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Neutrino oscillations

m Neutrino mass scales

o Atmospheric: Am,ey, = 2.5 X 1073eV?
e Atmospheric neutrino exps. (---, SuperK)
e Long-baseline accelerator exps. (K2K, MINOS)

o Solar : Amg, =~ 8.0 x 10™°eV?
e Solar neutrino exps. (---, SuperK, SNO)
e Reactor exp. (KamLand)

s Need for physics beyond the MSM |
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Extension by RH neutrinos

m Introduce three RH neutrinos Vr1,VRr2,VR3

SL=ivg 0,7 vy —F _VRlCD—%V_R,Vé, +he.  1=123

ol T«
_ a=e,Ur
m Mass terms of neutrinos

——( 0 M ’
—LZE(VL,NC)£ i Dj{‘“jm.c.
2 MD MM N
o Dirac masses My = F (D)
o Majorana masses M, =diag(M,,M,,M.,)

s We shall assume:
[Mply ]l K M; = Seesaw mechanism works
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Minkowsi (77),

SeesaW meChanism Yanagida (79),Gell-Mann, Ramond,

Slansky (79), Glashow (79), ...
s If Majorana masses » Dirac masses,

( 0 MD) (MV 0 j
T =
MT M, 0 M,

1
—_NMT_—
o Active neutrinos M, =-Mp M, Mo
V1,V3, V3 U'M U =diag(m,,m,,m,)
nS;erll\I,e zeutrlnos { N, = Vg
172,703 M, =diag(M;,M,,M,)

m Flavor mixing in CC current

Vig =Uy; vi + 0, N active-sterile mixing
Our = [MD]aI/MI
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Scale for Majorana mass

s Neutrino oscillations are explained by
flavor mixing between active neutrinos !

o Masses of active neutrinos

M, = —M, LME Am2,, ~ 2.5 x 1073 eV?
My Am?,, =~ 8.0 x 1075 eV?
s Where is the scale of Majorana mass ??
o Two “natural” options
- - M. 277
e The conventional seesaw scenario M
e The vMSM
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Scale of Majorana mass

M = MQMLMD = F2=M M, /{HY
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Conventional seesaw scenario:

s Neutrino Yukawa couplings are comparable to those
of quarks and charged leptons

oM, > 100 GeV

My ~ 6 x 101*GeV F? <

1
2.5 X 10—3eV2>7

m;

e Explain “naturally” smallness of neutrino masses
[Minkowski, Yanagida; Gell-Mann, Ramond, Slansky]

e Decays of RH neutrino(s) can account for BAU

through leptogenesis
[ Fukugita, Yanagida]

e Physics of RH neutrinos can NO T be tested
directly by experiments
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= [TA, Blanchet, Shaposhnikov ‘05;
The VMSM n TA, Shposhnikov ‘05] n
]
m NOo new mass scale is introduced

nMy < 100 GeV
~ ~7 My )2 my
freaxdl <100GeV 2.5 x 103eV?2

e One keV sterile neutrino can be DM
[Dodelson, Widrow ‘93, -]

e Oscillation of quasi degenerate sterile neutrinos
can account for BAU

[Akhmedov, Rubakov, Smirnov ‘98]

e Physics of RH neutrinos can be tested
directly by experiments !
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Roles of three sterile (RH) neutrinos

I
m N, : Dark Matter Candidate o
o M, = 4-50 keV 0oL
|Fpal =5-10715-4-10713 0
o Negligible contribution to M, %
o Test by X-rays from Ny — vy o
.
-

m N, and N; :
o Neutrino Oscillation data
e Masses and mixings of active neutrinos

o Baryon Asymmetry of the Universe (BAU)

e Mechanism via RH neutrino oscillation
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Mass region of N, and N;
I

s BAU requires quasi-degenerate N, and N;
[Canettl Shaposhnlkov "10]

