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Lecture 2: the present

3. Accelerator-based neutrino oscillation experiments
3.1 Short-baseline neutrino experiments: LSND,
KARMEN, NOMAD, CHORUS, MiniBooNE
3.2 Long-baseline neutrino experiments: K2K,
MINOS, CNGS, T2K, NOVA
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3.1 Short Baseline Oscillation Experiments

“Light Sterile Neutrinos: a White Paper”, arXiv:1204.5379
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LSND

1 LSND: Los Alamos Scintillator Neutrino Detector

— Operated at the LAMPF accelerator at Los Alamos:
1 mA proton current at 798 MeV from 1993-1998

— Detector: 167 tons dilute liquid scintillator (with both a
Cherenkov and scintillator signal) at 30 mfrom v source

— Around 1500 PE for 45 MeV e-
(280 PE in Cherenkov ring)

Accelerator-based Neutrinos, Paul Soler



LSND

2 Neutrinos from ¥ and u* decay at rest (DAR):
T+,

w —e +v, +v,
— The m and u are stopped in the Fe shield and Cu dump
— The Ve flux is ~ 8x10 of v, flux in 20<E <52.8 MeV

1 Oscillation signal: ol

V, <V,

— +
V,p —>e'n
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LSND

o LSND results from DAR:

— Beam on-off excess: 117.9 + 22.4 events
— Background: w DAR and V,p —>¢"n 19.5 + 3.9 events
— Background: & DIF and v,,p = u"n 10.5 + 4.6 events
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0 Excess: 87.9 £ 22.4 + 6.0 events

P(v, =v,) =(0.264 £0.067 + 0.045)%
3.30 evidence

o Oscillation parameters:

L
P(v, —v,) =sin’20 sin2(1 27Am’ EV )
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LSND
a Final LSND results from DAR and DIF:
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4 Includes also an
Final LSND 1 analysis of decay in
Lt. Blue, 90% Cc|. -  flight (DIF) pions that
Blue, 99% CL confirms oscillations
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KARMEN

1 KARMEN: KArisruhe-Rutherford Medium Energy
Neutrino experiment

— Operated at ISIS at RAL (UK) with 200 uA proton current
at 800 MeV from 1993-1998

— Detector: 56 tons liquid scintillator, 17.7 m from v source

a Same oscillation signal:
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KARMEN

1 KARMEN results:

— Observed: 15 events; backgrou

10

g- 8 —I T I T > N T I
- C 1] @ 6
2 6 aj = -
5 13,
> 4 ] g
1] o
2 _: ® 2
O -l 1 I 11 1 ?l 11 ?l 1 I?l l‘l P 0 1 I 11 1 1 I 1 11
2 4 6 8 10 20 30
time prompt event [us] energy prompt event
g- 8 > LI
o 6
B 6 =
2 ~ 4
2 3 2
O F 1 1 1 1 ] 1 1 1 1 [ I=l 1 1 0 11
0 100 200 300 0 2
time difference [us] energy delayed event  [MeV]
T | T T T T | T T T T | T T [
§s8 [ 1 5 —
s 93 o°
<6 F 12,1
2, ! gt
g4 b 1e,
®, S_ _f o 2 :— *
:_‘ 0__: L
0 T T T B 0’7.11|...'l|'
-50 0 +50 1600
spatial correlation along module axis [cm] distance prompt event to target [cm]

Compatible with no oscillation

nd: 15.8 £ 0.5 events

IIIII I IIIIIIII LA

KARMEN2 (90% CL)

LSND (99% CL)
LSND (90% CL)

| | ||||||I | 1 l|||l|| | | |l||||| | |
10> 10 2 10 1
sin?28

—4

Accelerator-based Neutrinos, Paul Soler



Combined LSND + KARMEN

a2 Combined ana

102:

Amz[eV2/c4]

10

ysis LSND + KARMEN

95% C.L.
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68% C.L.

