 = 𝑀. − 𝑀0

𝑀k = (𝑀.+𝑀0)/2

huge enhancement

Note that 𝑀0 ≳ 10. GeV in this case in order to convert lepton asymmetry 
into baryon asymmetry by EW sphaleron process (𝑇 ≳ 10. GeV)



Baryogenesis via Neutrino Oscillation

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

¤ Asymmetries are generated since evolution rates of 𝐿q and 
𝐿q 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.

𝑁9
𝑉k =

𝑇.

8	𝑘 𝐹
 𝐹

𝐿q

𝐿q 𝐹q9𝐹q.∗
𝐿q 𝐿q𝑁. 𝑁9

2017/07/17
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Baryogenesis Region

Region accounting for 

TA, Eijima ʻ13

NH
IH

¢£
¤
= (8.55-9.00)×10600

IH

NH

Canetti, Shaposhnikov ʻ10

𝑀k > 2.1 MeV (NH) 𝑀k > 0.7 MeV (IH)

2017/07/17
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Constraints on HNL

TA, Eijima, Takeda ʻ14

Direct Search

Cosmology

𝑀k > 122 MeV (NH) 𝑀k > 136 MeV (IH)
𝜏k < 1 sec

2017/07/17
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Baryogenesis regions
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24



BAU and CPV in neutrino sector

2017/07/17

n Neutrino Yukawa couplings

𝐹 =
𝑖
Φ 	𝑈	𝑀",¦%§&

0/. 		Ω		𝑀k,¦%§&
0/.

Dirac phase 𝛿
Majorana phase(s) 𝜂 (𝜂ʼ)

Phase(s) for 𝜈J

These phases are essential for BAU !

𝑀" = −𝑀N
_	𝑀k,¦%§&

60 	𝑀N Casas, Ibarra (ʻ01)

In mixing matrix 𝑈
of active neutrinos

In mixing matrix 𝑈
of RH neutrinos

25



BAU and CPV in neutrino sector

2017/07/17

n T2K and NOνA indicate CPV in neutrino sector 

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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PRL 118, 151801 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

14 APRIL 2017

151801-7

T2K, PRL 118, 151801 (ʻ17)

Important step to understand baryogenesis by RH neutrinos !
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Dirac phase d and baryogenesis via oscillation

2017/07/17
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𝜈J and experimental test of 
model

2017/07/17
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Baryogenesis region

2017/07/17

Normal Hierarchy Bound from BAU

TA, Eijima, Ishida, Minogawa, 
Yoshii ʼ17 [to appear]

Drewes, Garbrecht, Gueter, 
Klaric ʼ16  [arXiv:1609.09069]

to avoid strong washout
Canetti, Shaposhnikov ʼ10

[arXiv:1006.0133]

Bound from Seesaw
to explain neutrino masses

Θ . >
Σ𝑚«
2	𝑀k

29



Sensitivities by future searches

2017/07/17

Normal Hierarchy

Sensitivity for Θe
.

Adams et al ʻ13 [arXiv:1307.7335]

■ LBNE (DUNE)

■ SHiP

■ FCC-ee at Z-pole

FCC-ee
SHiP

DUNE Anelli et al ʻ13 [arXiv:1504.04956]

Blondel, Graverini, Serra, 
Shaposhnikov
(FCC-ee study team) ʻ14
[arXiv:1411.5230]

displaced vertex of 𝑁 decay

𝑁 decay inside near detector

beam dump exp.

30

From experimental study of 𝜈J together with BAU,
we may know parameters of the model !



Model with two right-handed neutrinos

2017/07/17

n Model parameters Casas, Ibarra (01)

𝐹 = «
¬
	𝑈	𝑀",¦%§&

0/. 	Ω	𝑀k,¦%§&
0/.

masses of 𝜈J
𝑀k, Δ𝑀

Ω =
0 0

cos𝜔 − sin𝜔
sin𝜔 cos𝜔

Re𝜔, 𝑋± = 𝑒³´±

masses of 𝜈«

mixings of 𝜈«
𝜃.9, 	𝜃0. ,	𝜃09

Dirac phase

Majorana phase
𝛿

𝜂

Mass ordering
𝑚0,𝑚.,𝑚9

How do we determine these unknown parameters ?

