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1. Introduction Flavor and mass eigenstates in massive v SM

Mass eigenstates Flavor eigenstates
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v oscillation
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2. The standard 3 flavor scenario

3 flavor v oscillation

V¢olarr KaMLAND

Vaime 12K, MINOS, NOVA

D-CHOO/Z, Daya Bay,
Reno, T2K, NOVA, etc.

Both mass
orderings are
allowed




Status of 3v fit

NO, 6~ seems to be
preferred over 1O, 6~3n/2

NO, IO (w/o SK-atm)
NO, 1O (with SK-atm)

0,5 and 9 have large errors

Schwetz @Neutrino2022
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3v fit appears to be OK, but if we look at each

data, then there seem to be several tensions...



<102 Bronner @Neutrino2022
Results on v ; Hartnell @Neutrino2022

u D TZK prellmmary __

disappearance by
T2K & NOVA

® Allowed region
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"7 7 7 777 Hartnell @
Normal Ordering Neutrino2022

Results on v appearance by
T2K & NOVA

There is clear tension . .
NOVA: BF = 80% CL = 68% CL
between TZK,S and  ———— —t

T2K, NEUTRINO 2020: m BF =—=<90% CL -~ <68% CL

NOvVA'’s regions for NO "I Inverted Ordering

$

Will discuss this tension later E :
with Non-Standard Interaction. I T2k NEUTRINO 20201 —290% CL - =68% CL

NOVA: = 90% CL = 68% CL 7]




Tension between Am?,4(solar) & Am?2,4(KamLAND)

ic

Nakano(Poster)

: el @Neutrino2022
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sin“(0,,)=0.306+0.014 AmM:,=(6.11"121) 10 eV
Sin~(8,,)=0.306" 513 Amg=(7.51"515) 10 eV

Will discuss this

tension later with Tension
Non-Standard

Interaction.

Ref. [KL] °*




® Tension between solar v & KamLAND data.
--> NSI| may be a solution for the tension

Gonzalez-Garcia, Maltoni, JHEP 1309 (2013) 152

Standard scenario w/ Am<94 by KamLAND

g Borexino (pep)
Borexino ( Be)




3. Beyond the standard 3 flavor framework

3.1 Light sterile neutrinos (vg)

Light sterile neutrinos have been phenomenologically
motivated by:

oLSND/MiniBooNE anomaly

eReactor anomaly

eGallium anomaly

3.2 Flavor dependent Non-Standard Interaction in
propagation

NSI has been phenomenologically motivated by:
eTension between Am2,,(solar) & Am2,,(KamLAND)




3.1.1 LSND/ MiniBooNE anomaly MiniBooNE Collaboration, 1805.12028
® LNSD experiment | . < T3 —68% CL
AN CE T T

—95% CL

E~50MeV, L~30m oL
o —30

® MiniBooNE V >V, 45 CL
V —)V
@FNAL

KARMEN2Z2
90% CL
OPERA
90% CL

E~1GeV, L~500m J (L/E)yg=(L/E){sND

Am? =0(1)eV?,sin?20 = 0(102) ??

|:| LSND 90% CL

I:I LSND 99% CL

107 1072




3.1.2 Reactor v anomaly Mention et al (2011); Huber (2011)

Reevaluation of reactor v flux suggests affirmative
interpretation of 7. — U, oscillation at short distances

(new flux)= (old flux) x 1.03

Bugey(reactor e — U, ): >, Bugey(reactor)+etc:
Negative w/ old flux Affirmative w/ new flux?
1°2F

Allowed
region@90%CL—

\ | 10° b

Allowed region@?9 o

' ' 102 L
1072 107 10°
sin220

No v oscillation for ]> v oscillation may exist for

Am21=0(1)eV2 Am41— (1)eV2



Two recent reactor v experiments gave results consistent with
affirmative interpretation of oscillation at short distances,
though significance may be either weak or controversial.

