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Motivation for sterile neutrino

- to generate neutrino mass for explaining the oscillation of
the active neutrinos

- to explain possible anomalies in the neutrino oscillation in
the short baseline experiments

- to explain the asymmetry of matter-antimatter in the
Universe such as leptogenesis

- to explain the non-relativistic matter component in the Universe



Neutrino Mixing and Oscillation



Neutrino mixing and oscillation

weak interaction states mass states
(production, detection) (propagation)
SUN Am?L [eV?] [km
P, pozp = sin?(26) sin® (1.27 = | [GL[V] ]> Earth

detection through
Ve are produced V2 interaction

V3 Ve, Vi, Vr



P, ,5a+5 = sin®(26) sin’ (1.27

Oscillation Probability

Am?L [eV?] [km]
(GeV]

to make an order of O(1) inside sine-function

103

Experiment L (m) E (MeV) | |Am?| (eV?)
U, | Solar 1010 1 10719 «107°
Vu, P Atmospheric 104 — 107 | 10%-10° | 107! —107%4
7 Reactor VSBL-SBL-MBL 10 — 107 1 1—1073
€ LBL 10* — 10° 1074 —-107°
Accelerator SBL 102 103104 > 0.1
Vi, Vo LBL 10° —10° | 103 —10* | 1072 —-103

[PDG 2022]
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Propagation and oscillation probability

The neutrino state after a time T and a distance L

Va(T, L)) = 3 e BT HRIL Y |y,
J
with E_j and p_j for the j-th mass eigenstates
The oscillation probability

Pop = | (vslva(T, L)) |* = Y " UzUsiUakUpye ™ (B =BT +ilp; ~pi) )
Gk
Then the phase term is approximated as pj =/ E} —m

~i(Ej — B)(T — L) — iAm3,L/(2E) ~ — iAm?, L/(2E)

Therefore Z Us;U. akUﬁke—@Am?kL/ (2E)
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Ref. [181] w/o SK-ATM

Ref. [181] w SK-ATM

Ref. [182] w SK-ATM

Ref. [183] w SK-ATM

NO Best Fit Ordering Best Fit Ordering Best Fit Ordering Best Fit Ordering

Param bfp +1o 30 range bfp +1o 30 range bfp +1o 30 range bfp 1o 30 range
s 2

sin” 0

10—_112 3.03t912 270 »3.41 | 3.031912 270341 | 3.03%%13 263345 | 3.18t016 271 369

012/° 33.41707°  31.31 —» 35.74 | 33.417075  31.31 — 35.74 | 33.4070%0 30.85 — 35.97 | 34.3710  31.4— 374
12/ . .

sin” 0

10—_123 5727015 4.06 »6.20 | 4.517072  4.08 56.03 | 4557018 4.16 - 5.99 | 574701 4.34 —»6.10

023/° 49.171°9 39.6 — 51.9 42.2110-% 39.7 — 51.0 42.410°9 40.2 — 50.7 49.310%  41.2 - 51.3
23/ . .

sin” 0

10—_213 2.20310°0°0  2.029 — 2.391 |2.22570:0%0  2.052 — 2.398 | 2.237007  2.04 »2.44 |2.20070°0°7 2.00 — 2.405

013/° 8.541010 8.19 — 8.89 8.581011 8.23 — 8.91 8.597913 8.21 — 899 | 853121% 813 - 892

scp/° 197132 108 — 404 23273° 144 — 350 223732 139 — 355 194127 128 — 359
Am?2

e ;/2 7417921 6.82 — 8.03 7.417020 6.82—8.03 | 7.36707% 6935793 | 7.507022 6.94 — 8.14
Am

ﬁ 2.43770°02%  2.354 — 2.523 |2.43370°0%% 2.353 — 2.516 |2.448700%° 2367 — 2.521 | 2471002 2.40 — 2.46

10 . Ax* = 2.3 Ax* = 6.4 Ax* = 6.5 Ax® = 6.4

sin“ 0

10—_112 3.03t912 270 5341 | 3.03%912 270341 | 3.037%13 263345 | 3.18791% 271369

012/° 33.4117075  31.31 — 35.74 | 33.417075  31.31 — 35.74 | 33.4070%) 30.85 —35.97 | 34.3710 314374

sin2 923 .

