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Glashow Resonance

v, +e - W~ - anything
on-shell

The threshold E;_ for this process : |y, == = 7% ~6.3 Pey

_me

This process is considered for detection of high E cosmic neutrinos
at IceCube
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Solar Neutrmos

> > Production of v,

J. N. Bahcall, S. Basu and M. Pinsonneault (1998)

Standard Solar Model (Bahcall) Gollium _Chlorine___—Superk. S0
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Production of solar neutrinos

pp chain CNO cycle
pp-V pep-v |
p+p—>d+e*+v, p+e+p—>?H+v. ZC+p> N+y
L | l
99.6% ' 0.4% .
’H+p—>*He+y PNSTECe+v CNO-v
»107 |
= — _hep-v 3C+p->1Ne+y
‘He+*He—>"He+2p | | | *He+p—>'He+e +v, |
pp-| 15% YN+p->20+y H70+p->¥N+'He
‘He+'He—>'Be+y | |
’Be-v P73~ ! — 150->5N+e*+v, | | TF>70+e"+v.
‘Be+e = Li+V. Be+p—>°%B+ | '
| F'I Y 15N+p->*He+12C ®0+p=>YF+y
Litp->2'He | ag.y| *B->*Be’+e'+v, T
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Solar Neutrino Experiment I

Homestake
Won Nobel Prize 2002!

First experiment by Davis et al. in 1960’s

Radiochemical Method (Chlorine): v, +37Cl - 37 Ar + e~

= found ~ 1/3 of expected rate ! (1968)



Solar Neutrino Experiment |

Total Rates: Standard Model vs. Experiment
Bahcall-Serenelli 2005 [BS05(0OP)]
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Using neutrinos from 8B

o
TTTT

b, 06 10F cm? 57y

CC.v.+d—e +p+p
NC:v,+d—ve+p+n

ES: v, +e” — v, + e

Ooc = 1.76f8jgg(stat.)4_r8‘.gg (syst.) x 10% em =2 7!

bps = 23970 24 (stat.) 113 (syst.) x 108 em=2 571

PNC = 5-U9f3ii§(stat.)f8ji§ (syst.) x 109 em=2 5!

G(ve) = 1761002 (stat.) "o 0o (syst.) x 10 cm =2 57!

O(Vyr) = 3-41f8:i§(stat.)f8:i§ (syst.) x 10 cm=2 g~!

Solar Neutrino Experiment

HHHHH

ql:;-: G8%, 5%, 00% CL.

15 3 3.5
i, (< 10° e =)

Nucl-ex/0610020

bcco
VES

ONC

— Cb(Ve)
= 0(Ve) +0.15590(v,.7)

= o(v.) + @(V;mr)

SSM(2004): ®(®B) = 5.26(1 + 0.23) X 106cm™2s71

Bahcall & Pinsonneault

Supporting nevutrino transition as well as verifying SSM




Kmu"n mu'b Reactor long baseline experiment

~180 km  (E,, > 2.6 MeV)
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Kmu"n mu's Testing solar neutrino osc. with

reactor experiment
L/E analysis(2008)

[K. Eguchi et al., Phys. Rev. Lett., 90, 021802 (2003)]
A period oscillation ltaru Shimizu
14F N
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1.0 [L] J& | # ______ _
: T ‘W‘ i (‘> previous result (above 2.6 MeV)
o >
5 o8- 7 -
% x % .-’: 4 .+ K AND data « CHOOZ data
. T OIEA hort baseli r best-fit dsgi.
ZO Q- é, ;‘:;Tﬂh River +‘fs‘ zx;erin?:?tme 1.2 best-fit oseiNt Expected Geo v,
04 =  Rovno ':.. ,5 \;+
1 3 Reenh W I 1st +'“-.__2nd /. 3rd
021 E Eﬂhlgo\zfcu:lc % 0sF
e KamLAND 2 ;
00 | | | | | 0'6:_ " : '
o' 10w 10 10 10 04F | .
Distance to Reactor (m) 02E rel;j}_qmar \ |
E l prean y hypothetical
| c oW b b b b g by H
0010 20 30 40 50 60 70 thn%% rfnidor

Nops/N

exp

0.611 + 0.094

L/E, (nm/MeV)
KamLAND covers the 2nd and 3rd maximum
—> characteristic of neutrino oscillation

Am?~7.5 x 107° eV? ,sin?26~0.32



Solar Neutrino Experiment I

With Am?~7.5 x 107> eV?2,sin?6~0.32
For solar neutrinos,

m?L - (7.5 x 107> eV%)(1.5 x 1011m)
0.1—-10 MeB

2
» < sin? 1.27AmL >~1
E 2

<P, .y, >=1—sin*20 < sin (1 27Am21L) >

A
1.27 ~107+1

1 . . .
~1— Esm220 = c0s%0cos%0 + sin?0Osin?%0

Tension : for ®B, < P,,__,, >~ 0.32, forpp,’Be:<P, _, >=0.6




 When nevutrinos travel through a medium, they
interact with the background of electron, proton
and neuiron, and then acquire effective mass.

Elastic forward
scattering

11




Matter Effect |

* This modifies mixing between flavor states and mass
states, and eigenvalues of Hamiltonian, leading to
different oscillation probability

* V., has C.C. and N.C. while v,,, v; have only N.C.

4

e A AVe Vg A A€, p,orn

Ve A A€ Vo A A€, p,orn
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Matter Effect |

e The Hamiltonian in matter can be obtained by

adding the potential terms

V. 0] [V 0]
7_(mat: —

0 Vi 0 0

—|—)\”I

‘7_’

irrelevant for flavor evolution

e Difference of V plays a crucial role

VEVue _VVM — Vo, —VyT :+\/§GFN€

13



Matter Effect |

 In vacuum, time evolution of neutrino states
Vi) Ey 0 i )
— U U
dt ( ‘V[5> 0 E2 ‘Vg}

Aéfg cos 20 ATE sin 26 ( Ve ) )
am- oin 20 ‘%Lf”El cos 20 v3)

1F

 |In matier,
Zi( Ve) ) B —%l—”; cos 20 + /2G 1 N, A;fg sin 20 (
dt \ |vu) AZ]E”E”’Q ] AJE cos 20

 For antineutrinos, new term has opposite sign

Ve)
V)

)
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Matter Effect |

 |f N, is constant, diagonalizing the Hamiltonian

tan 20
B Acc ’
Am? cos 20’

ACC — ZﬁGFNeE

tan 20,y =
1

V, = CO0SOyVqi,, +SIN0Oy Vy,
vV, = —Sin@yvy,;, + cosy vy,

Amiy = \/(Am2 c0s2) — Acc)” + (Am?sin 29)°

15



Matter Effect |

Un

Ve, =CO0SOyViy, +SIN0O Yy Vv,
Vv, = —sinOyvqyy, + cosOy vy,

ANTR /AT
4\ e f _\ A

| ' |
Ve X Vy V) X1

Level Crossing _

U =10"% |
Ve X1V Vy X219 _d"r”,// _
| | |

20 40 60 80 100
i?\'r(_.; / i?\'r A (C 111_3)
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Matter Effect |

* If A;c = Am?cos26, resonance occurs and mixing
becomes maximal 6,, = /4

(Mikheyev, Smirnov '85)

Oscillations in matter

 In medium with constant density

- There is no v4,, © vy, fransitions, v4,,,, v,,,, are
the eigenstates of propagation
- Oscillation probability in matter looks similar to in vacuum

(Eq — Ep)L
2

Py, ., = sin?(20,,)sin*

17



Matter Effect |

 In case that matiter density varies with time,
it is hard to solve analytically.

e Vi V2, Gre not propagation eigenstates and
transition between them occurs.