10~ 107 10" L
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NOMAD and CHORUS

a2 NOMAD and CHORUS: search for v, <= Vv, oscillations
In a short baseline experiment (1 km) at CERN WANF
— NOMAD: through kinematic properties of taus

— CHORUS: searching for tau kinks in emulsions
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NOMAD and CHORUS

a2 NOMAD and CHORUS set most stringent limits on
short baseline v, <> v, oscillations Am® >0.7 ¢V*

P(v, <>v,) <1.63x10™ (90% CL) P, <>v,)<0.74x10™ (90% CL)
sin?20 < 3.3 x10™ (90% CL) sin®26 <1.5x107 (90% CL)
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NOMAD

2 NOMAD v, <>V, oscillation search
sin“20 <1.4 x10™ Am” <04 eV*(90% CL)

= 0025

) -
= 0.0225F

0.02

00175

0.015

0.0125

0.01

0.0075

0.005 E

0.0025

F [ Expected ratio

N
NOMAD data B ;:
<

(16 uncertainty) —

-."_

|
-

reactors

ot

C 111
| 1 1 1 MR | -3

10°
Visible energy (GeV)

Accelerator-based Neutrinos, Paul Soler



MiniBooNE

1 MiniBooNE is a neutrino experiment Mn8eoNs betector
at the Fermilab Booster fed by 8 GeV e
protons on 71 cm Be target

a It was designed to test the LSND
anomaly by searching for v, <>,
oscillations

1 The detectoris 12.2 m diameter

and has 800 tons scintillator with *
1280 PMTs and 280 veto PMTs

LMC




MiniBooNE

1 MiniBooNE measures v,C —e¢ X charged current
quasi-elastic (CCQE) events

' Muon

Michel
e electron
a —
A\ % " n—Uu p
X\/u;
IRy .w
W
g /
10 event
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MiniBooNE

2 MiniBooNE relies on knowing:

— Flux of neutrinos, using | B} 368550 . ooz as
. . i | —
HARP p|0n y|e|dS 20% ' — expectad background
. = BT : ---. BG + best-fit vy,—v,
— CCQE cross-section % e v, background
c - - — v. background
- v, background from 2 oE M
u, & and K decay osf
— NC backgrounds 3
(eg J'[,O, A resonance) - 0.85- | e data - expectad background
2 4 ---. best-fit vy—v,
Blind analysis: tune cuts outside 3 osf; — 5in’(20)=0.004, Am"=1.0 &V
signal region until good fit. s et — sin(20)°0.2, Am=0.1 eV"
When satisfied open box 3 025_1 o g —
Results published June 2007. ° 0 O.E. ..... rl-i"% ----- e ot |
H 't : 11 ..... Il PR SR SR S S S S S 1 I
No excess of v, events inv, energy 35 ——"—%p 300 7200 7500 3000

window but excess at low energy reconstructed E, (MeV)
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MiniBooNE

o Based on “null” oscillation result, f
MiniBooNE set upper limits
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MiniBooNE

2 Antineutrino data then also showed an excess

compatible with LSND
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MiniBooNE

1 Latest MiniBooNE paper suggests excess in both
neutrlnos and antlneutrlnos Phys. Rev. Lett. 110 (2013) 161801
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MiniBooNE

1 Latest MiniBooNE paper suggests excess in both
neutrinos and antineutrinoS Phys. Rev. Lett. 110 (2013) 161801
— Interpreted as neutrino oscillations compatible with LSND
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MiniBooNE

1 MiniBooNE/SciBooNE joint disappearance analysis

100 m 440 m

— No evidence of v, disappearance”
Phys. Rev. D 86 (2012) 052009 i
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Compatibility of short baseline data

2 Is all the short baseline data compatible?
— Fit to neutrino and antineutrino excess in tension with two

neutrino oscillation Maltoni, EPS-HEP (2013), Stockholm
— Fit to one extra neutrino m, in tension with disappearance
Am2L
ij