Neutrino-4, 2005.05301 =

|[m— RENO+NEOS FC 95%

EENO+NEOS FC 63% (allowed)

RENO+NEOS RS 90%
(comparison at NEOS)

____ RENO+NEOS RS 90%—— "=:-_"__

= (comparison at RENO)

NEOQS+DB BES 90%
BEENO far/near 95%

----- RAA 05%

RENO+NEOQOS,
2011.00896

® Best fit

10~ 107
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3.1.3 Gallium anomaly Results of the Ga radioactive source
calibration experiments may be
interpreted as an indication of the
disappearance of v, due to active-

Gallium radioactive source experiments
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However, allowed region
of the combined Ga
experiments is in

significant tension (~30)
with solar v constraint

Berryman-Coloma-Huber-Schwetz-Zhou, 2111.12530

[ B Reactors FC |
- (:I‘;jﬂ.llium FC .
B-2C Wilks’

i B KATRIN
Solar FC

02 04
sin” 26




3.1.4 Summary on v, disappearance

: . Current situation  Licciardi@v2022  Ahead of us
Among best-fit points | et 102

Of NGUtrinO-4, RENO_ B Reactor |1{i!.'E!H i - i 0 BT}IHT.
B Beactor Spectra ! : B Gallium

NEOS and BEST, the ® DB+Bugey-3 ! | B KATRIN

= M Solar - ! = B LBL CPV
only one consistent =N -
with solar v is RENO- W Gallium
NEOS, but it also has
tension with other
very short baseline

reactor v experiments.
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Snowmass 2021 white paper 2203.07214 18/34




3.1.5 Results on Vi disappearance

| IceCube
CCFR
- CDHSW
MB-SB
MINOS
SK

All the results except
IceCube are negative.
Significance of IceCube

is weak (~1.60).

- OY, arXiv:2203.08405

103 102
= 2
sin 29;41




3.1.6 Oscillation with N, =4 schemes
Because of the hierarchy: Am:, <<Amj, << Amigy,

Anomalies cannot be explained by N =3 :
oscillation Two possible N,=4 schemes:

(a) (2+2)-scheme
LEP data (b) (3+1)-scheme
— N,=3 active light v

— 4th v must be sterile




3.1.7.1 (2+2)-scheme: tension between vg,ar & Vatm
Vom +V, = V,(100%)

Excluded by SK v_,.. data

atm

vV, V., —> V. (100%)

Excluded by SNO v, data

For any value of |Ug, |2 +|U32|2, PC: parameter consistency test
fit to sol+atm data is bad. PG: parameter goodness-of-fit test




Reason why V4, cannot be described by v,, &V,

V <V, . 0ScC in vacuum
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SK collaboration, PRL 85(°00)3999

E= AEcosze+VNc (AE sm29)2]1/2

tan20 = AE sin2 6 If 0=n/4, then 0=n/4
AE cos2 6 +Vy, cannot be satisfied




Reason why Vgql5r Cannot be described by Ve Vs

SNO can measure the sum of the flux | ‘ﬁf

_Ve+VM+_VT through Neutral Current ) SNO collaboration,
interaction > 8| PRL89(‘02) 011301

SNO
¢"~:HM

Vx+d—>p+n+vx X=& T

IIII|IIII|IIH‘HII|,I’

o

[ovy) + o(v) +0(V)],(,=5.09x106cm-25s-1

[9(vy) + o(v) +0(v )]gg,=5.05x106cm-25-1



3.1.7.2 (3+1)-scheme: tension between disapp. & app.
OY, arXiv:2203.08405
Ve disappearance (reactor): negative 107 .
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Ways out for (3+1)-scheme: tension between SBL appearance &
disappearance

Ref. Arguelles@Neutrino2022

A) Interpretation of v,->v¢ as oscillation

e Sterile neutrino+NSI (may not work)
Liao et al 1602.08766 =
Liao et al 1810.01000 p3 FIG.3 p4 FIG.4 "g 107 viNos
Esmaili et al 1810.11940 LGB .
(criticism against 1810.01000) : LSND MB——1

P. Denton et al 1811.01310 10-3

TR TR
Babu et al

Energy-Dependent Mixing Parameters 2209.00031 @ [GeV]

Babu et al 2209.00031

()

_ _ vgtDecay
Sterile Neutrino + Decay

Palomares-Ruiz et al hep-ph/0505216
Moss et al 1711.05921

Moulai et al 1910.13456 \\
IceCube 2204.00612 ”

“d

1/ > 104




Ways out for (3+1)-scheme: tension between SBL appearance &

d|sappearance Ref. Arglelles@Neutrino2022

B) Interpretation of v,,->vg as non-oscillation
® Visible Neutrino Decay in Beam
Dentler et al 1911.01427;de Gouvea et al 1911.01447;

