Ewa Rondio

National Centre for Nuclear Research Q‘?c
Warsaw, Poland ,’96 3

Workshop on the Standard Model and Beyond

Corfu, September 4-th , 2018




How and what we measure to get oscillation parameter

e New information from present measurements
¢ \What we know and what is missing

e Prospects for better data (oscillations)

....... | will not talk about sterile neutrino and

doule p decay searches, sorry..
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How' Many Neuirinos?
Experimental result from LEP

Two neutrinos

Three neutrinos

Four neutrinos

Initial state Final state

Cross section
for the L
productionof 20
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Electron e~ 7
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Z° — qq(uit,dd ,ss,cc,bb) Z0 width measured
contributions from quarks
and leptons calculated

FZ = Fhad + 31“] + erv

7' =l (e, uu,rt)

0 —_ - —_ —_—
/. —vVy (’Veve,vﬂvﬂ,vrvr)

total width ~ decay probability (~1/lifetime)
partial width ~ branching rate (channel i)  JBCHRPEIIRIY:
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An overview of neut
within 3-flavour pictt

Phenomenon well understood by now

= Each flavour state is a linear combination of mass states:

Vo) = Ugi Vi)
o

Flavour state PMNS lepton Mass state
a=ent mixing matrix =123

Having long history and involving many experiments NOW




From Y. Hayato talk at Neutrino2018

Atmospheric neutrino ~ First evidence of v oscillation

Prof. Kajita gave a talk on the “evidence for v, oscillation”
at Neutrino 1998. (June 5%, already 20 years ago.)
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Neutine escllletions =
exipenimentalistatiisianciplioSPEEHS

omething interesting
happens here

»
source Io'c“htlon detector

* Neutrino oscillation was a surprise in 90’th,
* now it is well established phenomenon and
a lot of efforts are made to determine its parameters
* In future it can be a tool for
* beyond SM effects
» CP violation mechanism
* Understanding matter-antimatter asymmetry
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SK, K2K, T2K, MINOS DayaBay, SNO, KamLand,
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mixing angles, squared mass differences, CP
violation phase - fundamental parameters of nature

Am3; = (7.62 £0.19) x 107°eV?

Two free parameters for the three Am?’s,
(Am?3,=Am?,;+Am?y,)




L — dist. to the detector
E - neutrino energy

Maximal effect when

sin?(1.27Am?L/E) = 1
so when we know L and E
we can estimate for which
mass difference experiment
will be sensitive

Mass slates
Second

Weak states
First Second

Vv = cost v1+sim‘/‘ v,

v, = —sin?} vV, + cost v,

0

Distanca, x =ct

Bl Probavilty that v, has become v,

. Probability that v,, is still v,



Sensitivity to oscillations

'V energy - E and

P(va — vﬁ) = sin”26 sin’ ( 1'271?’% L) distance L define
v range of sensitivity
E, (MeV) L (m) Range of Am2

Supernovae <100 >10°  |10-1° - 10-20
Solar <14 101 10-10 22?2 )
Atmospheric >100 104 -107 10-3-10-4
Reactor <10 <106 10-5 @
Accelerator - SB | >100 103 10-1
Accelerator - LB >100 <1096 10-3 M

Two mass differences and three neutrino types oscillatimg
> full description in 3x3 oscillation matrix,
- studies in many experiments to get full picture....



But: Am?,,~10, not 10-10
and solar and reactor oscillations
are described by the same Am?

How to get it consistent?

Need to consider matter effects (MSW effects):

propagation in matter neutrinos are not all equal

(as thy are in the vacuum) Only v, has charged current elastic scattering v, e
V.. have neutral current only % W
[ Ve
o - all V(CC+NC):V, = 22G,(1- V] +2sin ) n
Additional term in the potential| " e F 2 wl e
modifies oscillation probabiities, v, (NC) V. -:\ﬁGF(-yZ+2sin28,,..)‘n¢
Am? effective is introduce :
for maximal effect we have condition:

A matier = A (Am® c0s20 — A)* + (Am” sin 20)’




What we need to de

e Produce particle which is visible in

the detector \/

It happens when: K

1. Neutrinos kicks off electron (or /\

Electron v ve Electron

nucleon) from detector material
(elastic scattering, energy transfer,
neutrino continues - interaction in N

NC mode) \/

2. Neutrino interacts in CC mode and
produces charged lepton which is ron v
visible in the detector

It can happened on electron or (with

Higher probability) on nucleon (if there Proton @=@ Neutron

Is enough energy to produce more
massive charged lepton and teke
nucleon out of nucleus... CC

Initial state Final state

clectron et Positron
antineutrino




How to detect neutrinos
- i.e. products of their interactions?

