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Overview on the neutrinos and their properties

@ Discussions about neutrino oscillation
probabilities and CP asymmetries in vacuum

Derivations of matter effects on the neutrino
oscillation parameters

Introduction to sterile neutrino

@ Sterile neutrino imprints in the long-baseline
oscillations

Yakefu Reyimuaji (XJU) Pre-SUSY 2021



_Neutrinos in the SM and beyond |
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w Why it is a

continuous

A A / — n
spectrum?

ON =4, N +e :

E. = (my — mNr)c2 = constant.

/ Energy maybe conserved
in a statistical sense

g Observed Expected N. Bohr

= spectrum of electron

S energies energy

@

=

3

=

=

=z

Ener N
o 2 Endpoint of
spectrum
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ZFiirich, Dec. 4, 1930

Phyvsics Institute of the ETH , - : " o~ o = e fu on pu ~
Gloriastrasse D “T 7 - \ ri’"pird[*‘ FifthCJ/

Zrich
Dear Radioactive Ladies and Gentfemen,

As the bearer of these lines, to whom I graciously ask vou bto listen, will explain to vou in more
detail, because of the "wrong" statistics of the N- and Li-6 nuclei and the continuous beta spectrum,
I hawve hit upon a desperate remedy to save the "exchange theorem™ (1) of statistics and the law of
conservation of energy. Namely, the possibility that in the nuclei there couwld exist electrically
neutral particles, which I will call neutrons, that have spin 1/2 and obey the exclusion principle and
that further differ from light guanta in that they do not travel with the wvelocity of light. The mass of
the neutrons should be of the same order of magnitude as the electron mass and in any event not
fzrger than 0.01 proton mass. - The conbinuous beta spectrurm would then make sense with the
assumption that in beta decay, in addition to the electron, 2 neutron is emitted such that the sum
of the energies of neutiron and electron is constant.

Now it is also 2 gquestion of which forces act upon neutrons. For me, the most likely model for the

neutron seems to be, for wave-mechanical reasons (the bearer of thesg lin=sce boowue maoeal Shad
the neutron at rest is 8 magnetic dipole with a certain moment y. The exp
that the jonizing effect of such 2 neutron can not be bigger than the one a
Lois probably not allowed to be larger than e » (10 -13cim).

But =so far I do not dare to publish anything about this idea, and trustiul
radioactive people, with the guestion of how likely it is to find experime
neutran if it would hawve the same or perfhaps a 10 times larger ability to ge
a8 gamima-ray.

I adrmit that my remedy may seem almost improbable because one probak
neutrons, if they exist, for 2 long time. But nothing ventured, nothing gaine
the situation, due to the continuous structure of the beta spectrum, is il
my honored predecessor, Mr Debye, who told me recently in Bruxelles: "0
about this at all, like new taxes. " Therefore one should serously discuss e
dear radioactive people, scrutinize and judge. - Unfortunately, I cani
Tdbingen since I amindispensable here in Zdrich because of 2 ball on the n
7. With my best regards to vou, and also to Mr. Back, vour humble sernyant

wW. Pauli

Yakefu Reyimuaji (XJU) Pre-SUSY 2021 4



Neutron # Pauli's neutron = Neutrino (Fermi)
T

Little neutron

Yakefu Reyimuaji (XJU) Pre-SUSY 2021 5



Neutrinos in the SM are:

® Electrically neutral

® Spin 2 (fermion) Elementary
Particles
® Massless S | N N
£ ®
@ Stable = - HI
3 £l 5
@ Left-handed 1 S c?;
spin 0 _ N o)
VL g gleemno muon netatnu'no Z boson 2 )
————— E Y 5 O (™))
Pv ) = =
N . J I
@ Associate with L m
charged lepton Three Families of Matter
Yakefu Reyimuaji (XJU) Pre-SUSY 2021 6



But neutrinos are massive

Two possible mass ordering

Mass?

| @ =
-

2.5 x 10° eV? <

el | ®
7.5x 10 eV{ @ @

?