 Adiabatic limit : evolution is sufficiently slow.
- each component evolves independently
2 Vi, © Vo, fransitions are neglected

18



In-Matter Survival Probabilityl

Ve = COS Oy Viy + Sin Oy Vo, . production
Ve(x) = cosOvi(x) +sinfv,(x) : detection

Neglecting interference term (averaged over E spectrum)

P.v.(x) = |(1pe(x)>| — cos2y) coszfﬁO |A |2 + cos??) S|n2?90 |A21|2

+ sin? cos?9py | AR 2 + sind sin99 | A, |2

’«4 |2 ’A21’2 |A ’2 |A22’2_1 P

P. = crossing probability for non-adiabatic case

— 1 1
Pyo—v.(x) = 5 + (5 — P ) c05219 cos2

(S. Parke, PRL57, ‘86)

19



In-Matter Survival Probabilityl

Assuming adiabatic limit

P, ., = cos*6cos*0y + sin*Osin’0

e two interesting limits
Am?
2E
Py,-v, ~sin?0 | (°B: Py, ~ 0.32)

< Matter dominates : & V2GpN, = Oy~m/2

(8B solar neutrino is pure v, due to matter effect)
Am?

2E

_ 1 _
P, ., ~1-— Esinzza (pp.’Be: P, _,, =~ 0.6)

< Vacuum dominates : » GpNe = 0y ~0

20



Confirming Matter Effect |

v, survival Probability (Pee)
1
ﬂ. 0.2
E 0.8
3 0.7
Boo.s
E o = Fp - All aolar 2
s 0.3 ¢ “Be - Borexino +
ep - Borexino
R - SN0 LETA + Borexino
3 « °B - SNO + BF
AoD.1 MSW-LMA Prediction
0 Ll ) Lol
10t 1 10
E, [HaV]
Consistent with MSW-LMA scenario

Borexino(2011)
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Experimental Results

 Solar nevutrino experiments and KamLAND

PR R T T T T T T T S S S S S S W W WA T

L lsif(e)0316%E  AME=(/5441 10%V* si(0,)0.0210:00014 |-
o |sin’(©,,)=0.306:0.014 AmZ,=(6.11+12) 10%V?
LY |Sin“(6,,)=0306+3%1  Am3,=(7.51:31) 107V
o :
— i P
cC 15' P
= [ SK+SNO KamLAND
AN T .
e i !
<] L
10r

Contours show 1, 2 5 0 conﬂdence mtervals

01 02 03 04

sin (El)

P. Salas, D. Forero, S. Gariazzo,
0. Martinez, O. Mena, C. Ternes,
M. Tortola, J. Valle, JHEP (2021)

* New solar neutrino data from
Super-K (IV) lead to an upward
shift of the allowed region for
A m%, which significantly reduced
the tension between solar global &

KamLAND data.
» They are now compatible at 1.10

Day/Night asymmetry:

ARt = (=3.6 £ 1.6(star) £ 0.6(syst) % — AFll = (=2.1 = 1.1) %

.y
Sin“ 6.

]

‘31115201

Vel Vi Vril
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e Measuring 643 : important role in determining CPV
& mass ordering

Jep =ImU U, U U )= gsin 26,,sin26,,sin26,, cosB,,sin o
 Measured from SBL reactor experiments
Am3,L Am3,L
P, .y, ~1—sin*2043sin’ 42,1 — cos*0,3sin*20,sin? 412;

1.1

0.9 F

T T— ...l Double Chooz

0.8 F

0.7 F
0.6 -

0.3 i L i
0.1 1 10 100

Baseline (km)
24
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3 Reactor Experiments

France Korea 00 China
l @ Reactor ©
1.2 & O Detector P
Y[\ <, § 7
ifgj \ —;, ? i (\;5
\/>' . (‘\\? ¢
~@: \ O\A.
N /‘]//«")‘, C/// (@] - 2y /Jj(';)/\
{S‘\ \7'( 7//\/ \\ JO?
O/;% /\%" % o ~
C’O/LG\ / 2 R
\ ~
N ° . do 2x20t
- RENO '
Double Chooz eo Daya Bay
Thermal Baseli Detector
power asellnhe
mass

Setup P, (GW) L (m) Mpet (t) Events/year Backgrounds/day
Daya Bay [20] 17.4 1700 80 10 x 10% 0.4
Double CHOOZ [21] 8.6 1050 8.3 1.5 x 104 3.6
RENO [22 16.4 1400 15.4 3x 104 2.6

25
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Experimental Resulis
* New results from Daya Bay nGd capture:

o2 = o+0.0024 N QO s SR \
sin“26,3 = 0.0853 0 0094 (2.8% precision)

* Expect final results from Daya Bay on combined
nGd+nH analysis: 2.6% for sin?205 ?

 RENO reported new results(up to 2019)

sin®26,; = 0.0892 + 0.0044(stat.) + 0.0045(sys.) (+ 7.0 %)

Daya Bay  nGd -+ BH3H004  28%
RENO nGd —— 8964067 T.5%
o 3‘19
SINZU3 DayaBay  nH =———t— 7.1 £11 15.5%
Double CHOOZ —_—— 105 £14 19.3%
T2K NO | ¢ ' 11647320 17,64
6 N 0 12 14

Hin'“l'lf.h_;,. 1072
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Measurement of 0., from accelerator experiment

Both Orderings

OB BapesionGred it @i O 0% * The results so far all use a constraint on
2 oo} : NOvVA |
S0 6, , from reactor experiments.
50 « The Bayesian interpretation of our data
7 allows us to drop this constraint and
o
make a NOVA measurement of 0. ..
AR N A
[Reactor @LO. [U.0.
| 2 _ +0.020
o1sf sin”(2613) = 0.0857 1
) » Consistent with the measurements from
g op i reactor experiments.
’ « Good test of PMNS consistency — NOVA
. _ measurement uses a very different
| Bayesian Cred. Int.: —1020 30 Bayesian Cred. Int.: H
N e | o ™ e strategy to reactor experiments.
0.4 045 05 055 06 0.005 0.01 0.015

sinB, Posterior Probability 18



Global Fit

Gonzalez-Garcia, Maltoni, Schwetz (NuFIT),

Recent 3-neutrino glObGl GﬂGlYSIS 2111.03086
Normal Ordering (Best Fit) Inverted Ordering (Ax? = 7.0) NuFIT5.1
bfp £1c 30 range bfp +1c 30 range
sin? 61, 0.30410:012 0.269 — 0.343 0.30410:013 0.269 — 0.343
ﬁ 012/° 33.451077 31.27 — 35.87 33.451078 31.27 — 35.87
£ sin’6n 0.450+0.91 0.408 — 0.603 0.570+991¢ 0.410 — 0.613
B 6/° 421114 39.7 — 50.9 49.0193 39.8 — 51.6
=}
E sinfy3  0.022467090062 0.02060 — 0.02435  0.022411090078  0.02055 — 0.02457
§ 013/° 8.621012 8.25 — 8.98 8.617017 8.24 — 9.02
T bcp/° 230138 144 — 350 278122 194 — 345
Am3, +0.21 +0.21
T 7.42+521 6.82 — 8.04 7.421021 6.82 — 8.04
Am3, +0.027 +0.026
oy T25105007 42430 5 42593 2490755 —2574 — —2410

- Hints for deviation of 8,3 from /4
« Mild hints for a Dirac CP phase &
« Mild hint in favor of Normal Ordering

28



NO, [0 (w/o SK-atm]
NO, 1D (with SK-atm)

Global Fit

| NUFIT 5.1 (2021) |
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.e_'| | g- — . L P | |I|I a Il\ 'l‘__r I|I \ |I|
RN - '

o |III'I‘J_-I'IIIIII>\--]

/|....