10° 3

eV

1000

0.001 |

10_6 C | | 1
0.001 0.01 0.1 1 10

MiGev] GeV

m Experimental test of N, and N; is crucial to reveal
the origin of masses and BAU !
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Purpose of this talk

m Study the mixing elements 0,; for N, and N;
o Interactions of sterile neutrinos
e Yukawa int. F, « 0,
e Weak gauge int.  gw0,
= 0,; determine the strength of int.

m Discuss
o How 0,; depend on neutrino parameters?
o Impacts on
e Neutrinoless double beta decay

e Search for N, and N3 (M, 3 < mg)
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Mixing elements
of sterile neutrinos
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Mixing elements of N, ;

m Flavor mixing in the CC interaction
M F (D
Vig = Ugi Vi + 0g N [@m _ [Mplar _ Far(®) J

M, M,

o Model with one pair of active and sterille neutrinos

|0]% = Mpl* = v 5x 10711 my \? (1Gev
- M2 M, m? M
M M M

atm

o In the vMSM, |04;] can be much larger / smaller !

m Parameterization of 0,; (Fy;) for Ny 3

B [Mpla:[Mplpr [Mplai[Mpls:
[My)ap = - Z M, T Z M,
1=1,2,3 [=2,3

Essentially no contribution from
Dark matter N; = "F,;,=0"
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Neutrino Yukawa couplings for N, ;

C , Ib ‘01
[ F :UPMNS Di./z O D]N/Z /<CD> ] (in NH) [ dSdas arra ]

B Parameters of active neutrinos

D,"? = diag(y/m, =0,,/m,,\/m,): active v masses

Dirac phase 0

—-i0
C,Cps 51,013 S 1
i i i
UPMNS = _Czsslz B 523C12313e C23C12 B stslzslse 523C13 e"”
i0 i0
Sp3S, C23C12513e _323C12 B C23512 slSe C23013 ] 1
B Parameters of sterile neutrinos Majorana phase n

Dy =diag(y/M,,\/M,) : sterile v masses

0 0 w: complex number
Q=| cosw -Sinw E=+1
Esinw  £coSm ) €<—  Imo
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Enhancement of 0,

s In the vyMSM, 60_,, can be larger!
o Imw in QO matrix is important

[cos w = cos Rew cosh Imw — i sin Rew sinh Imw]

o For Imw > 1, Q « elm®

Enhancement of @
Imw —
[F,@oce =Xa)] by large X,

Cf. U(1) flavor symmetry model [Shaposhnikov '06]

e Masses of active neutrinos do not change

o Large 0,; is crucial for
¢ larger production/detection rates of N, ;
e shorter lifetimes of N, 3

Takehiko Asaka (Niigata Univ.) 07 March, 2011



Mixing elements in NH case

s Leading 0(X2) terms

2 v2 Matm 2 2 . . .2
|®e[| — Xw 4 M COS 913 [tan 013 + 2 f Sln(6 + n)\/Tm Sin 012 fan 913 + m SINn 012]
I

t .
0] = X2 43\2’ cos? 0,5 sin? 0,5 [1 + O (\Tm,)] .
0|2 =x2 12M (120 0520, [1+ 0T S gt
|0,;1° = X§ M, cos“ 013 cos” O3 [1 + 0(1,)] S0

m 1 and t types
(m | 923 = 7T/4 and 913 K1

2
m 100MeV
0] = 10417 = X2 257 = 6 10—“X5< )
I

o [0, = 0,]% « X2 1!

e type behaves differently !
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Mixing elements in NH case

m e type
|®el|2 = X(% 42;\1:41’1’1 COS2 013 [tanz 913 + 2 6 Sin(5 + 77)\/% Sin 912 tan 013 + m Sinz 912]
I

o 0(X2) and 0(X2) terms in |6,,|* vanish, when

tan 6T = VT sin O, sin2 0S5 = 0.041~0.070 (30), 0.046~0.065 (20)
_ sin2 6,5 < 0.053 (30), 0.039 (20)
¢sin(6 +1n) = —1 [Schwetz, Tortola, Valle '08]
2
1©,,]7 ~ 3 x 10-11 1 /100MeV
~ 5 X
: X5\ M,

. 2
o In this case, |0, = [0,]* < X2 > |04 x X ;21

When 6,5 = 0, 18l ~ 19”50 in2g., ~ 0.11
O en di3 =0, W_W_ m SIN~ 61, = L.
H [Shaposhnikov '08]
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NH case [TA, Eijima, Ishida '11]

0,3 and CP phases are important !