T 578705 4125623 | 5697008 4125613 | 5697007 417 56.06 | 578 7, 4.33 > 6.08

023/° 49.5199 39.9 — 52.1 49.0719 39.9 — 51.5 49.0797 40.2 — 51.1 49.579%  41.2 - 51.2
23/ . .

sin” 0

10—_213 2.21970°090  2.047 — 2.396 |2.22370°0°%  2.048 — 2.416 | 2.23700°0 2,03 - 2.45 |2.225709%0  2.02 — 2.42

013/° 8.571212 8.23 — 8.90 8.571211 8.23 — 894 | 8597012 8.19 —9.00 | 858212 817 — 8.96

Scp/° 286127 192 — 360 276122 194 — 344 27412> 193 — 342 2847129 200 — 353
Am§1 +0.21 +0.21

. . +0.16 0.22

105 V2 7.411021 682 —-8.03 | 7417021 6.82—5803 | 7.367915  6.93 5793 | 7.501922  6.94 - 8.14
Am32 +0.032 +0.028 0.025

T 5 | 249870 025 —2.581 — —2.408~2.486 7 35 —2.570 — —2.406/—2.49270 025 —2.578 — —2.413—2.52+ 7005 —2.60 — —2.44




neutrino energy

maximum sensitivity to Am2= 10eV?  1eV? 0.1eV? 107%eV?
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The MINOS Experiment
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stopped pion decay
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MiniBooNE Anomaly
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[MiniBoone, PRL (2018), 1805.12028]



YV — Ve appearance searches
ex) LSND, MiniBoone, etc

In the short-baseline limit, Am?,L/E <1, Am3,L/E < 1

: standard model oscillations have not been developed yet.

The oscillation can be solely due to sterile neutrino mixing as

9 AmilL

PP~ 4)U o4 |?|U ua)? sin 5

pe —

thus, the effective mixing is defined as sin®26,,. = 4|Ue4|?|U,u4)?



Constraints on the sterile neutrino mixing

[DAYA BAY, MINOS+ collaboration, PRL (2020),2002.00301]
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Standard 3 neutrino + one sterile neutrino

Va)

weak states
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ve and Ve disappearance searches

In the short-baseline limit, Am2,L/E <« 1, Am%,L/E <1

: standard model oscillations have not been developed yet.

The oscillation is solely due to sterile neutrino mixing as

5 Am?HL

pPshl~q 4|Ue4|2(1 — |Ue4|2) sin o

ee

with the effective mixing angle can be define as

sin® 20ce = 4|Ues|*(1 — |Ues|?)

Similar to the muon neutrino disappearance searches, in the short-baseline

9 Am?HL

sbl 2 2\ 1
Py ~1—4|Uus|"(1 — |Upa|”) sin o

pu =



[DAYA BAY, MINOS+ collaboration, PRL (2020), 2002.00301]
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Constraints on the sterile neutrino mixing

[DAYA BAY, MINOS+ collaboration, PRL (2020),2002.00301]
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reactor Long baseline

disappearance of e-antineutrino disappearance of mu-(anti)neutrino
Am?2, L

Py o 1 — 4|UL|% (1 — |[Usy|)?sin? | 241 )
e—Ve AR .2 .o (Amz L
P_, () =1 —sin”26033cos26024sin” | —=—

2 2 2 (Am3, L YT Y 4B

— 4|Ue3| (1 — |Ue3| )Sin (T) y AmZ L
— sin? 205, sin? ( 421 ) :

Am?2. L
~ 1 —sin?204sin? [ =41~
| sin 14 Sin ( AE

. . Am2,L
— sin? 26,3 sin? (4—21) .