31



Search experiments

2017/07/17

n Consider 𝜈J would be discovered with large mixing 𝚯
¤ Degenerate mass 𝑀k can be measured

l NOTE: BAU requires Δ𝑀 ≪ 𝑀k

¤ Mixing can be measured à

l

¤ Θ s
., Θ e

. , and Θ u
.	 depend on Majorana phase 𝜂 and 𝑋±

Θ . = p Θq¶ .
�

qrs,e,u

=
Σ𝑚«
2	𝑀k

𝑋±. + 𝑋±6.

𝑋± ≫ 1 or 𝑋± ≪ 1 can be measured
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Figure 7: Ratio |£µ|2/|£e |2 for NH case (left panel) and IH case (right panel).

because the ratio is roughly estimated as

|£µ|2

|£e |2
/

(
1

1°sin2µ12 sin¥ for large X! case,
1

1+sin2µ12 sin¥ for small X! case,
. (37)

at the leading order (Do we need to refer 1609.09069 and 1606.06719?). This can be done by the

comparison of the events of HNLs associated with electron or muon and also by measuring the ab-

solute rate we can find X! or X °1
! . Therefore, it can determine not only the sign of Im! but also its

absolute value. It should be noted that the favoured value of Re! from BAU is º/4. Additionally, even

if there is the degeneracy of the Majorana phase from the observation of the ratio |£µ|2/|£e |2, the

observation of the tau channel could help to untangle its degeneracy.

It should be noted that the ratios of the elements |£Æ|2/|£Ø|2 are independent on the common

mass MN for X! ¿ 1 or X! ø 1 (see the discussion in Ref. [20]). Thus, the above discussion can be

applied to the other choice of MN .

We should also stress that the Majorana phase relates the region favoured by the BAU to the ratio

|£µ|2/|£e |2, but also the effective neutrino mass m∫
eff in the neutrinoless double beta decay which is

defined by

m∫
eff =

X

i
U 2

ei mi . (38)

The dependence on ¥ is shown in Fig. 8. Note that m∫
eff is limited due to the fact that the lightest active

neutrino mass is less than O (10°5) eV since DM N1 only possesses the suppressed yukawa coupling

constants in the ∫MSM. We can find the correlation between the region favoured by the BAU and m∫
eff

through ¥. Therefore, neutrinoless double beta decay can be used as the cross check experiment of

the parameter space.

[Suspended writing about the ± dependence at the moment.] Finally, we comment on the de-

pendence of the Dirac phase ±. In the present analysis we fix it as shown in Table 2. When we fix Re!

17

The ratio Θe
./ Θs .

may determine 𝜂

We may also learn
whether 

𝑋± ≫ 1 or 𝑋± ≪ 1

32



Baryon asymmetry

n Re𝜔 and Δ𝑀 are difficult to be probed by search experiments,
since Θq¶ are insensitive in large mixing region

n BAU is crucial to determine them
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Figure 5: Contour plots of yield of BAU YB in the Re!-¥ plane for (a) NH case with X! = 260 (left
upper panel), (b) NH case with X! = 1/260 (right upper panel), (c) IH case with X! = 260 (left lower
panel) and (d) IH case with X! = 1/260 (right lower panel). Contour lines with YB = 0 are shown by
grey solid lines and the region with YB < 0 is filled in the light grey. Contour lines with YB = 6.0£10°11

(4.0 £ 10°11) are shown by red dotted lines (purple dashed lines). Here we take MN = 3 GeV and
¢M = 5.6£10°9 GeV (NH) and ¢M = 7.0£10°9 GeV (IH).

are strongly dependent on ¥. Here we have introduced

|£Æ|2 =
X

I=2,3
|£ÆI |2 . (36)

See the ¥ dependence of |£Æ|2 in Fig. 6. It should be stressed that once the the Majorana phase is se-

lected to realize the maximal value of the BAU, the flavour dependence becomes contrast. Moreover,

it can determine the hierarchy of the active neutrino masses and the region of Im! (X!) at the same

time as will be discussed below.