IIIII|IIIIIII"IIlIIIH\_bﬁ:III 11

045
Elrl 923

IE"E.';T -26

25 -24 24 25 26
2 -3 2 2
Ams, [107eV?] amd,

Ax®

15 _I | |'II l_ll |'Ill LI L | IIPJI}" | I I_ _||:- LU P._II LI IIIII 1‘, LI LU _|J_
- Lo ' 4 H
— II' i i |IIJ — 4!
C /) 1f
B I', i | 17 - .

0 _— III ||I|I "'_" f |'J —_ _— ._‘,."“' \l\- "
- \ '.I||I { -1 /((( Y
I~ II| I'IIII l\.: =1 :x,.-"lf I". I

5 __ -,.I'.I I-f' __ N ..-\,
- % B ] - F '.I' i
B o 1L \
[ 1 l\l\\i.r”?l [ _IIIIIIIIIII\\IV..I\‘J“-[-I:-:’I-'.I-IIIII

C? ;mE 002 0022 002 0026 0O 80 180 270 360

. 2
sin" e, , 8o

best fit: dqp =~ 230°

NO is preferred at 2.50
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Parameter Precision Evolutionl

Towards precision physics

0.8

0.2
4

1
0.45

0.15
10

2
0.04

See P.
Denton’s

5, EK talk

‘98 2000 2009 2010 2015 2020

The past 20 years have seen a remarkable progress in %
determining neutrino properties!

SO— N O




Parameter Precision Evolutionl

(2111.03086)

2012 2014 2016 2018 2021
NuFIT 1.0 NuFIT2.0 NuFIT3.0 NuFIT40 NuFIT5.1

612 15% 14% 14% 14% 14%

013 30% 15% 11% 8.9% 9.0%

023 43% 32% 32% 27% 27%

Am3, 14% 14% 14% 16% 16%
amg,|  17% 11% 9% 78%  6.7% [6.5%
Scp  100% 100% 100%  100% [92%] 100% [83%)
Aiono — E0.5 —0.97 +0.83 447 [+9.3] +2.6 [+7.0

w/o [w] SK atm data

+ 4 well-measured parameters : 63,0, ,Am5,, |Am3,]|

* Future exps. such as JUNO,DUNE,Hyper-K will achieve

a few percent precision. o



The Unknowns

- Neutrino mass ordering :
(red vs. blue)

NO is preferred at 2.5¢0

- Octant of 923

viryprrrryprrrryprrrirjpil
T RERRE |

- Leptonic CP violation

(B T T T T [ R T T I\ Y T T T T [TTTT]
I = f \ \\ I
I I \ \

| —

(-

NO, 10 (w/o SK-atm)
- —====z NO, 10 (with SK-atm)

15

N /
||||IIII|I\II/IIIIII | N T N I I |

Ve
dl
L1~ 11111

0
04 045 05 055 06 0.6¢ 0 90 180

. 2
sin 923

d

CP

270

best fit: 6p &~ 230°

360
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PMNS vs. CKM

* From fit o neutrino data in 3-nevutrino paradigm

0.800 — 0.844 0.515-0.581 0.139 —0.155
|Upmns|= (0.229 —0.516 0.438 —0.699 0.614 — 0.790
0.249 — 0.528 0.462 —0.715 0.595—-0.776

L

Looks different from quark mixing matrix !!

0.22492 097351 0.0414

0.97434 0.22506 0.00357
Verm| =
0.00875 00403 0.99915

S
...

Image from Mark Messier

33






Nevutrino Mass Scale

eSolar neUh'inO; Amgol ~ Am%1~7 5 X 10—5evz . \
e Atmospheric neutrino; Am2, =~ |[Am3,| = |Am3,|~2.5 x 10 3eV?
atm 31 392

*Sum of 3 Am2 should be 0; Am3%, + Am3; + Am3, = 0

While we could determine the mass squared difference,
each mass has not been measured .

* Assuming hierarchical mass spectrum, m, < \/Amf,tm~0. 05 eV

35



How small are neutrino masses?

e Cosmological mass limit :

-Under the assumption of ACDM
- from Planck CMB + BAO +Planck high-1 polar.
+ optical depth to reion.

—> m, <0.12 (eV) (Sunny Vagnozzi, et al. arXiv:1701.08172)

dea 5@ pHe

(large angle MSW) " Cce® e
Vi # 8V, 8V; co Le T®
| ] ||||.|l| ||||,|,|,|I | ||||||‘ ||||,|,|]| |||||||J ||||||‘ |||||||‘ ] |||,|,|,|I | ||||||J |||||,|,‘ ||||,|,|,|I | ||||||‘ ] ||||||J ||||||I ||||||‘ |||||||| | |||"|| | “““| LN
= = j ~ =z > =
Le v < e o o o
< < < < < <

36
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Mass Ordering

» Oscillation probability in vacuum is invariant under Am? — —Am?*
» Matter effect depends on sign of Am?
o Solar neutrino experiments fix Am3, > 0

 But, we do not determine the sign of Amﬁl(z)

-2 we have 2 options for mass ordering

37



Mass Ordering

Normal Ordering Inverted Ordering  (NUFIT group)
4 l ‘ LTE'} ) .
Vi [ [ 4 Vo | [ I , .
Am®,_
. ol Vy (7
% Z ~7 x 105 eV?2
- . E
= ~2x10%eV2 ||Am?,, | |E
Am’,
vV ‘ UeB ) ~2 X 103 eV2
2 — v
2 -\,r
v, ] 'I A 3 [
~7 x 105

12
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Mass Ordering

How to discriminate between two ?

- accelerator-based LBL experiments.

0.7

Prob. (v,— v,)
o o o
B~ N

o
w

0.2k

0.1
Ei [ — T2K, Normal MO
] e
E 0.09 ;:" ------ T2K, Inverted MO
¥ i E
P nilE — NOvA, Normal MO
1 i
| 0.08 < NOVA, Inverted MO
H A
:r: T2K, Normal MO .—-..00? il JAmZ,|=2.44 x 10 eV?
: w T2K, Inverted MO =0 f A2 =7 42 x 10° 82
— NOVA, Normal MO _ 0 0.06- o
- NOVA, Inverted MO .~ oI 20,5098
’ Z0.05 sin?26,,=0.85
AmZ,|=2.44 x 10° eV? S0.04 AV ) sin’28,,=0.09
AM3=7.42 x 10° eV? ne_ ] 6.,=0.0
sin®20,,=0.98 0.03 = |
sin®20,_=0.85
? 0.02
sin®20,,=0.09 N
8=0.0 0.01
1 III[]III-. 'I.l.lIIIIIIIIIIIIllIIIllIIIIIIIIIIII 0 i
05 1 15 2 25 3 35 4 45 5 05 1 15 2 25 3 35 4 45

Neutrino Energy (MeV)

Disappearance

Neutrino Energy (MeV)
Appearance

Son Cao et al, symmetry2022

5
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Mass Ordering

Senstivity to MO is marginal in the v, - v, (orv, - v,) modes
The effect of MO is much stronger in the v, - v, (orv, - v,) modes
The relatively large modification of the oscillation probabilities in the

appearance is due to the coherent scattering of v, (v.) on the electron
present in the matter.

But, appearance probability is just a few %, limiting the statistics of the
collected data sample.