0° Normal Inverted

“Yakefu Reyimuaii (XJU) Pre-SUSY 2021



Neutrinos mass generation

W Dirac neutrino: Higgs mechanism

LD ysvilih+he  =miviv; my=yNo.

yV ~ 10712 to have m, ~ 0.05eV

- Majorana neutrino: Weinberg operator

Cijg o1 1N(7.
LrrT = Lsm + —+ A (Lih)(1;h)

= %mjuzyj m, = (cv)}

A = 0.6 x 101 (225 Gev.

[

“Yakefu Reyimuaii (XJU) Pre-SUSY 2021 8



~ 7
~ Ve
S h e h
~ 7

Tree-level realisations

Seesaw mechanism (type |, I, II1)

v T eII
Typel s i yp . - . Type lll

h h,

/ \/\/ \

Type | seesaw

1 .
LD yNN Lih + zMachaNb + h.c.

= |my, = —m%M_lmN mN — erU

“Yakefu Reyimuaii (XJU) Pre-SUSY 2021 9



Flavor eigenstate Mass eigenstate

v g s
$ 8 O + Mass
e| | M | T eigenstate

characteristic

Flavor: characteristic
of interactions

MIXIng

of
propagations

Mixing matrix: ¥f = UpMNS Vm

Upnins is a unitary matrix

Yakefu Reyimuaji (XJU) Pre-SUSY 2021 10



N

A

)

|
\\—//j

Neutrino oscillations and CP
asymmetries in vacuum

“Yakefu Reyimuaii (XJU) Pre-SUSY 2021
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Neutrino oscillation (in vacuum)

P

€_7M_7T_

X 0.

~ ",

Oscillation: periodic transformation of neutrino
flasvors during the propagation

B. Pontecorvo mentioned a “ > 0
possibility of neutrino mixing \ /

and oscillation

“"Mesonium and antimesonium” vV
Zh. Eksp. Teor. Fiz. 33, 549 (1957) 7

[Sov. Phys. JETP 6, 429 (1957)]
translation B povtto Monwescoplor

“Yakefu Reyimuaii (XJU) Pre-SUSY 2021 12



Neutrino oscillation: theoretial description

Exampel:2 flavor oscillations

Vo

V_M___fx

Mixing matrix
cosf sind
U= ( —sinf  cos# )
ve) \ cosf  sinf 1)
lvy) )\ —sinf cosfd |v2) L

Hlvg) = Exlvk),  Ep = /p2+m3.

Evolution equation i< [vk(2)) = H |[ve(t)),  |ve(t)) = e # % |1y

Va (1)) = 324 Ugpe ™"+ |vi)

Yakefu Reyimuaji (XJU) Pre-SUSY 2021 13



Transition amplitude

A (va(0) = vp(t)) = (va(t)|ra(0))
=D D> U™ UL (15 (0) | va(0))
~y k

= Z U@keiEktUEk, a, = €, [
Oscillation probability

P (va = v5) = |A (a(0) = vs(t)]? —ZZUMUM Ugje =Bt

Taking approximations [, ~ p. Ek ~ F + 5 mkj t~

[P (Vo — vg) = (|U51|2 Uart|” + [Ug2l| \UQQF) +2Ua1Ujy Ua2Uj, cos (B — E) L.J

Yakefu Reyimuaji (XJU) Pre-SUSY 2021 14



Specifically,

Amplitude

Pe —=v,) =P, = ve) =

P(ve = v.) = P (v, = v,) =1 —sin*(20) sin” (

sin (20

SIn

2

frequency

Am?

