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1. Introduction

. . . . The Nobel Prize in Physics
Right-handed neutrinos as a missing piece to the SM 2015 g

> Neutrino oscillations imply non-zero masses of neutrinos
> Massive neutrinos may indicate the existence of chiral partners:
right-handed neutrinos (RHNS)

> |f there are three RHNSs, they can address other important issues,
e.g., DM and BAU

Phatt A Mahm 1 Phot A Mahrr ud
Takaaki Kajita Arthur B. McDonald
Prize share: 1/2 Prize share: 1/2

Success of the SM and the gauge principle

> The gauge principle is one of the successful principles in modern particle physics so far
> The SM gauge symmetry, Gsy = SU(3)c x SU(2). x U(1)y, regulates not only
interactions but also particle content by means of anomaly cancellation

B-L gauge symmetry

> To organize three RHNs under a gauge theory, the Gsy x U(1)s.L gauge symmetry is
one of the simplest extensions of the SM, under which we have the following new fields:

- three right-handed neutrinos (N1, N2, N3; B-L charge -1)
- A singlet Higgs field (®s; B-L charge -2)
- B-L gauge boson (Z£’)
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Our setup

> Lagrangian is given by

- 1

i — = Ki ., <A .
L = Loy + iN:DN; — (ya,-LaN,-CDH + 2 OSNEN; + h.c.) +Du s = V(dp, &) = £2,,2"

A As
V(®p, ) = 22 (|0y2 — vB)2 + Z2(|0s? — vB)2 + Aps(|Pn[? — vE)(|ds)? — vE)

L 2 2

> As @s develops the vacuum expectation value, <®@s>=vs, N;and £’ acquire the mass:

5 > 5
Mn, = kivs, M3 =8gs_,Vs

> We take Mn1 < Mn2, Mns, so that Ny can be a (decaying) dark matter when the Yukawa
coupling (ya1) is sufficiently small

SM sector N; sector
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> To concentrate on the Z’ effect, we turn off the Higgs portal coupling Axs (—0)
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Relevant reactions for thermalization of N

> There are mainly three processes that
can bring N into the thermal bath

> Reaction rates:

r(N1—fsm), r(N1-2), r(Z<fsm)

> |n most of parameter spaces,
r(N1-fsm) almost determines

whether Ny is thermalized or not fom

SM sector

fsm

fom

on-shell or off-shell

N11

L mmmmmm-- N; sector

fom

N1

> r(N+—fsm)/H ~ 1 at the thermalization and the freeze-out temperature

thermalize decouple

YN,

1 ................

r/H 4

r/H 4 | for smaller coupling, Ni never
reaches thermal equilibrium

> Dark matter scenario
drastically changes,
depending on whether
N1 is thermalized or not.
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N: production and relevant experimental constraints

> For thermal Ny, usual freeze-out mechanism can work
> For non-thermal Ny, freeze-in mechanism can work [L.Hall, et al. ‘09]
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N: production and relevant experimental constraints
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> For non-thermal Ny, freeze-in mechanism can work [L.Hall, et al. ‘09]
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N: production and relevant experimental constraints

> Another interesting case is 2Mn1 > Mz, where Z’ can not decay into a pair of Ny
> The reaction rate r(N:1—fsy) becomes always off-resonant (smaller than on-res. case)
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> For thermal Ny, Nyis ordinary cold
dark matter produced by freeze-out
mechanism

_ SoMn, YN A

—_ & —_
N pch=2 oV

dec
T~ TN1

> For non-thermal Ny, N7 is produced
by freeze-in mechanism

. 100\*? [ gp-r \"
QN h? ~0.12 x (g ) (45X10_6)

(Since Yn1 is proportional to 7/Mny, its
abundance is almost mass independent)
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Beam dump experiments can

_~ test this region



3. Implications

The Search for Hidden Particles (SHiP) experiment

> SHiP: A new proton beam dump experiment at CERN
> The SHIP utilizes 400 GeV proton beam from the SPS with ~1020 protons on target

target (tungsten)
e+

p
Eo =400 GeV

muon shield (60m) detector (50m)

> The number of signal events:  Nsig ~ NrorxRprodxPdet

- Z’ production: proton bremsstrahlung
ZJ

p

p
N

N
- Pger. probability that Z° decays inside the detector

If the lifetime of Z’is too short or too long, Z’ can not be observed
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The Search for Hidden Particles (SHiP) experiment

> Freeze-in Ny

L LI IIIEF

Borexino

107°

~

107°

%

SN1987A

E141 2Mn, >Mz:
rsey
. t 2 _

/

/

AN

AN

HER=J N

107% 107° 1074 107 10¢
M, [GeV]

107

3/2 4
100 .
OB B2 ~ 0.12 x ( ) (4 595 116—6)
gx :

9= ~ gx(Mn,)

SHiP parameters:

Ebeam = 4OOGeV, Npor = 1020
shield length: 50m

detector length: 60m

Nsig > 3 (assuming no-background)

[Gorbunov, et al., ‘“15]

or larger gs.., Z’ lifetime becomes shorter

ol ‘fpr smaller gs.., Z’ lifetime becomes longer
10

> SHiP will be able to cover:

1 MeV < Mz <200 MeV (in blue band)
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The Search for Hidden Particles (SHiP) experiment

> 2Mn1 > Mz
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> 2Mn1 < Mz
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SHIP can be a powerful tool for searching the freeze-in scenario
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B-L breaking scale

> Dark matter abundance is determined by gs.. and Mz, which implies vs through
Mg, = 895, Vs

> |n the freeze-in region for off-resonance case (2Mn1>Mz), we obtain
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Summary

Summary

»We discussed various right-handed neutrino dark
matter scenarios in the U(7)s.. gauge extension of the
vMSM.

»The B-L gauge interaction can open new windows for
right-handed neutrino dark matter.

» Forthcoming fixed target experiment can test the
freeze-in scenario.



