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Outline

* Neutrinos, neutrino oscillations

* Neutrino osclillation experiments
> solar,
> Atmospheric and v felescopes
> reqctor,
e Qccelerators,

* Some future experiments
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Alexis A. Aguilar Arévalo XV Mexican School on Particles and Fields Sep 11,2012 Puebla, México



Neutrinos

Part of the Standard Model of particles and their interactions

THE STANDARD MODEL

 Fermions (s=1/2), no electric charge,
- very small mass (< 2 eV/c?),
- no (?) magnetic moment (<~10710 ),
- associated to a charged lepton (e,u, 7).

* Feel only the Weak Interactions (W™, 20).

 EXist as mixtures of states with definite
mass — Oscilaciones.

*¥et to be confirmed

Copiously produced in: - The Sun, supernovae, AGN's, etc.
- Earth's atmosphere, Earth's interior,
- Nuclear reactors, accelerator beams

In general whenever weak interaction processes occur (). B decay of radioactive nuclei)
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Neutrino oscillations

* I flavor eigenstates are different from mass eigenstates
and neutrinos have mass = interference phenomenon

Example: Mixing of two neutrinos:

Vg — cosO
v, — \-sin®

Mixing Matrix

sin©

cosO

[v(®) ) =-sind |V1 y e + cosO |V2 ) gkt

L~ct

Survival probability

Detected as v,

Pv,—v) =1{v, | v(0)) I

Oscillation probability

Detected as v,

P(v,—v) = (v, v(0)) I°

Pv,—v) =1-P(v,—v,)
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Neutrino oscillations, PMNS mixing matrix

We know there are (at least) 3 neutrino flavors. Then the mixing matrix
is (at least) 3x3 (Pontecorvo-Maki-Nakagawa-Sakata — PMNS)

Parameterized by 3 angles (6.,, ©,,and 6,,) + 1 CP-violating phase (o)

(also 2 more Majorana phases which are not observable in oscillations)

A f
—H- = ¢ .
2 ¥
10 01 s 0 sie™] [ e 51
U =10 ¢a 8 0 1 0 —812  C12
0 —S03 Cop| [—s13€® 0 ey || O 0O
Reactor sector Solar sector

The (vacuum) oscillation probabilities are:

P(v,>vy)=d,—4 2, R(U; U, U, U)sin’ 1.27 Amp(L/E))

(U2, U, U, U; )sin?| 2.54 Am?(L/E)|

23,3

Ami=m{—m’(eV?), L(Km), E(GeV)
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Neutrino mass hierarchy

Experiments indicate:

2
atm

2 2 . 2 | _ 2
AmM,=Am,<<Am _‘Am32|~|Am13|

Two possible hierarchies:

Ve IR Vu V: R
o : Cosd=

3 $in26,; cos 5]— sin26;, |siné;) :
3 31 e , | N T
c?}- mz Siﬂz 913 mml
@ o | .
= : ; Isin 8]
. sin2@;, Isinfj3l 13
i= . TR : 1
% AmZ,, = Am2, |  sin?6,; |
Z ' . 31 I

. . 2 .

NORMAL [5in €13 Sin“613 |NVERTED
Fractional Flavor Content varying cos §

(H. Nunokawa, S.J. Parke, J.W.F. Valle, Prog.Part.Nucl.Phys.60:338-402,2008) sin229]3=0.1
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Neutrino oscillations (in vacuum)

Mass hierarchy: |Am?, | << |Am?,3+  approx. decoupling of effects

Atmospheric and accelerator (long baseline):

P(v,—V,) = cos” 813 siN“B,3 SiN* (1.27 AmM*y3 L/E) — > Super-K, K2K, MINOS, OPERA
P(v,—Ve) = Sin” 2013 Sin“0y3 siN° (1.27 Am?3 L/IE) — »T2K, NOVA

P(ve—V,) = SiN? 20,5 COS?053 SiN? (1.27 AM?3 L/E) — ».?

Reactor neutrinos:

P(V_ V)
o

P( ve— Vo) = 1-P1-P2,

P1 = cos® 0,5 sin?20,, sin? (1.27 Am?, L/E ) \
P2 = 5in226,55iN% (1.27 AM?Z,s L/E ) Karn-LAND T o.eF
_ o \ "o
613 =(8.8+3.7) Double-Chooz, °'z
March 2012 Daya-Bay, RENO =
PRL108:171803(2012) o
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Solar neutrino oscillations, MSW effect

Resonant oscillation effect in solar matter

cos® 13 [1 + cos 2615 cos 26075 (7o, E,,, ATT?-%Q)} + sin* 613

f@\.Dlr—l

- Exorcising Ghosts
In pursuit of the
- missing solar .

- neutrinos .

) ‘ll
BUGNE TS ERTTIIOAHRRY.

Lo g B K e F s i1
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After thirty years of hints that
electron neutrinos slip in and out

of existence, new solar-neutrino

Los Alamos Science, 25, 1997 “Celebrating the Neutrino”
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Oscillation experiments

At distance L from the source:  P(v,—v_)=sin“20sin*(1.27 Am*(L/E))

1. appearance: 800F _
Look for v, in a beam of v,,. SRl 1 exceso

1))
O
=
Det. must be flavor sensitive 2 - [l bkgd irreducible

400
e.g.. searches for (v, —v,) 200
In accelerator beams.
% 5 10
E, (GeV)

2. disappearance:

(1))
Compare fluxes ®(L)/®(Q) <6000
. QD
of lneu’rrlnos of flavor v, 214000k
ratio = Psup(vLl -V,
2000
eg. solar and reactor v's, - L
o % 20 40

some LBL experiments. E. (GeV)
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Neutrinos Solares

pp Chain

(pp)
99.6%

p+p-+2H+c. +p-—b2H Ve

/ (pep)

H+p— 3He + v

.V 15% \ "

23He — 1He + 2p

99.9%

\i).l%

7Be+c'——b7L “Be+p—> 8 B+4

ff Be)

“Li4+p — 2%He

3He+p—: ‘He + e e
(hep)

3He—|— ‘He — 7Be+ 4

1

|

8B - 8Be* + c

l csBr

8Re* - 2%He

Alexis A. Aguilar Arévalo XV Mexican School on Particles and Fields

CNO Cycle

(contributes

~1% of solar energy)
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Solar neutrino spectrum
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Total solar neutrino flux reaching the Earth:
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Ray Davis experiment (Homestake)

First detection of Solar neutrinos.
Took data from 1967 until 1995

390,000 liters of Tetrachloroethilene (C,Cl,)
1,478 m underground (4,400 m.w.e.)

v_+ Cl —» YAr + e, (E, > 0.813 MeV)

3Ar extracted from medium by He gas purge.
The decays were counted (~0.4/day).

[_ __________________ -

| PROCESSING ROOM
| BY-PASS VALVE
. : | [ csnmen o= 15 e ——
Radiochemical | - |
. — XA
extraction f ) Trowmeren |||
| CH:E:E&L SIEVE TRAP
I J T7°K [ I
_______ il s s e s e g
| AL | s cuse oz
| SHIELD \ . .
I::,::w M i | B . Ray Davis Jr. received the
- / 7 Nobel Prize in Physics en 2002
i_PUMP ROOM —
LITER TANK
| _____ CaCly / |
| |Wﬁ;;TC_O-O_‘LED N d.
| HEAT
| | EXCEANGER ggg;RgNl
| = t LT OIS J Observed ~1/3 of the expected
| SUCTION EDUCTORS . .
| =8 ey neutrinos according to the SSM.
Lt e
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Radiochemical experiments

Solar v, + nucleus —» unstable nucleus ... watch decay.
1 SNU = 10%* v-captures/atom/s

Chlorine: v_+ Cl¥ — ArY + et (E, > 0.813 MeV)

100,000 gal. tetrachloroethilene (1968-1995) (Homestake, R. Davis)
Result: 2.56 + 0.23 SNU (expected SSM: 7.6+1.3)

Gallium: v_+ Ga’'' -5 Ge''+ et (E, > 0.233 MeV)

GALLEX (1991-1997), GNO (1998-2003) (Lab. Gran Sasso)
100 ton solution of Ga & Cl in water (30 ton of Ga)

SAGE (1990-2006) ,45.6 ton of metallic Ga (Baskan, Rusia)
Result: 67.6 £ 3.71 SNU (expected SSM: 128+ 9 SNU)

(1 FWHM Regults)

1.4 T C omblinedl resﬁlts fular ez;ch );ear I 5 [ e G;LLEX {riss time)
' {7 o = ® GALLEX new (pulse shape)
B 12 ] !F ! , i ‘ ‘ 1‘;)' - ® GnNo (pulse shape) +
1.0 . 100 1 E 0
$ Lol I 13 ‘ | g
= 08 I s Bl ] . Al & g eof #
g J ' I i l | l i I Z o ‘. — g— |
Bl | ' _L 1 | I 13 40 .E P @
Q4ar|} I 4| m ‘ l I { u [ 12 20 g 40 | L
Foell il T L sacE ? .| GALLEX,GNO
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rate [7'Ge atoms/d]

1270 1975 1280 1985 1990 1925 -
Year GALLEX/GNO periods
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Super Kamiokande
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e Cylinder: 41.4 m h x 39.3 m diameter
» Water Cherenkov detector (50 kton H,O)

» Detects Solar v's through ve Elastic Scattering:
v.+e—V +e, threshold E,> 5 MeV.