Moreover, extracting MO effect from the appearance probabilities is
non-trivial since the sign of Am3, is tangled severely with §.p & 0,3
which have been measured with relatively large uncertainty.
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Mass Ordering

Short & medium base line experiments

MNormal Ordering
Inverted Ordering
0.7 Mormal Mass Ordering | _EEERI o & oo
o Inverted Mass Ordering
= 06
Tq; ---------- (8,,.Am3,) oscillation only
= 05
_g 0.4 IAmZ,|=2.44 x 107 eV* |Am3,|=2.44 x 107 eV?
E AMZ=7.42 x 107 eV* AMZ=7.42 % 10° eV?
0.3 sin“20,,=0.98 sin“20,,=0.98
0 " sin°26,,=0.85 sin’20,,=0.85
T sin’26,,=0.09 sin’20,,=0.09
0.1 L=1.6 km L=50 km
0IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 0IlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Neutrino Energy (MeV) Neutrino Energy (MeV)

Son Cao etal, symmetry2022 e



Mass Ordering

« For SBL reactor exp., the sensitivity to MO is marginal .

« But, for JUNO with a medium-baseline of 50 km, can improve

the sensitivity to MO thanks to the interference between two
oscillation terms driven by Am5, & Am3,, respectively.

« The most challenging thing is to achieve an excellent resolution

of reconstructed neutrino energy for unravelling MO from the
detector response effect (more detail : Abusleme, eta., JHEP2021.2)
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Future Experiments for MO

We would like to be convinced the neutrino mass ordering by consistent results
from several different technologies/methods with > 3 ¢ CL from each exp.

ofeclibe |

JaegCiond
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Nevutrino Mass

In SM, neutrinos are massless

SM particle table All neutrinos left-handed

= massless

pallya
lepton doublet L, = 1/2 —1

A —1/2 —1 you

lepton singlet (R 0 0 [-2 —1 i mf@/@/
O+ (x) 1/2 1
you e

Higgs doublet ®(x) = 1/2 +1
$o(x) —1/2 0

Right-handed Neutrinos ?
No observation

Massive neutrinos imply the standard model is incomplete !




Nevutrino Mass |

(1) Dirac Mass

 Some basics for understanding neutrino masses

0 1 : 0 O;
0 2 i i
Y= (12 o)'V - (—oi 0)
yeyP +yPy® =299
g% =diag(1,-1,—-1,—1)

y5 — _iy0y1y2y3

—] 0
5 __ 2
4 ‘(o 12)

chiral projection operators

YO+ = 0(5) it — i

=1 o) o= 9) o=(p 2)

po=5U-y)=( )

1 0 O
PR=_(1+y5)=(O 12)

2

Pl gy = Pur) , PLPr = 0

45




(1) Dirac Mass

For a Dirac Field ¢ = ()(ﬁ)

)

Y, = P = %(1 —y )P = (gg)' Ve~ Fr¥ :%(1 s (2
P, = @) yP=(PL)*y° Yr = VP,

=yY*tPy° =y ty'P;,

= PPy

Y=y; +yp
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Nevutrino Mass |

(1) Dirac Mass

we can easily check that wrtr = U, = 0.

P = (Vp + Y1) (R + r)
= rUR + rhr + UrtL + VLR
= Yrtr, + LR

We can write down Dirac mass term :

WMy + b Mg

47




Nevutrino Mass |

(1) Dirac Mass

- A fermion mass can be thought of as a L < R transition

1 _
* For electron & positron I3 = iE e, | g Dirac mass
I3=0: e | €

* Mass terms (Dirac mass) : e¢; & e, , er © é;

 Mass terms e; © eép,ep < €; notallowed due to
violation of conservation of electric charge

* For neutrino Dirac mass, we need RH neutrino (15 =0)
48



Nevutrino Mass |

(1) Dirac Mass

* Dirac type mass matrix M is in general N X N complex matrix
M is diagonalized by bi-unitary matrices

M =UmpV? MM" = UmAU"
(mi )

2 2 U :a unitary matrix
mpy — 2
D ms

\ .
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Nevutrino Mass |

(1) Dirac Mass

Origin : Yukawa interactions

Y?LRHTIDL — S5B

v Mg =0 UmpV g = (Ut )mpV g

v = Uy
g = Vb

This shows that weak eigenstates are different from

mass eigenstates.




Nevutrino Mass |

(1) Dirac Mass
e Dirac type mass matrix M is invariant under

= e

which implies lepton number L (=L, + L, + L;)

conservation.
D Me, Mer\ [VeR
D mb mP vur | + H.c.
D

e
Mye My, wr
m’Te m']"ﬂ m’T’T

m

(Vel_ Vil V’rl_)(

Le, L,, L; are not conserved .



Nevutrino Mass |

(2) Majorana Mass

 Some basics for understanding Majorana mass

Charge conjugate .
2.0 _ iO-Z 0 )
== (7 i,
(CtC =1 CT=-C)

CyMTc—t =—yH, C(y>)TCct =y




Nevutrino Mass |

(2) Majorana Mass

 Some basics for understanding Majorana mass
= O@T’ (C _ z")/Q’)/O)

¥ =00 = (") = —yTC

« Exercise : Prove that (VR) = (¥°),




Nevutrino Mass |

(2) Majorana Mass

« Condition for Majorana nevutrino : y = Y€

- et = ()
WO =Cr WD) = Wi = (_; 2 )

_l'O.Z(p*

 We need only ¢ to describe a Majorana neutrino.

Y=Y, + @ )¢ = (_i;pch*):lpﬁ[




Nevutrino Mass |

(2) Majorana Mass

* Note that in the same representation, a Dirac fermion
can be written as

7pD( .902*)7 @%Xﬂ
—10°Y

* If ¢ = y, itis a Majorana fermion

* For spinors ¢, y ()_(cp)T = QOT’}/OTX = QX
+ For Majorana spinors |\ = QX
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Nevutrino Mass |

(2) Majorana Mass

e Using

 Then, a Majorana fermion can be written

vr+ (Vr)" = YR + (V)

Var = { v+ ()" =YL+ (¥°) g




Nevutrino Mass |

(2) Majorana Mass
* Majorana mass term:

] —
— UMy + h.c.

Lrj\f[iass - =
= —3 (QEL + (wc)R) M (¢, + (V) ) + h.c.
VLM (V) + 0 Mo ) + hc

(%M (V1) + (wc)LMwL) + h.c.

— DO

DO | — DO | — DO
/'_\

e Prove: &LMWL)C _ (W)LM%L » M= MT )




Nevutrino Mass |

(2) Majorana Mass

e Majorana mass term is not invariant under
Y = ey
e So, lepton number is not conserved.
+10v
wL — € wLa

Vi — g

b M (V)" — e M (1)

58



Nevutrino Mass |

(2) Majorana Mass

 Diagonalization of Majorana mass matrix :

* In general, XTMY = Mp, = XTMM'X = M3,

e SinceM=M" |y"MX* =M, =Y MMY* =M}

 Therefore XMAXT=Y*M3Y?!
(Y X)M; = M3(Y!X)

- Then, (Y7X) must be digonal
- Define (YTX) = P? being diagonal, and XP* = U
(]-|_1\4l]>I< = MD
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Adding Right-Handed Neutrino |

Forv&v forbidden by weak isospin
< >
ILb=+= : v 7
3T =2 . L VR Dirac mass
13 = () . Vp VL
< >

allowed but unprotected : Majorana mass
(i.e. can be large : L violation)

Mass term :v; © Vg implies I3z =1, Y = -2,
so we need a new scalar with I; =1, Y =2
- SU(2) triplet scalar
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Adding Right-Handed Neutrino |

« Putling possible mass terms together

0 ot | ()

 Assuming M > mj, diagonalization of the mass matrix >

- Type-l Seesaw Mechanism

_m5 " b

L i i : “1m]
tiny neutrino mass: -mpM~ "m;
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Type -l Seesaw Mechanism |

Scales : no guide, but
- mp . electroweak scale
- M L violation scale < embedding into GUT

mp~100 GeV, we need

atm?

M~10'GeV = GUTscale!

