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Understanding of neutrino oscillations

« Two big discoveries over past two decades :
- Neutrinos are massive

- Leptons mix

« They have been achieved by
the observation of neutrino oscillations




Neutrino Sources
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Why neutrinos mix ?
- Neutrino eigenstates involved in weak
Interactions
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3-flavor paradigm
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- Specific parameterization of lepton mixing matrix
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How do we probe neutrino mixing ?

= neutrino oscillation

In vacuum, v,— vz transition probability : =0 if § =0 in U,
/ a=p
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« Experimentally, « From v oscillation exps.
what is measured is we can determine

- Am?2 A 2
derff% (E)P.s(E)e(F) Mma1 mszq

<Pa5> - dedEJCC(E)E(E) B 812 ) 023 ) 013
- )




= Electron neutrino survival probability
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 In the case that Am5; <|Am3,| = |Am5%,]
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Atmospheric & reactor exp.



= Plot of P,, for reactor neutrinos
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How can we detect Neutrinos?
* Cherenkov detectors : Using H,O, D,O

Cerenkov radiation : emitted when a charged particle passes through
a medium at a speed greater than phase velocity of light

Cherenkov light
Neutrino-electron scattering
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Super Kamiokande SNO
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Charged-Current Reaction

electron neutrino Cerenknv Light
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Radiochemical detectors
(Homestake, SAGE, GALLEX)
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Liquid scintillator detectors

* Successful for reactor and geo-
neutrinos

e Current benchmark:
— Mass: 1 kt KamLAND

— Gd-loading LS: ~200t  Days N

— Threshold: (0.1-0.3) MeV Boi n - delayed s

— Light yield: ~500 PE/MeV R ;

— PMT coverage: up to 80% e® e .':\ prompt Y (2.2 MeV)|
* Future = (10-50)t detector P TR

— LBNE vy 511 keV)+-—\-“o-—-+v(511 keV)

— Supernova/geo-neutrinos

— Mass hierarchy
— Precision mixing matrix elements
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A1 & Am3z,

« Well measured by solar neutrino experiments and
KamLAND Total Raks Sandard Model . Bxperimens
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« MSW matter effect

When neutrinos travel through a medium, they interact
with the background of electron, proton and neutron
and acquire effective mass.




Such a interaction modifies Hamiltonian causing shifts of
neutrino flavor mixing and masses.
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For solar neutrinos produced in matter

Averaging out oscillation phase in the probability

1
P(v,—v,t)= 5[1+c0529m cos26].
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0,2 & Am%,

Measured by atmospheric v experiments (SK), v telescope
(IceCube, ANTARES), accelerator experiments (MINQOS,
T2K,NovA)
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0,3 & A7”:’31(2)

NuFIT 5.0 (2020)

/ Best fit

-Mild preference for 2nd
octant of 6,5 with bf at

Sin2923 = 0.57

-Maximal mixing is
disfavored with Ay? =
2.4(3.9) w(w/o) SK-atm
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Measuring 6,5 : important role in determining CP violation
& mass hierarchy
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| NUFIT 5.0 (2020)
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How precisely determined?

NO, IO (w/o SK-atm) | NUFIT 5.0 (2020) |
======z NO, IO (with SK-atm)
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Not-so-well measured

NO, IO (w/o SK-atm) NuFIT 5.0 (2020)

s=s==s = NO, 10 (with SK-atm)
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CP conservation allowed at Ay? = 0.38(0.6 o) but bf at § = 195°
Octant of 6,5 : 2nd octant preferred, bf at sin?8,; = 0.57
Mass ordering : NO is preferred over I0.

- adding SK I-1V to the global fit > 10 disfavored at Ay? =7.3 (2.70)
- without SK |-V to the global fit > 10 disfavored at Ax? = 2.7 (1.60)



Leptonic CP violation

| NUFIT 4.1 (2019) |
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- Both NovA & T2K are fitted
best at §~31/2 for both NO & 10
but, NO is preferred.

-For 10, Both NovA & T2K are fitted
best at 6~311/2

-For NO, T2K is fitted best at §~3m/2

while NovA is fitted best at §~0.8m
(tension)

Best fit from global analysis



Leptonic CP violation

| NuFIT 5.0 (2020) |
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Leptonic CP violation

——— NO, IO (w/o SK-atm) NUFIT 5.0 (2020

====: NO, IO (with SK-atm) 10 )
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Jop© = 0.0332 £+ 0.0008 (£0.0019)
= —0.0089 is only favored over CP conservation Jcp = 0
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the best fit value J&p



Global fit results

Normal Ordering (best fit)

Inverted Ordering (Ax? = 2.7)

10-3 eV?