Ve e Vvv
e "/)\\ Ve //\
€ e

 SK-LILIILIV 3904 days |
- SIGNAL =57721.3 events
thest fit: 0.451+0.007
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Image of the Sun -

Measures consistently with neutrinos

~45% of the number _
expected from the SSM. I s R
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SNO (Sudbury Neutrino Observatory)

Underground:
2092 m (6010 m.w.e.)

« 1,000 ton of heavy water (D,0) in acrylic vessel (12 diam)

* PMT Support structure 18 m in diameter
« 1,700/5,300 ton of H,O, internal/external shield

SNO studied 3 types of reactions:

Elastic scattering (ES) 86% v, 14% v,, Charged-Current (CC) only v, Neutral-Current (NC), All: v, v,,, v,
" neutrino electron neutrino neutrino
[ electron " ‘ neutrino

N
3 electron | v \ °
N J >
e e
/ \proton
> —)» | ®
electron \ v \\ Deuteron @ | utron

]
neutrino \
Deuteron Ar
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SNO solved the Solar neutrino problem

= o0 [ d
12| |
= | |
m | | -
= I & |
S [ [ sno e _
0 I ! I
508 I & g
o [ .\ -
al O 6 . -a ]
=06t § _
7p) i i
7 - 1z .
80.4 - Cl = i
& i $ EFSNO CC
450 5 - SNO Phase 1 (D,0) hi
7" L SNO Phase II (D,0+NaCl) :

o [ASNOPhase I DO+'He) ‘ooz

1
W . Energyl?MeV)

O(CC)=0(v,)
o(NC)=¢(SSM)
0(v,., v)=0(NC)-¢(CC)
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Neutrino oscillations parameters from solar data: Am®
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Borexino (Gran Sasso Laboratory, Italy)

* Detects v, +e— v, +€" in high purity organic
liquid scintillator (~300 ton).

» Ultra-low radioactive background achieved
via selection, shielding and purification.

* Low threshold (E,>250 keV), good energy
resolution.

* Main goal: Detect solar "Be neutrinos in
real time.

» First real-time measurement of pep neutrinos.

pPp £ 1% Be £ 10.5 %

T-747+; pep 2%

B
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Borexino, 'Be and pep neutrinos

o's from 21%Po decays

(intrinsic to scintillator)
Phys.Rev.Lett. 107, 141302 (2011)

——— Fit: yNDF = 141/138
_— ?Be--l‘i_:'): 1.5
— YKr348+ 17
Mpi 415415
— "¢rog9+02
Py 6560+ 9.8
External: 4.5+ 0.7
pp- pep. CNO (Fixed)

10¢

10

Event Rate [evt / (1000 keV = ton = day)]

|“'2 I ] O [ S R
107

210PO peak ——— Fit: ¥/NDF = 99/93
— "Be:47.0+ 1.9
subtracted — Ky 24632

I 2
TBir 4ot 2.6

— "ci280+04
pp. pep. CNO (Fixed)

ey

Event Rate [evt / (1000 keV x ton x day)]

10t \
-\ /
I{J-E IIIIIII\I'lIf‘II||_.II|III|III
200 400 60 200 1000 1200 14060 1600
Energy [keV|

R(7Be ) =46 + 2.1 evts. (100 ton) ' dia™
® ('Be ) = (4.84 £ 0.24)x10° cm?s™"

Consistent with MSW effect Am? =7.6x10° eV2 P

Mexican School on Parficles and Fields
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Detection of pep neutrinos possible thanks to

improvements in bkgd reduction, specially 'C.
/

= after TFC cut
= cata - no TFC

-4 - g
I <, =
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Events/ (20409 days x tons x 5 p.e.)

-
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Survival probability status, 2012

0.9 — —
0.8
0.7|
. HET _+— Borexino pep !
e . 3
B BT e ‘_
0-4 _ i
 mmm. B, lo band (MsSw)
o3l I SNO I
| o Borexino ’ Be
02F 4 pp- All solar v experiments I

101 | 100 BT
E,(MeV) arXiv:1109.0763v1 [nucl-ex]
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Atmospheric neutrinos

Decay of &, K, u produced by cosmic rays (protons) inferactions

with O, & N, in the upper atmosphere.

Tl'+—>|,l+-|—Vu,
1T_—>u_—|—vu,
K+—»u+—|—vu—|-X,
Ki-»p +v +X,
u+—%e+—|—vu—|—ve,
L —e +v +V,

If all u decayed:
(vﬁfu) _5
(Vvo+v,)

dowin-going

.—-;‘—F--._
S

" 1
. |
- AM{J k| /
# |
; /
&
'i"
:

EARTEH

up-going
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Atmospheric neutrino experiments (2012)

N

| Super-Kamiokande (1996-)
50 kt Water Cherenkov
Low threshold (>4 MeV)
Highly advanced analysis

MINOS (Far Detector)
5.4 kt magnetized Iron
(0.1 GeV<E,< 250 GeV)
Tracker, magnetic field

lceCube/DeepCore
(2005-/2010-)

1 Gt/ ~1 Mt of ice.
(~100 GeV /10 GeV)
Gigantic target volume

ANTARES
20 Mt sea water

(~100 GeV )

10,000 m2 undersea area

60 DOM's, 17m spacing
l"- ~
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Atmospheric neutrinos with Super-K

« Detect v's with ~ 300 MeV <EV< 50 GeV.

» Events grouped in various samples:
- low Edep fully contained (FC).

- high Edep partially contained (PC).
- e -like, or u-like

« Compare upward and downward going u's
T u: traverse the Earth (12,00 km)
! u: traverse the atmosphere (20 km)

SK's observation in 1998 of atmospheric neutrino
disappearance was the first conclusive evidence

iNn favor of neutrino oscillations
Y.Fukuda et al., Phys. Rev. Lett. 81 (1998) 1562-1567.

Alexis A. Aguilar Arévalo
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Super-K: atmospheric neutrino event categories

Y. Itow, Neutrino 2012
AV PC Stopping p Through going p

N H

.“nltslsllltluhl. ..3|Hlltlllta“.'. IJ' ."" asll"llt..h
——
4
.'. v
Energy spectrum of v for each event category
10‘00 : I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII:
i — FC Va
750 — FC v, 1
I - PC v,
500 | --- up-stopp
I up-thru p
250 | .
0 -I2I LIl - | i 2 3 b 4 5
10 10 1 10 10 10 10 10 30

E, (GeV)
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Super-K (I+I1+I11+1V): atmospheric neutrinos, 3-v analysis
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MINOS Far Detector

» Magnetized Fe detector (15 kA-turns)

» Can separate u+ from u— tracks

* 486 planes (Fe & plastic scintillator sandwich)

 U/V oriented planes give X-Y position of hits
along a track. Plane position gives Z.

* 5,400 ton mass

CMUX box

Alexis A. Aguilar Arévalo XV Mexican School on Particles and Fields Sep 11,2012 Puebla, México



MINQOS: atmospheric neutrinos

Contained-vertex muons (u-)
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37.9 ton-yr
931 v

268 v
(98% purity)
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lceCube/DeepCore

IceCube Lab

50 m

1450 m

2450 m
2820 m

Primary goal: Detect UHE v's from the cosmos

_\._;_:_— ot lceTop
— = AWy = —://BO Stations, each with

e e 2 lceTop Cherenkov detector tanks
e B 2 optical sensors per tank
320 optical sensors

2010: 79 strings in operation
2011: Project completion, 86 strings

lceCube Arrecliy
/86 strings including 6 DeepCore strings
; 60 sensors on each string
il 5160 optical sensors

AMANDA Arra
,,.,-"" Precursor to Icngbe

DeepCore Amundsen-Scott

/6 strings—sensor spacing optimized South Pole station
for lower energies

Eitfel Tower
324 m

Detector Opt|cal Module
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lceCube/DeepCore: atmospheric neutrinos

S e e e * Inner array of 8 strings within IceCube
lceCube « Spaced every 72 m (vs 125 m in IceCube).
: « Strings instrumented with 60 high efficiency DOM's.
{’T | * Allows detection of lower energy v's (10 — 500 GeV)
\\LL 1 vet'in c@“_

» Taking data since June 2012.