To obtain m1,~\/Am2

This seesaw idea was originally mentioned in a
paper’s footnote : PLB59 (1975) 256 by Fritzsch,
Gell-Mann & Minkowski
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Type -l Seesaw Mechdanism |

 This idea was clearly elaborated by Minkowski in his paper,
PLB67 (1977) 421

 But, today, the following papers are mostly cited :
Minkowski (1977), Yanagida (1979),

Gell-Mann, Ramond & Slanski (1979)
Glashow (1979), Mohapatra & Senjanovic (1980), ....
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Type -1l Seesaw Mechanism

(Higgs Triplet Mechanism) Konetschny, Kummer PLB70(1977), Magg PLB94(1980),
Schechter, Valle PRD22(1980), Mohapatra, Senjanovic

PRL44(1981), Lazzarides,Shafi, Wetterich NPB181(1981)
<A> ;I( .
! No RH nevtirinos
S e
. . . ++ A+ AO
- Higgs triplet: (A7 ,A",A)
A
EW precision measurements:
- 0 <A>/<H><0.03
X /X
HS\ o HY m, = YA <A>
U Y
Al 2 .
v A ~ Vm, —— Breaking of B-L
. i ) :> <A> = H4x MZ
f Vg 2
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Type -lll Seesaw Mechanism

LR. Foot, H. Lew, X.-G. He and G.C.

(Fermion Triplet Mechanism) Joshi, Z. Phys. C44 (1989)

SU(2) fermion ftriplet with Y=0

Ve Uy L=Y,LéH,T+MT T + h.c.
X X
H? : T | 0 2
— — — VH
_ _y2_Hy
L) T Vi M= M

same formular as in type-| seesaw
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Radiative Generation

= 1-loop generation of light neutrino masses (zee, 1980)

o - SM be extended to include

X
/;‘,-——L-~..\¢- h~(SU(2) singlet) & 2nd scalar

4 ‘ doublet (¢°, &)

€

T

e

=2-loop generation of light neutrino masses (zee, 1986; Babu, 1988)

£ o g - SM be extended to include

K Age Ty h* (sU(2) single) & kT (SU(2) singlet
v 4 v




Radiative Generation

= 1-loop generation of light neutrino masses (“scotogenic model”)

(bl )
N\
N\

oY - SM be extended to include 3v,
o & 2nd scalar doublet (n*, n°)
. - odd under Z, (E.Ma,2006)
N,

* In the flavor basis where the charged lepton mass mairix
is real and diagonal, neutrino mass matrix becomes

Am (Y )m(}” ) i M?
(M )as = Z 1672 M, ! (mz ) |

T

f(=i)

o AT2 /52
| ‘("'?,I — _'1_[1 /T:"?n%.

% z; In z; 5 1 o 5 oD |2 =2 A2 /s
- [1 + ] o Amy = |my, —mr | = 40T\ ||y = T, + Amy, /2

1—55-?'_
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Determination of Neutrino Mass

Direct measurement

* Neutrino mass can be measured from decay kinematics.
- The simplest case is 2-body at-rest-decay kinematics of
= AV ! '
: 1| "“‘Q‘""

P, S, g P,

S,=0

. — 2 .
» Using mj= mZ + mj, — \/4m,zt(|p”| +m?), we can obtain m,

- But, it would hard to extract it from this method due to
uncertainties in measuring m,;, m, and measurement of |p,,|.
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Determination of Neutrino Mass

Direct measurement

Using E*=p?c? + m?c* , m?(v) can be extracted by endpoint spectrum of

B-decay
m2(ve) = ) |UZ|m* ) a
3H » — _f 4
Tritium B-decay : 3H - 3He™ + e + v, (E;=18.6 keV) v
3He -,
dN

5 p(E + mec?)(Ey — E)\/(ED — FE)? — mggﬁf)&

To observe modification

of endpoint spectrum,

we nheed

- very high E resolution
- very high luminosity

LN 3 2 a0 - Very low background
2 6 10 14 18 E-E,[eV]
electron energy E [keV]

o
»
I

only 2 x 10" of all
decays in last 1eV

0.4}

relative dd

=
S
I

0.2}
0.2

(KATRIN Design Report 2004)



Determination of Neutrino Mass

KATRIN experiment

discovery potential:
Aim : achieving m(v,) sensitivity of 0.2 eV m, = 0.3eV  (30)
(current upper limit : 0.7 eV (2021) ) m = 0.35eV  (50)

Mtedm
70 m

main spectrometel

pre
SpeCtTO

o

e
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Determination of Neutrino Mass

Mainz Neutrino Mass Experiment

Final Results from phase Il

[ 0 Mainz 94 daoto
i3 0.05F 4 m Mainz 38/99 dota
CRYOGENIC TRAP  SOLENOID . ELECTRODES DETECTOR : — it of 98/99 data for m2=0
. ) ‘lL O Mainz 2C01 data
- 004k — fit of 2001 data for m,*=0
’ = by
L i
© 0.03-
¥ [
5 [
o 0.02r
NEW GUIDING MAGNETS  NEW HIGH FIELD ELECTRODES 0.01r
i i 1 1 i I i L i 1 1 i
18.55 18.56  18.57 18.58

retarding energy LkeV]

m2(v)=-0.6+22+2.1eV2 = m(v)<2.3eV (95% C.L.)

C. Kraus et al., Eur. Phys. J. C 40 (2005) 447
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Determination of Neutrino Mass

Troitsk Neutrino Mass Experiment

Troitsk anomaly

windowless gaseous T, source, similar to LANL 005 '} \ ] \K
MAC-E-Filter, similar to Mainz 1 % 1YY
- 004~ "'?_‘* « Experimental data, Dec 2001
T ] (S Theoretical spectra
:g 008 1 "‘ -~~~ Anomaly
€ ] A%
8 002 Ny
] N ?\} Spectrum endpoint
oo “””.H“‘ 3 :
S;S 5&0' Yﬁ-ﬁsésr o '5;0' o '5;5 o ;30
; | _ » HV-18000V,V _
acitye | = 2 Energy resolution:  AE = 3.5eV Re'analySIS of Troitsk data
Luminosity: L = 0.6cm _ : .
3 electrode system in 1.5m (better source thickness, better run selection)

(L = AQ/21 * A

S'CIIJI’CE) 1 N
diameter UHV vessel (p<10° mbar) pgeay et al, Phys. Rev. D 84, 112003 (2011)

m, < 2.2 eV, 95% CL 7



Determination of Neutrino Mass

Mainz & Troitsk limits (95%CL) mass ordering
—— normal

: — inverted
100 - l
I
T :
Y | KATRIN
% sensitivity (90%CL)
> I
© |
é 1071 4 |
| 1 Project 8
Q. 1 sensitivity (90%CL)
S T -
|
= 50
O o 3
o
2 — ¢ : = %
107¢ | 3%
1 : OoT
|
1071 10°
m; [eV/c?]

Project -8 experiment :
Sensitivity of 0.04 eV

73




\ . “x' oo, 5 L A ' " (s v Donna Padian
. o . ’ ‘

: --'..N' . » . 2 .... .