45

L)

A 2
mL).
4F

. 2 2
Am = m3 — m?. In natural unit, AZIEL — 1,27%\7}7’2 lfm va
. _ p
Oscillation length: 4 Lose
v o8}
Lose =AM = 247550 bm
D6}
P — =P — S
(Vo — vp) (vs = va) | 5
=
P (Vo — vq) o2f [ =
=1—P(va = vp) A2
L
Yakefu Reyimuaji (XJU) Pre-SUSY 2021 15



3 neutrino oscillation probabilities

i} R Am%L
P(vo = vp) =06as — 4 Re[UsUsrUa;Us,] sin T
k>j

Amz L
+ QZIm Ui UskUa;Uj, | sin ( 21? ) :

P (va — vg) =0 if Aml%j =mj, — m? = 0 or no mixing

@ Survival probability, &« = 3

Am?.L
P(Vaﬁya)zl_élE ;Uozk2|Uon'QSin2( 4Ekwj )
k>

@ Unitarity, > P (Va = vg) =2 3 P (Ve = 1) =1

@ Unlike 2 flavors, P (va —vg) # P(vg — v,) if @ £ 5

Yakefu Reyimuaji (XJU) Pre-SUSY 2021
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Standard parametrization

3 mixing angles and 1 Dierac phase
A

4 Atmospheric Reactor Solar
1 0 0 C13 0 8136_?;(S C12 s192 O e 0 0
U= 0 C23 593 0 1 0 —S19 c19 0O 0 67;052/2 0
0 —S893 (o3 —81361-(S 0 C13 0 0 1 0 0 1

—id icey /2

€12C13 512€13 513€ eter/ 0 0

_ ) id . 9

- —512€23 — 012823813¢% C12€23 — §12823513¢€ $923€13 0 elz/2 ) :

12823 — C12C23813€"0  —cC12823 — 8120238130 cazCi3 0 0 1
tan2 f1o = |Uwa|2/|Uet |2 Ifo £ 0, m, then
SiD2913: ‘U€3|2 P(VQ%V,B) ip(yﬁﬁya)

tan? Oo3 = |Uu3|2/|U'r3|2 @

d is a CP violating phase

Yakefu Reyimuaji (XJU) Pre-SUSY 2021 17



Different neutrino sources and oscillation properties

Source Typeof v E[MeV] Llkm|  min(Am?)[eV?]
Reactor V, ~ 1 1 ~ 1073
Reactor Ve ~1 100 ~107°
Accelerator Vi, Vi ~ 103 1 ~ 1
Accelerator Vi Vi ~10° 1000 ~ 1073
Atmospheric V’s V. Vy,  ~ 10° 10* ~ 1074
Sun Ve ~ 1 1.5 x 108 ~ 1071

.Yakefu Reyimuaji (XJU)

Pre-SUSY 2021
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CP asymmetries

Tr—-1
: C e Tu
CPT transformations: (¢, ) — ¥°(t,z) = CyL, -
P T T
T — &, T — C = iv270
Oscillation probability transform as
P(va = vg) = P73 = %) = P(va > v3) CPT ¥

CP. .,
P(va = vg) — P(Wa—73) CP ¥ If they are equal

Since P (Vo — vg) = P(vo — v3) (U — U”), we define mesure of CP

aymmetry
AP,; = P Pl ) = 45~ T (UnsUs U 0% sin 7t
wg =PV = v3) — P(Dy = Ug) = Z m( 0iUpgiUg; 51-) sin ——

1<j

[APQB =0 <:> CPis conserved]

“Yakefu Reyimuaii (XJU) Pre-SUSY 2021
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Am?. L
AP,z =4 Im (UaiUsUs;Us,) sin 25’
1<

Ifd = 0, 7, then U is real, thus AP,3 =0, sod is Dirac CP
violating phase.

AP, = —APg,,

L

APy, =0

N

No CP violation in survival probability

CP violation is contained in
I3 = T [UaiUs; U, U

Jarlskog invariant.