+2.517H00%6 42,435 — +2.598

bip £lo 30 range bip +1o 30 range
sin” 615 0.30470-013 0.269 — 0.343 0.30470015 0.269 — 0.343
o | Ba/e 33.441078 31.27 — 35.86 33.4570 1% 31.27 — 35.87
Z | sin? 6y 0.57070 033 0.407 = 0.618 0.575 0 001 0.411 — 0.621
E B3 /° 190711 39.6 — 51.8 49.3+19 39.9 — 52.0
% sin” 613 0.02221F000065  0.02034 — 0.02430 | 0.022407050062  0.02053 — 0.02436
E f13/° 857013 8.20 — 8.97 8617013 8.24 — 8.98
| dop ,foz 195751 107 — 403 286127 192 — 360
;@j mﬁin;ﬂ 7421021 6.82 — 8.04 742102 6.82 — 8.04
£ % +2.514F0028 19431 — 42,598 | —2.4977008  —2.583 — —2.412
Normal Ordering (best fit) Inverted Ordering (Ax? = 7.1)
bip 1o 3o range bip £1o 3o range
sin? B2 0.30410:012 0.269 — 0.343 030470013 0.269 — 0.343
012/° 33.4410-17 31.27 — 35.86 33.4510 1% 31.27 — 35.87
E sin” flag 0.573F0 0% 0.415 — 0.616 057570018 0.419 — 0.617
g | O2a/° 49.2+09 40.1 — 51.7 49.31 40.3 — 51.8
—Eﬂ sin? 64 0.02219F5:00052 (0.02032 — 0.02410 | 0.02238F 050053 0.02052 — 0.02428
g | 01/° 8571013 8.20 — 8.93 8607013 8.24 — 8.96
g dcp ’{02 197727 120 — 369 282128 193 — 352
:: miin;ﬂ 7.42102 6.82 — 8.04 7.42%038 6.82 — 8.04
= m3y

—2.498F00%%  —2.581 — —2.414




Implications of global fit:

v’ 0,,=m/4-0.satisfied within 2 c.

v" Non-maximal and 2" octant of 6,; is favored at 2 (1.5) o level for

NO (I0) - could be related to ,/m,/m5 similar to Gatto-Sartoti-

Tonin relation predicting Cabibbo angle. (Roy & Singh PRD91(2015))
v’ Zero 645 is excluded at 10 o.
v Two large angles - hint for discrete flavor symmetry?
v & = 3m/2 is favored by IO case.

- could be related with mixing angles, flavor symmetries etc. ?



Mass scale of neutrinos

-Atmospheric neutrino; Am2., ~ |Am3,| ~ |Am%,|~1073eV?

«Solar neutrino; Am?Z,; =~ Am5,~10">el?

«Sum of 3 Am? should be 0; Am2, + Am?,+Am?2,=0

m? m?
& -V, &
L V],l
Normal ™= V: Inverted

2
my=- o — - f—q—unzz
solar~7x105eV2 -
. smmm -1,
atmospheric :
~2x1073eV?2 ,
atmospheric
o 2
my2 1 C —— ~2x10%eV?
solar~7x103eV?2 Il .
m“L S e — 15
?
Y
0 0



Evenis / 0.1 MeV
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Determination of Mass Hierarchy

With the approximation Am3, ~ Am3,

P, =1 — cos* 03sin” 20;, sin” Ar; — sin” 03 sin’ Az

— sin” 6;55in” 26,3 sin” Ay cos2|Az |

- 2
S1n 912 . . .
@Tsmzzgm sin”2Ay; sin 2|Az|

— Mass hierarchy difference

- v,Energy spectrum at a baseline
of 50km

-Assuming 3%/+E detector E
resolution
(red: NH; blue : [H)
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How small neutrino masses?

de sm pe
(large angle MSW) u-Ha c® L]
= 3 @ ~ = ) —
o v < e = o &
< < < - < <

* Cosmological Mass Limit :
Planck CMB

Qr=>-"+_<30076
92 5¢¥

m, <0.086(eV)




Theoretical Issues

 Origins of neutrino mixing & CP violation
- flavor symmetry
- predictions
 Origins of tiny neutrino mass
- seesaw variants
- radiative generation
* New physics in neutrino oscillation



l. Origin of mixing pattern

« From fit to neutrino data in 3-neutrino paradigm

0.801 — 0.845
U[5e 8Kt _ 1 .233 5 0.507
0.261 — 0.526

0.801 — 0.845

U |with SK-atm _ | 934 4 (0.500
0.271 — 0.525

0.513 — 0.579
0.461 — 0.694
0.471 — 0.701

0.513 — 0.579
0.471 — 0.689
0.477 — 0.694

0.143 — 0.156
0.631 — 0.778
0.611 — 0.761

0.143 — 0.155
0.637 — 0.776
0.613 — 0.756

Look different from quark mixing matrix !!

0.22492 0.97351

0.97434 0.22506 0.00357
|V(:KM|=
00403

0.00875

0.0414
0.99915

) PDG(2018)



How do we understand v mixing matrix ?

