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Homestake, SAGE,GALLEX KamLAND, CHOOZ SuperKamiokande K2K, MINOS, T2K

Double Chooz, Daya Bay, RENO lceCube

SuperK, SNO, Borexino

B Solar neutrinos (v,) Data driven field — new data are coming

B Atmospheric neutrinos (v, v, Ve, Ve) : :
P i Data from various neutrino

B Reactor anti-neutrinos (7,) é sources and vastly different

B Accelerator neutrinos (v, 7,,) energy and distance scales

We have just started our journey in the mysterious world of neutrinos!
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e v, — Vv, and , — I, — atmospheric experiments “indisputable”|;
® v, — Vv, r — solar experiments “indisputable”|;
® U, — Usther — reactor neutrinos “indisputable”|;
® U, — Vsther irOm accelerator experiments “indisputable”].

The simplest and only satisfactory explanation of all this data is that neutrinos have distinct
masses, and they mix. A 3 flavor v oscillation framework can accommodate all the data

Finite neutrino masses required by the experimental data provide the
first hint for physics beyond the Standard Model

New parameters (masses, angles, phases) need to be measured and understood!
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Neutrino oscillations occur because the flavor (weak) eigenstates do not
coincide with the mass eigenstates

3 Uel Ue'z Ue3 |
Va) =Y Uklvi) (a=epr)  Upuns=| U Uwp Ups
1=1 ] Ui Ura Uz )

+ The neutrinos interact as a flavor state, but propagate as a superposition of the three

mass states. Over a distance L, changes in the relative phases of the mass states may
induce neutrino flavor change

+ Assume two neutrino flavors for simplicity:

[ Yy ] _ [ cosf  sinf ] [ Vo ] v, (t)) = cos Be ™ E2t [uy) + sin e~ 3 |13)

v, —sinf cosf V3 B, = /pz 1 m2
1

* Probability that a vy remains vy, after some time t:

k
(P(Vﬂ — V) = |<I/;L|I/[J.(t)>|2 ~1 — sin?(26) sin’ (1.27Am§2 L k] )

E[GeV]
| §
. . . 100% MUON 100% TAU
* Neutrino oscillations depend on L, the NEUTRINO NEUTRINO
neutrino energy E, and the mixing parameters @ % won
—
Courtesy to A. Sousa L
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» Interactions in matter modify the oscillation probability significantly

» Coherent forward elastic scattering of neutrinos with matter particles

» Charged current interaction of v, with electrons creates a potential for v,

n, = electron number density, + (-) for neutrinos (anti-neutrinos)
Creates an additional phase for v, and changes the oscillation probability

Am? >0 | MSW - :> Resonance occurs for neutrinos (anti-neutrinos)
Am? <0 MSW if Am? is positive (negative)
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connection between

—rhgin e solar and atmospheric

U is a 3x3 unitary matrix containing 6,5 , 8;; 8, and one CP violating (Dirac) phase 6

tan? 0,5 = {E%::g, tan? fo3 = %j, U,z = sin f13e~ %
sin® fo3 = 0.527005  (0,,=46.14°) 20,5, = 0. 312+° 017 (g — 33950
23 007 2 sin“ 012 = 10,015 ( 1= 33.95°)
2.5010-9%
Am2 = x 10 3eV?2
| (2. 40_0 i Am3, = (7.597920) x 1075 eV?
T RR——— R——— - ‘
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Q MINOS (July 2011): sin?20,, # 0 @ 89% C.L.

MINOS collaboration, arXiv:1108.0015 [hep-ex]

d  Double CHOOZ (December 2011): sin’20,;=0.017 — 0.16 @ 90% C.L

Double CHOOZ collaboration, arXiv:1112.6353 [hep-ex]

d Daya Bay (March 2012): sin’20,; = 0.092 = 0.016 = 0.005 @ 68% C.L.

Daya Bay collaboration, arXiv:1203.1669 [hep-ex]

sin22013 5& 0 @ 5.20
d RENO (April 2012): sin’20,;=0.113 = 0.013 £ 0.019 @ 68% C.L.

RENO collaboration, arXiv:1204.0626v2 [hep-ex]

sin226’13 #0 @ 4.9c
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sin® 2013 = 0.092 £ 0.016 £ 0.005 sin® 26013 = 0.113 + 0.013 4+ 0.019

Big News: We have discovered the 1-3 mixing angle!