Scalar With “Primakoff” Upscattering

Dutta et al. 2110.11944; Abdallah et al 2202.09373 Visible
Heavy Neutrino With Trans. Mag. Mom. Neutrino
Vergani et al 2105.06470; Magill et al 1803.03262; Kamp et [jDecay

al 2206.07100

Dark Neutrino
Bertuzzo et al. 1807.09877;Ballett et al 1808.02915;

Abdullahi et al 2007.11813; Abdallah et al 2202.09373;
Arguelles et al 2205.12273 Dark

Mag. Mom. Neutrino
'ngrernakoff

N




Phenomenological New Physics considered | neutral current
non-standard

here: 4-fermi Non Standard Interactions: interaction

€ f € f € f

e SpLpL ST

f
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Ways out for tension between T2K and NOvVA v, appearance

Ref. Rahaman@Nufact2022

Extra phases are important to fit both T2K and NOVA
appearance data

e Sterile neutrino [64, 624]
- Chatterjee et al, 2005.10338
de Gouva et al, 2204.09130

NSI [arg(ae ), arg(€e7)]
Denton et aI 2008. 01110
Chatterjee et al, 2008.04161

Rahaman et al 2201 03250

Miranda et al, 1911.09398 N = NypUzy3 =
Forero et al, 2103.01998

Non-unitarity [arg(otqg)] Non-unitarity [“Gu 0 0

agp a1x O }UPMNH

¥20 (k21 (X272



Ways out for tension between solar v Gonzalez-Garcia, Maltoni,
& KamLAND data JHEP 1309 (2013) 152

« NSI Gonzalez-Garcia, Maltoni,
JHEP 1309 (2013) 152

e sterile neutrino with
Am241 ~O(1 O-SQVZ)

Maltoni, Smirnov,
arXiv:1507.05287v2 [hep-ph]

Tt Sf o
| | 11 | 11 | 11 | 11 R L1 | 11 |
-04 -02 0 02 04 06 0.8

C13.5‘13RE [E?ﬁcp (Sggféu + ngEéFT)] — (]. + .5‘%3) ngSggRE [Ei,r]

cly 533 — 513033 f f
_?( | + 2 (e, —€l) f=e,uord

. . —id 2 2 * L
C13 (62366# — bzsng) + syze” 7" [SQSEir — CESEiT + 23523 (Effr




4. Future experiments

e Future long baseline experiments

Goal of the two near future
experiments is to measure
sign(Am?,,) , m/4-0,, and o

Proposed experiments

* T2HK (JP, JPARC-->HK)
E~0.6GeV, L=295km

DUNE (US, FNAL-->Homestake, SD)

Both ordering patterns are allowed

0GeV < E <5GeV, L=1300km

* T2HKK (JP, JPARC-->Korea)
E~1GeV, L=1100km




Comparison of sensitivity T2HKK, DUNE, v.:m@HK

Ghosh & OY, arXiv:1709.08264

. ‘u global 3¢
. u global 90%CL
d global 3¢

d global 90%CL

NO

T2HKK 20
T2HKK 306
DUNE 26
DUNE 3¢
. atmHK 26 —-
. atm HK 36 ——

In the case
of NO,
Vatm@HK Is
the best

-0.05 * .
-0.4 -0.3

Best fit point of glolal
analysis for f=u

Best fit point of glolal
analysis for f=d




Comparison of sensitivity T2HKK, DUNE, v.:m@HK

Ghosh & OY, arXiv:1709.08264

_ u global 3¢ Y T2HKK 2c

‘u global 90%CL : T2HKK 30

d.global 3¢ ' DUNE 20

d global 90%CL | DUNE 3¢
: | rFT T : o atm HK 20 ——
| . atmHK 36 ——

In the case
of 10, DUNE
is the best




®Future extension of the IceCube
experiment (Gen2)

Wang & OY, arXiv:2110.12655
sin®20,,=0.05, L=12756km

Am?l1 =1eV?

Am3,=2.51eV?
Amfl1 =6.3eV>
Am3, =15.8eV>

\ Am3,=39.8eV?
\ Am§1 =1 00eV2

For 1eV2<Am?2<100 eV?, Vg can be
probed by looking for a dip in

atmospheric Vg

Gallium

RAA

BEST
Neutrino-4
RENO+NEOS
DayaBay+Bugey
NEOS

STEREO

DANSS
PROSPECT




1. The standard 3 flavor scenario explains most of the v

experiments, but there are several indications for deviation from
the standard 3 flavor scenario:

Tension between Am? of solar and Am? of KamLAND -> NSI, v¢?
LSND/MiniBooNE anomaly -> vg?