—
e P ——
——_-—"—ﬂ-

WIM—WH4 3 i — rgy sample
'*",g."LHH”luTML mm BN - - = el il
! 5 | - -  — high-energy sample
E . IDeep I s =
1l ﬁ Com » =, -
107 i
e . Z
E . e
10'? B I I | I ity | L1
1 1.5 2 2 5 3 3.5 4 4 5 5 5.5
log(neutrino energy/GeV)

DOM
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IceCube/DeepCore: atmospheric neutrinos, IC-79

Low energy sample High energy sample
@ % |
: PRELIMINARY 8 Gooof PRELIMINARY el
WA — _ £,
-] | I
E | **+*“...Jr_.i 5 - 7000 : Az
210 mem \ = - EEaE
§ = | : B S E6000 | =
u:: "_'_‘ I ‘ A J— EEEES g I.I:..l —- ------- g
NNZZ g 5000 B 2
g é 19 p— %
L 4000 p— -
o — ——— MC, sid oscillations E ______ }
e —— MC, no oscillations 3000
e oo R e S
— 2000 ey i
T FETEE P EE TS PN NS WS R S A R :'_ i
-1 -09 08 -0.7 06 05 04 -03 02 01 0O 1 09 08 07 08 05 04 03 02 01 0
cos(©) cos(®)
= 1 = i
l_rE— o | ] | | | 1 |
§ E | S| S e s “H—F——Fr—++—
= ué: _{..._, e ¢-—-{— 1 L f
e — “E \
Vertical Events Horizontal Events
%100_— — data .% i ata
E B | Me, no oscillations E 50 C T —— MC, no oscillations
2 sl —— MC, std cscillations g - — —— MC, std oscillations
N —+ E —+
s L 5 B0 |
g 60 —— | _| g [
E [ E [
z | Z a0—
20:— — 20~ +.=|=|
: 1 1||:| L L 1|5 [ R B 2|':I [ L I%H_a‘u G_ : 1Ic| 1 1 1 1 1|5 1 1 1 | [ 1 1 2|5 [ 1 1 3|D [
N Ch NCh N (:EP] NCh
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Ultra high energy neutrinos (UHE-V's) (>PeV)

3%

]
Iy
S

" E - T T ok 7 m Frejusv
g o ® AMANDA-II, unfolded 4 % = N 5 B’
o 107 F ® Frejus T ﬁ 8
g 1085 PP \10 kpc E o 10'2§ <__E/|:|Superlv(vu
y ak 1987 = 5 e 7, AMANDA v,
@ 10 g B L = 10°F N % o unfoldin? .
- 4~ ’%N B ¢ g i 0, forward olding
3 10°F » HIE: NG
E w - - 10 ceCube v
— ng: relic E. e g \ e unfolding "
~ E E - ? .
g = T \_‘\ forward folding
* . I_Z Atmospheric 19 =
m C ""\‘\
) 10 -4 10°E 5
= ]0 & 107'%_ 1y
-8 - Astrophysical Neutrinos
10 CvB 10_85 " _—----\‘ “..."
0" - N\ o
'12 A ' ' I I\L | | 10'9—Jl|lllllllltlilllll[llli.bllill illlll[ll \_e_.
10 15I|I}lOIIIII51H|(1)MIle_ s -1 0 1 2 3 4 5 6 7 8
) i ) lo E [Ge
log(E_/GeV) g, (E [GeV])

* Higher energies than atmospheric neutrinos which dominate in flux
e UHE cosmic rays “warrant” UHE-v's.
» Expected from a variety of sources: eg. AGN's. GRB's, GZK cut-off

Cosmogenic neutrinos: induced by the interactions of cosmic rays with CMB photons
- Produced via the GZK (Greisen-Zatsepin-Kuzimnin) mechanism (E, ~ 10810 GeV ).

PVowg 27T + X > +v—e +V's
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IceCube, search for UHE-V's (2010-2012 data)

[—
=
[#%]

GZK v Yoshida m=4 Zmax = 4 y=2 » 2010-2012 search (672.7 days).
GZK v Kotera FR2, Emax 316 EeV

GZK v Ahlers m=4.6 Zmax=2 y=2.5 .
E* = 1.4x10® GeV em? sr-! 57! (1C59 limit) * Observes 2 high PE events.

Background (atm. p + conventional atm. v)

Atmospheric prompt v Enberg std. Energy estimated around 1 — 10 PeV.
——e—— IceCube 2010-2012 (673days) Preliminary '

[—
=

[*)

I IIIIII|

 Models predict between 2 and 4 events.

[y

Event rates / bin / livetime
[
=

* No indication that they are instrumental noise.

[
<
Hll

* Could be:
- COSmMogenic neutrinos
- conventional atmospheric neutrinos
T - non-conventional atmospheric neutrinos

(prompt)

lllllllllll

5 5.5 6 6.5 7 7.5
logw NPE
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lceCube, search for UHE-v's (2010-2012 data)

2010-2011 (79 strings) + 2011-2012 (86 strings)

p-value: p=0.0094 (2.36 o)

2 events / 672.7 days — expected bkg. (atmos. u + conventional atmos. v) 0.14 events

Run119316-Event36556705
} Jan 34 2012
NPE 0.628x104
Number of Optical Sensors 312

Run118545-Event63733662
August ot 2011

NPE 6.9928x104

Number of Optical Sensors 354

v, (cascade) simulation

CC/NC interactions in the detector

A. Ishihara, Neutrino 2012

Puebla, México



ANTARES (Astronomy with a Neutrino Telescope and Abys RESearch)

» Underwater neutrino telescope in the northern hemisphere
 Mediterranean sea (Toulon, France)

* 10,000 m? surface area
e 20 Mton instrumented

MUON OUT w=__

=

' NEUTRIND
IN
“-._____-

volume
Direccionality: = -
Scintillator array in a boat & B .
Bioluminescent de
bacteria i-* M "’
light-detecting &
Array of photomultipher tubes ds 4.
scintillators i s
(0.8 m? cach) Bicluminescent
jeliyfish, fish o do
or shnmp L
Shower of light a1 ;
e produced by muon gk Jundtion
b T ol o § . bax
KRR g A

Path
of muon
hrough Earlh

Puebla, México
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ANTARES, atmospheric neutrino oscillations

14

Event ratio

-
b

no O55C

lﬂ'.\'thJﬂ'l:lkEE preliminary

e

0.4

0.4

0.2

:
F

bast

0

=
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Atmospheric neutrino oscillations

C — 1 T ] — T T T T
- MINQOS Atmospheric Neutrinos, 37.9 kt-yrs -
a 4T« BestFit B
% - 68% C.L. .
o 3 —— g0%C.L =
o - —— 99%C.L. ] .
=z - S
T2 @ e
N = o
<4 = E
- MINOS Preliminary | | 2
0.7 0.8 0.9 1.0
sin’(26)
8 — 8
[ :MI&)S Atmos v, 37.9 kt-yrs:
-V — x Best Fit
6/ 6 — 68%CL. |
— 90% C.L.
— 99% C.L.

IAm?| (107 eV?)
N

3 MINOS Preliminary 3

0.6 0.8
sin?(20)

Am,,

1

A (107 eV?)
N

N
o

0.6
sin? (29)

2~2.1x10° eV?

sin220,, ~ 44°

Alexis A. Aguilar Arévalo
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Neutrinos from nuclear reactors

« Intense sources of v_: ~[6 v_, 200 MeV]/ fission
- Typically: ~ 2x10% v, /sec/GW,

v/ fissi P Watts P
R, 6+v/ fission % al ) :1.875><1020( th

~ 200 MeV/ fission  1.6x10 " J/MeV

« Neutrino flux depends on:

1. Reactor power,

2. Fission rates of UF%, UF%, Pu?®, PuP*, o 1+ @
3. E  spectra of fission product 5 decays i

Detected via inverse B decay (IBD):
> Threshold: E,>1.8 MeV

> X~ 10 (E /10 MeV)* cm?

-——-—- Emitted spectrum

----- Cross-section

Detected spectrum

(arbitrary units)

E, (MeV)

XV Mexican School on Particles and Fields

Sep 11,2012 Puebla, México
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Measuring oscillations with reactor neutrinos

. L Am, 'L
P, =1- sin” 20, sin’ (%) —cos” 0,

v
7

. L Am, L
sin’ 20, sin’ 2y &
A4E

" TN
Am,, term Am, term
K.Heeger Neutrino 2012
..Qm?,mu Am 250|

1.0

0.8+

1 10

Baseline (km)

|
100

KamLAND |

Am?2q2 from KamLAND

Nob s-"Nexp

~t| ## ;" ec:|S|on _912_ frclm _solar_

Daya Bay,
RENO, DC

oo

‘F \ Sin“2813
L EH1 EH2
095 {
- —

EI13++___

PRI RPN ISP PPN PRI SPETITS PITET I AP
0 02 04 06 08 1 12 14 16 18 2

Weighted Baseline [km]

10* 16
()

Alexis A. Aguilar Arévalo

Most previous Ve disappearance searches

with reactor neutrinos were t00 close to the
sources.