3 | J |
. a ‘ » )
o . 101a

» 53 . - » . )

2 ' ) v. e .. ) AL

‘:.l%.-




CP violation in nevutrino Oscillqﬁonl

e C:charge conjugate
b° = C@T’ (C = Z-,Yz,}/o)

e =CyYT = (CY" ) = =" CTY [ oo
¢ P: pqr",y w — w,(l’,) — Spw([L') — ’Yow(gj) 0 0 o 1 p-lylp;},f
77; — ,(E/ — ,(E SE]. Note: }};"'}}:";:’: :/’

P, =4 = ’)/O%(l —Y5)Y = %(1 + 757" = (V)R

C — Particle = Antiparticle
P — Left-Handed = Right-Handed
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CP violation in nevutrino Oscillqﬁonl

Under CP transformation

v — (V) =io?Yi, vr— (Vr)F = —ic?Yy

Leptonic Jarskog invariant: |Im| U}, UsUaUji| = +J

2 .
J = €12512€23523€13513 51N 013

U->U"

Under CP transformation :
- -]
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CP violation in nevutrino Oscillaﬁonl

 Oscillation probability

3 3 A2 3 2

% 2 " " m]lL . . _ A’mﬂL

PvaavI;:zwaiUﬁi +22Re(uaiuﬁiuajuﬁj)cos T —ZZIm(UaiUBanjUBJ-)Sm T
=1

i<j i<j

2

3 3 5 3 ]
. Amj; L 2 —] . AmiL
= Z UngiUpi| — 42 Re(UaiUﬁiU;jUﬁj) sin? + 2 Im(UaiUﬁiU;jUﬁj) sin
i=1

2E 2E
b 5a3
i

i<j 1<j
| S J 2y k EapyEiji
: . pCPC
CP conserving part Py =, P _ pCPC_ . pCPV
2 2 2 Va=Vp — "Va=Vp “Va=Vp
Amjs L . Amsz L | Ams,L

CPV —_ -
Bgmvp = 812 Eapy SIN— p— SN = SIN— - vanishing for a=p
Y
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CP violation in nevutrino Oscillaﬁonl

 CP transformation of oscillation probability:

—pCPC CPV
Pva—wﬁ - PT/a—n_/B PVa—ﬁB_Pva—WB o Pva—wﬁ

* CPTinvariance: P, ,, = Py 3,

 CP violation shows up a difference between P,,a_n,ﬂ and Pva_ﬁﬂ

CP

Vo —:"Vﬁ ﬁﬂ,—‘hﬁﬁ
p _p. _  pCcPv
lf'ja)_\ ':.?ﬂ CP . Va_>VB Va—)VB . Va—>VB
T‘ ‘T Aaﬁ T P _I_ P_ _ — PCPC (a :'t ﬁ)
Va—)'\/ﬁ ’Va—)‘VB VCZ_)VB
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CP violation in nevutrino Oscillqﬁonl

CP asymmeiry

2 2
cp 2 sin 2812 Sin ATZLE}L Sin 2923 Sinz ATZ%}L Sin 2013 C13 sin &
Aaﬁ = pCPC
Va—ﬂ/ﬁ

: suppessed  ( P§%S,, ~ci3

sin? 20,3 sin

ZM)
AE

Detections of v, and v, are far easier than v,, so the
golden channel for CP asymmetry is AG¢
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P, .y, = sin®8,3 sin*2603sin

CP violation in nevutrino Oscillaﬁonl

Golden Channel for CP asymmetry

2 A31

; A
: : . . 5021
+c73(c535In%201, + 455355551, — 251355,5In201,5in20,3 cos §) stT

. . o Azg . A
+cis (51351n201251n2023 cos & — 45735%,5%3) sin2 % sm%

Agq A3z
+8] smT smT sstm )

(J=cos 83 sin20,5 sin 20,3 sin 26,,~0. 039, Aji= Am? iL/2E | cij = cos 0;;)
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CP violation in nevutrino Oscillaﬁonl

Golden Channel for CP asymmetry

- To leading order in A4

4]sinA,q sin & c»2Sin20 Am3.\ Am3,L Am54L
AGh~ sintursind o sl (G ) St (83, - 0.26( 22t

pe sm2023 sin22013 S$12513 Am%l 4E

- The asymmetry grows linearly with L, but for fixed detector size

and nevutrino energy, the flux of neutrinos decreases as ~ 1/L2.

- First oscillation maximum :

2nE 2.5x1073
Ly = 22 ~ 495 (Gev)( . )km

Am3y Am3z,

e.g.) T2K: 295 km - 0.6 GeV,
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CP violation in nevutrino Oscillqﬁonl

Golden Channel for CP asymmetry

For E =500 MeV, 6; =8° ,6 =90°

Pv”_)vr vs- PVM_)VT

Distance (km)

Distance (k)



CP violation in nevutrino Oscillaﬁonl

e Maltter Effects

A 8
Py v~ ~ sin“0,5 sin?260,3sin* ;1 (1— ° C052913)

Azq
+c¢73(c535In%201, + 459355557, — 251355,5In201,5in20,3 cos §) sinZT

. . o l31 . A
+c43(5135In201,5in20,3 cos § — 455357,553) sin2 —*sin-2

Azq Az1 . Azp
+8] smT sstmT sin &

: al\ . A A
+2 cos 2043 sin? 203 53 (E) sin—* cos =%

(alev?]| = 2v/26n.E = 7.6 x 1073p[g/cm3]E[GeV] (earth crust: p=2.76)

P-

Vu

-, = a—> —a (fakeCPV), 6 - —6
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Oscillation Probability

0.1

0.09

0.08

0.07F

0.06 |+
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o

CP violation in nevutrino Oscillation

—— 8.p = 270°% NH, v
= = 8gp =270° NH, v
— 8 =0°% NH, v
- = 8, =0°%NH,V

L = 295km

-
= - — -
= - -'-I-.- -
- -
e T

0.6 0.8 1 1.2 14 1.6 1.8 2

Neutrino Energy [GeV]

T2K

Oscillation Probability

0.1

0.09

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

TF

III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII']1'I

-

—— 8p = 270° NH, v
- = 8gp=270°% NH,V
— 8¢ = 0% NH, v
- = 8,,=0° NH,v

-
- -
-

-

-
-

1.5 2 25

Neutrino Energy [GeV]

NOVA

3 35
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Wide Beam |

« CPV can be observed by measuring Py, v, & P5 v,

at 15t and 2"9 oscillation maxima, which are covered by

wide v (V) beam
V.V, oscillation probabhility

0.14

Second BCP =0
0.12 maximum 3., =90
0.1 SCF_ =270

0.08 Osc. Prob. @ First Max :
=/ {6(:13 ]

Osc. Prob. @ Second Max

0.06

0.04

0.02

! . L | L ! L l ! 1 L l
0 0.002 0.004 0.006
E/L



Probability

- &

Narrow Beam |

2nd maximum
- larger sensitivity to 6.
- matter doesn’t matter

(L = 360 km)

v and v narrow beams tuned to
2nd oscillation max.

P, . =P (8.=0)
i | 1st maximum BTN e Ocp
' /v \ | -smaller sensitivity to 6. —— Py L, (E’cp— w2
I\ | - matter can mimic CP violation | ———— P\,?_,\, (SCP_ /2, matter)
5 ] g =) H 6
0.08| e ol P v ( op = 0 matter)
P\T-u:—w (SC.F'" Tt/2) 1
0.06 ____\_,ﬁ___“,__\,__é__.(ﬁc_ =2, mat-ter)
v, =V, (SCF,_ 0, matter)
0.02 T —
0 | | | | | | | | | |
1.4 1.6 1.8 2
E,/ GeV

significantly less
affected by syst.
Uncertainties
compared to the
1t osc. max.