"Yakefu Reyimuaii (XJU) Pre-SUSY 2021
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I3 = m |UniUs; U3, U,

. . . .Qa _-9!.
@ Rephasing invariant Uyj — € i € v

(2) J2f = —afir = —gsf = g,

71
(3) Z T = JO‘B =0

@ Only one Is idependent for three fanilies
— JZ €CaBvE€ijk, :
(J:O If5:O,7rJ
J =1Im |:U62U 3 * ] ﬁ
1

=3 sin 2605 sin 26053 cos 013 sin 26013 sin 9,

"Yakefu Reyimuaii (XJU) Pre-SUSY 2021



@

Matter effects

Yakefu Reyimuaji (XJU)

Pre-SUSY 2021
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Neutrino oscillation (in matter)

Neutrino interacts with matter

Ve e VeV, Vr Ve, Vy, Vr

e CC Ve € . p.n NC e, p.n

Yakefu Reyimuaji (XJU) Pre-SUSY 2021 23



Aain 2 neutrino case

Ul'm, U =mp = ( Wél ﬂg
Effective Hamiltonian gr_ ( cosbo  sinbg i
~\ —sinfy cosby

1 0
0 0

— x I

H:HO+\/§N€GF(

)+

mim,/ L UTm2DU _ Amg —cos 20y sin 26

Ho= =5~ = "5 = & ( sin20y  cos 260, Tl
 aAm2 [ —cos20 sin20

H =5 ( sin20 cos20 ) T

Masses and mixing angle are effected

2
Am? = Am%x/ sin® 265 + (cos 260 — 52 )
0

A= 2\/§EGFN€

)

Yakefu Reyimuaji (XJU) Pre-SUSY 2021
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Masses and mixing angle are effected !

Am? = Am? \/Sin2 200 + (cos 20 —

sin? 26,

2
A
Am%

sin® 20 =

sin? 200+ (cos 200 — <

A= 2\/§EGFN€

Resonance condition:

—

sin® 20 = 1

A = AmZ cos 26,

Amplitude is maximum, independent

of vacuum mixing angle

Am? = Am2|sin® 26,

2.0

Yakefu Reyimuaji (XJU)

Pre-SUSY 2021
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Summary: neutrino parameters

relevant for oscillations

Nuber of flavors | Number of parameters Total
2 1 Am?, 1 angle, 0 phase 2
4 3 Am? 6 angles, 3 phases 12
n-1 Am? @ angles, (n—1)2(n—z) ohases | M —1)

Yakefu Reyimuaji (XJU) Pre-SUSY 2021 26



Determination of neutrino

oscillation parameters

Relative 10 uncetainity
< 10%

Normal Ordering (best fit) Inverted Ordering (Ax? = 2.7)
bip £1o 30 range bifp +1o 30 range
sin? 015 0.30475515 0.269 — 0.343 0.30470:013 0.269 — 0.343
[919 /° 33.44}t3-;§ 31.27 — 35.86 33.4510 7% 31.27 — 35.87
sin? fgq 0.57070 053 0.407 — 0.618 0.5757 0 05! 0.411 — 0.621
[923/" 49.ﬂ]ti-_1 39.6 — 51.8 49.3719 39.9 — 52.0
sin” 013 0.0222170°00055  0.02034 — 0.02430 | 0.0224070 00063 0.02053 — 0.02436
[913/0 8.57}33}3 8.20 — 8.97 8617012 8.24 — 8.98
[5cp /° 1951752 107 — 403 286727 192 — 360
_Amy; 7.42[M0-33 6.82 — 8.04 7.427034 6.82 — 8.04
| 10-5 oV?2 - 0.20 : - XL _0.20 - .
[ Am?
\ﬁ 42 51%i3 028 419431 — +2.598 | —24971952% 2583 — —2.412

lvan Esteban et. al JHEP 09 (2020) 178

Yakefu Reyimuaji (XJU)
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https://link.springer.com/article/10.1007/JHEP09(2020)178#auth-Ivan-Esteban
http://dx.doi.org/10.1007/JHEP09(2020)178