Typical detection techniques:

> Radiochemical n>p or p>n and nucleus changes, count the

counting n inter. (no additional inform.)
»scinftillators - record scintillation light of produced chc
particle (electron or proton:--) - register time and energy
»water (light or heavy) - record Cherenkov light — register
direction, time and energy
> liquid argon - record drifting electrons from ionization
>iron slabs as targets and various detectors to record

exiting particles, includes emulsion

> 6o underground to reduce background
> Make your detector big
- use large volumes of cheap materials
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if not consistent — take oscillation formula
and modify parameters

In leading order the analysis can be done for 2X2 cases
(solar and atmospheric), first results
With better precision mixing part (1-3) becomes important
3 flavour analysis is required

First approach — results leading to dicovery of neutrino
oscillations = Nobel Prize 2015 (SK and SNO)




¢ |nput:

e observed number of interactions (of given neutrino flavour —
defined by produced charged lepton)

e predicted number of events (from oscillation probability,
depends of parameters)

What needs to be done?

e Improve statistics of interactions observed “after oscillations”
—> done by larger detectors, long time, better selection

e |Improve predictions = understand source (Sun, reactor,
beam..) and measure “before oscillation® and extrapolate



What we know now
from recent measurements
about solar (1-2),
atmospheric (2-3)
and sub-leading (1-3)
neutrino oscillations?
Start with sector 1-2

1 0 0 cosf;, 0 sinf e
= 0 cosf,, sin0, 0 1 0

. . -id
0 -sinf,, cos6,, —-sinf,e™” 0  cos6,;




Solar neutrino spectra
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Why it is difficult?

—> Signal is low energy electron
(around MeV)

—> and large backgrounds from

radioactive decays all around and
j&\ in the detector

______

Expected rate in Borexino

50 events/d/100t expected (v, and v, , elastic scattering on e) or 5109 Bg/kg
(typically: drinking water ~10 Bg/kg; human body in 4°K: 5 kBq)




What are the expectations ?

_—~ 103
. C14(40B . :
) S R » Solar neutrino = electron recoil spectra
0 o PP-V(133) » Irreducible '“C and other internal
g 1 radioactive contaminants : 2'°Po,21°Bi (both
=~ not in secular equilibrium), 8Kr, 11C
0 10 BaT=v(45) » External y (high energy)
e/-V
+H .
8 . Kr85(30) C11(26)
P BTN N/ aieeeeall
£a ’ o T1208(1.5)

Bi214(1.5)




Phase I/Phase |l

Phase IlI: lower 85Kr and 21°Bi,
reduced 21°Po
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Detector | Depth (m)
~1000
Borexino ~1400
SNO+ ~2000
JUNO ~700
Hyper-K ~600
DUNE ~1500
Theia ?
Jinping ~2400
SNO

Super-K

olar neutrino

m S.Chen talk at Neutrino2018
Mass (t) Live period Location

22.5k 1996-present Japan

LS 218 2007-present Italy

LS 800 July, 2018 Canada

LS 20k  Near future China
Water 187k Future Japan
LAr 34kt Future USA
WDbLS 25k Future USA
Slow LS 2k Future China

Borexino Theia
SNO+,JUNO Jinping
DUNE
WLS
\N LS, LAx? Slow LS
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Total solar energy: pp chain (99%)
and CNO cvele (1%) Key to the Solar metallicity :

G_\ ®Y () @o (5 > CNO flux ""‘:?»Q%«:Y
,C/ \ N/ \ O 30 3 32 33 34 35 3% 37 38 3w O"N ‘ 'NC
X ol e — N A
3 (P '\) } ° 120::' I Eackg,ound 6> o
: ! " Not yet ol —% g B
13 I 15 1 17, sof- 1 — “8i v* ‘% Y e
N 0 F ) observed wop ’. —— ‘
4 : e ——— T T T @ rewon vV Neunno
(p,y) " (p,7) sz ‘ . s
O we ww e ms o Predictions: HZ ~5 cpd/100 t
; ‘\ (p‘” ) KS\ (P")’) m > 800 900 oolo 00 2ognergy (333)
(c) ) \%o Dol geary minios s (CH0) e L2 -3 cpalton

