Neutrino experiments
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» Neutrinos from the sun and their flavor oscillation

» Neutrinos from nuclear reactors
» “Reactor neutrino anomaly”
» Digression: 17 keV neutrino anomaly

» Mass ordering and the JUNO experiment

» Neutrinoless double beta decay



» Neutrinos from the sun and their flavor oscillation

>



Neutrinos: glories in the past
century

1930, Pauli postulated 1953-59 Reines and 1960-90 Davis, /)»4¢
light neutral particle to Cowan discovered &1R discovered
save energy anti-electron cosmic neutrino,
conservation in beta neutrino, Nobel Nobel Prize 2002
decay Prize 1995
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1933, Fermi developed
G e 1998-2001, 47 FHl [ %,
theory of beta decay. McDonald di d
Christened light neutral discovered muon neutrino, o s g s
neutrino oscillation, 2015
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Historically: solar neutrino

puzzle
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Pioneers on solar neutrinos

1963, John Bahcall predicted
8B solar neutrino flux (SSM)

1968, Ray Davis in
Homestake mine 4 37ci— ¥Ar + -
detected "
significant deficit of E:

8B solar neutrino M

flux (only ~1/3 ,
detected!)

Theory is wronge Experiment is wrong<¢ Or Both
are wronge
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Heavy water experiment

VOLUME 55, NUMBER 14 PHYSICAL REVIEW LETTERS 30 SEPTEMBER 1985

Direct Approach to Resolve the Solar-Neutrino Problem

Herbert H. Chen

Department of Physics, University of California, Irvine, California 92717
(Received 27 June 1985)

A direct approach to resolve the solar-neutrino problem would be to observe neutrinos by use of
both neutral-current and charged-current reactions. Then, the total neutrino flux and the
electron-neutrino flux would be separately determined to provide independent tests of the
neutrino-oscillation hypothesis and the standard solar model. A large heavy-water Cherenkov ]942_] 987
detector, sensitive to neutrinos from ®B decay via the neutral-cur@nt Teaction v +d — vV T p T 7 ana.
the charged-current reaction v, +d — e~ +p +p, is suggested for this purpose.

PACS numbers: 96.60.Kx, 14.60.Gh



Solar neutrino on D20

v.+'H—e +p+p (CC) C =
E P = _ﬁ“‘r ) E
Charge current: HFR | D;;» & oo |
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» Cerenkov detector

e Heavy water (can do
solar model independent
measurements)

*6800 feet underground

* 9600 PMTs 45




SNQO’s discovery paper
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Neutrino Oscillation

Source Fly In Space Detection
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Two-flavor Neutrino Oscillation in Vacuum
]

P(A—B. appearance) = sin’20sin?(1.27Am’L/E)
P(A—A. survival) =1 - sin’26sin*(1.27Am"L/E)

Am*=m,;>-m,* in eV?>
Lin m, E in MeV

prob [l-f,—n;‘]
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vV, cos@ smé | v,
Vg —smé cosl Vs Given L/E sensitive to a range of Am?: MeV neutrino &
1000 m = Am?~107eV?




Neutrino mixing

Transformation from mass to weak eigenstates
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The last mixing angles 0,5
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All three experiments with

multiple detector

Daya Bay (arXiv:1610.04802)

4 EH1
v EH2
e EH3
Best fit

"RENO (arXiv:1610.04326)
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Impressive world data on 0,

AR A ' !
Double Chooz PP R
JHEP 1410, 086 (2014) b
Preliminary
(CERN seminar 2016) é! :: ! i i a
sin2(29|3)=(0.ll9iD.OI6) <—-'—> g (DYB:DC)~2.2U'5(~+45%)|
Daya Bay i | :
PRL 115, 111802 (2015) LI
RENO
PRL 116 211801(2016) e
T2K
PRD 91, 072010 (2015) i i i Arbitrary Ocp
Ami,>0 e
Ami, <0 .
NOvA
Preliminary (private communication) N
Ami,>0 .
Amj, <0 H————e .
| |