0.801 — 0.845
U|so = | 0.233 = 0.507
0.261 — 0.526

0.013 — 0.579 0.143 — 0.156
0.461 — 0.694 0.631 — 0.778
0.471 — 0.701 0.611 — 0.761

lvan Esteban et. al JHEP 09 (2020) 178

Yakefu Reyimuaji (XJU)
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https://link.springer.com/article/10.1007/JHEP09(2020)178#auth-Ivan-Esteban
http://dx.doi.org/10.1007/JHEP09(2020)178

The Nobel Prize in Physics 2015 for the discovery
of neutrino oscillations

Arthur B.
Donald

Yakefu Reyimuaji (XJU) Pre-SUSY 2021




o

Introduction to eV-mass
sterile neutrino

J

“Yakefu Reyimuaii (XJU) Pre-SUSY 2021
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Sterile neutrino

Sterile neutrinos (or inert neutrinos) is a neutrino
without the SM Interactions

- 1968 proposed by Bruno Pontecorvo

- Only attend gravitational interaction B poyto Monstescoplo—

- Mixes with active neutrinos

Sterile Neutrinos: the Ghost Particle's Ghost!

Currently, no strict bound on the sterile neutrino mass.

M eV-mass sterile neutgﬂz

Yakefu Reyimuaji (XJU) Pre-SUSY 2021 31



M Motivations | three experimental anomaly

1 Short baseline exp.

35

(a) £ . b)3 o meme ]

5 30 frsmsess Beain Exc'ess + g NeutrinO S v, from l‘:(/: i

v = Py Ve v, from K y

LSND (a): - " . B v oK
(a ) ’ € 25¢ p(Ve,e*)n @ g [ v, from K ]

s = & @ - misid ]

_ _ 3 20 = other 2 e :
v, — Ve excess at 3.80 “ — g - ot :
. b @ other ]

10 1 gons::r. Syst. Error 1

e est Fit 7]

MiniBooNE (b): _.

‘ o , n ;
(—) (=) 20 25 30 35 40 45 50 55 60 02 04 06 08 10 12 14 3.0
vV, — Ve EXCESS atd.7o Electron energy (MeV) Neutrino energy (GeV)
2.0 —

—
(2]
—

Appearance probability (%)

—— MiniBooNE best fit (0.918, 0.041 eV?)
-- (0.01, 0.4 eV?)

1.5 MiniBooNE 1¢ allowed band

¢ v mode: 12.84 x 10° POT

4 7 mode: 11.27 x 10* POT

Antineutrino

Combined (c):

excess at 6.0c

hydRev.D 64 (2001) 11

0
0 0.5 1.0 1.5 2.0 0.2 04 06 08 10 12 14 3.0
L/E (m/MeV) Neutrino energy (GeV)

Phys. Rev. Lett. 121 (2018) 221801 [arXiv:1805.12028].

Yakefu Reyimuaji (XJU) Pre-SUSY 2021 32



— - GALLEX SAGE -
Ve ‘|‘71 Ga —)71 Ge + e o L AG
3 3t GALLEX SAGE -
® U, rate deficit ~ 15% = ° § CALLEX .
@ significance 3o > o | | y
1 o
m |
L
r\‘: N —
o
S R=0.84+0.05
S

S. Gariazzo et. al.,, (J.Phys.G 43 (2016) 033001)

Yakefu Reyimuaji (XJU) Pre-SUSY 2021



3 Reactor anomaly

_ ® »_rate deficit> 6%

R =0.934 £0.024 o
® significance 2.8¢

o
NE —— ' . ' T . . ' —
a —&— Bugey-3 —+— Daya Bay v ILL ~%— Palo Verde = Rovno91
3 —=— Bugey—4 —<— Double Chooz —#— Krasnoyarsk —=— RENO SRP
= —£— Chooz —— Gosgen —#—  Nucifer —#— Rovno88
©
O
< o
S
""--._,_‘_‘_‘_ -
Q_ —
3
ib)
< o
o
Lo |
o
® £ 3
Cj o Y 7
R=0.934+0.024
o F :
r\-: - L I L L L L L L 1 L l L 1 L L L 1 L 1 I -
o
10 10° 10°
L [m]