Search for neutrino/antineutrino in
coincidence with 2350 GRB
observed during 8 years of the

Borexino data taking
Astropart. Phys. 86, p.11 (2017)




70 GW (~12 % of global
nuclear power)

at
L~ (175 £ 35) km

effective baseline : ~ 180 km

Kashiwazaki power gsooé V
station : 24.3 GW = 450} = Korean reactors: 2.5%
§w°§ (World + Research)
£ 350 reactors: 0.7 %
® Jipan
200} ® Korean
1so§ World
100;
%

.’ : 001002003004006000007008009001000
e e R R | Distance [km)




Historicaly - this is where neutrinos were discovered (Reines - Cowan experiment)
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Energy(V) ~ Energy(e”*
Observed neutrino energies (reactor)
convolution of:

Flux of anti-neutrinos from rector
Coinncidence is crutial for background reduction + Cross section for interaction

" — n
note: H=proton (H+C) T~220ps
Prompt signal from positron capture

Delayed photons from neutron capture .

ron



Kamland — exposure ¢
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e Expected events‘ 3564 +/-

450_:__ S E""""g —e— KamLAND data
Zaor |7 e |
Z3s0p i b N accidenta e Bgr 364+/-30 (accidentals 1
= 300F ; (a0 \
Z250F ’ best-fit Geo 7, _ .
5 200F » taking average distance
- = to the reactor of 180 km
S | ek 1.0 || ‘## | #_ b o i s
0 1 2 3 4 o K T
E, (MeV) 2 0.8}
Zé 0.6 a‘& lSBlz-ll\-'annah River ‘-. 5*;'.':
Obs/exp = 0.631 +/- 0.014 (stat) X Rovis
0.4 & Goesgen i
+/- 0.027 (syst) & Krmsnopkik S
. 02 = C?mo erde
Corresponding _to . B one e
exclusion of non-oscillation at 00k | , . , ,
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e Kamland only ie. for anti-neutrinos



Reactor neutrinos probe sector
or 1-3 depending on the distance

-- Non oscillation
—— 8, oscillation
_ Normal hierarchy
= Inverted hicrarchy

*, interference in ve-ve
“,vacuum oscillations
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Started with measurements in Super-Kamiokande

Now includes data from
Long Base Line experiments
Atmespheric neutrinos in traditional detectors
Neutrino telescopes
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Cherenkov radiation

Charge particle moving in the media faster than
light in this medla emlts electromagnetic
radiation

—> analogy to the onic plane producing
sound wave

Sensitive to CC
or NC with charge particle production

The light cone is produced

Energy emitted can be summed up from detected light

Direction can be determnied from time signal reaches walls
Position wher the emmision starts (vertex) is the interaction pont

where charge particle is produced |
COPYRIGHT ANDREAS ZEITLER - FLYING-WINGS y INEBS,NE:_
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NEUTRINOS AT T2K-SK

Vg

“CCQE” “NC 17[”

vp+n—4L0 +p v+p—LT+n Signal e/y
¢ Single p/e-like ring
e E. by energy/direction of lepton, 2-body kinematics

ve + (n/p) — ve + (n/p) + 7° Backgrounds
v+ (n/p) > € + (n/p) +7 ~
® 70— y + y: ring counting, 2-ring reconstruction mUAIt' rng

¢ y misidentified as e from ve CCQE
* powerful rejection capabilities reduce this by O(10?)
¢ Ring counting, decay electron cut to reject n"CCQE

e Pure v. samples (S/B~10 at peak) obtained with high efficienc




Particle ID using
ring shape & opening angle

.w‘ ' l ' L B ] | J ! l L B I 1 ' ' I L A
c ,

% 140 : e-like e"% p-llke 4
B I | ® atmospheric v data
S 120 — T

é [ mc

Z 100 {

8 8 10
Particle 1D parameter

Probability that u is mis-identified
as electron is ~1%




How neutrino experiments tur
to high precision phase?