Before measuring 6,5

2
V6

V6
1

V6

_UTBM —

V3

V3
1 1

V3

tri-bimaximal mixing hypothesis :

Lo

1

V2

Harrison & Perkins & Scott (2002)

1

NEl

6,~0; 6,=45° 912=5i_11_1( }35.3“

V2

- generates specific neutrino mass matrix

UMPUT =

m1 +m3
2

- Integer matrix elements suggest non—Abelian discrete symmetry

1 0
0 1
0 0

mq m; m;

1 1
E(m1+m2+m3) E(m1+m2 — ms3)

Om
27
s

1
5("11 + m, + mg)

1 1 1 1 0 0
1 1 1 0 0 1
1 1 1 0 1 0

(E. Ma, G. Rajasekaran, PRD64(2001))



« TBMixing understanding from discrete symmetries

-setting Upyns = (Uq, Uy, U3), We construct group generators:

° Sl

then,

— —t - —t+ - —t

Slz u1u1 — uzuz - ugu:g

— —+ - —t 5 —t

52: —u1u1 + uZuZ 'U3U3 (CSLam’06 )

- —t > —+ - —t

S3= —u1u1 ‘UZUZ + U3U3

-2 -2 ) -1 2 -2 -1 0 O
-1 -2 -2 -2 -1 0 1 0

oy =
S MVS o MV C.S.Lam, PRD98(2008)

arXiv:0809.1185

 For charged lepton, T*M,T = M, with M, =M,*M, & T" =1

# {S;, T} forms a discrete group (flavor symmetry)

(Mixing matrices diagonalize M,, and M, also diagonalize S and T)



« Simplest group with a triplet representation: A,
A, has subgroups: three Z,, four Z;, one Z,XZ,

Deviation from TBM

> | G(A,)
« A, is spontaneously broken to subgroups:
1) Neutrino sector preserves, l \
ZZ X ZZ:
i) Charged lepton sector preserves, 43 Lz X 2y

(arXiv: 1402.4271 King, Merle, Morisi,
Simizu, Tanimoto)
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« Many discrete groups reproducing TBM mixing

Group d Irr. Repr.’s Presentation . -
Ds ~ S 6 11,2 A =B"=(AB)’=1 Type L £ v, A
D4 8 11, ...14, 2 A4 - B2 - (AB)2 - 1 Al 3 1 l.’ 1.*.* R
D, 14 1, 1,2 2, 2 AT=B2=(AB)’=1 A9 S T 11,13
Ay 12 1,1,1”,3 A =B2=(AB)3=1 Bl
As ~ PSLy(5) 60 1,3,3,4,5 A®=B?=(BAP® =1 3 1,1, 1" 3
T 24 [1,1,17,2,2,2" 3 A= (ABP®=R?’=1, B*=R B2 1,3
Sy 24 1,1,2 3,3 BM : A*=B?>=(ABp®*=1 o1
TB:A%=B'=(BA})?=1
A@7T) ~Zy % Zs | 27 | 13,-.15,3,3 C2 3 3 1
PSLy(7) 168 1,3,3,6,7,8 A3=B?=(BA) = (B 'A"'BA)*=1 C3 1,3
T7NZ7 A Z3 21 1,1’,?,3,3 AT:BS:I, AB:BA4 C4 la l‘r: lﬂzﬁ
D1
(Altarelli, Feruglio, 1002.0211) D2 , X ; 1
D3 - - - v
D4 1,3
E 3 3 1,1,1"
Each group has many models! ¢ 1vr 3 3 iox
G 3 L1 1,11
H 3 11,1
1 3 ,1,1 1,11
J 3 1,11 3

.

(Barry, Rodejohann, PRD81(2010)



« Modification of Tri-Bimaximal Mixing
- Simple possible forms :

Urgm U;j(0)
U=(0) Urpuy

- 8 possibly gives rise to non-zero 6,3 and deviation

from maximal 6,5

( He & Zee, PLB645(2007), SK & CSKim PRD90(2014)
See also, Goswami, Petcov, Ray, Rodejohann,PRD80(2009))

- Best fit achieved by sk & cskim, PRDI0(2014))

1 _a,
G 0 7
1 1 1 1 1
Urgy - Uzz~ NG \/_§+\/_§A \/_E-I_\/_il (c23~1, s33~4)
1 1 1 1 1
% B owt B4



unchanged 1
[m

| | 73
| [ | 1
UTBM . U12 — UTBM . U13 — n E
| [ | 1
\" 3
% | [ |
° UTBM . U23 = % | [ |
1
\% | [ |

Unchanged columns may reflect the remnants of
flavor symmetry - residual symmetry



ll. Prediction of CP phase

* u— 7 reflection symmetry : v, & v¢,v, & vf

r 2 T
my=| - 2 v m) 6= - & 023 = 1
o (Grlmus, Lavoura, PRB578(2004))