10-5 |l||||T|] ||||||T|] ||||||T|] ||||||T|] ||||||T|] ||,1|| 10-5 “‘ ||||||1T| ||||||1T| ||||||1T| ||||||1T| Ilill 10-5 “‘ ||||||T|] ||||||T|] ||||||T|] ||||||T|] |l|||
] / 10° ‘ 5in°0,;3=0.05 ! 10° ‘ 0,3=073 y
107 107
10° 108
o~ -9 o~ .
s 10 S 107°
CRETR @ 4070
107 107"
10—12 10—12
1073 1073
||||||_|_|I ||||||_|_|I ||||||_|_|I ||||||_|_|I LI 10-14 ||||||.|.|] ||||||.|.|] ||||||.|.|] ||||||.|.|] 1L 10‘14 ||||||_|,|] ||||||_|,|] ||||||_|,|] 11 III_I,II LI
103 102 107 10° 10" 102 10° 102 102 10" 10° 10" 102 10° 103 102 10" 10° 10" 102 10°
X(o XO) X“)
Cancellation in |6,]
B For Imw >» 1, we can obtain occurs if
2
O Very Large |0,|" = |6,/ T _

2
O Very suppressed |0| £sin(8 +1) = —1
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IH case [TA, Eijima, Ishida '11] =

I
m No cancellation (suppression) for large X,

m “&sinn” is important !

10_4 = 10_4 ||||||T|‘ ||||||I'I‘ ||||||I'I‘ ||||||T|‘ ||||||I1‘ 1Tl
10 é_ 5 [
10° % » -
L F 3 =
N O F E E
@% 8 1 <@ -
10° E 3
10° - 3
o F 3 E /
10 E_ \\v,/ 10 %_ \\\//
1011 D Covd o oo v 1 10" WERTTTT ERRATTTT ARRATTT ERRRTTT RRRUTTT ERRETT
102 102 107 10° 10" 10° 103 102 102 100 10° 10" 10° 10°
v X
2 2 . .
Octl” _ [Oerl” o, L =&singsin20y, _ [ 0071 for sing = +1
— ‘) e . - - . '- _
|C"),u,1|2 10,7]° 1 + & sinn sin 2619 50 for £ sinn = —1

[Shaposhnikov '08]
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Neutrinoless
Double

Beta Decay



Effective neutrino mass EN

" Mg = z m; UZ; + z fg(M;) M; 0

i1=1,2,3 1=1,2,3
active neutrinos

 fp(M) = MOVEE (M) /MOVFF (0)

10

1073

| IIIII|T| | IIIIIII| | IIIIIII| | IIIIIIIM I TTHT

10-4 ] IIIIIII| ] IIIIIII| ] IIIIIII| L1
10°  10% 10" 10° 10
My [GeV]
Takehiko Asaka (Niigata Univ.)

M%BB(m,)

sterile neutrinos

[Blennow, Frenandez-Martinez,
Pavon, Mnendez "10]

1
1038 |
10-6 L A=136 ——
A=130 ——
10-9 L A=124
I A=82 ——
1012 L A=T76 ——0y
I A=48
10—15 L
102 1079 10-3 1 10? 106 10°

m, (MeV)
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Constraint on 0, ?? [

I
= Benes, Faessler, [Atre, Han, Pascoli,
Simkovic, RN inas
Kovalenko (‘05)
derived a stringent
limit on 0,

Zhang '09]

11 1 1 L1 1 111
10 100

m We will show
the vMSM receives no such a limit !

o Bezrukov ('05) considered M, ; > 100 MeV
o We also consider M, ; < 100 MeV
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Merr in the vMSM

Mefr = z m; UZ; + fp(My)M;0%, + z fg(M;) M; 0%

1=1,2,3

s DM Sterile Neutrino N,

o Relic density requires
Ml - 4‘_50 kev
|Fpel =5-1071%-4-10713

N
meflf = Ml (H)gl
= 0(10"11~1076) eV

negligible contribution !