We then discover the strong correlation between the BAU favoured region and the ratio of the

mixing elements |£µ|2/|£e |2 through the Majorana phase depending on the mass orderings of active

neutrinos. See Fig. 7. In the NH case the region favoured by the BAU suggests ¥ ª 0 for X! ¿ 1

(NH-1) while ¥ ª º for X! ø 1 (NH-2). In both cases the ratio |£µ|2/|£e |2 becomes much larger
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Figure 10: Contour line of YB = Y OBS
B in the Re!-¢M plane for the NH case with X! = 150 (red solid

line), the IH case with X! = 150 (blue dashed line) and the IH case with X! = 1/150 (blue dash-dotted
line). Here we take MN = 3 GeV and ¥ = 0.060º (0.397º) for the NH (IH) case. With this choice of
parameters YB = Y OBS

B is not obtained when X! = 1/150. Position is temporary.
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BAU (sign and magnitude) can 
indicate the region of 

Re𝜔 and Δ𝑀

𝑀k = 3GeV

𝑌� > 0𝑌� < 0

2017/07/17
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Model with two right-handed neutrinos

2017/07/17

n Model parameters Casas, Ibarra (01)

𝐹 = 𝑈»¼½¾	𝑀"
0/.	Ω	𝑀R

0/.

masses of 𝜈J
𝑀k,	

Ω =
0 0

cos𝜔 − sin𝜔
sin𝜔 cos𝜔

Re𝜔, 			 𝑋± = 𝑒³´±

masses of 𝜈«

mixings of 𝜈«
𝜃.9, 	𝜃0. ,	𝜃09

Dirac phase

Majorana phase
𝛿

𝜂

Mass ordering

𝑚0,𝑚.,𝑚9

Oscillation 
experiments

Search 
experiments  

Baryon
asymmetry

Δ𝑀
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𝝂𝑹 and neutrinoless double 
beta decay

2017/07/17
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Neutrinoless double beta (0ν𝛽𝛽) decay

2017/07/17

36

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)ÁÁ = p 𝑚«	𝑈s«.
�

«r0,.,9

+	…

𝑍, 𝐴 → 𝑍 + 2, 𝐴 + 2𝑒6

𝑈s«

𝑈s«

𝑚«

Faessler, Gonzalez, Kovalenko, Simkovic ʻ14

𝑇0/.60 = 𝐴	
𝑚Ä
.

𝑝. . 𝑚)ÁÁ
.



0ν𝛽𝛽 decay in the seesaw

n HNLs may give a significant
contribution to 𝑚)ÁÁ !

𝑚)ÁÁ = p 𝑚«

�

«r0,.,9

𝑈s«. +p𝑓Ç 𝑀¶ 	𝑀¶	
�

¶

Θs¶.

active neutrinos heavy neutral leptons

2017/07/17
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×

𝑊6

𝑊6

𝑒6

𝑒6

Θs«
𝑀¶
Θs«

𝑁¶

𝑁¶

Faessler, Gonzalez, Kovalenko, Simkovic ʻ14

𝑓Ç 𝑀¶ =
𝑝 .

𝑝 . +𝑀¶
.

𝑚sÉÉ
k =

𝑀¶	Θs¶.

𝑝 .

𝑀¶
Θs¶.

(𝑀¶
. ≪	 𝑝 .)

(𝑀¶
. ≫	 𝑝 .)

𝑝.� 	~ 200 MeV



0ν𝛽𝛽 decay in the seesaw
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n When all HNLs are degenerate 𝑀¶ = 𝑀k,

¤ This shows 0𝜈𝛽𝛽 decay does not depend on the mixing of HNL
¤ In this case, there is no bound on the mixing from 0𝜈𝛽𝛽 decay 

𝑚)ÁÁ =p𝑚«𝑈s«.
�

«

+p𝑓Ç 𝑀¶ 𝑀¶	Θs¶.
¶

= m)ÁÁ
Ë [	1	 − 𝑓Ç 𝑀k ]	

NH IH
TA, Eijima, Ishida ʻ11



0ν𝛽𝛽 decay in the seesaw

2017/07/17

n Recently, it has been pointed out that 𝜈J′𝑠 give a significant, 
additive contribution to effective mass
for IH and 𝑀k~500 MeV when Δ𝑀 is relatively large

Figure 4: The blue points correspond to values of M̄ and m�� that are consistent with
successful leptogenesis and the constraints on the low scale seesaw summarised in Ref. [20].
The red band shows the upper limit on m�� from the KamLAND-Zen experiment [81], where
the width of the band comes from the theoretical uncertainty in the nuclear matrix elements
that a↵ects the translation from a bound on the lifetime into a bound on m�� . The upper
plot is for normal mass ordering, the lower for inverted mass ordering.

