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Hints of beyond the standard model

* Neutrino mass

« Dark matter

* Inflation

« Baryon asymmetry
* |ceCube??

v

We try to explain all of them!
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[ lceCube : 1405.5303]
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Our model

Standard model
+ 3 right-handed neutrinos w/ Majorana masses
+ U(1)B-L gauge symmetry & B-L Higgs boson

N\ V2 \?
L = Lsym—yuijHN{ — §¢B—L N? —k (|¢BL|2 — 82 L)

We assume yii's are extremely small. (approximate Z, parity : N, — -N,)

« N, (decaying) dark matter

N,

. N, } Leptogenesis & seesaw mechanism

* Oy Inflaton. It decays into RH neutrinos at reheating.
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Thermal history of the universe

: : : Br(¢ — NiNi) : Br(¢p — NoNo) = My : /\//g]
$g. drives inflation g

1.
2. ¢g, decays into RH neutrinos via ¢NN interaction (reheating)

3. Decay of N, generates lepton number asymmetry (leptogenesis)
4. N, remains as a dark matter

NS

My NP Ma N me N2 v\
Q ~ 0.2
Ni X (4 pe\/) (1012 GeV) (1013 GeV) (5MPI

N M, 2( Mg )—1/2 ve—L \ 1 x 10719  (Normal hierarchy)
T \102 Gev ) \10%3 GeV 5Me ) ) 2x 10712 (Inverted hierarchy)

(Upper bound on e depends on mass hierarchy)

ng

)

Our model predicts PeV dark matter!
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Events at IceCube experiment

Main decay mode : N; — £EWT, vZ, vh

M; =4 PeV, T=10%5s
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[Higaki, Kitano, RS (2014)] [ lceCube : 1405.5303]
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Backup slides



Tiny y1i
We have no reason to assume Zz parity (N1 — —N1) is exact.

1
A14

(£142)(£243) (341 )e; e5e5 N7 Ny N3

(such a operator may be generated by some non-perturbative effect.)

j1> yiK oc (det ye )€k y2ly 2

e.g., we can write,

Our assumption : y X = ce/ y2'y>

(c is a very small number.)

Normal hierarchy — v} o< Upq
Inverted hierarchy — 2% o Uys
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Neutrino mass

Neutrino mass is generated by seesaw mechanism.

RH neutrino sector in our model is essentially two RH neutrino model.
[ Frampton, Glashow, Yanagida (2002) ]

~0 ~0 ~0 M,
Yo = Yvor Yvo22 J/u,zs] B M = Mo
Y31 Y32 Yu33 )% M5 M
Neutrino mass matrix:
my
m, — o — (UT§T I 5U) (H)? s> Rank 2 matrix
ma Lightest neutrino is massless!

(U : Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix )

Am3, ~75x107°eV?,  Am3 ~2.5x 1073 eV? [Particle Data Group |

a) Normal hierarchy m my =0eV, nmp,~0.0087eV, m3~0.048 eV

b) Inverted hierarchy ———> m ~0.048eV, m, ~0.049eV, m3=0eV
My <m;<m,



Flavor structure of y1i (Normal hierarchy)

 |barra-Casas parametrization

~ 1 -~ 1/2 + O cosz sinz U : PMNS matrix
Yy = WM RmVU ! R = 0 —sinz cosz Z : a complex parameter
VM
Voi = (H)2 (vVmaU5 cos z — v /ms U7 sin z),
v M
Y3i = (H)3 (VMU sinz +/msU75 cos z)
@ Flavor structure of y1k is
y determined by PMNS matrix
Yik = c€”% oy, and mass hierarchy.
C\/MQ M3m2m3




Flavor structure of y1i (Inverted hierarchy)

 |barra-Casas parametrization

~ 1~ 1/2 t cosz sinz O U : PMNS matrix
Yy = WM RmVU ! R = —sinz cosz O Z : a complex parameter
VM
Voi = (H)2 (vVmaU;| cos z — v /msU> sin z),
v M .
Y3i = (H)3 (v/maU sinz +y/m3U;, cos z)
@ Flavor structure of y1k is
determined by PMNS matrix
ijk y
Yik = ce’ yojy; and mass hierarchy.
C\/M2 M3m2m3




Inflation by B-L Higgs boson (- \/\50\

p ) « Hilltop-type
V(d)) — Z ( — Vé_[_) (d’B—L = % (¢ + ,-'G)Q \
[ Okada, Shafi (2013) ] W

%

[ PIanck+WP+h|ghL+ BICEP2 ]
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[Higaki, Kitano, RS (2014)]

CMB observation suggests Mg ~ 10" GeV
Chaotic type initial condition with vz, / Mp, > 5 is consistent with BICEP2 data.