General CP transformation :
. . . JIA
- combining CP with flavor symmetry s é = 5,110

f\_} /—\ (Grimus; Chen; Feruglio, Hagedorn,

Up(g)'e*  Ziegler; Holthausen, Schmidt, Lindner;

\ {__J Ding, King, Stuart; Meroni, Petcoy;
p(gp= Up(g)*U o Branco, King, Varzielas,... )



ll. Prediction of CP phase

« Example Gf = S, X Z3 X CP broken to G, = Z, X CP,
G, = Z5 (Hagedorn, Feruglio, Ziegler, EPJ74)

. -1 2 2 . 1 0 O 1 0 O
S=§<2 —1 2 T=§ 0 0)2 0 X3l=<0 0 1
2 2 -1 0 0 w 0O 1 0

Sm,S=m, & Xyym,X;=m

IA
— — 2
» |eads to 5 i 2 SiIlQ 9]3 — §Sin2 9
g 1
! 2 cosf V2 2sin 0 SHL P12 = 2 + cos 260
Up]\[NS:7 —cosf +iv/3sinf 2 —sinf —iv/3cosb K 1
6 —cosf —iy/3sinf 2 —sinf+ iv/3cosb sin? foy = =

2



Modification of Tri-bi-maximal

« Any forms of neutrino mixing matrix should be equivalent
to Upyns presented in the standard parameterization :

* Upmns = Uz3(023)U13(013,6p)U12(012) Py

ior X0)]
C12C13 —S12C13 S13€°P e "1
= * * —S523C13 |° ei®2
* * C23C13

=P, V-Pg _ M Uss13)(6,6)

=) Vijef(aiJrﬁj) = (Upmns)ij

e Predictions : (sk & cSKim, PRD90(2014), SK & Tanimoto, PRD91(2015) )

12 — _ 3(1— 2 Cos D — ’
) S 1( Si3 ) 2tan12923 Sli /22_ 6;-132
= — 4S
12 3(1-5,.2) cosbp = L




v

(a)
2a . . . . 2x

N~

3z
2

0040 045 050 055 o060 O
2
523
___________________________________ ,
y = . .l
cos“6 i | /6sin20sin ol
$in“0}, = ———=.| [sin“fy ==+ - !
cosf +2 2 2cos0+4 ||
) ? !
20 sin“f o § (cos™@+2) coto |t
SIN0y3 = ——, dn ocp -
3 Scos*d-2 ||
|
1

PHYSICAL REVIEW D 98, 055019 (2018)

(Cheng, Chulia, Ding, Srivastava, Valle)

The relations can be obtained from A4 model
(SK & Tanimoto, PRD91 (2015))

Alternatively,

3 V3 V3
_ e’ cost) _ ie”"sind e " cosf) _ isinf
Vo V3 V2 V2 V3
elrtal  elfoos  isinf  cosd 4 ie' sind
- V6 V3 V2 V2 V3 A
2

1.5

Ocplm

0.5

IIIIIIIIIIIIIIIIIIIIlll]lllllTl]lIlllIllll]rI,fll

.JIlllHl1]1l']lI”ITP”HITIT]ITIIIIIll_
"'lllllllllllllllllllllIlllllllllllllllll"

lllIllllllIllllllllllllllllll]llllllllllll"lLl‘»ll

0.3 0.4 0.5 0.6 0.7
sin2923



How to test Flavor Symmetry

« UV theories giving rise to flavor symmetry in lepton sector
contains new scalars=> probe of signal be test of FlaSy.

« Mixing angle sum rules:

[ 11 1 NG 1
. 2 . 2 . . - . 2 i ac
. SiN“ g = —————— > — | gQin® fg ~ — — sin #y3 cos dcp + = sin” B3 cos 204
Example. SR ey 12 7 5 13€080cp + 5 13 cos 20cp
1 1 1 1 5
) . . . 92
sin” fp = = > — coS O¢cp tan 2695 =~ _ (1 — —sin 913)
2 _ 2
S.,°=1—
12 3(1-5,,2)

J

« Neutrino mass sum rules in FLaSy «<different 0Ovgf

« Prediction of CP phase
(Girardi, Petcov, Titov, NPB894(2015))

(e.g.) cosdép =

tan 26,5 313\/2 — 65,42



Neutrino mass sum rules

(King, Merle,Morisi, Shimizu,
Tanimoto, New J. Phys. 2014)