[Bezrukov '05]

Takehiko Asaka (Niigata Univ.)

1=2,3

[Lalne Shaposhnlkov ’08]
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mq¢ IN the vYMSM

Mefr = 2 m; UZ; +/W1(@§1 + 2 fg(Mp) M; 0%

1=1,2,3 1=2,3

o BAU requires mass degeneracy Ay AM K My

M, = My ——
2 N
Nj 3 N23 N33

2
Meee = +Om g

m Sterile Neutrinos N, and N; {Mg = M, +A_M

N
o’ = fp(My) ) M,0%

1=2,3
Smast = ) [f(M;) = f(My)]M; 02 o< AM /My

1=2,3 C

6m ° gives negligible contribution !
[TA, Eijima, Ishida '11]
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Msr in the vMSM

N
Mo = 2 merzl +W1 +mef2f3//

1=1,2,3

m Active neutrinos and sterile neutrinos N, and Nj

. o 0 M
o 6x6 neutrino mass matrix M, = ( D)

M) My

AAdlag _ 2 2

ee [ ] — z m; Uei + Z MIGeI
1=1,2,3 1=2,3
N
o’ = fp(My) ) MO = ~f3(My) ) m; U3
1=2,3 i=1,2,3
4 )

I\

Megr = [1 — fg(My)] z m; Ug; | independent on o,
\ 1=1,2,3

[TA, Eijima, Ishida '11]
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mq IN the YMSM [TA, Eijima, Ishida '11] KX

NH case . IH case

10_1 T IIIIIIII I T TTTTI I T TTTTH 10

107 107 E 3
B = B i
- = 1073 —
10° E 5 10 3
= £ 3
10 — 10 = 3
5 L ot aaal Lt aaal RN -5 Lol Lol [ R
107 5 -1 0 1 10 1072 -1 0 10"
10 10 10 10
My [GeV] My[GeV]

m my IN the vMSM is smaller than active v’s one

s No significant constraint on 0., in the vMSM |
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Search for
N, and N;
With Mz’g < m,,



Limits on light sterile neutrinos

m Direct search experiments put
o Upper bounds on 0

s Big Bang Nucleosynthesis puts

o Upper bounds on lifetimes
= Lower bounds on 0,

s Allowed range of 0,
o Gorbunov, Shaposhnikov ('07) claimed
e No allowed region for M, ; < m, |

o Let us reconsider this point

Takehiko Asaka (Niigata Univ.) 07 March, 2011



Search for light sterile neutrinos

s Production by meson decays
nt >et N

K*—>e"N,KT>u*™N 1%
c nt setv
>
o Peak search [Shrock '80] o
e Measure E, innt - et N
E _m,zr—mg—M,%, tt et N
=
2 my u L :Ee
o Decays inside the detector
nt - et N N—-¢t¢ v+ec.c.
CERN ot et o
PS191  |voe o
%‘\‘___—l____ﬂ. . beamaxis “yp-to BEBC (827m)
, . earth (65m)
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Experimental Upper bounds 0,

10-3?IIIlIIIIlIIII|IIII|IIII|I? 10-3?IIIlIIIIlIIIIlIIII|IIII|I? 10-3?II{IlIIIIlIIIIlIIII|IIII|I?
104 1 w0'g 4 w0'g E
~gp10° B o S10° E - Bl _
D = = = = 3 = =
o = 1@ - ] - ]
=10° & 5 o10° & E 3 E
107 - /\/\,\/\mmﬁé 107 & 3 - =
10'8 :IIII|IIII|IIII|IIII|IIII|I? 10'8 :IIII|IIII|IIII|IIII|IIII|I% 10'8 :III:I|IIII|IIII|IIII|IIII|I?
20 40 60 80 100 120 20 40 60 80 100 120 20 40 60 80 100 120
M, 5 [MeV] M, 5 [MeV] M, 5 [MeV]

s Bounds on 0, are much weaker and irrelevant
s Bound on |0,,]¢ is severer than others

m [0, xX, = Upper boundon X,
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Upper bounds on Xo