By the end of 2012, this will be the most precisely known mixing angle in the PMNS matrix!
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Courtesy to S. King S1n e13

[s tri-bimaximal neutrino mixing pattern still allowed?
See, Brahmachari and Raychaudhuri, arXiv:1204.5619v1 [hep-ph]
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CP-odd asymmetries : 3 | APy = P(va — wi t) — P(va — i t) |

AP, =AP,, = AP, = 4s12c12 513 c¥3 893 c93 SInd

2 2 2
5 [sin (A_ "‘mt) +sin (ﬂt) +sin (ﬂt)]
Y5 2E 5E

» 01s unknown, asymmetry vanishes if 6 1s 0° or 180° and maximum for 90° or 270°

» Need at least 3 generations to observe leptonic CP-violation, suppressed by 0,
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Setup tofyf] to[y] Pruof Prage L[km] Detectortech  mpe
Double Chooz - 3 86GW 105 Liquidscint 83t
Daya Bay - 3 174GW 17  Liquid scint 80t
RENO - 3 164 GW 14  Liquid scint 154t
T2K 5 - 075MW 295 Water Cerenkov 225kt
NOvA 3 3 07MW 810 TASD 15 kt

P. Huber etal., JHEP 11 044 (2009)

Double Chooz, Daya Bay, RENQO: Reactor experiments

= Electron anti-neutrino disappearance at reactors with L = 1 km

" “Clean” measurement of 05 :

P ~ 1 — sin® 2013 sin*(Am?2, L /4E)

T2K, NOvA : v, to v, transitions at Accelerator experiments

=(Oscillation probability complicated : Depends on 0,5, 0p, and mass hierarchy
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MH discovery, NH (30 CL) ] CPV discovery, NH (30 CL)
|
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True value of sin’ 2643 True value of sin® 2643
P. Huber etal., JHEP 11 044 (2009)
Expectation in 2025 without new facilities at 3¢ C.L.

Combined results expected from: T2K + NOvA + Double Chooz + Daya Bay + RENO
(Including Project X and T2K operating at 1.66 MW)

More than 70% of parameter space are not accessible. New experiments needed
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Source Oscillation Detection

Vu

>99
K
<1%
Ve

Courtesy to P. Huber

Neutrino beam from w-decay
They are called “super” : why?

B Beam power ~ 1 MW
B Detector mass ~ 100 kt

B Running time of the experiment ~ 10 years
B Price
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The appearance probability (v, — ».) in matter, upto second
order in the small parameters o = Am32, /Am?2, and sin 26,3,

sin?[(1 — A)A]

P,. ~  sin®26;5 sin?60 - 0, Driven
m 13 23 (1—A) = 0,;D
sin(AA) sin[(1 — A)A]
— sin 260 sin ¢ p sin(A &> CPodd
o 13€ cpsin(A) y; 1_4)
sin(AA) sin|(1 — A)A
+ a sin26;3& cosdcp cos(A) (A ) [((1 - A)) ] ® CP even
« QoA
+ a? cos? 023 sin? 2012 s f(i;lA) ; W Solar Term

where A = Am3,L/(4F), £ = cos 6,3 sin 265, sin 26,3,
and A = +(2v2Gpn.E)/AmZ,

Cervera etal., hep-ph/0002108
Freund etal., hep-ph/0105071
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Minakata, Nunokawa, hep-ph/0108085

B (023, 7/2 — 023) degeneracy
Fogli, Lisi, hep-ph/9604415
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In Europe

LAGUNA o
European design study for Large e ‘ LY

Apparatus for Grand Unification and
Neutrino Astrophysics

e LAGUNA-LBNO

Nhhv‘nukcv,b
Nelt } : [ e
cbhbraska - P .
- . - “.- 2 Fermilab

:: [ =

LBNE — a plan to build a new neutrino beam

CONTIE FON LR DERGAMAD
POPICE M PATALM Y A

at Fermilab aimed at Homestake, where
either a large water Cerenkov detector or a
LAr tracking calorimeter would be built

LAGUNA/LAGUNA-LBNO -

il , v/ study considering three
ol v AN detector options for
@ M-:1', . ‘ gy I astroparticle physics and new
/ARSI _ sadi. y long baseline in Europe
SO MPEE Lo DN RPN
s Ee PR Each of the three
detocta ke Okina o Kare community ~ same size
Courtesy to A. Rubbia
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Exploit L/E CN2PY (Pyh3salmi) ) X
= |Initial : beam from SPS (S00kW - 750kW) & Pyhasalmi E

dependence L : Long term: LP-SPL + HP-PS - >2MW
strong martter o <> N62°30— . . =
effect z :

baseline Superbeam experiments

Large 0,; allows us to pursue a
staged approach in terms of the
size of the experiments