14

Drewes, Eijima (ʻ16), TA, Eijima, Ishida (ʻ16),
Hernandez, Kekic, Lopez-Pavon, Racker, Salvado (ʻ16)

Drewes, Eijima (ʻ16) 

It is an interesting signal of
𝜈J′𝑠 for the seesaw mechanism
and baryogenesis via neutrino 
oscillation !
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Summary

2017/07/17
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n Right-handed neutrinos are well-motivated physics beyond the 
Standard Model

n They can explain neutrino masses through the seesaw 
mechanism and baryon asymmetry of the universe (BAU) 
(via leptogenesis,  neutrino oscillation, …) at the same time.

n Experimental tests of such right-handed neutrinos are 
important to understand the origin of neutrino masses and BAU



Backup
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Evolution of Each Asymmetry
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Active Sector Sterile Sector

𝑇Ï¤Z = 2.2 TeV



Evolution of Asymmetries
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[Kuzmin, Rubakov, Shaposhnikov]

Shaleron converts DL partially 
into baryon asymmetry

28 0
79 totB L= - D ¹

42.5 10 ( )B
tot W

n L T
s

-= - ´ D

𝒏𝑩
𝒔 = (𝟖. 𝟓𝟕𝟗 ± 𝟎. 𝟏𝟎𝟗)×𝟏𝟎6𝟏𝟏

[Planck 2013]



Key Point
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Baryogenesis via Leptogenesis

Baryogenesis via Neutrino Oscillation

B
B

L
L

sphaleron

sphaleron

B L B L



Regions accounting for BAU
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0ν𝛽𝛽 decay in the seesaw

2017/07/17
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n Seesaw relation plays an important role !

n When all HNLs are light 𝑀¶ ≪ 𝑝.� ~0.1 GeV (i.e. 𝑓Ç = 1),

¤ This shows 0𝜈𝛽𝛽 decay does not occur even if neutrinos are 
Majorana fermions.

¤ In this case, there is no bound on the mixing from 0𝜈𝛽𝛽
decay 

𝑚)ÁÁ =p𝑚«𝑈s«.
�

«

+p𝑓Ç 𝑀¶ 𝑀¶	Θs¶.
¶

= 0	

0 =p𝑚«𝑈s«.
�

«

+p𝑀¶	Θs¶.
¶



Upper bound on mixing from BAU

2017/07/17

n Large mixing region
¤ good for search of HNLs
¤ bad for strong washout of BAU 

10-12

10-11

10-10

10-9

10-8

10-7

10-10 10-9 10-8 10-7

Y B
 

|Θ|2

Θq¶ =
[𝑀N]q¶
𝑀¶

=
𝐹q¶ Φ
𝑀¶

■ Large mixing means …

→ large Yukawa couplings

𝐿q
F

𝑡J 𝑄V

𝜈J

→ thermalization of 𝜈J
→ strong washout of BAU

𝐹q¶

TA, Eijima, Ishida, Minogawa, Yoshii ʼ17 [to appear]
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Mass difference of 𝛎𝑹

2017/07/17

n Δ𝑀 is important parameter for baryogenesis
¤ CP asymmetry
¤ Oscillation temperature
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Figure 10: Contour line of YB = Y OBS
B in the Re!-¢M plane for the NH case with X! = 150 (red solid

line), the IH case with X! = 150 (blue dashed line) and the IH case with X! = 1/150 (blue dash-dotted
line). Here we take MN = 3 GeV and ¥ = 0.060º (0.397º) for the NH (IH) case. With this choice of
parameters YB = Y OBS

B is not obtained when X! = 1/150. Position is temporary.
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-4

Y
B ∆M

Y
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B = 8.6 × 10
-11

Figure 2: Yield of BAU in terms of ¢M (red solid line). Horizontal dashed line is the observed value
(29). Here we consider NH case and take MN = 3 GeV,¢M = 10°7 GeV, X! = 1, Re! = +0.909, ± =
1.45, and ¥= 2.15.