Reactor v anomaly -> v¢?

Gallium anomaly -> vg?
. Among vg scenarios, (2+2)-scheme is dead, while (3+1)-scheme

is in tension. -> Each channel vg -> Ve, v >V, ,V,
be checked experimentally and phenomenologically.
. NSI may be probed in future experiments.

-> Ve should




Backup slides



Tiny neutrino mass
Seesaw mechanism

1977 Minkowski; 1979 Yanagida; 1979 Gell-Mann, Ramond, Slansky

1), 7n) ( v ) ( o ) +he.

N/
~ Udiag(—m?*/M,M)U !

If m=1GeV and m?/M gives m,,
then m, = m?/M ~ 0.05 eV
— M~ 1010GeV

Tiny v mass may be a hint for
new physics at high energy




The results of 3v fit by 3 groups more or less seem
to agree with each other

arxiv

2111.03086 (NuFIT)

2107.00532 (Bari)

2006.11237 (Valencia)

NO

Best Fit Ordering

Best Fit Ordering

Best Fit Ordering

Param

bip £1o

30 range

bip x=lo

3o range

bip =10

3o range

sin? f12 /1071

o

10/

sin? fa3 /1071

sin® 13 /102

Am3, /1077 eV?
S /1072 V7

Am

o

fBag /

fo

Elﬂ;
5/°

HILITL /

+0.12
3.04 0.12

- +0.8
33.50¢'s
4 =n+0.19
jf-c'ﬂ—c]_m

19 1+1.1
42'l—[l.ﬂ'

. +0.06
E'EC'—E].[IE

2.69 — 3.43
31.3 — 359
4.08 — 6.03
39.7 — 50.9
2.06 — 2.44
8.25 — 8.9%
144 — 350
6.82 — 8.04
2.43 — 2.59

+0.13
E-DE [3_13

0.5
33.43;,;

1 ee+0.18
4.55 ¢ 15

o 4+1.0
o 4q+0.07
2.2370 06

g 5gt0-13

263 — 345
30.9 — 36.0
4.16 — 5.99
40.2 — 50.7
2.04 — 2.44
&.21 — 8.99
139 — 355
6.93 — 7.93
2.40 — 2.57

+0.16
3.18 0.16

4 2+1.0
3"1'3—'1.[I

= —q+0.14
5.7 014
10 S—JLS

—0.8

a an+0.07
2.20 0.06

a40.13
8.53 0.12

194727

e 0,22
‘-C‘D—ﬂ.zn

2.71 — 3.69
314 — 374
4.34 — 6.10
41.2 — 51.3
200 — 241
.13 — 8.92
128 — 359
6.94 — 8.14
247 — 2.63




Table 26.2: Summary of 3 m, constraints. ppG2022, V in cosmology

Model

95% CL (eV)

Ref.

CMB alone

PI1E[TT+lowE] ACDM+3 " m,
Pl118[TT . TE.EE+lowE] ACDMA+3 my,

< (.54
< (.26

22
22

CMB + probes of background evolution

PINR[TT+lowE|] + BAO ACDM+Y m,

PIS|TT, TE,EE+lowE]+BAO ACDM+% " m,+5 params.

< .13

< 0.515

CMB 4 LSS

P118[TT+lowE+lensing] ACDM+3> my,
PI18[TT, TE,EE+lowE+lensing] ACDMA+Y " m,,

< .44
< .24

CMB + probes of background evolution + LSS

PI1R|TT, TE.EE+lowE] + BAO + RSD ACDM+3"m,
PI18|TT+lowE+lensing] + BAO + Lyman-o ACDMA+3"my,
PI18[TT, TE,EE+lowE] + BAO + RSD + Pantheon + DES ACDM+3"m,

< 0.10
< 0.087
< .13




e Tension between solar v & KamLAND data.
--> vg may be a solution for the tension
Maltoni, Smirnov, arXiv:1507.05287v2 [hep-ph]

Standard scenario w/ Am<94 by KamLAND
-II|III|III|III|II|IEII
© Borexino ("B)
s Super-K
= SNO

1

- . 2
sin 8., = 0.022, sin 6., = 0.31
— Am;, = (4.7,7.5)x 10" eV’