Seesaw
Sum Rule Group Type Matrix
m, + m, = i, A,[167]([175, 178-181]); S,([182]); As[69]" Weinberg m;,
m, + 1, = n, 4(54)[133]; S,([163]) Type 11 M,
m, + 2, = i, S,[120] Type 11 M,
2im, + 1w, =, A,[165, 167] Weinberg m;,
([36, 37, 188-194, ., ,,,, 178-181])
S,([45, 1241)"; T'[195, 196]
([46, 134, 197, 198]); T([199])
21, + 1y, = m, A,(1200]) Type 1l M,
1, + m, = 2, S,[2017]° Dirac® mP
m, + i, = 21, L - Lﬁ — L ([202]) Type 11 M,
iy + P = Oy, AL1203)) Weinberg — mj;
i+ oy =y A L167]; S,([163, 175]); A4[176, 177] Type 1 M,
w7+ =y S,([163]) Type 111 M,
2my 4+ i =m A,[135, 164, 165, 167, 204] Type 1 M,
([37, 137, 145, 205-211]); T'[196]
i+ = 2 A,([212-214]): T'[215] Type I M,
iy + 2imy = m] A(96)[66] Type 1 Mg
m!” —m)” = 2m,"” A ([162]) Type I m”
,ﬁl”z + 'ﬁ;l;/Q - 2;;12”2 A, ([216]) Scotogenic h,
,ﬁ]‘”z + ,ﬁz—”z - 2,;@3—”3 S,[217] Inverse M




Neutrino mass sum rules

Restrictions on |m,,| by mass sum rules

Disfavoured by 0vA8

ml + Vﬂfg =2 sz
. —1/2 ~ —1/2 _ Zﬁr—lf?._
- 3

Data: nu-fit.iorg |
107* 0.001 001 0.1

King, Merle, Stuart, JHEP2013
King, Merle,Morisi, Shimizu, Tanimoto, New J. Phys. 2014



lll. Origin of Neutrino Mass

« Why are neutrinos massless in SM ?

- no right-handed neutrinos

- only SU(2) doublet Higgs scalars
- prohibiting non-renormalizable terms

e How can neutrinos have mass ?

-breaking those restrictions

Non-renormalizable term :
A A [ 40)\2
— LLO® > —(¢°)



Seesaw Origins

Type-l Seesaw
 Introducing right-handed neutrinos

YVCDVLVR — YV< ¢0> VLVR ~ 0.2 eV
= Y,~1071% : why so small?
« No principle to prohibit MREVR

« Seesaw mechanism :

-vg can have large mass (L-violation: Type-1)\uinowski 77 celiman
Ramond Slansky ‘80

l O m V Glashow, Yanagida ‘79
L - (VT N T )C—l D L +C.C Mohapatra Senjanovic ‘80
mass L'YR *VY+| Lazarides Shafi Weterrich '81
m, M JIN; Schechter-Valle ‘80 & '82)

M

A



Type-ll Seesaw

 Introducing SU(2) triplet Higgs (4) (type-Il):
hLLA < (A)<8 GeV from p parameter.
majorana mass

» Due to additional possible terms: <> " P
u®ATd + M 2Tr[AYA] ~y
_H >——
2{4)= M’ Wi h, Vi

(Magg, Wetterich; Lazarides, Shafi;
Mohapatra, Senjanovic; Schechter, Valle)



Type-lll Seesaw

 Introducing SU(2) triplet fermions

1
My
Foot, Lew, He, joshi; Ma; Ma. Roy; T.HL.. Lin,

Mo, Papucol, Strumia; Baje, Memevsek,
Sen@anowvic; Dorsner, Fileviez-Perez....

m, = TE’ET Yeu’




Radiative generation of neutrino masses

X
|
, | Zee (one loop) Babu (two loop)
Hy(Hy),
Sl g > =
H+,/ ‘\HL(H'Z) H-t, B . o+
/ \ / H++\
> | ¢ - < e NN -
VL lr lr VL v lplg gl VL
(") = v (") = LB
+ + 3 P
A 4 “Hiy H -
N Lf N
?’}O /’M"\ ?’}‘0 \T,
v X P++:
/ \
! \
° Scotogenic (Ma) Cocktail (Gustafusson etal.)

« R-parity violating SUSY model



Seesaw for Dirac Neutrino

e Type-| Seesaw

(D;) (Xxi)
: : Chulia, Srivastava, Valle, PLB761 (2016),
; Chulia, Ma, Srivastava, Valle ,PLB767 (2017)

N
N\

Vi L Nir N1 ViR

The Dirac type-I seesaw mechanism. ®; and y; are triplets under A(27)

Type-ll Seesaw

(Valle,Vaquera-Araujo, PLB755(2016),

Addazi et al PLB759 (2016))
Anomaly free SU(3)x SU(3); X U(1),

(Do) ., o0 (P21) X
- f ’ Matter content of the model, where tig = (ug.cg.tr.Ugr) and dg = (dg. sg. br,
¢ Dgr.Dp).
¢ __ »* ‘ © 1.2 3 a
vp=1 ve | s vE SR 5% | QM QF dr dk |k &1
Ne ), b1 UG |1 1 1 3 3 3 3 |1 1 1
SU3)L | 3* 1 1 3 3* 1 1 3* 3* 3*
1 1 2 1 1 1
Ubx | =3 -1 0 0 t3 t+t3 —3 | +t3 -3 —3
1 2 2 2 4 4
- — c -1 -1 -2 42 0 0 |42 -4 _4
Sr,Sr ve , NL Z%”X w w 0] ? @? ? ? 1 1 1