N
NH case IH case

10° ' 10°
- 0. 1sec -

s ) &

102 — -‘1sec____ = 10° - =
= = - Clsec .
= l0sec 7 B “nmsec |

10] IIIIIIIIIII||||II||||IIII|||||II|||||II|IIIIIIIIIIIIII 101 ll[[lll||I||||Ill||||l||[ll||ll||||llllllllllllll.].-l-i.l‘l-
20 30 40 50 60 70 80 90 100 110 120 130 20 30 40 50 60 70 80 90 100 110 120 130

My [MeV] My[MeV]

s Due to cancellation in |®,;| for the NH case,
bound in NH is much weaker than IH

m N,3; are long-lived particles = BBN constraint!
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BBN constraint on lifetime

m Long-lived N,; may spoil the success of BBN
o Speed up the expansion of the universe

Ptot
3 M3
e p-n conv. decouples earlier = overproduction of “He

2
® Dot = Pumsm + P, , = H =

n+v e p+e,..

o Distortion of spectrum of active neutrinos
o N,z 2vvv, et e v,..
e Additional neutrinos may not be thermalized

= Upper bound on lifetime

m Dolgov, Hansen, Rafflet, Semikoz ('00)
o One family case: | rggy[sec] = 128.7(M,/MeV)*0417° — 1,828
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Bounds on lifetime =

I
. NH case . IH case
10 = III |l|IIIIIIIII|IIIlllIIIIIIII|IIII|IIII|HII|IIIE 10 EIIII I II|IIIIIIIII[IIII||IIIIIIII|IIII|IllI|IIII|IIIIE
107 5 10°F =
. allowed 3 . S
- |..BBN - [ -
seb |00 ) —
102 & search - 102 . =
E’ N 5 No allowed region 3
- seesaw ] n i
]0-3 II!I|II|IIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIH ]0“3 IIHIIIIIIIIIIIIIII[IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
20 30 40 50 60 70 80 90 100 110 120 130 20 30 40 50 60 70 80 90 100 110 120 130

My[MeV] My[MeV]

s Allowed region My = 34MeV~m, in the NH case.

m The suppression of 0., in the NH is crucial !
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Allowed regions (search & BBN) &

NH case My =120 MeV

10 T TTT[TIT T[T TTTT[TTIT[ 11T 2 T T[T T T T[T T T T T
><8102 = _E F& 1 :— ......... —:
L - 0.5 Bk
[ _ 7 o =—1
101 o bvvr b b b bvan 0  ‘.Js,|.||||||||||||||
0 0.01 0.02 0.203 0.04 0.05 0.06 0 0.5 1 1.5 2
Sin“0;3 o/
Large X, CP phases are aligned as
Large 6, ¢sin(o +n) ~ —1
¢sinn <0
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Branching ratios in NH case

]
+ + + +
nt - et N Kt —-e™N K™ u™ N
]0-6 |||Il||l|[||||||||||l||||||||||I 10-6 ||l|[||||||||||||||||||I||||I|l|
-7 kA 2 -7 =
10 - / W=y ‘/'r.\,m__f: ,1“:5\‘_\ i 10 s R
10® - Tl Y i
167 1n®
++ 1071 allowed ++ 10 allowed
o g Y 2
A 10 A 10
*g 1013 L 10713
Z 101 g 10

60 70 80 90 100 110 120 130 60 70 80 90 100 110 120 130 60 70 80 90 100 110 120 130
My, [MeV] My [MeV] My, [MeV]
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Summary
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Summary