KamLAND observed the effect of the Am,,

term by placing a detector at {L)~150 km
from reactors around Japan.

Later, (2011-2012) Double-Chooz, Daya Bay,
and RENO reported the observation of the
effect of the Am_ term.
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KamLAND (Kamioka Liquid Antineutrino Detector)

Detected v 's from 54 reactors around Japan with <L> = 150 k
Kamioka mine, at 2700 m.w.e. (former site of Kamiokande)

« Balloon 13 m in diameter

« 1 kton of liquid scintillator,

« 2,000 PMTs, 1km underground
* Running since 2001.

* 1% detected Geo-neutrinos.

West Asiz

Since 2011 KamLAND-Zen
Neutrino-less double 3 decay search
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KamLAND (Kamioka Liquid Antineutrino Detector)

Araki et al. PRL 100, 221803(2008)
- C i T« Data-BG -GeoV,
C ; T - KamLfﬂ\.Np data B Expectation based on osci. parameters
C - . : --—— no oscillation 1=
250 : | - bestfit n::sci = + determined by KamLAND
- : I e ) : ] B
= ; ; i I accidental = i
200 o sy Pc(om®o 5 0.8
- C : . ' 7 best-fit Geo V, ,.g -
g F | | " best-fit osci. + BG = C * + -
< 150 Z_ I ) + best-fit Geo v, D—; 0.6 C _i
S I0F  Hp £ 04f
2 = ; B
n W% ----- s - +
50 2 02—
C Lol 224 C
0:‘—‘—‘—_ T Ol_lll|||||||||||||||||||||||I||||||||||||||||||
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E, (MeV) LﬂjE?e (km/MeV)
KamLAND favors the LMA solution for solar neutrino oscillations
L4F
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12 / B 95% CL
3 B _'I 1-I 99% CL
—_ |: oy M 99.T3G% CL.
1.0 ....% ,1:._ % ....... .+p,.....,. R 104 S *  best fit
2] 0 B o
3 - i i !
& 081 an i
= = R
%, A ILL <] R
—8 0.6~ % SavannahRiver
z P open i Solar 2005
04 o Goesgen I T Q5% C.L.
& Krasnoyarsk 0 Hmmdewswns oo T = Q9% C.L.
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Reactor experiments measuring sin“26.

il

=% Near Detector

: L=400m
Chooz Reactors g "~ || 10m?3 target
4.27GW,, x 2 cores % 120mwe.

Sl | | 2013~

A

Double-CHOOZ (France)
 Two reactor cores
(4.27 GW, each)

* Two identical design detectors:
Near: @ 400 m (ready >2013)
Far: @ 1050 m

* 10 m® of LS+GD per detector

i
' = | Far Detector] -
G G L=1050m [
|| 10m? target S
300m.w.e. =
gg‘ April 2011

Daya Bay (China)
* 6 reactors in 3 sites
(17.4 GW, total power)

* 6 detectors (8 planned), 3 halls:
Near hall 1: 1 det. (2 planned)
Near hall 2: 2 det.
Far hall: 3 det. (4 planned)
(dist. to cores: 300-2000 m)

« 20 ton of LS+Gd per detector

100m 290m 1.380m >

RENO (Soufh Korea)
* 6 reactors along 1.3 km line
(2x2.66 GW, +4x28GW,)

e Two identical design detectors:
Near: @ 290 m from line
Far: @ 1380 m from line

* 16 ton of LS+Gd per detector

XV Mexican School on Particles and Fields

All 3, detect v 's via inverse {3 decay: = ———
V,tp—>e t+n :
n+p 2>d +7y(2.2MeV)
n + Gd 9 Gd* + -Y (8 MeV) I 2 3 4 5 6 7”H8 ”9

Sep 11, 2012

. . _E,(MeV
Puebla, México thex)



Reactor experiments measuring sin22613 (cont'd)

(Data - Predicted)

Double-Chooz (Jul, 2012) Daya Bay (Mar, 2012) RENO (Apr, 2012)
w00 Y. Abe et al., arXiv:1207.6632, 2012 F.PAn et al., PRL, 108, 171803 (2012) J.K.Ann et al. PRL, 108, 111802 (2012)
5 - T T T T T T T T T T T T T T T ! T T T T T = [ - ” - R %Fﬂs‘ neutron
E C —%—— Double Chooz 2012 Total Data Z 800 - —4— Farhall B 340 .| R ey contal
g 1200— ————-————. No Oscillation, Best-fit Backgrounds L r ; . |- 230 E
= . I?;:ztnl%t. 5‘|Jn:'[02§ b}wcn 109kIof 23 - i —}— Near halls (weighted) %5 i 520_
£ IRt |3, 2 | £
T P | &t S I =
800:_ ; 20f _: é A g - [ b Pmmp% energy [i?eV]
600— :: ; — & - & B —4— Far Detector
C & n" S - 200 i —— Near Detector
400—_ 2 4 [3 g.gru‘,n[-e'}i _— : i
200_ - Eﬂ I J ————— No oscillation E [
- I £ 2L 4 ~ — BestFit 5 12F
[ : ol = | . | z F
g M; = zﬁ 1} i v . 5 1 }{..}}*{{ R
B . I < - : bty ity
G aave G s S B san il IS , - : i
i l;g:: . :Z 0 10 Promot enerev [MeV1
o + - B Prompt energy (MeV) 100 ' ' ' ‘ ' ‘ '
= - - - 0.98[- =
- o EH1' EH2 o o6l E
o 0.94 —
Energy [Me\.l'] E_|:|_;; _}ﬁ_ - g_ggf_ _f
09 0.90 Cas I—— : w . RS rvees
ol b b e e e Lo L L "0 200 400 600 800 1000 1200 1400 1600 1800 2000
O et Buslime o) elghtea Baseine ()
sin22613 = 0.109 + 0.030(stat) + 0.025(sys) sin’20_, = 0.089 + 0.010(stat) + 0.005(sys) sin’20_, = 0.113 + 0.013(stat)  0.019(sys)
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Accelerator neutrino beams

1. Accelerate protons and impact them in a target.

2. Products are focused with magnetic horns (Van de Meer, 1961).

3. Focused w's & K's (horn polarity selects charge) decay in a funnel.
4. All particles, except the v's, are stopped in an alsorber.

8. Figure of merit : # of Protons On Target (P.O.T.)

*LSND, KARMEN: isofropic v sources -no horns- (decay at rest)
—f— . E.=0.43%E_/(1+y20.)

‘‘‘‘‘
-----
a5 m o

(S. Kopp. Phys. Rept. 439:101-159 (2007) )
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Accelerator neutrino oscillation searches

Long Baseline: L > a few 100 km M oscillations

K2K: KEK — Kaimioka  L/E~ 1 GeV/250 km,disapp.
MINOS: FNAL - Soudan L/E ~ 5 GeV/735km, disapp.
OPERA: CERN o LNGS L/E ~17/GeV/730 km, appear.

T2K: Tokai to Kamioka L/E ~ 2 GeV/295 km, appear.
NOVA: FNAL - Ash River L/E ~ 5 GeV/810 km, appear.

Short baseline: L < a few 100 m X| oscillations (?)

vl anomalies
A) Bubble chambers (GGM, BEBC, FNAL-15f1)
B) electronic detectors: NOMAD, CHORUS, CHARM, CCEFR,

BNL-E//6, BNL-E/34, CDHS, KARMEN,
MiniBooNE.
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MINOS

Two segmented magnetized iron calorimeters (=tracker)
Near detector at ~1 km: FNAL, 980 fon, 107 m underground.

Far detector at ~735 km: Soudan MN, 5.4 kton, 700 m underground.
Measures curvature of u tracks producedin v+Fe - u + X

« Can distinguish v _from Vu

1+ 6.4% of CC interactions are
vu's when running a P beam.

.....................................

Fermilab

735 — -
km
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MINOS

v, and Vudisqppearance in beam with <k > ~4-7 GeV

Direct test of P(v,—V,)=P( v,— V).