T N R R
0 005 0.1 015 0.2 0.25

A. Cabrera, DC release talk, 09-20-2016

Daya Bay, RENO,
and Double Chooz
are now sitting
together (first
meeting Oct 2016)
and discussing
combined analysis
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» Neutrinos from nuclear reactors
» “Reactor neutrino anomaly”
>
>



Nuclear reactors

s’ 238
Ll & 235(J
é\O‘\ 239p
<\ 241p
u
HBeta decay
N

1 Fission < 200 MeV



Reactor neutrinos

udd
n

So 1 GWth (typical power reactor)=> 2x102° v, /s



Beta spectrum measurement

from fission fuels

» E.g.recent measurement by Haag et al.
Phys.Rev.Lett. 112, 202501 (2014)
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N(E) (arbitrary units)

Beta conversion

method
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Divide electron spectrum
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fit to get the v spectrum
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“ab Initio” method

» Based on ENDF database for all possible decay
branches (4000 branches): e.g. Dwyer & Langford,
Phys. Rev. Lett. 114, 012502 (2015)

» Up to 10% branches may still be missing

Nuclear Calculation

o
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—— fp Conversion, Huber

i —— B Conversion, Mueller
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Experimental measurement of
beta specirum

o 4r 1.6
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Reactor anomaly

arXiv:1607.05378
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Sterile neutrino?

11 T T T
‘New reactor v flux
- arXiv:1101.2663
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Thierry Lasserre, TAUP 2011

Experiment Reactor Overburden Detection Segmentation Optical Particle ID
Power/Fuel (mwe) Material Readout Capability

DANSS — = 3000 MW ~50 Inhomogeneous | 2D, ~5Smm WLS fibers. Topology only
(Russia) %iﬁ LEU fuel PS & Gd sheets
NEOS 2800 MW ~20 Homogeneous none ‘ Direct double | recoil PSD only
(South Korea) LEU fuel Gd-doped LS ended PMT
nulat 40 MW few Homogeneous Quasi-3D, 5cm, | Direct PMT Topology, recoil
(USA) 22U fuel ®Li doped PS 3-axis Opt. Latt & capture PSD
Neutrino4 E E 100 MW ~10 Homogeneous 2D, ~10cm Direct single Topology only
(Russia) b L: 50 fuel Gd-doped LS 1 ended PMT
PROSPECT 85 MW few Homogeneous 2D, 15cm ‘ Direct double | Topology, recoil
(UsA) U fuel ®Li-doped LS | ended PMT | & capture PSD
Solid 5& o 72 MW ~10 Inhomogeneous | Quasi-3D, 5cm | WLS fibers topology,
(UK FrBelUS) > 22U fuel ®LiznS & PS multiplex capture PSD
Chandler 72 MW ~10 Inhomogeneous | Quasi-3D, 5cm, [ Direct PMT/ topology,
(UsA) U fuel °LiznS & PS 2-axis Opt. Latt | WLS Scint. capture PSD
Stereo _ 57TMW ~15 Homogeneous 1D, 25cm ‘ Direct single recoil PSD
(France) 354 fuel Gd-doped LS ‘ ended PMT

Liquid Buffer
000

tPC

Nylon vessels
| 150 um thick

Source
Under the
Floor




Uncertainty to flux prediction

» Flux very uncertain due to
forbidden decays, even under A. C. Hayes, et al.
idenfical beta spectrum Phys. Rev. Lett. 112, 202501

» Uncertainty as large as the »
. O n O m O |y " : :2: ::: :::z::::: fi?l:::od::?::sitions as [E‘r]u'

~—— Treat all nonunique forbidden transitions as [E,r]1'

——— Treat all nonunique forbidden transitions as [E,r]z'

KE/KE), .

095 —

0.9 | L | I |

E,(MeV)



All three reactor neutrino experiments observed a bump at 5§ MeV

No oscillation interpretation

IRENO »
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Cause of the bump

o
—

o
o
3

o, x S(E, ) [MeV fission'

Nucl. Cale., Major Branches
Mucl. Calc., Minor Branches

———— Nucl. Calc., Total
" ——— P Conversion, Huber
——— P Conversion, Mueller

T O N T
62 64 66 6.8 7

Antineutrino Energy [MeV]

Dwyer and
Langford

“A spectral bump
due to prominent
beta decay
branches in the
5-7 MeV region is
similar fo that
seen in recent
measurements.”