/ 8% s e Progressive increase of the beam

(:‘011113111‘6 o 2 L Sty o < = AL power & detector mass
neutrinos and ' N
Aantineurrinos

CN2FR (Fl'éius)
= HP-SPL + accumulator

(5 GeV — 4 MW)

¥ CNGS - Umbria
il = Beam from SPS (500kw)
s * No near detector

Navy, -~ 8CO

1"E elev 150 m

EURONU-WP6-11-38

arXiv:1109.6526 [hep-ph] IFIC/11-48

An incremental approach to unravel the neutrino mass hierarchy and
CP violation with a long-baseline Superbeam for large #,5

SANJIB KUMAR AGARWALLA®, TRACEY LI®, ANDRE RUBBIAS

8.Y Instituto de Fisica Corpuscular, CSIC-Universitat de Valéncia, Pr Oduce S igniﬁcant phyS ics res l/lltS
Apartado de Correos 22085, E-46071 Valencia, Spain
¢ ETH Zurich, Institute for Particle Physics, CH-8093 Ziirich, Switzeriand at each phase !l
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New, upgraded, intense wide | V, Oscillatesinto v, | L Ar Detector at Pyhiisalmi
— R
band superbeam from CERN 2290 km Pilot (10 kt) to Giant (100 kt)

Source Oscillation Detection

Wide Band Beam =» Higher statistics = cover several L/E values =>Kill clone solutions

LAr Detector = Excellent Detection efficiency at 15t and 2" Oscillation maxima
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Energy [GeV]
Agarwalla, Li, Rubbia, arXiv:1109.6526 [hep-ph]

» New high power accelerator (HP-PS2)

4
Energy (GeV)

1st Osc Max

sin?20,; =0.05

5 6

» Both 1! and 2" Osc. Maxima important

» 50 GeV proton beam, power 1.6 MW

» High L, High E, High cross-section

> 3 x 10%! protons on target/yr (200 days/yr)

» Less uncertainties in o at high E

» @ flux level, 0.62% intrinsic v, contamination
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Emax A
/ dE / " dE, ¢(E) 0,.(E) R(E, E4) P,.(E)
0 Epin

exposure = (pot per year) X (fiducial mass of detector inkt) x (total runtime in years)

—
o
N

Events per 0.125 GeV bin
o

It has units of pot.kt

= 0°, 1500 x 102! pot.kt

CERN-Pyhisalmi (2290 km)

Background

2290 km, PHF
L signal (v, > vg) s
§2"d osc max ; i S =
: Mis-1d (Vi) S sin220,; = 0.05, Scp
i NC —— |
Channel
Signal
CC

Int+Mis-1d+NC = Total

vy — ve (NH) 2364

419+100+103=622

v, — ve (IH) 485

439+100+103=642

vy — ve (NH) 304

128+42+45=215

vy — Ve (IH) 1049

2 3 4 5 6 7 8 9 10
Reconstructed neutrino energy [GeV]

S. K. Agarwalla, Calcutta University, Kolkata, India, 26" April, 2012

122+43+45=210

Agarwalla, Li, Rubbia, arXiv:1109.6526 [hep-ph]

Intrinsic v, contamination causes
highest background.: Near Detector must
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Red Line: 2290 km A — 00 ke
- 1]311111 SN dog Total exposure (x 10*'pot-kt)
@ : NHyY:. :
S | s T NH true | IH true
U Naf A 1 12290km | 32 (80) | 50 (158)
O i Y N ; ]
< S | | 1540km | 158 (502) | 250 (627)
8 i Aas ] 3G 56 36 50
S o i ] Total ded
5 _ e | =3 otal exposure needed to
© ¢ JIH Venti . . 5
IC i ; | achieve MH discovery with
H ry
02 | H 100% coverage 1n dp (true)
i
(i 4
i Grande 10 kt . . .
- j ; g - Agarwalla, Li, Rubbia, arXiv:1109.6526 [hep-ph]
O ) et | Ll
10° 10’ 107 10°

Total exposure [1 0?1 pot.ki]
Equal sharing of neutrino & anti-neutrino running. NH requires less exposure than IH

Neutrino Mass ordering will be discovered at Sc with lowest exposure at 2290 km
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CERN-Slanic (1540 km)

abs[N(90 deg)—N(

L] lllllll L] T

nu—nh

nu-ih
nubar-nh ——
nubar—ih

. Total exposure 1.5¢24 in each case

0.001

0.01
sin?2(2%th13)

abs[N(90 deg)-N(0 deg)]/N(0 deg)