Seesaw for Dirac Neutrino

o Type_” Seesaw Bonilla, Valle, PLB762(2016)
Reig et al, PRD94(2016)

\\i/z L|lplvpl|H|® |o
hd su@yl2l1]1]2l2

E(I) i wlot|l w1 |w?|w

v B Zs |o?alall1]1]1

Neutrino mass generation in type-II Dirac seesaw mechanism

* Type-lll Seesaw

Chulia, Srivastava, Valle, PLB781(2018)

Neutrino mass generation in type-Ill Dirac seesaw
There can be d=5 op. leading to tiny Dirac mass.



Inverse seesaw

* |nverse seesaw

o o o & 0 mE 0 vy,
E E E E Lonass = (V_g N_R S_g> mE 0 mys Ng
- - o mks 115 ) \ s,
: : : A
L : : m, = (mpmyg) Ms(mpmyg)
1 1 Mg 1 1

PSS T Mohapatra, PRL56(1986)
Mohapatra, Valle, PRD34(1986)
vl"'+\ % ;< i
& *’P{ Radiative Inverse seesaw
Q‘Q*// \\\‘j/’x "
" “- < Carcamo Hernandez et al JHEP 1902 (2019)
S; Q; Q; S



» Scotogenic inverse seesaw

(o) (o)

\

arXiv:1907.07728

 |nverse seesaw+1 -|OOp (A. Das et al, 1704.02078)

(@ )x~¢
=" - - ~
0 mp o
’ VXD
/A ' tree+1—loop __ T
: \| TTZV - TnD O T?’LNS
' 1
' Mg ) (ST mT M
; — - —- - — 1 NS S
(v1) Eyp, L, (12) L

 Dirac Inverse seesaw (Borah, Karmakar, PLB780(2018))



What Is the Seesaw scale ?

« For my~m, neutrino mass of m, <1 eV implies Myx~10'* GeV

- close to the scale of Grand Unification ~ 101 GeV

« For my~m, neutrino mass of m, <1 eV implies Mr~1 TeV.

-potentially testable at collider

Deppisch, Dev, Pilaftsis, 1502.06541




What Is the Seesaw scale ?

e« VMSM (Asaka, Blanchet,Shaposhnikov, PLB631(2005)):
- Mp, ~ keV scale warm dark matter
- Mgy (r3) ~few GeV with tiny Yukawa couplings

* Minimal SM accommodating DM, baryogenesis
at the price of fine tuning.



V. New Physics in v Oscillation

« What causes deviation of oscillations
- Non-standard Interactions(NSI)

- Unitarity violation in Upyys

- light sterile neutrinos

- long-range forces

- Lorentz/CPT violation

- General neutrino interactions

- decay etc.




Nonstandard Interactios(NSI)

Existence of NSI indicates new physics beyond the SM

. _
SLNE = —2v2 ) el (VarPuvg) (FruPf)
T RS

NC-NSI my affect neutrino in propagation, which can be
presented through modification of matter potential

1 + €ce(T) €ep () €er ()
Hpat = \@GFNQ(:L’) €e(T) €un(2) €urle)
€er(T) ;*n(x) err(T)

If & oc — , TeV scale NP leads to £~0.01

Even if no m|X|ng In vacuum, v, = vg can occur in matter
Complex phases of off-diag. could be new source of CPV



2 0 Results from fit to oscillation data and COHERENT

0SC +COHERENT

LMA LMA & LMA-D LMA LMA @& LMA-D
0.008, +0.618] [—0.008, +0.618
sl —et, [<0.020,40.456] &[-1.192.—0.802] | ¢ { 0.111. j:o 402% LO 111 j:o 402}
et —cpp [=0.005,+0.130]  [-0.152, +0.130] | M o +0-404] [_0-110-+0 101
€L, [—0.060. +0.049]  [0.060.40.067] | <, [-0.060.40.049] [—0.060.+0.049]
g% [—0.292, +0.119]  [—0.292, +0.336] | % [—0.248.+0.116] [—0.248.40.116]
el [—0.013,+0.010]  [-0.013,+0.014] | 5 [-0.012,+0.009] [—0.012,+0.009]
e [-0.012, +0.565] [-0.012, +0.565]
Zf; [—0.027, +0.474] &[-1.232, —1.111] d (0,103, 40.361] [—0.103. 10.361]
ed —ed [=0.005,40.095]  [<0.013,40.095] Ey- 0,102, +0.361 [_0-102}0 361
ed, [—0.061,+0.049]  [=0.061,+0.073] | €4, [=0.058,+0.049] [—0.058,+0.049]
ed_ [—0.247, +0.119]  [-0.247,+0.119] | &4 [~ 0206 +0.110]  [<0.206, +0.110]
ed. [—0.012,+0.009]  [=0.012,+0.009] | ¢ [=0.011,+0.009] [—0.011,+0.009]
o el [-0.010, 4+2.039] [—-0.010, +2.039]
fffu [—0.041, +1.312] @®[-3.327, —1.958] :;;‘-“ 0,364, +1.387] [—0.364. 11,387
e —chy [-0.015,+0.426]  [~0.424,+0.426] | 4" (0,350, +1.400] | [—0.350, +1.400]