High precision
reactor spectrum
can help!
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» Digression: 17 keV neutrino anomaly

>



Back to Fermi’s B spectrum

dN(E,m,)
dE

1/2

x F(Z)EYpE(Q — E) [(Q — E)* — m?]

» However, emitted electron neutrino is a mixture of mass states. In
two-flavor model

%lf’g> = COSQ‘V1> -+ Sinﬁlvg)

» The spectrum now becomes

E dN(E,
AN(E) _ o dN(E,m) .y dN(E,my)

dE dE dE




Kink in B spectrum

FE. Wietfeld:, E.B. Norman/ Physics Reports 273 (1996) 149-197

- - ¥ component
..................... N = Cgmp.:.nent
total spectrum

.....




Observation of a kink in 1985

Tritium implanted in Si(Li)
detector

VOLUME 54, NUMBER 17 PHYSICAL REVIEW LETTERS 29 APRIL 1985

Evidence of Heavy-Neutrino Emission in Beta Decay

J. J. Simpson
Department of Physics and Guelph- Waterloo Program for Graduate Work in Physics, University of Guelph, e
Guelph, Ontario N1G 2W1, Canada si(Li)

Ta 0.5mm
(Received 18 February 1985) /
The observation of a distortion of the g8 spectrum of tritium is reported. This distortion is con-

sistent with the emission of a neutrino of mass about 17.1 keV and a mixing probability of 3%.

T ”l Jl—:: 3H*

10" P e | 5 /
. ! | €
122] cas | 0025mm 'Ta
| " ' i 0.013mm
| , , + 3
118} P S i
Ny L ./ "

BTSN - ~. | Consistent with a 17.1
keV neutrinos with 3%
Hor mixing sin20 with v,

T kel



Situation at 1991: Peak of the

Conftroversy

Wietfeldt & Norman, Physics
Report 237, 149 (1996)

Table 1

17 keV neutrino results as of December 1991 (see text for references).

Group Method Isotope ma{keV)* sin® 8(%)*
Positive:
Guelph Int, Si(Li) *H 17.1£02 2-4"

Ext. Si(Li) g 169+04 0.73+0.11

Int. Ge 'H 16.9£0.1 0.6-1.6
LBL Int. Ge e 1742 14405
Oxford Ext. Si(Li) ¥s j70+04 0.8+ 008

Ext. Si(Li) 0Ny 168+ 0.4 1.0+£0.2
Zagreb IBEC "'Ge 17.2+0.7 16+05
Negative:
Princeton Mag. Spec. ¥s 17 < 0.4 (99% CL)
ITEP Mag. Spec. B 17 <0.17 (90% CL)
INS Tokyo Ext. Si(Li) Bg 17 < 0.15 (90% CL)
Bombay Ext. Si(Li) s 17 < 0.6 (90% CL)
Caltech Mag. Spec. s 17 < 0.3 (90% CL)
ISOLDE IBEC 125 17 < 2 (98% CL)
Chalk River Mag. Spec. ONi 17 < 0.3 (90% CL)
Zagreb IBEC Fe 17 < 0.74 (99.7% CL)
ILL Grenoble® Mag. Spec. L 17 <04 (68% CL)
U. Oklahoma Int. gas ‘H 17 < 04 (99% CL)
Qther:
LBL IBEC e 2i£2 0.85 % 045
Buenos Aires IBEC "Ge 138+£1.8 0.8+0.3

Mass (keV)

20

Morrison, Nature 336, 29 (1993)

L)

S T S S

T T AR ]

T, Simpson
T, Hime and Simpson

”S‘ Simpson and Hime
5, Hime and Jelley
“C‘ Sur et al.