For this observation
next generation very
high intensive v
beams are needed.
(ESSnuSB)
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CP violation in nevutrino Oscillqﬁonl

Separating fake matter effects
 Genvuine CPV & the matier effect both lead to a

difference between v and v oscillation.| s ey
B O b&=0 4
(Minakata & Nunokawa 2001) . ;“f“f‘?’w'“ : o S-m2 2
- sin 2”23 =().5 % 5<3n2 ]
. . . . . 6 2 % -
- trajectory in matter is shifted to 2 different L Amy <O\ o \Wﬁ% :
directions, according to sign(Amj%,) =0 N AN W‘ E
1>" F 7
A . 41— vacuum X e _
* Octan of 6,; can be distinguishable . <
£ 30 AL :
- ) Q\\“\\ &mj_l}ﬂ ,4;0 .
» To disentangle them, one may make S | E
oscillation measurements at different i -
L qnd/or E B | | | | MI-N: JH]—Z;PI[I{Z[I:JI]D[II |:
) % 1 2 3 4 5 6 71 8
P(v, >V, [%] 87




<P(v, ->V.)> %

CP violation in nevutrino Oscillation

T2K

NOvVA

DUNE

oo

T2K: E=0.6GeV and L=295km ' For fixed L/E = 0.4 km/MeV 8_ LA L [ I L L L L B B
_| T | T T T1TT | T .|",| 7T |/|./| T 17T | T |_ 0,08: NOVA : _ 1300 km‘ <E>: 3.2 (_}ev :
B 2 / i C 0 - -
N om”~ < 0 ,; ’ ] 0.07F F oy ) 7 R —— Normal Mass Hierarchy
5 — , p / ] » Am?,| = 2.4x107 eV? i —— Inverted Mass Hierarchy |
Y A Y 1 o006k sin’(26,,) = | 6 0 §=0 —_
N W 3m/2 s o C sin’(26,,) = 0.09 — <D> §=m“2 ]
- ) < - - =1 -
*t 74 oosfF %“ 5 * 8=3a2 .
B 1 e . Am?,<0 “w [ ]
- ] ¥ - | = r —
3 B = E? 0.04: A 4 - .
- -~ - a I = = B
B ] C [ L i
. 1 o003F = 30 .
2 0] - 1 Vo[ )
- 1 002F o 5-0 il 2F .
__‘l:" e - N [ . 6_ 2 : :
1 7 ain® — ] T o &=n - i
y -~ sin?26 ,=0.05 0.01f s E
i PRt ] o= 5=3m2 C sin'20, =0.09 ]
_|1.,.|-J|Jr||||||||||||||||||||||||_ OG[}-LIIllllllllllllIJIIJ]I.IIJJL[I]ILII'.IIII :311'1 137 7
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CP Violation : T2K result

Nature : April 16/4/2020 Determination of 8, from
and arXiv:: 1910.03887
appearance of v, events
CP violating phase (5 ]~ -
THEMIRROR [t kg [ S e

Disfavored
region at
the 30 C.L.

Enhance electron
antineutrino appearance

Enhance electron neutrino
appearance

«— CP symmetric
(No neutrino-antineutrino difference)

- The gray region is disfavored by 99.7% (30) CL

- The values 0 and 180 degrees are disfavoured at 95% CL “



CP Violation : NOvVA result

Determination of 6, from
appearance of v, events

« Observed 82 events on a background
prediction of 26.8
» Integral of total best-fit prediction is
85.8 events.

Selected W ICC candidates

» Observed 33 events on a background
prediction of 14.0
» Integral of total best-fit prediction is
33.2 events.

>40 evidence of electron antineutrino appearance

Rule out IO, 6 =11/2 region at >30.

Weak preference for Normal Ordering,

Upper Octant of 4,..

Most Probable
| /' N(')v'A,Pre'Iimina’ry

0.6

0.55

uLapIQ [BWION

0.5
0.45

0.4 F

0.6

Excluded .|

SIN?(0,,5)

05F/

0.45 [

~BunepiQ peueAl]

0.4F

0 T T 3n  2«n
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CP Violation : NOvVA result

Comparison with T2K

e Frequestist contours.
 Some tension between preferred
regions for the Normal Ordering.

« Agree on the preferred region in the

Inverted Ordering.

» Ajoint fit of the data from the two
experiments is needed to properly
quantify consistency.

 Significant progress made on a
joint-fit — coming this year!

012K\

0.3
0.7

NOVA Preliminary

[~ T2K, NEUTRINO 2020:

®BF —=<90%CL ---

<68%CL |

NOvA: +BF l:' 90% CL . 68% CL_|

........

" Inverted Ordering

T2K, NEUTRINO 2020:

NOvVA:

—=90%CL -

=<90% CL D 68% CL ]

<68%CL |

NIa-

NOVA/T2K will continue to take data till 2026/2027
-> double the statistics of present analyses, reduce systematics

l‘3u -

2
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CP Violation :Future Experiments

Baseline

Beam energy

Detector technology

Super-K atmospheric (Y. Hayato)

& | Inverted hierarchy

1300km
=>» Large matter effect
(Good for MO)

~ Multi-GeV

Lig. Ar TPC

T2K (M. Wascko)

AN

= Inverted

ISE\ )
10}\ :
SN | Normal

T

-3 0

3

295km
=» Small matter effect

~ Sub-GeV

Water Cherenkov

Significance (o)

NOVA (M. Sanchez)

NOVAFD  8.85x10%° POT equiv v + 6.9x10° POT ¥

;"',Jrrii}e r'c‘éd\

T r—r—r—— T
==+ NH Lower octant
- NH Upper octant
=== |H Lower octant

= |H Upper octant

Areuiwnald YAON
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DUNE Sensitivity

CPV ’s 0 sensitivity... Mass Ordering (matter) sensitivity...

- DUNE Sensitivity (Staged) — b, = w2 - DUNE Sensitivity (Staged) - 5 =2
| All Systematics 50% of 5, values [ All Systematics B 100% of §., values
mm 75% of 5, values cP
. Normal Ordering Nominal Analysis 30 - Normal Ordering —— Nominal Analysis
10} sin?26,, = 0.088 + 0.003 v B4 UNCONStrained sin®20,, = 0.088 + 0.003 w6, UNCONStrained
- sin®0,, = 0.580 unconstrained sin’6,, = 0.580 unconstrained
25
20

\

0-lllllllllllllllllllllllllllll Gllllllllllllllllllllllllllllllllll

0 2 4 6 8 10 12 14 0 1 2 3 4 5 6 7
Years Years

Anatael Cabrera, IMFP-2021 93
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Dirac vs. Majorana |

“ If massive neutrinos are Majorana, it implies L number is not conserved.

- L number violating phenomena :
Neutrinoless BB decay : (Z,4) - (Z +2,A) + 2e* (T 5¢/To4% Xe~1075)
Mvuon conversion :u~ +(Z,A) »et+(Z—-2,4) :(Br~10"1%
Rare Kaon decays : Kt » wu*tu* : (Br~107?)
Ovpp decay dominates by a huge margin. That is so because
# many mols of the target can be studied for a long time, and

the Avogadro number is much larger than typical beam flux.
(Vogel, 2017)
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Dirac vs. Majorana |

“ How difficult to test Majorana property

If massive neutrinos are Majorana, the following process is allowed

m, 2 -20
But, even rate « (T) ~10 suppressed.
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Dirac vs. Majorana |

* Neuvutrinoless double beta decay (0Ovpp)

 If nevtrinos are Majorana, two outgoing nevutrino lines in the double B-
decay diagram can be connected.

n /P *—» ‘;+e'+e'

% e Amplitude of Ovpp (mﬁﬁ) = |¥ mviUgi

V
X
_ 2 2 2 2 ,2ia 2 ,2i(B—6
V. e —|m,,1c12c13+mv2512c13e + m,, sy3e ® )|
2
n _ o 2
Lo, _l/Tl/Z =G, |[M,,| mg,
P ~— L Nuclear Matrix Elements

Phase space factor o



Dirac vs. Majorana |

There is large uncertainty in the calculation of nuclear matrix elements

7 [ : S I . . ]
S Pd : ®IBM-2 :
o6F | Y : A QRPA-Tii -'
¥ | G ZI‘ Sa'e | 1
h e "o To ! v QRPA-Jy U
o] S S6p ® CAW » QRPA—def o
- 04 " e Gd|eIsM Th
= 4 "3 v+ % ®L.EDF ® !
S | | : » PHFB
= gt $ v e AR 1\(@“ :
e o 2 ge N Pt !
. C;a . . a .
; ¢ & | IBM-2: J. Barea et al., PRC 91, 034304 (2015),
? \ & o * QRPA-Tu: F. Simkovic et al. PRC 87, 045501 (2013), |]
! | I QRPA-Jy: Hyvarinen et al., PRC 91 024613 (2015), |
1} ' : QRPA-def: J:L. Fang et al., PRC 83 034320 (2011), H
R 4 | ISM: J. Menendez et al., NPA 818, 139 (2009),
A | PHFB: PK. Rath et al., PRC 82, 064310 (2010), '
| : EDF: T.R. Rodriguez et al., PRL 105, 252503 (2008) |,

9% 20 60 80 100 120 140
Neutron number 98



Dirac vs. Majorana |

Nevutrinoless double beta decay (0Ovpp)

Why observation of Ovpp may indicate that neutrinos are Majorana ?