Inflation without BICEP2

* YBR_L :l'lIl?w‘Ip|
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[Higaki, Kitano, RS (2014)]

Hilltop type initial condition with vg | / Mp= 15-30 is consistent with Planck data.



Reheating

Inflaton decays into a pair of RH neutrinos : ¢ — N;N;

n m 37,
= Po/ My =>-% . Number of ¢ per entropy at the time of reheating.

S S 4 m

Br(¢p — NiNy) =~ M2/ M2
We assume M; < My < my < M3 Br(¢ — NoNy) =~ 1

* N1 from inflaton decay — dark matter production

37T
M 2 2R 2 % Br(g — NyNy)
¢

L [(Ny — €H) — T(No — ZH)
©T(No — £H) + T(Ny — £HT)

S 4m

* N2 from inflaton decay — leptogenesis
3Tk

%N%Exz n_BN__X2><€>< -
> s 4Amy 79

S 4 mg
Spharelon factor

[ Asasa, Hamaguchi, Kawasaki, Yanagida (1999) ]



Decay time of N,

a:a¢

End of inflation

|
|
. I . . . .
N, dominant universe i Radiation dominant universe
|
|

>

¢—>N2N2 N2—>£H,"

For N, dominant era,

-2 —2
a anonrela/aqb ~ m¢/M2 -1 mqb
H = F¢ (%) > tnonrela ~ r‘»'b (E)

The time when N, becomes non-relativistic.

a) thonrela > |_2_1 . N, decays when N, is relativistic.

e T
S Mg
—1
b) thonrela < 57 : N, decays when N, is non-relativistic.
2
ny T2 T r2 m
=~ o~ —¢A A = I_27fnonrela — ——2<1
S Mo Mg [ M5

Everything is diluted by entropy production!



Upper bound on ¢

o [(N2 = eH) = T(N; = ZHY) 3 Im(y,y))3; Mo
TNy = LH) +T (N2 = ZHY) 167 (y,y))0 Ma

[ Covi, Roulet, Vissani (1996) |

* Normal hierarchy

3 Ma Im[m3 cos? z + m3 sin® 7] 3M,
€= — : —
16m v2 mp|cosz|? + ma|sin z|? el < 167 v2 (ms —mo)
 Inverted hierarchy
3 M, Im[m? cos? z + m3 sin® Z] 30,
€~ — _
16T v2 my|cosz|? 4+ ma|sin z|? €| < 167v2 (Mo — m)

[ Harigaya, Ibe, Yanagida (2012) ]

(z . a complex parameter)



Decay of dark matter

My
e Lifetime
10 s (M) (YEIAT)
M 1 PeV 1029

« Decay modes and branching fractions

etWT  v.Z, 0.7 Veh, Deh
wEW*F v, Z, 0,7 wv,h, bh
T*WF v, Z,0,Z wvrh, Urh

050 : 025 : 0.25

c.f.) goldstone boson equivalence theorem



Decay of dark matter

M
L > — )G/JL[}JI\LLEU — _?i_-pdiz
» Lifetime
—2
o 1029 s M vV Zi |y1i|2
M 1 PeV 10-29

Norma

« Decay modes and branching fractions  nicrarchy

etWT v.Z, 0.7 Veh, Deh 0.68
VEWF 1, Z.0,7 uuh Db 0.24+0.02 oSS

T*WF . Z, 0.7 v.-h, D-h 0.08-0.02 cosd

Inverted
hierarchy

0.02
0.38
0.60



Neutrino energy flux at the decay time

Ve _|_ De
Energy spectrum at the decay time -
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[Higaki, Kitano, RS (2014)]
(simulated by PYTHIA 8.1)