”Ge, Zlimen et al.
“INi, Hime and Jelley
“Ge, CiGregorio

1 1 | | L |

o
-~

1 2 3 4 5
Experiment reference number

FIG. 4 Values of the mass of a heavy neutrino from positive determina-
tions, from ref. 43.



1993: Bugs found!

» Hime's reanalysis faking info account the scattering
effects Phys.Lett. B299 (1993) 165-173

[ EOTETI

51y % 10°
5
§

v 150
Energy (koV)
L

s
1a4 (8] Oxord *'S Aun ez

(s x 10

—
=
DEU
i- | i |
I OO O N N B N RO O % oo julp ARy
3

0 2 4 6 8
cm

y
65

as “0 45 50 55
FIG. 3 Inner part of the experimental apparatus used by Hime and Encrgy (keV)

Jelley'”*°, B is the annular baffle that caused problems, S is the source FIG. 2B. Shape factors extracted from Oxford data for (a) S

from which the decay electrons emerge, D is the solid-state detector and run #1, (b} S run #2, and (c) “Ni, after implementing the

C represents the two collimators around the source and the detector. best-fit. theoratical spectrum including intermediate scattering
effects and a single-c neutrino.
From Hime (1993).

» Berkeley “C experiment: events in the guard ring of

HPGe with insufficient energy deposition



1994: 17 keV Neutrino Dead
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Experiment-theory sociology

I I I I | | I |

N

B Positive expt
O Null expt
O Theory, reviews

n
o

—
(o2}
§  9—F—0—% F 981 .8

@

F=N

g i -} 3_DR-—§ _h 4 ) -3

Number of papers in 2 manths
o

oham

1985 ! 1986 ! 1987 ! 1988 ! 1989 ! 1990
Year

« 17 keV neutrinos are in conflict with LEP, Cosmology
constraints, and SN1987A, but still there are numbers of
viable (but contrived) theoretical models derived.

« At leastin this case, nature chooses to be “pretty”

1991 ! 19002 ! 1993
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» Mass ordering and the JUNO experiment



Masss hierarchye

> | AM4, 2| =2.4x10° eV?, Am,,2 =7.5%x10° eV?
» Mass hierarchy:

Is m; the lightest (hormal) or ms the lightest (inverted)e

FERMIONS®

First Second Third
Generation Generation Generation

» Can loosely franslate to: is electron neutfrino the  « ot B —I
lighteste L S

W
10t ; Bottom quark
V2 :D:] U3 EI:] I Charm quark
A -
A IAmz | 1 L 2 Tau
v =T 7 e
y - 2 E Muon
Amatm g s Down quark
2 5 y
k= p quark
m Am’ il
atm ¥ § Elactron
? vy 1]
A 2 S e e MASSLESS
W W Amm, _— BOSONS
V3 v1 | 2
neutring Tau- _J Photon
. H 1ot Electron- neutring
Inverted hierarchy Normal hierarchy Eleaon T @ clr

Vel Vuld VvrJ o R

*The fermions are subdivided inte quorks and leprons, with leg




JUNO experiment

P.. =1 — cos® 013 sin” 2015 sin? (Ay,)
— SiIl2 2913 SiIl2 (|A31 |)
— sin? 012 sin? 2613 sin? (Ag1) cos (2|As1|)

0
Sm2 12 sin2 2013 sin (2A91) sin (2|Asz1]) ,
= .
= 0.6 N Non oscillation
E‘ '-‘ AN —— 8, oscillation
= 05 o Namml hierarchy
E § ——— Inverted hierarchy

Taishan
‘NPP

Yangjiang
NPP

» 20k-ton multi-purpose LS detector
» Construction phase: 2013-2020

0 15 20 25 30 L
LE mateyy 66 Institutes, 444 collaborators




JUNO experiment

Schedule:
Civil preparation: 2013-2014
Civil construction: 2014-2017
Detector component production: 2016-2017
Detector assembly & installation: 2018-2019
Filling & data taking: 2020

« 27-36 GWreactor power, 20k ton LS
detector

- 3%/\E energy resolution, <1% energy
scale uncertainty

« >30 (40) 6-years MH determination
JUNO-alone (JUNO+accelerator exps)

25 ——
Normal true MH
20
:§ A B
= 5
5 10
True MH (ideal)
sL1-- =True MH (real)
False MH (ideal)
t |- = = False MH (real)
1 L 1 n 1 L 1

D n n L n L
234 236 238 240 242 244 246 248 250
[AmZ.| (X107 eV?)