» We considered the vyMSM
o The MSM + 3 RH neutrinos with My < 0(10%) GeV
e N, : dark matter
e N, and N; : seesaw + BAU

o Mixing elements 0,, and 0,
e |0,,| can be very large for large X,
e Cancellation of |0,| is possible in NH

s Neutrinoless double beta decay
o Effective neutrino mass is smaller than that of active neutrinos

o No significant constraint on 0,
s Search for N, and N; with M,; <m,
o Allowed region (M, 3 =~ 34MeV~m,) in NH
o KT — u"N,3 is promising to test
o Br(n™ — e*N,3) and Br(K™ — e*N, ;) may be very small

Takehiko Asaka (Niigata Univ.) 07 March, 2011



NH case M, =120MeV K

I

Esin(o+n) =1 Esin(o+n)=-1

10 _lll[lllllllllllIIIIIllllllIll_. 103_IIII|IIII]lIIIIIIII| IIII’II‘\II_
= - i o, [ . P \\ 7
E . - lo,J% )%(f*“'”’ S
r o, . I S -
L O.1sec ...}

Xg] 02 Igdlfﬂ Ieel@pll us - ><31 02

0 0.01 0.02 0.203 0.04 0.05 0.06 0 0.01 0.02 0.203 0.04 0.05 0.06
sin“0 13 sin 91 3

Cancellation in |@4|
occurs if

Esin(o+n)=-1
tan g, = \/a sin g,
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IH case M, =120MeV

I
Esinp=-1
10° SLEPLELE L L L
i IOpIIU.B-_.._‘_ e '“‘ a
- ¥ I -
L R -
L i1 -
r N
- II \\ -
I(')el(') p!l s, N
""/’, N
.............. "",f...“....m.,.. 0.1sec e
L1000 | il —
a— —
i 16, s i
e } -
]01 L1 1 L v v 0 by
0.2 0.3 5 04 Q.5
sin“04,
Cancellation in |0 and |© | Cancellation in |©]
occurs if occurs if
Esinp=-1 Esinng =1
2\-1/4
tan g, = (1+r2)™ tan &, = (1+r1;)
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Branching ratios

M, =120MeV

NH case
-7 -7 -5
10 UNSRELRALL | T T TTTT 10 s Jomr e P 9 1 e [ ) 5 1 1 100" g— T 771771 T T TTTTH
5 [Ermrememmenens R~ } | N = &
10 . . : 107 j
.10 sec BBN: . 1p-10 o
= 10 ; = 10 5 106 L -
-11 + -11 4 - -
10 w10 ~ F g
A 102 A 1012 3 - o
£ 101 ke e 19 . i 1
x = | & 107 |- |
107 e " 107" ey | - :
1071 ey 10716 e - y
10-17 L1 llllill 11 11111 10—17 11 11||||| L1 1111l 10-8 L1 11||1|| L1 111t
10' 10 10° 10' 10 10° 10" 10° 10°
IH case Xo Xa Xa
10_7: T T T T T TTTTY 10_7: T T TTIT T T TTTTg 10_5: T T T T T 1T
z L N 1z L 1z L §
- ) - +
‘o *o 5
A0t | — ~0f | / - a~10t / —
+ = J . ~ i - -
= F 1% F / 1% F / 3
& - 1 & R 1 & N / i
n - n i » / _
/
10° 1 L |1|||||2 L1 ||||||3 1079 1 L1 |||||||2 L ||||||3 107 1 Lol B EEET
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Branching ratios

NH case
- -6 -4
T[T [T T[T T[T TTTT [T 10 T[T TITT[TITT[TITT[TTTT[TTT 10 ETTT[TIT T[T T[T T [TTTT[TTTE
107 - e T 107 i e ool = =
—r - i = AT - - o ST g -
1078 108 B B -
-9 -9 S5 ~— _
10 10 107 k= i =
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-11 -1 B T q OW€
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g 1073 e W e E e <
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@ = @ sec
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W B s 10" e i oy -
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