S. Gariazzo, C. Giunti, M. Laveder and Y. F. Li JHEP 06 (2017) 135)
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M Experimental hints

LSND MiniBooNE
2 2
a10°F TTTT] T T T TTTTT T T 11717 IO T T TTTT T T TTTTT LI B B o
> | | | | |
a o N§ MiniBooNE .
J | | 90% cL |
[ 99% cL

105 105_ ___KARMEN2 -
- 90% CL .
___ OPERA -
90% CL 1
1: 1= =
10‘15— 10_1:_ =

- [ LsND 909% cL [TLSND 90% CL
: [JLsND 9% CL [ JLsND 99% cL d

—2 IIIIIII | | IIIIII| 1 1 IIIIIII | L1 1111 _ | I
10 102 L LI | L 111l | | 11111l | L 111l
107 107 107! o, ] 107 1072 10~ 1

sin” 20, Sin°20ey,
sin? (20,5) =4 |Ua4|2 |60 — U34|2 S. Boser et al, Prog.Part.Nucl.Phys. 111 (2020) 103736

sin?(20..) = sin®(2014);  sin?(20,.,) = sin®(2014) sin®(2024)
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GA

RAA 102 - . — — —
- . ] ] : .
- . T
1 dof Ay? profile : : l
! [
) [
) 0!
! (R |
o U : RN
2z r ) o)
o, , L
\ L
iz / ;)
1z N / /o
R S \ .
1% 1 + N
15 Sy
| Gallium . '.\ 1
H - - 68.27% CL (10) \
I ---- 95.45% CL (20) e
10 -—- 99.73% CL (30)
107" e
1072 107" 1

sin“(20ec)

Sin2(26’ee) = Sin2(2914); S. Boser et al. Prog.Part.Nucl Phys. 111 (2020) 103736

All of these results imply a sterile neutrino with a mass about 1

eV and mixing with active neutrino is about 0.1 might exist.
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Light sterile neutrino in long
naseline osclllations

Based on the work with prof. Chun Liu

Based on: JHEP 06 (2020) 094
[arXiv:1911.12524]
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Description of 3+1 neutrino scheme

@ Neutrino masses

3+1 sterile neutrino scheme
a3

=

A m7,

3 NN

i ]

A m-,, =

>
Am-

W

A
A
vV

Ay
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Description of 341 neutrino scheme

& Neutrino mixing

UpmMNs
Ve Uel UeQ U€3
/ Vi \ _ ( Upi Up2 Ups
Vr N UTl U’T2 UT3
\ Vs ) \ Usl U82 USB

[

oy

Us = R34(034,0) Ry (024,05, ) Ria (014,65)
Us = Ra3(023,0)R13 (613,655 ) R12(012,0),
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@%@%&@5 efffects

@ Effects on masses

Effective Hamiltonian Hog = Hyp +V

1
H.g =% U diag (m?,m3,m3,m3) UT + 2E diag (Voc, 0,0, — Vo))

1 - .
=5 ;U diag (3, m3,m3,m3) UT.

Weak charged current and neutral current potentials

Voo =V2Gr N,
1
V :__G Nn.
NC 7 F

Effective mass squares satisfy

(m7)* — es(mi)° + c2(m7)? — cxmi + ¢ = 0

Yakefu Reyimuaji (XJU) Pre-SUSY 2021



[ 1005
1.004]
1< Loo3f _
[ 7z m?l
"l'ér 1.002}
1.001}
:l L L i i L 1.["}0- -------------------------------
0 5 10 15 20 25 30 0 5 10 15 20 25 30
E,|GeV] E,|GeV]

- C 1 2
m%:—g—— V22 4+ 22 —2p++/—q |, 8o — 3¢2

4 2 z D= 2 3

_ . 8 ?
1 2 3 _

mgzc_?’__ V22— —=22—2p++/Zq |, :_03 46263—|—801

4 2 Z q )