Long baseline

Deficits of neutral current neutrino interaction between near and far detector

PNC=1—P(V“—>V3)

Am?2, L
~ 1 — cos? 614 cos? 034 sin? 26054 sin® M1
4F
Am2, L
— Sin2 934 SiIl2 2923 sin2 (%) (5)

1 Am2, L
—1—5 sin do4 Sin @94 sin 2034 sin 26053 sin ( 7;13?1 ) .



Constraints on the mixing between Ve and Vg
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Sterile neutrino search via v, — v, oscillations
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NOMAD
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Search for sterile neutrino mixing using three years
of IceCube DeepCore data

. [IC?CIUP?’, PRD (2,0 I 7) I .7.9'2'05.| 6.0]. atmospheric neutrino
B e with energy around 10 - 60 GeV
4 90% C.L. ]

w —2
[\
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0.30) e

= SK, NO (2015), 90 % C.L.
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the upper bound on the mixing

0.25F e R .
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Using neutral current interaction

Coloma etal (JHEP 2018, 1707.05348): DUNE expectation
0 ———r——r—

25 ] neutral current interaction

allowed region by 90% CL :observe all 3-flavors

{  muon neutrino flux is suppressed
by the oscillation into sterile neutrino

bu, U;]/VC {1 - Py, — vs)}

| NOVA (PRD 2017, 1706.04592)

0 5 10 15 20 25 30
034(%) sin® 24 = 0.165



Probing depletion into sterile neutrino

IR— 1,300 km —

bear detectoj < > i Far detector !

Initially muon neutrino and Oscillation to sterile neutrino
assume no oscillation as well as standard ones

Vy — Vs, Vs

Then there will be depletion in the neutral current (NC)events since sterile
does not have NC interaction.

Nnc = N§o+ Nho + Nio = ¢, oY {P(v, — ve) + P(v, — v,) + P(v, — vr)}
= ¢, O',]/VC {1-Pv, —vs)},

This is sensitive to the oscillations between muon and sterile neutrinos.
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Can we constrain the mixing of sterile neutrino
and tau neutrino directly
using tau neutrinos?
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Search for Hidden

TT90-TCC9-ECN4 |
(Eol > cDS study)/,{/
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Figure 1: A schematic layout of the NA beamline and experiment complex as of 2023.

28



CERN Search for Hidden Particles e:e
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SND detector and ECC block
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VutN =2 p+X

" I
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192x192 mm? 192x192 mm?
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<E>[GeV | Beam dump | <E>[GeV ]| CC DIS interactions
3 6.3 41 x 107 63 2.8 x 10°
N,, 2.6 5.4 x 108 40 8.0 x 10°
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Expected Neutrino Spectrum at SHiP

Neutrino energy spectra at production
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[SHiP collaboration, 2023]
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Efficiency for tau decay channels

v, and U, efficiencies for different 7 decay channels

Efficiency |7 —p 7—h 7—3h T e
Geometrical 0.89
Location 0.71
Decay search | 0.38 0.37 0.51 0.35
PID 0.32 0.37 0.51 0.31
Charge 0.30 - - - [SHiP collaboration, 2023]

Expected number of v, and 7, signal events observed in different 7 decay channels,

assuming 6 x 10%° PoT. Decay channel U, U,
T 4x10° 3 x 10°
T —h 27 x 103
T — 3h 11 x 103
T.— € 8 x 103

total 53 x 103
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Uncertainty in the tau neutrino events

— Ut DT(pQCD)
4} | My, >95.3
: m. = 1.27 GeV and (k%) = 1.4 GeV?

(k%) = 1.1 — 1.7 GeV?

IIIIII

50 100 150 200
E, |GeV]

The number of events per GeV.
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Neutrino Oscillation
57;'7712 L GeV
sy (34 () (%)

E~MeV, L~10"8 km, Am},=0.759 x 1074 eV?2

Solar neutrinos

Atmospheric neutrinos ~ DUNE far detector

E~GeV, L~10- 10,000 km, Ama,=Ams=232x10"4eV2 ~ leV?
E~10GeV, L~1,000km, Am?~ 10"2eV?

SHIP : oscillations between active neutrino are suppressed.

E~100GeV, L~ 100 m, =~ Am?2, ~ 103 eV?

Active neutrinos may disappear with sterile neutirno mixing!