P:: = 4 Ue4|2|Uy4|2 sin’ b4 with dij =

AE
— Fit to two extra neutrinos m, and m; is better, but not great
Pf,: = AU o4 *|U 4|* sin® ¢y + 4|Us[*|U,s|* sin® g5 + 8|Ups UpsU s U,s| sin ¢y sin ¢ps) cos(¢psy — 0) ;
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3.2 Long Baseline Oscillation Experiments
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K2K: first long baseline experiment

a K2K is first long baseline neutrino oscillation
experiment, from KEK to Kamioka mine: L=250 km
— Beam 12 GeV protons on Al, two horns: <EV> =14 GeV

— Near detector at KEK: water Cherenkov, SciFi, SciBar,
muon range detector

— Far detector: SiuperKamiokande

SciFi Detector

SciBar Detector

Muon Range Detector

j[:: 1KT
i Water Cherenkov
vV beamd El Detector
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K2K: first long baseline experiment

1 K2K results:

— Observed SuperK: 112 events Compatible with
— Expected SuperK: 158.1%.°

Super-K atmospheric
Oscillation parameters.
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[ 1 T R RS R
0 rE— %2 04 06 o038 i
Ey. GeV sin?(20)

Probability of no
oscillation 0.0015% (4_30) Accelerator-based Neutrinos, Paul Soler

25



MINOS

a MINOS: long baseline neutrino oscillation experiment,
from Fermilab to Soudan (Mn) mine L=730 km

— Beam: 120 GeV protons from Main Injector on
graphite target to produce neutrino beam

focused by two horns

— Near and far detectors: iron-scintillator
magnetic spectrometers

— Started running January 2005

Near detector: 980 tons

Accelerator-based Neutrinos, Paul Soler
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MINQOS

MINOS v, disappearance and atmospheric results:
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MINQOS

MINOS v, disappearance and atmospheric results:

4.0 I I I I | I I I I | I I 1 I | I 1 I I | I I I I
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MINQOS v, results
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events, so we perform a combined analysis:

At 6,=0 and 6,<m/4

€ Assuming normal hierarchy:

2sin’(26,;)sin’(6,,) = 0.0517 023

0.01<2sin’(26,,)sin’(6,,) <0.12 (90% C.L.)

€ Assuming inverted hierarchy:

2sin’(26,,)sin’(6,,) = 0.093 * 000

0.03 < 2sin’(26,,)sin’*(6,;) <0.18 (90% C.L.)
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CERN-Gran Sasso

o CNGS: CERN to Gran Sasso (ltaly). L= 732 km, <E> = 30 GeV. Started in 2006.

GERN NEUTRINOS To Ca 31250 2 ICARUS (600 ton liquid argon TPC):
, o kinematic selection of v_

Started data taking 2010

PAYPLIEN
CERN-AC-DI-MM

206,336 "ECC bricks"

_ (56 Pb/Emulsion layers)
o OPERA (1.8 kton emulsion based v_ appearance search). [iam

‘\\l:n’lulsion lavers

6.6 V. signal events, ,
(Am2=1.9x10-3eV?)

Pb




Accelerator based oscillation expts (cont)

o OPERA: irst tau candidate fond in 2010

v"/I‘

Consistent with t
decay to p:

Bl v.+N—-17 +X

T = p(n ) +v,

e

— TN

T ——

Background: 0.045+0.020 S
Event significance: 2.360 S~ —

T —
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Accelerator based oscillation expts (cont)

o OPERA: two more cand|dates found

Consistent with:

T —=hth hv,

Third event consistent with: T —U VvV V.