Events / GeV

N

o

o
I|II

500(
400

300[

L I L IR L |
=—g— MINOS Far Detector Data
Prediction, No Oscillations
Prediction, Am?=2.41x10° eV?
Uncertainty (oscillated)

[ Backgrounds (oscillated)

Low Energy Beam, v,-mode

10.71x10° POT
MINOS PRELIMINARY

M N A
5 10 15 20 30 50
Reconstructed v, Energy (GeV)

Events / GeV

Alexis A. Aguilar Arévalo

60—

40—

T T T T T T T RN AR LERRR RN LR LRRL) RARRN RN LAY
MINOS Preliminary
—4— MINOS Far Detector Data |
Prediction, No Oscillations -
Best Fit i

=11 Background __

+ | L |

5 10 20 30 40 50
Reconstructed v, Energy (GeV)

o
1

w

A

(IAm? or IAM-1)/(10°2 eV?3)
— N
4 &)

XV Mexican School on Particles and Fields

Note: Am=Am,,,and 6=6,,

I I | I ‘
~ 90% C.L.
- — MINOS v, Neutrino Beam

[ = MINOS v:u All Data
— MINOS ¥, All Data

| MINOS PRELIMINARY
- 3.36 x 10°° POT,¥. Mode

1 'Ll

[ 10.71x 10 POT, v, Mode

| 37.9 kt-yrs. Atmospheric Exp.
| | | | |

x v, BestFitAll |
A V, BestFitAll

0.7 0.8

0.9 ‘

sin®(20) or sin“(20)

R. Nichol, Neutrino 2012
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T2K (Tokai to Kamioka)

Super-K in Kamioka

? m- ,@.— e ?:;._.-Ef-" =

U monitor
0 11|8 m

» High power accelerator

 Powerfull and high quality neutrino beam

* High resolution near detector

* Huge far detector (Super-Kamiokande)

Goal: Measure 6., through the appearance of v.'s ina v, beam.
P(Vu—)\’e) = Sin2 26]3 Sin2923 Sin2 (-l 27 Am223 L/E )
11 March, 2011 earthquake affected the J-PARC accelerator complex severely.

Back in operation since December 2011.
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_T2K, electron neutrino events

T. Nakaya, Neutrino 2012

v, event selection:

=+ RUNI-3 dala
- T2K beam timing |t 10 evenfs g E5SEOD
- Fully Contained events (FC) s AT
- Vertex within fiducial volume (FV) - NC -
(MC w/ sin"20, =0.1)

- 1 e-like Cherenkov ring.
- Visible energy E_ >100 MeV

- No aditional signals from -decay electrons.
- 10 Invariant mass < 105 MeV (assumes 2 rings)
- Reconstructed neutrino energy E, < 1250 MeV

Number of events

N e
0 1000 2000 3000

Reconstructed v energy (MeV)

Observed: 10 events
Expected (no osc): 2.7310.37

Evidence for v,—v_appearance!

P(v,—Ve) = sin 203 sin*0; sin*(1.27 Am?y; L/E)
sin?2013=0.104 *J3%2 for Am322=2.4x107eV?, 0cp=0, O23=m/4
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Laboratori Nazionali del Gran Sasso (LNGS)

Beam breath at LNGS:
~2.8 km (FWHM)
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. OPERA (0scillation Project with Emulsion-tRacking Aparatus)

Searches forvILl — v_oscillations through the appearance of v_ (also V.oV, appearance)
Uses the CNGS beam, with <E > ~17 GeV

sMmi1 sM2

il

iﬁm |

Alestariciria

]
-
:

Peruigia
é:fnhnq
Y an Saiio Laboratory

1

e e T -l G 1

B '2l1lmnm _.

Target area Muon spectrometer

Two 900 ton detector modules (SM1, SM2):

T vertex detected S « target: Pb plates interleaved with walls
in “emulsion bricks’ R of “emulsion bricks”, and scintillator strips.
M ., [~ * Magnetic spectrometer

Brick data

Total 150,000 bricks, mass of 1,250 ton.

T i ”

1250m |

v_events » Collecting CNGS events since 2008.
NC+CC v, events (MC) « Partial data analysis (up to 2011): observed 2 v,

NC+CCv, events (Data) candidate events (expected 2.1 with 0.2 bkgd.)

* For 22.5x10™ POT expects 7.6 evt. (w/~0.8 bkgd)

W accordingto v — v_with Am?~2.5x10°
8090 100 New Journal of Physics, 14, 033017 (2012)
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ICARUS T600 [Imaging Cosmic And Rare Underground Smgals]

electron drift direction

r_._'l
| i
|l ili]

signal feedthraugh

H.\. feedthrough

« Liquid Argon TPC (LAr-TPC), two modules of “Electronic bubble chamber”
3.6 x 3.9 x 19.6 m’, total mass ~760 ton. \\"“a-ﬁ,}f,,t CCn’ interaction in ICARUS
» Can reconstruct tracks of “all” charged particles ' ,..

in an event. Good energy resolution. 5| et 2

» Acquiring data w/o interruption since Oct. 2010.

» First large LAr-TPC operated underground. Major
milestone towards more massive LAr detector.

Physics: v,—V, and v ,—v_ oscillations

v
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sin°20,, measurements

sin“26,, Measurements

T2K (2011) Normal hierarchy

T2K (2011) Inverted hierarchy ————d

MINOS (2011) Normal hierarchy

MINOS (2011} Inverted hierarchy

Y. Abe et al., arXiv:1207.6632, 2012
IIIIIlIIIIIIIl

-0.6 -0.4 -0.2 0 0.2 0.4
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_Aglobal analysis: arXiv:1205.4018(2012)

Solar: Cl, Gallex/GNO, SAGE, Super-K I-Ill, SNO Il
Reactor: KamLAND, Double-CHooz, Daya Bay, RENO, B
Atmospheric and accelerator: Super-Kamiokande I-1ll, MINOS v, v, T2K,

IO_I T TTT | T T T7T | T I_ _I i T T T | T T T | T |
. 1L . | parameter best fit lo range
I 1r - . Am3, [107°%eV?] 7.62 7.43-7.81
25
a0 10 N ]
N 2.55 9.46 — 2.6
i 10 i ] |Am3, | [10—3eV?] Edf 4? ok
- 1 - . 2.43 2.37 — 2.50
L1 1 1 | 11 1 | L1 1 1 1 1 | 1 1 | 1
0 2
0.2 03 o 0 002 004 sin” 6,2 0.320 0.303-0.336
sin'® sin @,
10 e C p— 0.613 (0.427)* | 0.400-0.461 & 0.573-0.635
L 10 [Inverted Hierarchy ] e 0.0246 0.0218-0.0275
5111 k
For 1 - g - 0.0250 0.0223-0.0276
- 1 - . 0.80m
i ini i | 5 _ 0— 2
i 10 i i —0.03
0 L1 11 | L1 1 | L 111 I e #_T—
6 7 8 92 . 3-1 0 1
Amy, [10°eV7] A [107eV?) o/ D.V.Forero, M. Tortola, J.W.F. Valle, arXiv:1205.4018 (2012)

Neither the Mass Hierarchy, nor the phase o
can be determined with current experiments.
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Oscillation probability v,—v, through the Earth (3v)

Plv , = v )=

Aqs : solar v oscillations ~ small
A5 ~ Ays - @atmospheric v oscillations
8223 i 05, 8212~ 03 8213~O.03

+80i23512813 523 (012023 Ccos & — 8125'13523) - COS ﬂgg - 81N &31 - 81N &21

N

—8053(?]2623512513523 sin d - sin Ago - sin Agp - sin Ao,

+4S.1220123(C.122C233 + 812219%:: S%}g — 20]2023512523513 COS (S) y Sillz &21

~al
4E,,,

~8C73513533 -

(1-2

+8C%,15%,92,

.&:7131

)
513

) - COS ﬂgg - 81N &31

(1 —25%) - sin® Aay,

Forv —> v,
a —> —a,o—>-0

Oscillation term  A; = Am?; L/AE,
Matter effect aleV?]

= 7.56 x 107° x p[g/cm?] x E,[GeV]
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NOVA (NuMI Off-Axis)

Segmented tracking calorimeters

w3 09sT

Physics capabilities
With v ,Ov.and v — v
o Measure 6., using v_ appearance

* Determine the v mass hierarchy
» Search for v CP violation
« Determine if 6, is >, <, or = to 7/4
With vV, oV, and V=V,
* Precision measurement of the
atmospheric parameters 6,, ,|Am®_ |

Will start taking data in May 2013, NuMi

'po. /0.2 GeV

v, CC events / kion / 10’

10

NOVA Far Detecibrﬁj(&s h'River, MN)

Far detector 14 mrad
off the NuMI bearh axis

Z

uMI off-axis event spectra

80

70

60

50

40

30

20

21 mrad

on axis

7 mrad

14 mrad

0

=

ool
K=

I 2 3 4 5 6 7
E, (GeV)

Fermilab
‘ .. 1".,1
Chicagor

-
R

R.Patterson, Neutrino 2012
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_NOVA measurement principle

= [ Contours 3yrv 1nd 32 yrv NOvA
H . a [ |Am.,2| =2.32 107 eV
NOvVA will measure: T ote | donom
5 sin®(26,,) = 0.95 o)
P(v,—v,) at 2 GeV 007 [ . = =9
'.'..l n.E ?
an d 0.06 - ‘-“ ‘-,|1 \r{:
Rl osg [ o) \
Plv, — at 2 GeV i '
W) P :
These depend in different 004 |-
ways on the CP phase § '
and on sign(Am?) . e
0.02 |
0.01 [ ¢ o A possible meastrement
i outcome
O o 002 oos o006 o008
P(v.)