Example from T2K Proton beam on target
- Produces w and K

- Artificial dedicated neutrino beams
with high intensities

- Precise information about w and K
mesons production is required

- NAG61 at CERN

LI
J-PARC
30GeV

decay volume
proton beam

target & 3horns

beam dump
muon monitor

On-axis ND (INGRID)

om 118m 280m
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Jlost precise measure
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Present status in sector 2-3:

3.6
34
32
3
2.8
2.6
24
22
2

1.8
0

l"lll'lIIUIIl'lll'l"[li'll!lll]'ll

Normal Hierarchy
*  T2K best-fit

Am2, (107 eV?/c?)

Super-K
T2K NOvA (2015) MINOS+
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4 1 l 2 4 A 2
065 0.7
)
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trino 2018

Results differ
slightly for N
and IH

No strong
preference



Sector 1-3

1 0 0 cosf, 0 sinf,e @ cosf, sinf, O
0 cos6,; sinf, 0 1 0 sinf,, cosf, O

0 -sinf,, cos6,, W -sinf,e™ 0 cosf, 0 0 1

Measurements of sin? © ., in v, disappearance

of reactor v

and v, appearance (in muon neutrino beam)

Tests of CP violation - determination of d.p




WY SIOINMEAS UGN

vV, =V,

P, = 1—sin®28,3sin*(1.267TAm3 L/ E),

Energy ~ a few MeV
Distance ~ a few km

® appearance -> long-baseline experiments with v,

beam

== (v, —v,)=sin"26,,sin” 6,, sin” (1 27Am;L ] E)

Leading terms!

Second order terms depend on & and mass hierarchy

Energy ~ a few GeV

Distance ~ a few hundred km ‘




Daya bay ‘ ar and near
. ectors
most precise
measurements

of 045

Results with 1958 Days
: , ——
oo | H S - P 1.00
R | BE - Best-Fit
: ';‘l‘l 0.98! —— W/O oscillations
28 A . ........................... * EHl
: | o
- K t EH2
2.7: 1;0.96 + EH3
26: .................. e
g [ b 0'0.94'
A P
(gz-s;— ......................... E
= NG 092
: \\ preliminary }
23 ? e s : H { H i { i { i
: P 0.905"160 200 300 400 500 600 700 800 900
22f PUAE lmi Bary. Lerr / Ey (M/MeV)
! 1

F— ALAAl AL AL A L AL
0.07 0.09 0.1

S, ~ sin’20 =0.0856 +0.0029
|Am?, = (2.52£0.07) x 107 eV?




Oscillation Results with 1958 Days

* See a clear rate and shape distortion that fits well to the 3-neutrino
hypothesis:

X

-y

-
w

140
1.00 120}
0.99 % 100 :— ‘ | |
g - —4— Far site data
o Rate-on/y jg - == Weighted near site - best fit
. Weighted near site - ,
0.97 X2/ndf=8.8/6 L%’ - Woihied near e - 10 0
gg (p-Va/Uezo. 19) - [:] :"Am{:C
~ - Li/ He
g °% — Rate+shape | 9C(a,n)*0
a v — x2/ndf=148.0/154 Fast neutrons

0.94 | = Best fit oscillations
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measurements In

Double Chooz
TnC MD (n-H®n-C®n-Gd)

electron

anti-neutrino | Daya Bay
disappearance PRD 95, 072006 (2017) n-Gd
(reactor) PRD 93,072011 (2016) n-H

RENO
PRL 116, 211801(2016) n-Gd

electron
neutrino

appearance

T2K

PRD 96, 092006 (2017)
In v, beam Amd > 0
s m
- Sensitive to ;2
CP violation Am3, <0

' ! H
Total Uncertainty '
Statistical Uncertamtv '

sin (20 J=0.10510. 0l4|—§—o—|—|

sm (29 J=0. 084&0 003
sm (29 )=0 071t0 011

H——H

H——e—H sin’(26, )=0.082+0.011

Marginalisaiion% (SCP,Gzi)

0.05




Irst observation of €

ppearance 'V, > V.  sector 1-3

expected background: 4.64 + 0.53
observed (2013):

28 events
7.30 significance for non-zero 043

] T T T T l

"~ —4— T2K RUN1-4 data ol
" — Eust ftsechun 5|
" /77 Background component

41— -4 —

AT LLLL h
]
_I' -

—4

Z

500 1000

Number of v, candidate events /(50 MeV)

£r—]

How this observation was done? |
Reconstructed neutrino energy

T 2 K . accelerator experiment ND280 accelerator
beam from p and K decays , J-PARC
.