Supernovae neutrino in JUNO

Inverse beta decay (IBD) v,+p —n+e”*

Q Prompt signal : 2y
\‘o 3

Delayed signal :
2.2MeVy

Elastic v — p Scattering (pES) v +p — v +p

Elasticv—e Scattering (eES) v, +e— v, +e

\/

®

\/

‘}cml energy ‘;0" energy

Channel

Type

Events for different (F,) values

12 MeV 14 MeV 16 MeV
Ue+p—et +n CC 4.3 x 103 5.0 x 10° 5.7 x 103
v+p—v4p NC 0.6 x 103 1.2 x 103 2.0 x 103
v+e—uv+te ES 3.6 x 102 3.6 x 102 3.6 x 102
v+ 12C 5 v+ 12¢* NC 1.7 x 102 3.2 x 102 5.2 x 102
ve + 12C 5 e + 12N CC 0.5 x 102 0.9 x 102 1.6 x 102
v.+ 2C et + 2B CC 0.6 x 102 1.1 x 102 1.6 x 102

10 kpc glactic SN
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» Neutrinoless double beta decay



Majorana particles

Majorana mass term:

C
Mg Ve~ Vg

* Majorana, 1937
« Can be tested via neutrinoless double B decay, W.
Furry, 1939



Neutrinoless double beta
decay

e

y

* Neutrinoless double beta decay
— The nature of neutrinos, Dirac or Majorana
— lepton number violation

Arbitrary units

« Extremely rare events T > 10%* year.

(mas)|*

v— U JrY |
(TP/Q) =G (@Q,Z) |-MU ‘2 m2 o

7500
Energy (keV)

Sum of electrons energy

3
E 2
Uei ma .
i=1

mﬁﬁ =



Experiment Isotope Resolution Efficiency Phase Mass Exposure Background rate Sensitivity

(keV) (kg)  (kg-year) (counts/(keV -kg-y)) (meV)
o e [o] o SeammTmloe i
EXO wXe w0 o7 Gntighoo |16 | soo o 150
R T e
vz e w o Semsd ) owe [WEl

Table 1.1: Proposals considered in the mgg sensitivity comparison. For each proposal, the isotope that will be used, together
with estimates for detector performance parameters — FWHM energy resolution, detection efficiency and background rate
per unit of energy, time and 3/ isotope mass — are given. Two possible operation phases, with estimates for the detector
mass and the background rate achieved, are given for each experiment.



Experiment Isotope Resolution Efficiency Phase Mass Exposure Background rate Sensitivity
(keV) (kg)  (kg-year) (counts/(keV -kg-y)) (meV)
y ' 20152017 (I) | 200 600 10! 140
- S | N1 C ‘ - ; —2 4
M epes P' -~ _ 2018 2020 (11 200 600 4 x 10 85
&1 3 Nt pem——t {n‘ - J - 1 p
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or each experiment.

GERDA, 7¢Ge KamLAND-Zen, 13¢Xe



counts / 1 keV

—_

Events/0.05MeV  Events/0.05MeV

GERDA Phase-|

Constraints from non-discovery

10k Phasel -23.6 kgyr | [_JAC+MV
; ! I AC + MV + PSD
1 I
0—1
2070 2070 ~ 2030 2040 050 2060 eV
KamLAND-Zen
anl b) Period-1
4 ®
3E
- D

S = N
T

Visible Energy (MeV)

(mgp) (V)

Phys. Rev. Lett. 117, 082503 (2016)

10" KamLAND-Zen (***Xe)
107°F 3
- 10ton
L NH
107°F 3
[ v v vl | vl Lol b byl
10* 1070 107 10 50 100 150
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