L_,TT . -t - -
b, [—0.178, +0.147]  [-0.178,+0.178] | £, [-0.179,4+0.146] [—0.179,+40.146]
b [—0.954, +0.356]  [—0.954, +0.949] | £, [—0.860.+0.350] [—0.860.40.350]
el [—0.035,4+0.027]  [—0.035,+0.035] | h,- [-0.035,+0.028] [—0.035,+0.028]

(Esteban et al,,

1805.04530)




« NSI may affect neutrinos at the production point as
well as detection point.

 To see those effects, we use

L% = 2\/_2 (VaVMPLlB) (f]/ﬂPf')

90% C.L. range Origin References

SEMILEPTONIC NsSI

eudr [-0.015,0.015] Daya Bay [13]
egEL [-0.026, 0.026] NOMAD 33]
edaH [-0.037,0.037] NOMAD 33]
eudt [-0.087,0.087] NOMAD [33] (Farzan, Torotla,
e%*g” [-0.12,0.12] NOMAD 331 Frontin Phys. 6 (2018))
eudl [-0.013,0.013] NOMAD 33]
eydH [-0.018,0.018] NOMAD 133]
PURELY LEPTONIC NSI
el [0.025,0.025] KARMEN 33]
Mol ueR [—0.030, 0.030] kinematic G [33]

afﬂ’afﬁ




Caf — ‘Ea,ﬁ‘

NSI & CPV

>

another source of CPV

10
DUNE (5+5)

8_
|€ul, [€exl, |€c| =0.01,0.01,0.1

— SI
NSI (true (pull = (pu'l' = D)

NSI (true @, Qe € [-11:11])
[€eul, |€exl, |€ce| =0.04,0.04,04

|€ul, |€<|, |€.] =0.07,0.07,0.7

o=V(AY)

8 [ (true)

S [/ i (true)

8§/ 1 (true)

* NSI can prevent determination of CP violation

Masud, Mehta, PRD94(2016)




NSI & CPV
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FIG. 2. The preferred parameter regions for €., and €., using the newest appearance and disappearance data from NOvA and
T2K and assuming the NO. The gray region is disfavored compared to the SM, and the dark gray region is ruled out by NOvA
and T2K data at Ay? = —4.61. The blue stars show the best fit points. Each of the orange contours are drawn at integer
values of Ay?2. See table | for the best parameters. lceCube disfavors the region to the right of the black dotted curve at 90%

MO |NSI|||eas||bap /7|6 /7 | Ax?
€ep ||0.19] 1.50 |1.46(4.68
NOJ e, 110.290] 1.60 |1.46]3.99
cur ||0.38] 0.60 |1.16]1.03
€ep ||0.05] 1.24 {1.52]0.30
10 | e, [|0.07] 1.70 [1.47]0.28
eur ||0.31] 0.12 |1.51]2.53

Denton, Gehrlein, Pestes, arXiv:2008.01110



Origin of NSI

e from integrating out scalar of type Il seesaw: gggoc(m,)qp
(Malinsky, Ohlsson, Zhang, 0811.3346)

e from integrating out leptoquarks (Wise, Zhang, 1404.4663)
e from integrating out charge +1 scalar singlet:

e from loop effects, including secret neutrino interactions
(Bischer, Rodejohann, Xu, 1807.08102)

e from higher dimensional operators (Gavela et al., 0809.3451);
within flavor symmetry models have information on flavor
symmetry (Wang, Zhou, 1801.05656)

e from integrating out Z' (Heeck, Lindner, Rodejohann, Vog|,
1812.04067)



Non-unitarity

« Source of non-unitary : sterile neutrino, NSI,...(minimal

unitarity violation: Antusch et al, 2006)

e Parametrization (z Xing, PLB 2008, Escrihuela et al. PRD92(2015))

( 11 0 0 )
N = NNPU — o1 (X929 0

L (V31 (32 (V33

U

« Constraints from experimental data: v oscillations, W
& Z decays, rare lepton-flavor-violating decays, lepto

n universality tests, ......

 Sensitivity to CPV in LBL exps. can be affected by the

presence of non-unitarity.