—— day ——— night

0.5 1 2 3
E, [MeV]

L [TTTT




d

Jeus + (1 +2Y7)e

Sin n)

—cap T (217
= \/5(C087]+Y

—— solar + kamland
+ atm + Ibl + rea
+ coherent

— LMA
Esteban et al. JHEP 12 (2020) 152 (addendum)
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3. Oscillation vs non-oscillation experiments

®neutrino oscillation

2 —r2 2

Only when

®neutrinoless double beta decay <= v has

mee=|Z(Uej)2mjexp(

Majorana
phases

Majorana
mass

®direct measurement

1/2
m[3=(Z|Uej|2m2j)
®cosmology

>m.




V mass terms
eDirac mass W Lo = vyt

At present it is unknown whether v mass is of Dirac
or Majorana type

— Discovery of neutrinoless double
beta decay (lepton number
violating process) would prove
that v mass is of Majorana type




® Neutrinoless double beta decay mee=|2(ue.)2m.exp(i¢.)|

Experiment

Isotope

mg, [meV]

Gerda

TGGE

79-180

Majorana

TEGe

200-433

CUPID-0

ste

276-570

NEMO3J3

1000V o

620-1000

CUPID-Mo

1000V o

280-490

Amore

1DOM0

1200-2100

CUORE

130Te

90-305

EXO-200

136X e

93-286

KamILAND-Zen

136Xe

36-156

Future
experiments

isotope

90% excl.
sensitivity

mgg [meV

| Mgg [meV]

potential

3 o discovery

Legend

8.2

11.1

CUPID

11.1

12.0

nEXO

12.9

15.0

Simkovic@Neutrino2022
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® Direct measurement
1/2 Strumia-Vissani: hep-ph/0606054
m,=(Z|U_;|2m?)

| Bound from MAINZ and TROITSK

Lasserre@Neutrino2022 :
First campaign (spring 2019): KATRIN : Sensitivity of KATRIN
v’ total statistics: 2 million events |
v best fit: m? = (—1.0*77) eV?(stat. dom.)
v’ limit: m, < 1.1 eV (90% CL) 0.1}

Second campaign (autumn 2019): 0.03 |
v’ total statistics: 4.3 million events

v best fit: m? = (0.26133%) eV? (stat. dom.) 0.01
v’ limit: m, < 0.9 eV (90% CL)

=
wr
g
-
:
47]
=
=y
]
L]
Q
=
2
[ty
Q
(3
St

L 0
0.003 99% CL (1 dof)
E 0.01

Mln(m-)leV

Combined result: m, < 0.8 eV (90% CL)




® Cosmology
2Mm. <0.1eV (PDG22)

> my(10) = \/fr'n% 4+ |Am3,| + \/fr'r:r% +|Am3,| + Am3; 4+ ms
J

Z m;(NO) =mq + \J.f":n'r'-‘f + Am3, + \(f:?'r'e'% + Am3,

J

PDG2022, V in cosmology

0.03 |

disfavored by cosmology

' 99% CL (1 dof)

LA V1T

1073

Model

5% CL (eV)

Ref.

CMEB alone

PIIS[TT+lowE]
P118[TT, TE,EE+lowE]

ACDM+3"m,,
ACDMA+3 "my,

< (.54
< (.26

22
22

CMB + probes of background evolution + LSS

PI18|TT, TE,EE+lowE] + BAO + RSD
P118[TT+lowE+lensing] + BAO + Lyman-a
PI1S[TT, TE,EE+lowE] + BAO + RSD + Pantheon + DES

ACDM+>.m,
ACDM+Ym,
ACDM+Y"m,

< (.10
< 0.087
< (0.13

[43]
44]
45]

0.01 0.1

Min(m.)/eV

1




SNO (Sudbury Neutrino Observatory,
1999-2006)

D,O, d=(pn),
Detector w/ d;u"on(pn)

Underground laboratory (~2km) (To
reduce BackGround)

Direct proof for solar v deficit
SNO can detect the both reactions:

0, (10 “em2s?)

V,+d—>p-+n+Vv, Bl for allv,

From the data of these 2 reactions, it was
concluded that v,+V ,+V _ agrees w/ theory,

but V. is less than theory



Vatm (Upward going p): v,—v, vs v,—vg

SK, hep-ex/0009001
1.2
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