1 e e 3

near” detectors
Super-Kamiokande ; e~
"far” detector |

~400 collaboraors
59 institutions



ve CC1m

P, In neutrino beam - observation
15 = | Of 75 events with electron (CCQE)
revents, o d additional 15 events

' = sctron and pion (CC1x)

-

il e

Number of events/125 MeV
Number of events/125 MeV

I s Compariso

tells us tion
0 500 1000 0 500 1000
Reconstructed v energy (MeV) Reconstructed v enerov (MeV)

18—
Ve CCQE
9 pg
events| =

16

-

sin® ©,, = 0.50, 0.45, 0.55
— Am?, = 2.44x10" eVi/c*
--- Amj, = 2.41x10" eV¥/c!

IIIIIIIIIIIIIIIII

Number of events/125 MeV

6l i..isystem
i i stat + syst err

lllllllllllllllllllllllllll

v Data

4_! 1 I ) l L1 1 1 l Ll 1 1 I Ll 1 1 l L1 1 I L 1 1 11 1
30 40 50 60 70 80 90 100

Neutrino mode electron candidates

500 1000
Reconstructed v energy (MeV)

Antineutrino mode electron candidates

In anti-neutrino beam - observed
by now 9 events, not enough to claim that appearance Is observed, need more data

( expected 6.5 without oscillation )



From this data sin<0,.
CP violation can be es

DATA FIT

* Bestfit =

T2K-On|y PDG 2016 --.-

)
k=
3
&
&
Q<

e
e .
--------

L )
«=e= Normal - 68CL

Normal - 90CL
Inverted - 68CL

Inverted - 90CL

10 15 20 25 30 3540 45

sin*(0, )

Oscillation fits




= PVC extrusions + Liquid Scintillator

» Layered planes of orthogonal views with é6-cm

cells. Readout via WLS fibers to APDs.

= 0.15 Xq per layer, excellent for e-identification.
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EVENT TOPOLOGIES
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. Sanchez - Neutrino 20

> 40 evidence of electron

antineutrino appearance

JV

] V

Events / 8.85 x 10”° POT-equiv

Events /6.91 x 10°° POT-equiv

&
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10

vvvvvvvvvvv
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o 2018 Best Fit prediction
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Wihals

S
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\

Unknown
0 # 0,77

ms 2 mo?

923 = 45°7

/

EXt

Differences in neutrino and
antineutrino oscillation probabilities

Changes the contribution from matter
effects

(important for neutrinos travelling through
dense matter e.g through Earth)

Additional source of degeneracies

An unknown hierarchy usually leads to a

Measurement strategies (for LBL): reduced ability to observe CP violation
» Looking for appearance

P(vﬂ — ve) Vs. P(VM — 176)

» The longer the baseline the better (matter effects!)
« Study more than one oscillation maximum to disentangle the effects




Resonance enhancement appears at specific energie
(It depends on Am? and electron density)
—> for solar v we observe resonance around 10MeV
¢ From that we know that m,< m,
® position of m;is not known

- open question — two options



Example plot for T2HyperK (~300km)

Leading (013)

P2V ziplel \Vr

In Iong baseline neutrino
experiments

Matter

- Many contributions, for precisions delta=1/2m, NH  sin®26:5=0.1
all need to be considered ' ' : : 1 : : - : 5

E, (GeV)

P .) = 402,552,582, - sin® A leading term
(V“_H/) 1371323 " S 231 J CP conserving

-|—80123512S13523(012023 CcoS 0 — 512513523) - COS Agz - sin Agl - sin Agl

<80123012023512513523 sin d - sin Agg - sin A3 - sin AQD CP violating

+4S%20123(C122633 + 5%25335%3 — 2C"12023512523513 cos9) - sin? Aoy
L
—8C7351353 - f?(l — 25%) - cos Aszy - sin Az solar term