One parameter

All parameters

(1 d.o.f.) (6 d.o.f.)
90% C.L. 30 90% C.L. 30
Neutrinos + charged leptons
app > 0.9974 0.9963 0.9961 0.9952
oo > 0.9994 0.9991 0.9990 0.9987
azg > 0.9988 0.9976 0.9973 0.9961
o1 < 1.7x 1072 25x 1073 | 2.6 x 1072 4.0 x 1072
g | < 20x 107 44 %1072 5.0x 1073 7.0 x 1073
lago] < 1.1 x 1072 2.0x 1073 | 24 x 1073 3.4 x 1073
Neutrinos only
a1 > 0.98 0.95 0.96 0.93
(rag > 0.99 0.96 0.97 0.95
(rgg > 0.93 0.76 0.79 0.61
o1 < 1.0x 1072 26x 107224 x 1072 3.6 x 1072
g < 42x 1072 9.8 %1072 1 9.0x 1072 1.3 x 107!
laga] < 9.8 x 1072 1.7x 1072 1.6 x 1072 2.1 x 102

Escrihuela, Forero, Miranda, Tortola, Valle, New.J.Phys.19(2017)



« Non-unitarity predicts “zero-distance effect”

P(Vu - Ve) = aqlay|?

« Thus, at very short distances from the neutrino source,
# of detected electron neutrinos, N,, is given by

Ne = wacz)e"'|0521|2¢1(/)LL

« Capabilities of SBL as well as LBL as a probe of the unitarity of
Iepton mixing .(Miranda et al. PRD97(2018); Escrihuela et al ,New.J.Phys.19(2017)
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Conclusion

 Lots of progress in neutrino physics in the past years
- PMNS parameters approach CKM precision

 Still lots to learn about neutrino
- mass ordering, CP violation, Majorana or Dirac etc.

 Lots of theoretical idea proposed to understand our
universe via neutrino

- More idea will emerge in future
« Lots of experimental programs and proposals exist
- New era of neutrino physics






Recent development of neutrino
mass models

Seesaw a la Dirac neutrino

nverse seesaw

_Inear seesaw

_ow scale seesaw

Radiative generation -talk by Volkas
Neutrinoless double beta decay

- absolute mass and Majorana phases
Testability




« MSW matter effect

? si 7
tan 26. = Am*sin 20 ¢ =2EV = 1.526 X 10—7ZPE [eV?]
2
Am® cos 26 — é: V= i\/ZGFNe (p ing/lcm3, E in MeV)

Poe =1—P,, =1 —sin®0cos*6,,- cos*0sin*6,, -

D-g O.B - T L] T T L I L L4 T L LJ T T I L] ] L} 14 L] L A I ]
- (averaged) vacuum matter effect is
0.7 :_oscnlatlon dominant Borexino (pp) dominant:
- all solar (pp) -
06F- Borexino ("Be) =
E Borexino (pep) -
0.5 ]
- Borexino (8B)
0.4 ‘ =
0.3} MSW: solar+KamLAND best fit -
- sin2012=0.308 -
- 2 5 2 —
02 Am?221=7.50x10%eV =
- MSW: solar best fit T;Ef;ﬁge Super K .
ol = sin2012=0.311 +SNO =
- sin20r,  AM221=4.85x105V CNO) .
0= ] - - — —
10 MeV

v En‘e(f)gylg'l MeV
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2 .9¢ indication of 5 MeV excess coming from 23°U fuel
Isotope fission !
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« Am3, preferred by KamLAND predicts steeper
upturn at solar spectrum and smaller A(D/N)
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CP violation
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NO IO
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« NOVA, Super-K and T2K prefer 1 < 6 < 21t (as well as NO)
« The combination of LBL and Super-K enhances rejection against &6 = 1/2
« From the global analysis, & = m/2 is disfavoured at 4.80 (6.10) for NO (I0)
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e 20 tension for Am5, could be due to NSI

Liao, Marfatia, Whisnant, 1704.04711
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(JUNO and HyperK would reject no NSI-
solution by 70)



New constraints on NC NSIs from Borexion phase-ll
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Beam Excess
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Double Beta Decay
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in 10°eV?

—k
&)

1

2
Am
2
o
[

0, & Am5,

In 2018

~20 tension between solar global

and KamLAND in Am221
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Characteristic values of E and L for experiments performed
using various neutrino soures and corresponding range
of |Am?|

Experiment L (m) E (MeV) |A'r712| (eV 2)
Solar 1010 1 1010
Atmospheric 104 — 10" | 10°-10> | 10t —10~*
Reactor SBL 10* —10° 1 1072 — 1073
LBL 10* — 10° 10~4 — 105
Accelerator SBL 102 103-104 > 0.1

LBL 10> —10°| 10° —10* | 1072 — 10"




Leptonic CP violation
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-For 10, Both NovA & T2K are fitted best at 6~311/2
-For NO, T2K is fitted best at 6~31m/2 while NovA is fitted bets at 6~0.81