If 6~37/2, and 0,,>45° the measurement could
Exclude all inverted hierarchy scenarios at >2¢

923 = 4OD 923 — 500

R.Patterson, Neutrino 2012
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_Determining the Mass Hierarchy and the phase o

Could be achieved by comparing the oscillation probabilities of neutrinos and antineutrinos
with the effect of the Earth matter over very long baselines:. P(v,—v,)vsP( v,— Vv,)

72300 km
8 .p=180°

CP-conserving |

Need: 26
e A very intense beam (~ Mega-Watt power) £o
 Massive detectors (depending on technology chosen)
- 20 kton Lar-TPC, or
- few 100 kt Water Cherenkov £ _ :
» A long baseline (>1500 km) B 1 e

» Several years of data (5-10 yr) e Eﬁ*f
. - I acpzmo ]
Could achieve a better sensitivity than a T2K+NOVA. e, CPeomervng
'H\““‘ ﬂ
l/
1 2 3 4 5 <] T 8 E‘E;GBJJU

A finely grained Magnetized Iron calorimeter for atmospheric neutrinos with good energy
and direction resolution could provide complementary information.
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_Hyper-Kamiokande + JParc

» Mton-scale Water Cherenkov detector
* Proven technology, can be reliably used.

« With JParc upgraded beam can resolve the
Mass Hierarchy and look for CPV.

Hyper—Kamlokande (_|F)

0.75MWx | Oyrs

. M.Yokoyama, Neutrino 2012 (3yrs V, 7)”"8 \_f)
m Accelerator v: 1 -

] 1 J-PARC to HK |

Quest for CFVmiataun in
lepton sector

;mmal Hier

i

0 0.05 01 015
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_Anomalies and sterile neutrinos

« Most experiments are consistent with 2 Am* values: Am?, ~10° eV?, and Am?;~10° eV?

» Oscillations at a different Am® value would signal the existence of more than 3 neutrinos.
» LEP constrains the number of light active neutrinos to 3, therefore, the new states would

have to be sterile. T , B
3+1 model > 3
Am* snp E]
A3 o s A 1 lﬁg&&&&a@
E A tm ’“g“ A, i E Atmospheric
E, 2 E T + Frr E, A 71 + Frm T, v“ﬁv}{
1 & - K)‘>’~>"ﬂl—flzsc:-]al' 1 >.j|l'l'l clar )
7 O B % B Solar MSW
Vu V¢ e “f",u a@ E ) vﬁﬁy}{
3 neutrinos = 2 distinct Am?'s 4 neutrinos = 3 distinct Am2's ~ ©°  w W
sin 26
Anomaly vpce Channel | Significance Qe :
e = A few positive indicators exist of
LSND DAR v CC 3.8 o

| a Am*~1eV? all at short baselines,
MiniBooNE SBL accelerator v CC 3.0 o0 ) butth ot _ th other dat

MiniBooNE SBL accelerator v CC 1.70_4/ Uttnere 1S tension with other daia.
Galliumn/Sage  Source - e capture | v CC 2. 70

Reactor Beta-decay y 2 0o Maybe more than 1 sterile? 3+N?
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Short baseline oscillations with Decay at rest sources (DAR)

* Intense DAR source placed near a large detector = good oscillation sensitivity
* For a small source (<25 cm) with energies 20-50 MeV it is possible to observe L/E

oscillations within the detector.
» Detectors: Water Cherenkov, Liquid Argon, or Liquid Scintillator

Intense (Mega-Curie) v, source: v, disappearance
Stopped 7 source of v,'s: v,— v, appearance

Eo 1'!' ,; Ilf“ ].'I.;.R—L]ér:“-t. Ser 12z -
o i S
* Deep location (4000 m.w.e.) for minimal O 05
- FE 10 W (] wear) T
muon backgrounds 7 i ]
» Need 10 kW source with 5 kt detector ~ «2 o | i\ ECLGAD |
<] .'_-". +\ 1'!'"_ — VE |
for 1 year for 56 coverage _
 Appearance and disappearance possible. B RGN
1| v_ appearance. . . 1
LV I e T Ji
—d4 3 2 1
10 10 10 10
Argawalla, et al. JHEP 1112(2012)085 ._1
_ Sep 11,2012 sif S avexico
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MicroBooNE (under construction)

170 ton LAr-TPC to explore the MiniBooNE excess

Evants ! Mal/

Alexis A. Aguilar Arévalo

. el Is it electrons

Ej:m*;{. or gammas?

. v, rem K
B+ mied

B &~

ki

I athier

—— Cerst Sy P

1415 i

E'F (GeV)

XV Mexican School on Particles and Fields

W b
: == ik
£ =1¥1 1 idd  1ma iEr I E ] e
Iredecaicn P Lo Wil

Use topology and dEfdx to differentiate
electrons (signal) from gammas (background)
(Indistinguishable in Cerenkov imaging detectors)

s | electron _ :“
hypnﬂlesls:

~om K

- S

il i byl Peas. vy asl

Events ' MeY

4 13 1

E™ (GeV)

gamma -

T | || v by
+ hypnﬂlesls-

i

-

s, prupb W Prypoiere S

Evanig | Mav

[ i EE-]
E™ (GaV)
Sep 11,2012 Puebla, México




Some other future detectors

Atmospheric v experiments:
» Magnetized Iron calorimeters: ICA@India-based Neutrino Observatory (INO)
» Water Cherenkov Detectors: Hyper-Kamiokande Mton size Super-K type.
 (Magnetized) Liquid Argon: Glacier
 Multi-Mton Ice detectors: PINGU denser string infill of IceCube

Long/Short Baseline oscillations with Lar TPC's:

e MicroBooNE: 1701, 0.47 km, FNAL BNB in construction

e LA : 1000t 0.7km  FNAL-BNB proposal

o ICARUS-NESSIE: 150t+478t, 0.3+1.6 CERN proposal

« GLADE: 5000t, 810km, NuMIOff-axis Letterof Intent  lg =] =
« LBNE+LAr: 2x 17000t  1300km Homestake  Reconfiguration ((SEMEEE

GLACIER-LAGUNA  20,000t+ 2,300k Finland
GLACIER-Okinoshima: ~ 100,000t, 665 km  Jparc beam  R&D proposal

Large scintillator detectors:
» LENA 50 kt, Phyasalmi, Finland, 4000 m.w.e. depth
Radioactive source short distance oscillometry,
LBL Far detector, Solar, Super-Nova, Geo-v,

INO Lab Layvout

ENA
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Summary

« Neutrino oscillations well established. Experiments are now measuring with high precision
the parameters of the oscillations (dominant behavior from Solar+Atmos+reactor+LBL accel.)

- Reactor experiments have measured a 6,.# 0 larger than expected. Determination of the
Mass Hierarchy will be easier. Opens possibility to measure CPV.

« Earth matter effects in neutrino vs antineutrino oscillations will be exploited by future
experiments to try to measure the Mass Hierarchy and explore CPV in the leptonic sector.

« Will take several years (5-10 yr) of data taking after construction of the new large experiments
to finally measure precisely all the properties of neutrinos.

* Experiments will test the anomalies of LSND/MiniBooNE. Establishing the existence of
sterile neutrinos would be a major result for particle physics.

« Note that all these experiments will not be able to find the neutrino absolute masses!
= other experiments are being performed to address this (subject of another full talk!)

« Exciting times to be do neutrino physics!

Alexis A. Aguilar Arévalo XV Mexican School on Particles and Fields Sep 11,2012 Puebla, México
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Neutrino interactions

v-electron elastic scattering: v, +e—v +e OEVJ N 093“020”‘2((5'/ Gev))
=0.16x10 " cm” (E,/GeV
(CC &/OI’ NC) | = et O Vs ’

s’rrohgly directonal: 6_,<2m_/E,
v-nucleon (N=n,p) scattering:

G.P. Zeller

(¥

* Elastfic scattering (NC) v, + N> v +N

L —
_|
S
>

e Quasi-elastic (CO)

o
oo
™

v,+p—=lT+n

1\ Single Pi
v+p - [ +A" (- p+n’) (CC) ﬁ&{?e -

v,+tn—=>1I+p

o(v,N—> uwX)/E(GeV) (107* cm®GeV™")
&
I

e © production

— T (> 0 : g Y W AT 7, i.h@ﬁr%-__'_"‘rw—*q—.-.-t gy
vV+p -V +A" (- p+7) (NC) 0 i i - =
E; (GeV)

Deep inelastic scattering (DIS) Lf
« CC interactions —» charged lepton + debris <
* CN inferactions —» outgoing neutrino + deloris -~

™~
!