2 g2 a2 O 5. . .o matter effects
+8C73513593 5~ (1 — 2573) - sin” Agy,
msy

Clij, Sijy Aij




disappearance channels for
neutrinos and anti-neutrinos
gives sensitivity to all parameters

Including CP violating phase
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parameter best fit = 10 30 range
Am3, [10~°eV?] 755707  7.05-8.14

|Am?,| [1073eV?] (NO)  2.504+0.03  2.41-2.60

[AmZ, | [107-3eV?) (I0)  242%3%3 231251 8% &

=
sin? ;,/10! 320103 273379 Bl °

Q
sin (55 /10~1 (NO) 547705  4.45-5.99 47% ¢
sin? f,5 /1071 (10) 5517035  4.53-5.98 149 2
sin26,3/10~2 (NO) 2.16079983  1.96-2.41 5
sin? ,3/10~2 (10) 02001007 199 944 BA 2
§/m (NO) 1.321921  0.87-1.94 {10500

§/m (10) 1.561015  1.12-1.94 e

deSalas et al, 1708.01186 (Mai 2018)




deSalas et al, 1708.01186
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|
O/t

|
o/
e T2K, NOvA and Super-K prefer n< 0 < 2mn (as well as NO)

* The combination of LBL and Super-K enhances rejection against 6 = m/2

e From the global analysis, O = nt/2 is disfavoured at 4.80 (6.10) for NO (IO)



Difference in # of electron events:

Matter effect
Solar term

Interference

e This brings sensitivity to mass hierarchy
and CP violation

e this will be improved with better

neutron

hierarchy detection (Ga)
Inverted |
hierarchy

PREPETE | PRI R

0.001 0002 0003 0004  0.005
2 2 2
[amy, |, [Amy,| eV

0.6

Interference 03
Matter| [F:

0.1

0

Energy [GeV)




4 2 - 2 2 2 - 2 $and %
P(Peg — Pg) — 1 —jcos" 03 sin? 2019 sin Ale ~|8in“2014 | cos®0,, sin Am.“ = + 8in%0,5 sin“Ama, — -
1E A
4 - 2 s 2 2
~ 1 —jcos 03 sin? 2049 sin? Am2l ~|sin? 2013 sin? Amg  — yfor Ami, € Amj,
1E — 1E

JUNO L|qu|d Scintillator RZEIL oscnllauon probablllty P(v >V)

Here for Am y ¢ Am )= 2x2.49x10 cV

* Energy resolution T
3%/Sq rt(E) g full red line - normal hierarchy

dashed blue line - inverted hierarchy
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Calibration <1%
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2021 - detector
redy - data taking

100 k events
In 6 years
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Also very reach 1 1
program for other 5000 10000 15000
measurements L/E (m/MeV)




matter induced transition appear
e For neutrinos in normal mass ordering
¢ For anti-neutrinos for inverted mess ordering
Normal ordering Inverted ordering as fluxes and cross-sections
| for vand v differ expectatio
for differential distribution on
cos® - E, plane allows
determination of mass order

1.0

possiiblity to meaureure:

¥ 0.0
0.5

_ \ 4 d PINGU - within IceCube
\\\ |, L M ORCA - within KM3-net

10° 10!
E [GeV]




lceCube

http://icecube.wisc.edu/

1324 m

Eiffeltornet




Observes interactions
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e interaction, E =16. 6 GeV
\ Vertex: 170 2p nZ2yle

Vertex: 331:,5p ,
300 cm

Very good particle ID, energy resolution and “bubble chamber like” picture
Of the interaction. Technique developing very fast and promising for large

Scale detectors



Dune with

Sensitivity to CP Violation, after 300 kt-MW-yrs
(3.5+3.5 yrs x 40kt @ 1.07 MW)

CP Violation Sensitivity

DUNE Sensitivity
Normal Hierarchy
7} 300 kt-MW-years
sin®20,, = 0.085
sin®6,, = 0.45

40 ktons
optimized
beam

In both experiments

more goals than
oscillations

——— CDR Reference Design

------- Optimized Design

Normal Hierarchy
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beam configurations)
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DUNE Sensitivity
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Precision on neutrino mixing parameters is reaching % leve

Some open questions could be sorted out soon
Measurement of CP violation parameter from single experiment
may need to wait for next generation experiments

NEUTRINO OSCILLATIONS