Survival Probability of tau neutrino at SHiP

U 47 = 0.1
L = 30 meters

| dashed black w/o mixing
Am3, = 600 eV*

Am?2, = 2400 eV*

] o---- Amj, =10 eV*  (averaged)

20 50 100
E,[GeV]

Am2, L
Pr =1 — 4|Una2(1 — |Uypg)?) sin? ( Z«fﬂ )

* neutrino oscillation between active neutrinos are negligible.
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Observed Spectrum of tau neutrinos at SND

1 dashed: w/o mixing
Am3, = 600 eV?
| —— Amj, = 2400 eV?

| —— Amj, =10° eV*

5 10 50 100
Free [GeV]

The energy spectrum can be used to observe or constrain the sterile neutrino.



Number of Events with Sterile Neutrino

with 5 years data expected
2500

—  |U.4?=0 No mixing

—  m, =600 eV?, |Un* = 0.1 |with mixing for reference

[\

-

-

o
T

energy resolution 20%:
OF — 0.2F

—_

(SN

-

e}
T

| —

-

o

o
T

Number of Event per Bin

(OGN

(-]

o
T

gray: background assuming 10%

E..[GeV] from mu-neutrino CC events
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Sensitivity in the plane of (Am3,, |U.4/?)

90%CL expected sensitivity with 5 years data

10°

104}

Am?, [eVQ]

10%F

10!

--  JceCube
-- SK

red dot as reference

(Am3,, |Ura]?) = (600 eV?,0.1

~

~

R, = 10
—  Onporm — 20%
=" Onporm — 10%

~

~

)

U Uy U /A N

102
’UT4|2

101
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energy resolution 20%: op = 0.2F

overall and shape uncertainty
in the energy spectrum: 20% or 10%

background assuming 10%

014 =024 =0



CERN

(

Protons

400GeV proton beam

4x1019 protons per vear

Near SND + Far SND at SHiP O

Scattering off atomic electrons (and nuclei) Decay to SM particles SHiP

Search for Hidden Particles

Heavy target + detector
Il (Absorber/sweeper)

o Decay volume ectrometﬂ
oot Protons ; : P
I B ) <

Service building
(existing)

Access shaft (4x8m?)
(existing)

Access shaft (8x8m?2)

Scattering and
Neutrino Detector

3 3

SND

3 3

Particle ID

:neu1::rino detec:tor Hidden Sefctor | 20 m
: detector
:30m : 90 m
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Near SND + Far SND at SHiP

Survival Probability

20 50 100
E,[GeV]
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Am?2, =600 ev? at NSND
Amj, =600 eV at FSND

averaged



104}

Am?, [e\/z]

102}

10!

Sensitivity with SND + FSND

Rs/b = 10, onorm = 20%

103}

[ —  NSND only

| —  Rpn=10%

| —  Rp/x =20%

| —  Rpyx=50%

| —  Rp/n = 100%

| - [ceCube
-~ SK

 red dot as reference

[(Am2,, |U.4|?) = (600 eV?,0.1)

B

‘UT4‘2

BN
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energy resolution 20%: og = 0.2F

| overall and shape uncertainty
1 in the energy spectrum: 20%

| background assuming 10%

014 =04 =0

| acceptance ratio of FSND to NSND

RF/N = 10%, 20%, 50%, and 100%



Summary

[Choi, Yoo, KSHIiP, ongoing work]
|. It is possible to constrain the sterile-tau neutrino

mixing directly at SHiP experiment.

2.With 5 years operation, SHiP has a sensitivity to
U 4]? ~0.06 for Amji; ~10°eV

3.With additional FSND at the end of HS detector of SHIP

U 4)? ~0.02 for Ami, ~10°eV
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Thank You!
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Future Prospect

[Bolton Depplsch DevJHEP (2020) |9|203058]
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Sterile Neutrino Dark Matter



Neutrino Minimal Standard Model (nuMSM)

[Asaka, Blanchet, Shaposhnikov, 2005] (vg)¢ = C g’

_ ~ ~ 1
L = Lsm + ivRdvr — (L Fvr® — dtopFTe, — 5 R Marvr + vRM]1%).