Atmospheric neutrino oscillations

Oscillation probabilities for neutrinos with E ~1-50 GeV
i (km), E(GGV) P(Vu—)VT) = C054 9]3 Sin2923 Sin2 (-| 27 Am223 I_/E )
P(Vu%\’e) = Sin2 26]3 Sin2923 Sin2 (] 27 Am223 I_/E ) — P(Ve%\/u)

P(ve—V,) = SiN” 20,5 COS°0,3 SiN° (1.27 AmM?y; L/E )
N
~7t/2 when L~5,000 km and E~10 GeV

Am?,, = 2.5x10° eV?
0,,=8.8° 0., small(ish) = P(v,—v,) dominates

Note: Artificial beam with E ~1.5 GeV along ~750 km would have the same L/E.




Neutrinos

In 1930, Pauli postulated the existence of a new

particle to explain the observed energy spectrum of p e Expected
. . o electron
the electrons emitted in nuclear beta decay. g S ereries | energy
[
§
In 1934, Enrico Fermi introduces the “neutrino” in his E
theory of beta decay. =
Energy :
Endpoint of
spectrum
Three-Body Final State
Helium-3 (1, 2)
Tritium (2, 1) .
£ e
neu
“ the available
A& TS energy.
Neutron Beta Decay Inverse Beta Decay O O
p v o Electron Antineutrino
initial | GF/{ _ Final Ge : 5
state \ € state 5'12}{2' Egti! (NADH— (N—-1, 72+ 1)+e +V .
v where N = number of neutrons, and
p n Z = number of protons.
n=>pte +V V+p =>n+e’




Experimental discovery, 1956

F. Reines and C. Cowan, Los Alamos, U.S.A.

Source: Nuclear reactor, Savannah River, SC
Detector: - 3 tanks with liquid scintillator
- 2 targets with H,O w/ CdCl, dissolved

Incident
antneyutring

Gamma rays

MNeutron capfure

Liguid scinfillator
and cadmiurm

June 14, 1956, telegram for W. Pauli:

“We are happy to inform you that we have

definitively detected neutrinos from fission

fragments by observing inverse beta decay. ”
F. Reines & C. Cowan




Neutrino oscillations

« Studied experimentally by:
appearance and disappearance

* Relevant parameters:
> Am’—frequency, 0 -Amplitude : Fixed by Nature

> Energy E of v, distance L from source to detfector
: Fixed by Experimenter

» Disappearance

1F

Am?L
P(Vo — Vo) =1 —sin®26 sin? ( o )

* Appearance

Am?L
P a — ] 229 ] 2
(v az; vg) = sin“26 sin ( iE )

2 2
Notaton: DML _127AM L Ap2 (ey?) I (km), E (GeV)

4FE E




Solar neutrino problem
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Three phases of SNO (neutron detection)

Pure D,O

Salt (ton)

SHe Counters

Nov 99 — May 01

n+d—t+y

(E, = 6.25 MeV)

PRL 87, 071301 (2001)
PRL 89, 011301 (2002)
PRL 89, 011302 (2002)

Jul 01 — Sep 03

N+ 35C| — 38Cl + Xy
(Es, = 8.6 MeV)

enhanced NC rate
and separation

PRL 92, 181301 (2004)

PRC 75, 045502 (2007)

PRC 72, 055502 (2005)

Nov 04 — Nov 06

n+3He ->t+p

proportional counters
c=5330Db

event-by-event
separation

PRL 101, 111301 (2008)



Borexino, day/night asymmetry

{:f Da)’ tie Phys.Lett. B707,22-26, 2012 E :
/ 2 10*
_______ Q-----3 Ad :2RN_RD: ]
\‘ T RN+RD Em’z
= (0.001 = 0.012 -£.0.007 8
10

No asymmetry observed B Ty R

Night time

= Earth matter effects are small for solar neutrinos. Allows to select LMA solution
from solar data only (previously, one needed KamLAND data for this).



Super-K (I+ll+Il1+1V): atmospheric neutrinos, L/E analysis

e Arival direction determines the fraveled distance L
across the Earth (or the atmosphere).

» Oscillation interpretation is strongly favored by the
details in the L/E spectrum.

» Alternative explanations are disfavoured:
decoherence (4.4 6) y neutrino decay (6.4 o)

S 1.8

® 16 Oscillation

73 1.4F Decoherencs

= 1.2 y AM? = 2.5x10° eV?

£ 15 sin?26 = 1.0

c 2 _ _—

g 08 X?=1717/169 -

o 0.6 N

=  — 99% C.L.

o 04 — 90% C.L.

% 0.2 — 68% C.L.

5 o SO L
1 10 10 10 10 0.7 0.8 0.9 1

L/E (km/GeV) (SK 1+2+3+4) sin“20 Y. [tow, Neutrino 2012



Neutrinos from nuclear reactors

Decaimiento ﬁ ;X — Z:IIY + e + ~—---- Emitted spectrum
235 239p, 238 Tl e Cross-section
Detected spectrum
EF,.SI.én(MeV) 202 210 205 212 =
<E > (MeV) 1.46 1.32 1.56 | 1.44 5
=
<N,> 5.58 509 | 6.69 | 5.89 £
o
(E,>1.8 MeV) (1.92) | (1.45) | (2.38) | (1.83) 8
Typically: ~2x10%° v /sec/GWatt

Detected through inverse B decay.
« Reaction threshold: E,>1.8 MeV

« Cross section (o< E 2): <5>~10"* cm?

2
Signal e*: Cherenkov+y's (annihilation)
Signal n: +y's from capture in Gd (~8 MeV)

The delayed coincidence of the e* and n signals, |
identify the interaction of a v, with a proton. y )




Experimento CHOO/Z

5 ton de centellador liguido dopado con Gd.

Chove B

Muclear Power Station
2 x 4200 MWth

reactor neutrino Le =M
geo neutrino Y < e+ prompt ff
. [%]
Z,_/B p / "',“ distance ~ 1.0 km
....................... > .’\ 'Y de!ayed
Z/J
mean capture time il .
~ 200 usec on proton N Y _
-
anti-neutrino detection by inverse beta-decay

rR=_930  _ 01+0.0028 = 0.0027

no — 0SC
Apollonio et al. ( Eur.Phys.J C 27 331 (2003))

v.— Vv, excluida para A m*>8x10 “eV~

=SK—atm no es v,—v, (Amg_,,~10")

10

® v ignsl

— MonteCatlo

4 ] 8 1]
e’ energy in MeV
sCi-belt- 3
{ FCibelti(corf. sy$t.)
<EEE Al
: -‘\-\"'--..____________-_-

0 .1 02 03 04 05 06 07 08 09 1
sin® 249



Reactor experiments measuring sin“20

13

Double-CHOOZ detectors
Outer Veto: plastic scintillator strips
Steel shield (15 cm thick)

78 8"PMTs
Inner Veto: LS (90 m®)
SS vessel
Holds 392 10” PMT's
Buffer: mineral oil (110 m°)
Acrylic vessel
y—catcher: LS (22 m°)
Acrylic vessel
v target: LS+Gd (10m°)

i

glove box (GB)

! i :”' outer veto (OV)

y :g/inner veto (IV)

—buffer (B)

{N\‘ i
f“*.__f,_____stainless steel vessel
Bl holding 392 PMTs

\ [ E éhh""gamma catcher (GC)
Z ' %‘ acrylic vessels

v-target (NT)

steel shiclding

Daya Bay detectors

Upper Veto: RPC array
=== Water veto shield ===
Segmented: outer/inner, PMT
purified water (>2.5 m thick)
SS vessel

Holds 192 PMT's

Buffer: mineral oil (37 ton)
Acrylic vessel
y-catcher: LS (20 ton)
Acrylic vessel
target: LS+Gd (20 ton)

1

S

RENO detectors
Outer veto
Water veto shield
67 10" PMTs
purified water (1.5 m thick)
SS vessel
Holds 354 10 PMT's
Buffer: mineral oil (65 ton)
Acrylic vessel
y—catcher: LS (60 cm thick)
Acrylic vessel
target: LS+Gd (16 ton)