Three events found, probability of background = 7x10-4
Significance of three events: 3.50

Accelerator-based Neutrinos, Paul Soler
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The search for 6,5: T2K

o T

confirmation of 6,4 — first step towards CP violation
a T2K (Tokai-to-Kamioka

— First off-axis beam to

ne next goal in neutrino oscillation physics is the

discover 0,5: 2.5°

/\ Plv,->v,)
:- dm?2 2.5 x 10-3eV?2
. E,=0.6 Ge

Off-axis: narrower m, —m,
energy band: Y 2(Eﬂ -p, cosH)
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T2K Detectors

2 Near detectors: u-mon, INGRID and ND280
1 Far detector: Super-Kamiokande (295 km)

30 GeV protons
from J'PARC INGRID

POD
(n®

" -

Downstream
l ECAL

Solenoid Coil
Barrel ECAL

"~ e

" a_gt..,- atl,
SK L. J

Far dteor

Om 120m 2801@(:
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T2K Detectors
2 Runs 1 and 2: 1.43x10%° POT (2% expected data)

: x10"® N
c Delivered POT (Good Spill) . ;
8 700 @] Proton per pulse (Good spill) . G; 250 :E,
S 600 | 7 00 B
o = Runl Run 2 | ?H w2000 3
3+ E wdl/ralq50 2
= 400 - of ’ X e £
o = -~ ’¢ N ‘, gl e S
g 300 = £k el et oadq0p @
= el [ TR LSt s R
5 200 “;,k et =, 4o vy . 50
E e s . Lmte™ T2
O 100 iyl L Run 3 ‘Run4 !
Bt i st s et hiadisiaaalriuaatia s it el i i v sl dadaatiadans
0 2010 2010 2011 2012 2012 2012 H 0
Jullo2 Dec/31 Jul/o2 Jan/01 Jul/o1 Dec/31 _, !
Timle
analyzed so far €=

— Run cut short by devastating earthquake and tsunami that hit
Japan on 11 March 2011

— Accelerator damaged and repaired

— Facility was recovered and T2K started data
taking again on 24 Dec 2011 (without horn)

— Resumption full data taking March 2012

— Now have runs 3 and 4
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T2K electron neutrino appearance
a First analysis:

88 FCFV eventS 41 SIng'e nng events 8 e‘llke eventS, 33 !J.'llke eventS
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— Finally, 6 events survive cuts(1.5+0.3)
unoscilllated background

— If sin?26,,=0.1 then 5.5 events would
have survived cuts
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T2K electron neutrino appearance

o Events close to fiducial
volume edge, but no
evidence for bias

2 Final sensitivity of 6,5 as

a function of CP phase o: _

PRL 107, 041801, (2011)
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T2K new electron neutrino analysis

Wilking, EPS-HEP (2013) Stockholm

1 Events selection:
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T2K new electron neutrino analysis
2 Events that survive cuts: 28 events Wilking, EPS-HEP (2013)
Stockholm
o Expect: 20.4 £ 1.8 events o
2 Background: 4.64 + 0.53 events /-20 Sensitivity
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T2K new electron neutrino analysis

o Events that survive cuts: 28 events Wilking, EPS-HEP (2013)
Stockholm

o Expect: 20.4 £ 1.8 events

1 Background: 4.64 = 0.53 events
T2K dcp v8 8in?2013 (Normal Hierarchy) 'K dcp vs sin®26013 (Inverted Hierarchy)

7.50 sensitivity
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T2K v, disappearance
1 Updated disappearance analysis  Wilking, EPS-HEP (2013)

Stockholm
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Previous published T2K paper: arXiv: 1201.1386

sin220,,=0.99
Am2,,=2.63x10°3
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NOVA neutrino appearance

o Fermilab to Ash River (Mn) 810 km,
— 14 mrad, ~2.2 GeV
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Over 2 kton of NOvVA detector instrumented taking cosmics




NOVA neutrino experiment

Fermilab to Ash River (Mn) 810 km,
— 14 mrad, ~2.2 GeV
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On track to commence summer 2014
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3 o Sensitivity to sin®(26,,) = 0

[ NOvA

- L=810km, 15KT = "~ ™,
P Amg,2=24107eV2 T ¢
- sin®(28,) = 1 *

- 3 years at 700 kW,
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