}
l } "

¢, = (vp,er)

P = b*

Three RH neutrinos with Majorana mass and Yukawa couplings.
After electroweak symmetry breaking, the mass term

1 . — 0 mp Vz )
— (v, V$ + h.c.,
2( L R) ( m% MM ) ( VR
The hierarchy mp = Fv < M), gives mass eigenvalues with

three light active neutrinos and three heavy sterile neutrinos.
(See-saw mechanism)
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Sterile Neutrinos and mixing

After electroweak symmetry breaking, the mass eigenstates are

B'u :CWA,u — Swzlu,

VEia :Uaiyi + @ail/c

S

v, = — (O0)v; + 15,

. . Uei Upo Ues 1 0 0 ci3 O 8136716 c12 S12 0 el 0 0
with PMNS matrix U U0 U U | =0 css sos )| 0 1 0 | —smewo]| 0 cog
U7—1 U7-2 UT3 0 —S8923 C23 —51361'(S 0 C13 0 01 0 0 1

and the mixing parameter
© =mpM, " <1,

and the light active neutrino mass

1
M,

mp, = —OM,, 0"

m, = —mp
R
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Interaction of RH Neutrino

RH sterile neutrinos can interact with SM sector through

- Mass mixing after electroweak symmetry breaking O =mpM, ! <1,

- Yukawa interaction with Higgs and LH neutrino Y iU(mdee) 20 (M,

7 1/2
yuon \/5 I/R) 9

The interaction induces

- Decay of sterile neutrinos into SM neutrino and photon (X-ray)

vy — 3v Vs — V7
Y
/ W
5 W
1% S ‘ é V; 70 7 | Vg / v
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Cosmic Sterile Neutrino Background



Sterile neutrino DM in nuUMSM

To explain the two mass differences in the neutrino observations,

two RH neutrinos are enough. The third RH neutrino, the lightest one
around keV, can be DM candidate.

[Dodelson,Widrow, 1994] [Dolgov, Hansen, 2002] [Asaka, Blanchet, Shaposhnikov, 2005]

Production of DM oscillation from active neutrinos

- Dodelson-Widrow mechanism (Non-resonant production)

Q. 0.9 sin’ @ ( My )1-8
i T \3x107Y 3keV

- Shi-Fuller (Resonant production) with lepton asymmetry

Decay rate of DM| v — 3V

)
sin“260 ms \°
I, (mg, sin”*20) ~ 1.36 x 107°%s~! ( g ) ,
107 1keV
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Production of sterile neutrino

Boltzmann equation [Dodelson, Widrow, 1993]
[Abazajian, Fuller, Pate, 2001]
(£,¢) 1

0 s E7 Y S ]
i (at t) _HE f(‘?E = ZSln2(26M>Fa(foz — fs)

with mixing angle in the matter and the interaction rate with thermal particles

sin?(20)

W 20) = S0+ o) — 2B VoD

Iy ~1.27 x GZT*E,

10.88 x 1072 GeV™* T > 2m,

otential in matter Vo = —BT*E, and B ~ .
P g {3.04 x 1079 GeV™* T < 2m,

The maximum production rate happens at

My >1/3

T . ~ 108 MeV (
© keV
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Sterile Neutrino DM in the nuUMSM

0-6

Dodelson-Widrow

sin? 6 m :
Q~02| — 5
0 <3><109> (3ke\/

Tremaine-
Gunn bound

Phase-space density
constraints

Shi-Fuller

[Abazajian et al., 2012]
1 1 1 I 1 11 I 1 1 1 I
Qpn. >
R N ! ) 50 1 {Sin®20 ms \5
P I, (ms, sin? 260) ~ 1.36 x 10~ ( 5 )(11<ev> ,

Lepton as

X-ray constraints —

Lyman-alpha |19
disfavored \[| i[keV]
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Now, Sterile neutrino 100% DM is ruled out!?

—= Sjcilian+2020

Bulbul+2014;
% Boyarsky+2014; |}
Boyarsky+2015

o Hofmann+2019

[Sicilian etal, 2208.12271]
10—10

X-ray constraints

10~ 11| .
[Dekker etal, 21 I.I3£j7] NUSTAR
structure formation &Y
of WDM % 10_12E _
10—13_ |
E BBN Limit ;
10_14 1 1 1 1 AlA l
6 7 8 910 20 30 40