Nt

X8
- . 3-D calibration system
rec. I reflectors |
/1II m c, f ;
OWS | o /| | = .
| J | | X R-Yim=i
WS | e -
__________ | % el 71 = Veto(OD) | i
Tyvek | —o of = [ } ol || o
. i A i f | ——Jo c,:-lt
radial shield [ : OD PMTs
{Muon PMTs o % : 20t GA-LS H I | Buffer | S
'..- o ' . t Gd- -J j ‘1]; |
AD PMTS(J,; QIII;J{,_ t - — uj - y-catcher ) m\\w
SV i of |/ AN Q 9 7
| = T HHIl¥ [ Target |1 Tyvek
AD Stand ....._}__:r': b . 1 l IE J-Lg =BT ] / J -
| .2 _2 Vel 2% Heve




Neutrino Interactions (v & v)

Cross sections modeled with NUANCE event generator (D. Casper, U.C. Irvine)

G.P. Zeller

< 1.2 - G.P. Zeller
>
S
SFU
2 o8
%“ -
O 0.6
~L<|‘
<
:3‘ 0.4
?
= Pion
éo'? LBO_Db Single Pion
0 —— 0 b v ~
10 10 10 1 10 1FO (Ge\/)
MiniBooNE & (Gev) MiniBooNE -
(T. Katori, J. Grange) (D. Perevalov) (C. Anderson, J. Link) (S. Linden, M. Wilking) (R. Nelson)
CCQE (MBV) NC Elastic (MB v) NCnd (MB v) CCn+ (MB v) CCnO (MB V)

AN ATy
Cw
n”J\D

n,p""\n

PRL 100, 032301 (2008)
PRD 81, 092005 (2010)

PRD 82, 092005 (2010)

PLB 664, 41 (2008)
PRD 81, 013005 (2010)

PRL 103, 081801 (2009)
PRD 83, 052007 (2011)

PRD 83, 052009 (2011)




__Experimentos “fuera del eje”, T2K'y NOvA

E, (GeV)

14 |
12 ¢

08
0.6 [
04 r

0.2

;;(FE,J_,ﬂf

(Mg, Py LJ# “ Boa

e

My, Pu) m

2 2
I, — il

1 1 1 1 1 1 1
g 1 2 3 4 & & T 8

1;I' 10
p, (GeVic)

12K

J I/ Qscillation Prob.
@ L=295km

i / o Am=2 5% 107,
o 301096V

Yy CC events/kt/3.7E20 POT/0.2 GeV

- menor flujo, pero menor bkgd.
- NUMI-MIiniBooNE: 1°" ejemplo arxiv:0809.2447

NOVA

- haces enfocados con cuernos magnéticos
- v's a un angulo 60 respecto al gje.
- Espectro de E pseudo-monocromatico

Medium Energy Beam
T T [ T T T T I T T T L T T T

Q..




Eventos en MiniBooNE

ldentificacion basada en topologia de eventos.
Usa principalmente luz Cherenkov, pero también de centelleo

uong sl | s
Vp N = pp .é{« Ry
— 1...-.1- -'l:

VIJ» P— l“l’+ n --.:."‘.
Electron

P

Veh—> e p
Vep—>€'n




Haz de neutrinos de CERN a Gran Sasso (CNGS)

p+A — Cascada - —M+Vu
hadrdnica

e+§u Ve

800m 100m : 1000m ; 26m

A 67111

t-‘ B
T T

F

Helium bags Decay tube Hadron stop

rget Reflector w2z /K - decé%/” )
Horn '’ ) F » /
— e .Pion/ Kao A Muorh, |

—
USEIIE, b LR,

1
1
1
1
1
1

Muon

S____

,,,,,

Proton eutriny !
beam [ 7
punto focal del blanco

vacuum

* Protones impactan blanco fijo de grafito (p+C — X+m/K).
 Mesones secundarios (7,K) enfocados por cuernos magneticos.

» Mesones t,K decaen en tunel, produciendo neutrinos (v, >99%)
« Componente hadronica remanente detenida en blanco de Fe.
 Monitores de muones miden perfil cercano del haz.

 Haz inclinado ~5° hacia abajo toma en cuenta curvatura terrestre.

e

\
RSSO i SRR,

cietectors

|
|



Ultra high energy neutrinos (UHE-V's) (>PeV)

Cosmogenic neutrinos: induced by the interactions of cosmic rays with CMB photons
- Produced via the GZK (Greisen-Zatsepin-Kuzimnin) mechanism.

p_)i(lgEfV o Vi Vi
’ TE ¥

N /.(_...y v, Energy range: E, ~ 10810 GeV
o0 u ‘

DPVorg D7 + X > +v—e +v's

10

107

v  GZK v Yoshida et al. m=4 Zmax = 4 y=2

GZK v Sigl et al. m=5, Zmax =3,7=2
GZK v Engel et al. QA =0.0

GZK v Engel et al. QA =0.7

GZK v Ahlers et al. m=4.4 Zmax=2y=2.1
GZK v Ahlerset al. m=4.6 Zmax = 2 y=2.5
GZK v Kotera FR2, Emax 316 EeV

. Varios
*:| ) modelos
1| GZK-v's

8 10
log (Energy/GeV)

UHE-v's carry information about:

* Location of cosmic ray sources.
 Cosmological evolution of these sources
« Cosmic ray spectrum at the sources
 Cosmic ray composition

» Particle physics beyond energy reach of
accelerators.




_OPERA, v ,—Vv, appearance results

a
-~

Erc <20GeV

identified v

IIIII|IIII|IIII|IIII[IIII|I]II

0 20 40

60

@ ' BEAM
@8 v, OSCILLATED

120

80 100

Expected events: oscillated ve 1.5, beam ve 19.2.
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Interacciones de neutrinos

E, > 10 GeV: principalmente Dispersion Inelastica Profunda (DIS)

Vi CC

Corriente Cargada

G.P, Zeller

e

hadrons

v, +N = +p

VN — u+X

I
=
=
>
.

o
e ]
T T T

o
NN
|

o{v,N —> uX)/E(GeV) (107 cmiGeV™")
o =
T I

Corriente Neutra [l P il
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. CC i‘ v,*N — u~+1x+N

CC: El'u permite identificar al v,
Se puede medir la energia del
neutrino incidente: E, = E, + E;,.

NC: Soélo la parte hadrdnica es visible
al detector = mala estimacion de E,.
(el v, saliente no es observado)



Mini-Booster Neutfrino Experiment
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L/E similar to LSND

MiniBooNE ~500 m /~500 MeV
LSND ~30m / 30 MeV

Focused beam, "'magnefic horn”
Polarity — neutrinos or anti-neutrinos

Cherenkov Detector
800 ton mineral oil



Supernova neutrinos

Supernova: ® End phase of stellar evolution for massive stars (M>5-10 Mg,).
(Tipo 1) Enormous explosion liberates E~10%3 erg (~99% neutrinos and ~1% light)

e Stellar nucleus — neutron staror black hole
¢ Neutrinos escape the medium ~1 hr before photons (weakly interacting)

B B
W

SN1987A: - Observed 23/Feb/1987, on the Great Magellanic Cloud (D~168,000 light-years)
- 3 neutrino detectors counted events from this supernova:
Kemiokande Il (Japon): 11 events
IMB (EE.UU.): 8 events
Baksan (Rusia): 5 events

Allfwithin an interval of ~10 to 12 seconds
approx. 4 hrs before the luminous signal.
- Angular distribution and energy (E,~10 MeV) — electron antineutrinos.

Detectable with most large neutrino detectors: Solar, accelerator, v-telescopes, etc.
SNEWS network: Super Nova Event Warning System



Search for diffuse v, 's, lceCube (59 cuerdas)

Look for upward-going tracks (T) ® o coms | .
- ] A — conventional atmospheric neutrinos (Honda2006) —
WITh ene rg 1S5 h | g h er Th an Th Ose Of 1 03 - ——— conventional almosiheric neutrinos (best fit) —
conve n‘hong' O'l'm Osphenc VIS. = prompt atmospheric neutrinos (best fit) =
C ———— astrophysical neutrinos E (best fit) 7]
e e e LEELe astrophysical neutrinos E (90%CL upper limit) _

Selection cuts eliminate: 10°

- downward-going events
- mis-reconstructed cosmic ray u's
- cosmic ray events with multiple u's

Preliminary

v ll90%CL: @

im E2< 144 x 108 GeV sristem?

Achieves: 1
- 99.8% pure v sample [

consistent with 0 at 1.80
- ~12% efficiency (atmospheric v)
- ~30% efficiency (astrophysical v) i
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IceCube, sensitivity to UHE neutrinos
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Cosmogenic v models

Engel et al.
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Has the highest sensitivity to
cosmogenic v's.

Will exclude or detect the v flux
predicted by models with
medium-strong intensity sources.



KATRIN (KArlsrhue TRItium Neutrino Experiment)

Kurie Amplitude
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