OvBp is the processdd - uu + e e™

<

Implies the amplitude for e*ud — e ud is not vanishing

<

Amplitude for the chain vp - etW™ - etud e ud > e W - v,
is not vanishing

This chain results in v, — v; which is the effect of Majorana mass

99



Dirac vs. Majorana

What is Observable signature of 0vgBp ?

Decay energy (Qgp) is 1.5-

0.90 1.00 1.10

shared by electrons. K/Q
1.0 -
0.5
Oufp
Neutrinoless Double Beta Decay (Ovf[) ool AN
A, Z) > (A, Z+2)+ 2e” 0.0 0.2 0.4 0.6 0.8 1.0

Observable is the Ovpp event rate (equivalently a half lifetime T, ;)
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Experiments

« Several candidates of nuclei are being considered in experiments

Experiment Isotope Technique Mass Bp(0v) isotope | Status
CUORICINO 130Te TeO2 Bolometer 10 kg Complete
NEMO3 100Mo/82Se Foils with tracking 6.9/0.9 kg Complete
GERDA 76Ge Ge diodes in LAr 15 kg Complete
EXO200 136Xe Xe liquid TPC 160 kg Operating
KamLAND-ZEN 136Xe 2.7% in liquid scint. 380 kg Operating
CUORE-0 130Te TeO2 Bolometer 11 kg Operating
GERDAII 76Ge Point contact Ge in LAr 30+35 kg Commissioning
Majorana D 76Ge Point contact Ge 30 kg Commissioning
CUORE 130Te TeO2 Bolometer 206 kg Construction
SNO+ 130Te 0.3% natTe suspended in Scint 55 kg Construction
NEXT-100 136Xe High pressure Xe TPC 80 kg Construction
SuperNEMO D 82Se Foils with tracking 7 kg Construction
CANDLES 48Ca 305 kg of CaF2 crystals - lig. scint 0.3 kg Construction
LUCIFER 82Se ZnSe scint. bolometer 18 kg Construction
1TGe (GERDA+MJ) 76Ge Best of GERDA and MAJORANA ~ tonne R&D

CUPID - Hybrid Bolometers ~ tonne R&D

nEXO 136Xe Xe liquid TPC ~ tonne R&D
SuperNEMO 82Se Foils with tracking 100 kg R&D

AMoRE 100Mo CaMoO4 scint. bolometer 50 kg R&D

MOON 100Mo Mo sheets 200 kg R&D

COBRA 116Cd CdZnTe detectors 10 kg/183 kg R&D
CARVEL 48Ca 48CaW0O4 crystal scint. ~ tonne R&D

DCBA 150Nd Nd foils & tracking chambers 20 kg R&D Jonathan Link’ (TAU2016) 101




Experiments |

« Heidelberg-Moscow collab. (¢ Ge in Gran Sasso)

- 2001, they claimed to have found an evidence for Ovpp
(KIapdor-KIeingrothaus et al, MPLA16 )

counts

A
o f

5S¢

LF

Sum spectrum of the 7 Ge detectors Nr. 235

8 (v

%000
SSE events, Q=2039.006(50) ke

'HEIDELBERG-MOSCOW end 2001
Period: November 1995 - May 2000 28.053 kg y B

o ]

R ., - (0.10 - 0.51) eV c
0.9-224)x10 y ) ]

90% c.l.

| |

/

] i I

2030 2040 2050 2060
.Douysset etal.,PRL86(2001)4259

72010

2020 2070 2080

energy [keV]

H.V. Klapdor-Kleingrothaus et al. Mod,.Phys.Lett. A16 (2001) 2409-2420

This was ruled out by the results
from GERDA exp. (arXiv:1411.4791)
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Experiments |

CUORE (130 Tg)
AMORE (1°° Mo) (136 Xe)

KamLAND-Zen
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Experiments

KamLAND-Zen

Rock

Stainless steel tank
- (I8 m diameter)

AR\ 7D Buffer oil
# SN «T0 Outer balloon
/s AL = (13m diameter)
RN “ A 4\%——— LS (1000ton)

7 Inner balloon
/. (3.08m diameter)

——O—O—O—

T > 2.3% 102 yr at 90% C.L.
Mgs< 36 — 156 meV

« 136 Xe(91% enriched) loaded LS

 Reached 10 region for the first time.

* Improvement of KomLAND-Zen800 over
KamLAND-Zen400

Effective Majorana mass (mgs) (meV)

N
)
]

>
S

100 |

o
O

0 ARSI AR S |
100 10!

. KamLAND-Zen upper limits
QRPA ----- IBM
SM —— EDF

R ——— B o o o = o

Te

1 @ ©

NO

Predictions

| PO S YRR/ W
102
Lightest neutrino mass (meV)

This Xe Ovff search
represents the worlds
most stringent limit on
the effective Majorana

mass.

(Ge) GERDA: Phys.Lett. 125 252502
(Te) CUORE: Nature 604, 53 (2022)

First tests of theoretical
predictions.

(a) Phys. Rev. D 86, 013002
(b) Phys. Lett.B 811, 135956
(c) Euro.Phys.J.C 80, 76
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Sensitivity |

Nevutrinoless double beta decay (0Ovpp)

10%8
-~ AMORE sensitivity
1077 &
T AMOoRE-1L, 200 kg
S
2 10° AMORE-L, 5 kg
=
.% 1024
v
1023
IIJlIIJJIIIJ[IIIl[II]JllIIIllII]JlllIJllIIJllI
0 1 2 3 -

Measurement time (year)

m, (eV)

1E

1071k

107 E

Lo ol

100Mo, NEMO-3

100Mo, AMORE-I
136Xe, KamLAND-Zen
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Dirac vs. Majorana |

The question is still unanswered:

Are neutrinos their own antiparticles?

f/U\\ > fu\
N '. d: > :dw p
\d/i = \u/I
W%\/\’L—)— e_
W €
fld\ = ’/u\\
n.d: dip
U, U

~

Ton scale OnuBB experiments will cover
the inverted hierarchy by 2035

Many experiments operating, planned or in R&D:

LEGEND, SNO+, NEXT, CUPID, THEIA...GERDAPhasell, Majorana, SuperNEMO, CUORE, and nEXO

)

n I
W :—, \ erp Left-Right Symmetric Model,

I~ My, ~ 2 TeV, My =1TeV,
T g~ 238
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Conclusion & Outlook |

Firmly established that neutrinos are massive particles and leptons mix.

Determined three mixing angles and two mass-squared differences
from various experiments.

Made great effort on understanding neutrino properties.

What we don’t know yet
- Leptonic CP Violation
- Origin of Neutrino Mass (ordering)
- Octant of 6,4
- Majorana vs. Dirac
- Sterile Neutrinos ?
- Non-unitarity of U ?

New opportunity through neutrinos. o7