We derive the upper and lower bounds of X! for a given MN as follows: (i) First, we choose the

point in the ¢M-X! plane. (ii) Second, we evaluate the BAU by varying the rest two free parameters

Re! and ¥ in the physical region discussed in Sec. 2 and draw the contour plot of the yield YB in the

Re!-¥ plane. (iii) Third, we can find the point in the Re!-¥ plane giving the maximal value of the BAU

yield, Y MAX
B . (iv) Fourth, we repeat three steps (i)–(iii) at different choice of¢M and X! and complete

the contour plot of Y MAX
B in the ¢M-X! plane. (v) Finally, we can obtain the upper and lower bounds

on X! by requiring Y MAX
B ∏ Y OBS

B .

Note that the mass difference¢M is another important parameter for baryogenesis since it deter-

mines the temperature when the oscillation between N2 and N3 starts as

Tosc =
µ

1
6

M0MN¢M

∂1/3

= 319 GeV
µ

MN

3 GeV

∂1/3 µ
¢M

10°10 GeV

∂1/3

, (30)

where M0 = 7.12£ 1017 GeV. When X! is sufficiently small and the washout effect is negligible, the

dependence of YB on ¢M can be found analytically. When ¢M is so large that Tosc > Tsph,

YB ª T §§
osc /¢M§§ . (31)

On the other hand, when ¢M is small that Tosc < Tsph,

YB ª T §§
osc /¢M§§ . (32)

Thus, in this region the maximal BAU can be obtained when ¢M is chosen as Tosc ª Tsph, which is

represented in Fig. 2.

As an illustration, we show in Fig. 3 the contour line of Y MAX
B = Y OBS

B in the ¢M-X! plane when

10

𝑇Ï¤Z ≃ 𝑀7	𝑀k	𝛥𝑀 0/9

𝑀k = 3GeV
𝑋± = 1

𝑀k = 3GeV
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Limits on HNL
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n Limits on the mixing Θe¶

Deppisch, Dev, Pilaftsis ʻ15
[arXiv:1502.06541]
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BBN Constraint on Lifetime
n Long-lived 𝑁.,9 may spoil the success of BBN

¤ Speed up the expansion of the universe
l 𝜌(Ö( = 𝜌¼¾¼ + 𝜌k×,Ø ⇒ 		𝐻. = 	 ÛÜÝÜ

9	RÞ
×

l p-n conv. decouples earlier ⟹ overproduction of He@

¤ Distortion of spectrum of active neutrinos
l 𝑁.,9 	→ 𝜈	𝜈̅	𝜈, 		𝑒8	𝑒6	𝜈, …
l Additional neutrinos may not be thermalized

⇒ Upper bound on lifetime

n Dolgov, Hansen, Rafflet, Semikoz (ʼ00)
¤ One family case: 

𝑛 + 𝜈	 ⟷ 	𝑝 + 𝑒6, …

	𝜏k < 0.1 sec		for	𝑀k > 𝑚ä

2017/07/17
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NH Case
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n When q23 = p/4 (maximal)
¤

n When q13 = 0
¤

n When q23 = p/4 and q13 = 0
¤

2
13sin 0.053q = 2

23sin 0.5q =

2
23sin 0.36q =

BAU sin( )d hµ +

BAU sinhµ

0nd =

No BAU is generated !

2 2 8
3 32 35GeV, / 10M M M -= D =

/ 0.18m sol atmr m m= =

[TA, Ishida ʼ10]



0ν𝛽𝛽 decay
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n Contribution from active neutrinos 𝑚)ÁÁ
" = p 𝑚«	𝑈s«.

�

«r0,.,9

Planck 2015
Σ	𝑚« < 0.23 eV

𝑚)ÁÁ ≲ (0.185 − 0.276)	eV

𝑚"$%&')*( < 0.07	 0.06 	eV 𝑚)ÁÁ ≲ (0.213 − 0.308)	eV
KamLAND-Zen 1211.3863	 09æXe	

GERDA 1307.4720 ?æGe	



LNV in the seesaw 
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n Other LNV processes induced by Majorana HNL in the seesaw 
mechanism

¤ 𝑝𝑝 → ℓ8𝑁 → ℓ8 ℓ8𝑗	𝑗 @LHC

¤ 𝐵8 → ℓ8𝑁 → ℓ8 ℓ8𝜋6 @SuperKEKB

¤ 𝐾8 → ℓ8𝑁 → ℓ8 ℓ8𝜋6 @J-PARC

¤ 𝑒6𝑒6 → 𝑊6𝑊6 @ILC, FCC-ee

¤ …