! | 8

e 1] 5| =3¢t 425600—64c; cs+16c0c3
mi=— 4= [V22—4/-22-2p—/=q |, = 256

4 2 7
.y c3 1 2 3 2, 1(2 1.2
m4—z+§ \/22+\/—2z—2p— U Z° + pz +4(p 47°)Z 34 =0
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@ Effects mixing matrix

~1
_ 2 4 4
a =L |U. =|]]am 3 H B — 6m2,) | |Unsl?
k#1 J=1 | r#:
1 * *
- 5 i~ (A ) U UanUfme’Yn(I)’Y"/}

DO WO

r#i

-1
4 4 4
- (H Amzzk) {Z lH (‘bcm + Qpp — 5””?;’) - (577”57,2;;‘)2 (Paa + Pap)
ki j=1

4
(Paa + Pap) Y AMF — 2(Paa + Pgs)” — PaaPsg
=1

= Z (Am2,) UnmU Ul Umfbw} .

mnfy

om3i; = m; —m5 & = 2E diag (Vee, 0,0, —Vae)
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@ Effects on neutrino oscillation probabilities

= Tk TTR T .2 Am?@L
P(Va —vs) = 6ap— 4> Re (UMUQJ.UB,L.UBJ-) sin? —
1<J
o A2, L
* TTH . ji
+2 " I (0ail03, 05,055 ) sin — 2

1<J
& Effects on CP asymmetries

m2; L
2F

_ - A
AP,p = 42 Jf;-ﬁ sin

i<j

T3 = tm (Uai0s;02,0%,)
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Independent asymmetry variables

n AP,z J%B n AP,z Jfﬁ
1 0 0 |2 0 0

(3 1 1 ]| 3 9
5 6 36 | 6 10 100
7 15 225 | 8 21 441
9 28 784 | 10 36 1296

APas:(n—1)(n—2)/2 J2%: [(n—1)(n—2)/2

With 3 neutrinos, there is only one AP,zand J;”.

With 4 neutrinos, there are 3 AP,z and 9 J”.
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Implications for 3 long-baseline experiments

DIUNIE LArTPC, 4 x 10Kt modules, baseline is 1300 Km.
Mass ordering, CP-violating phase, 823 octant, new physics search,

Sanford
Underground
Research p— -
Facility =

Deep Underground Neutrino Experiment

Sanford Underground
Research Facility
Lead, South Dakota

\ / Sanford Underground

Fermilab
Facil
Batavia, Illinois Research Facility

@ e, - (Proposed)

————

-y
" ———
————

Fermilab
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NI@\/A

Ash River

14 Kt liquid scintillator
detector

]/IJ’ % Ve
Mass ordering

Octent of (o5
CP-violating phase

Fermilab ‘10 - Ash River
810 km

Yakefu Reyimuaji (XJU) Pre-SUSY 2021 48



1 Mt Cherenkov
detector (20 x SuperK)

(=) (=)

vV, — U
CP asymmetry
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Neutrino oscillation probabilities

ﬂ-lﬂ':' m 4y matter |
Vy — Ve channel ~ 0.8 = 4y vacuum ]
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v,, — v, channel 0.07F
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(—) (—) n
v, — v ,channel|  ~ os
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Summary

1  Neutrinos are massive, neutrino flavors mix, and
they oscillate during the propagation

2 During the oscillation CP asymmetries may appeat,
and rephasing invariants quantify the asymmetry

3 Matter affects neutrino masses and mixing parameters
and enhances the oscillation probabilities

4 There are some hints of the sterile neutrino and
discription of 3+1 neutrino scheme
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5

6

Matter affects on 3+1 neutrino oscillations in long
baseline experiments

The most probable channels to search for the

sterile neutrino signal in DUNE, NOvVA and T2HK
are (z_/)u Y,

Thank you!
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