CERN-Phyasalmi (2290 km)

Ll Al lllllll L\l Ll LI

nu-nh ——
nu—ih —
nubar—nh

nubar—ih

08

Total exposure 1.5e24 in each case

llll| 1 1 Illllll 1 1

11 1 1 131

Ll

CP violation measurement is never easy even for the largest values of 05

S. K. Agarwalla, Calcutta University, Kolkata, India, 26" April, 2012

0.001 0.01 0.1
sin”2(2%th13)
Agarwalla, work in progress
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Red Line: 2290 km

Blue Line: 1540 km

&
&
IH -
o
s

0y

8
St

33 kt

100 kt

300 x 10=* pot-kt

2200 km | 1540 km

1431) | 3647 56(63) | 65(67) 72(74)

NH (IH)

d¢p fractions for which a discovery
at 3o is possible for CPV

Agarwalla, Li, Rubbia, arXiv:1109.6526 [hep-ph]

1540 & 2290 km are both

®
= |
& 06}
(@) L
e}
“6 -
=
S 04¢
(&) i
S
LL
02 |
g 2
10

10°

Total exposure [1021 pot.kt]

optimal for CP measurement

Equal sharing of neutrino & anti-neutrino running. IH requires less exposure than NH

We can cover 30%, 50% & 70% of parameter space with 3 defining exposures
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Probing the Neutrino Mass Hierarchy with Super-Kamiokande

Agarwalla, Hernanadez, arXiv:1204.4217 [hep-ph]
Send a superbeam (average energy of 5 GeV) from CERN towards

existing and well-understood Super-Kamiokande (L = 8770 km)

This setup can reveal the neutrino MH at 5c 1n less than two years
irrespective of the true hierarchy and CP phase

The measurement relies on the near resonant matter effect in the v, to v, oscillation channel,
& can be done counting the total number of appearance events with just a neutrino beam
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0.45 [ CERN-Kamioka
8770 km

0.4

0.38

I S TR I B
0.36 7 75 8 85 9 9.5 10105
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7 75 8 85 9 95 10 105 9 10
3
L [10 km] Energy [GeV]
. : ~ Amsz, L
Pue = sin toq sin® 2013 sin? | — 21—~
4F
. 2 \ 2
sin? 2013 = sin® 2613 (iggl) Am3, = \/(Amgl cos 2613 — A)?2 + (Am3, sin 2613)2
31
295 - B = Am3; cos 2013 ne(L)L|L = T
sin” 2013 p=g,.. = 1, res = 2\/§GFne B \/§Gp tan 2603
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Central (true) Values External 1o error CERN-Kamioka (8870 km)
sin® 20,5 (true) = 0.113 o(sin® 26,3) = 0.023 Channel Signal Background
Am3, (true) = 2.45 x 1073 eV2 (NH) || o(Am3,) = 5% CC-1 ring| Int+Mis-id+NC = Total |
Am.%,l(true)0=(—2.3;1 x 107% eV?® (IH) a((A(am§l) = 5:7% vu = ve (NH)| 44 1+2+16=19
bz (true) = 45° o(fa3) = 10%
Am3, (true) = 7.59 x 10~° eV? o(Am3,) = 3% vy = ve (IH) 2 1+3+16=20
012 (true) = 33.96° o(012) = 3% vy — vu (NH) 83 2
p(true) =1 o(p) =2% vy — v, (IH) 91 2
50

CERN-Kamioka Superbeam
45  MH discovery (rate based analysis)

Normalized Exposure
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(large angle MSW)
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Quark mixing Lepton mixing
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‘ Neutrino oscillation is an exclusive example of
| experimental evidence for physics beyond the Standard Model

Recent results on 1-3 mixing angle is very exciting!

Following the recent discoveries, we need to re-optmize the

future neutrino roadmap to explore the information on
mass hierarchy and leptonic CP violation!

The work has been started just now......

Thank you!
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Cosmological QCD Electroweak GUT  Planck

constant scale scale scale mass
\: v 2 v 2
103 1 103 10° 10° 1012 10%° 1018 1041 1024 1047 eV

Mass matrix for one family of ordinary and heavy r.h. neutrinos

o) (W) (W)

Diagonalization

@) ("M D) (v)

One light and one heavy Majorana neutrino

Courtesy to G. Raffelt
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