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June 2012: Where do we stand?
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e The measurement of non-zero 0,, has changed the nature of
discussions and presentations about the current experiments.

* |’ll concentrate on results from the neutrino conference.

 Emphasis on Long-baseline: T2K, MINOS, OPERA, with some
Miniboone and a bit of atmospheric neutrinos also.

* I'll go over some experimental issues related to the accelerator
experiments.
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The 0, Stor
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On and Off-Axis Beams
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How do we measure 0,
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For appearance three main types of background:
intrinsic v,, misidentified 7% mis-identified charged 1

We need a very high intensity beam and a large target. Make a pure
neutrino beam and look for electrons to appear.
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Main v, Appearance backgrounds
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E. Reconstruction (assuming QE)

mNEH — mi/Q

b, =

my — E, +p, cos(d,)

In Cherenkov detectors not every
particle is above Cherenkov threshold. Luckily,
in a Quasi-Elastic reaction, even if only the muon is visible

we can reconstruct the neutrino energy! my = Neutron Mass

[ Case for most events in T2K/MiniBooNE Energies ] £y, = Muon Energy

my, = Muon mass

If the interaction is non Quasi-Elastic then the pp = Muon momentum
reconstructed energy will be incorrect. 0,, = Muon angle wrt beam
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Delivered # of protons

T2K Experiment (Analysis Update)

Super-K water Cherenkov detector as far detector.
Uses the JPARC accelerator complex 295 km away
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T2K Evidence of v, App

earance
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T2K vV,
Results
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T2K 1.43x10”°POT (w/ syst. error fitting), 90% CL

T2K 1.43x10”°POT (w/o syst. error fitting), 90% CL

MINOS 7.25x10?°POT, 90% CL

Super-K Zenith (preliminary, Neutrino2010), 90% CL .
Super-K L/IE  (preliminary, Neutrino2010), 90% CL —
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R.NicHoL (UCL)

“Flnal” MINOS Results

Updated results:

10.71 x 1020 pot neutrino
3.36 x 1020 pot anti-neutrino
37.9 kton-years atmospheric

™

' Near 1 kton .ﬁ! Far 5.4 kton |
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Now disfavour 6:3=0 at 96% C.L.
for normal hierarchy, dcp=0
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New MINOS neutrino

MINOS Atmospheric Parameters oscillation parameters:
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OPERA tau appearance experiment

Uses ECC (Emulsion Cloud Chamber)

With automatic scanning
+ Magnetic spectrometer.

Pb

Signal "\ Emulsion layers

(also reported on nue search)

06/25/12

SIDE VIEW (Vertica

Electronic trackers point
Back to bricks.

For 22.5x10"° POT — Expected Events 7.6 Signal, 0.8 Background
Ref: New Journal of Physics 14(2012)033017

Proton On Target
POT

Number of
Neutrino
Interactions

Integrated POT
/ Proposal Value

1.78x10"°

1698

7.9%

3.52x10"9

3557

23.6%

4.04x10"°

3912

41.5%

4.84x10"°

4210

63.0%

(~4.7x1019)

14.2 x 10'° POT up to 2011
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Opera — New Tau Event

VT Candidate Event

# of Observed | Expected
v, BG for

Candidat | (Prelimi
e Events nary)

2008- Finished 2783
2009

2010- In analysis 1343 1
2011 Background and efficiency still under study

2012 Started

Analyzing now

Total 4126 2.1

Detected: 49 events < Expected 51%7.5 events
Charm background is well modeled

[CHARM
6

1 mm Background
<>

CHARM

CHARM

Mean 1389:= 37.72 Mean 1144+ 2557

25 RMS 1117: 26.67 45 RMS 1046+ 1.808

TN RN -
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v\\ Phi angle (degrees) Decay Length (um) Impact Parameter (m)
Emulsion layers Phi angle Decay length Impact Parameter
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Super-K Evidence for Tau Appearance

New data + perform 2D un-binned likelihood fit of signal and background.
http://arxiv.org/1206.0328 (submitted to PRL)

Signal PDF
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Cosine of the Zenith Angle cos(0) NN output

+0.14 P-Value: 6.16 x 10~ = 3.8 sigma
=142+ 0‘35(stat) -0.12 (sys)| Corresponds to observed signal:

180.1 +- 44.3 (stat) +17.8 -15.2

Norm

Tau

= We can reject the no-appearance hypothesis.
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C. PoLLYy (FNAL)

MiniBooNE RESULTS

Search for electron appearance in the
LSND region (541m baseline)

LMC
7
K — 4 ‘ \Jp - 4,
. —— TT"‘_,__——-E""" i
11 v,
Magnetic Decay
focusing horn region Absorber 43?nm Detector

What’ s going 475 <E, <1250 MeV 2 neutrino oscillation in the LSND region

events / MeV

380 events Exp: 358+19+35 events 9
on here? . P Excluded at 98% 1751 LSND Beam excess
0.55 o Difference 15 s o
= 109y tasp | o
. §} e MiniBooNE data (stat. error) - sin?(20) upper limit

3.5 i

= -} expected background (syst. error) L e b O
3.0F 10 27 .- BDT analysis 90%
5 5:_ — v,, background HISTORY -

~E — v, background ~2008 o F ‘

2.0 “; i 08 1 12 14
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1.5 - F

= } E
1.0 |
——— L TR
T e, L Ty

C oyl )y T e ! L -

300 500 700 900 1100 1300 1500 3000 " [ LSND 90% C.L.
reconstructed E, (MeV) - [] LSND99% C.L.
| | | 1 11 1

Phys. Rev. Lett. 98, 231801 (2007), T

10° 102 107
arXiv:0704.1500 [hep-ex] sin?(26) 1
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Excess Events/MeV

MiniBooNE with doubled anti-vs

With new statistics v and anti-v look very similar.

REMOVE the energy cut.

6.7€20 POT neutrino mode

e Data
) v, from
) v, fromK*
e v, from K°
I 7° misid
CCOA—>Ny
[ dirt
[ other
Total Background

14 15
EC* (GeV)

LI S S S B S B S S E S e

- Data - expected background 1

Best Fit

$in®20=0.004, Am?=1.0eV> |

sin“20=0.2, Am?=0.1eV*

%
—— T

04 0.8

1.4 3.0
ESF (GeV)

1.0 1.2

3.

Excess: 146.3 + 28.4 + 40.2
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Events/MeV

11.3e20 POT anti-neutrino mode

e Data (stat err.) ]
12 =3 v. from ™ .
' 3 v, from K™ 1
@3 v, from K ]
1.0 8 = misid =
COa->Ny ]
[ dirt .
0.8 [ other 7]
Constr. Syst. Error
0.6 1
0.4
0.2 ]
0.0 y
0.2 0.4 0.6 0.8 1.0 1.2 14 3.0
0.5 : ’ AL | T T T T T T _:
s - Data - expected background ]
0.4 : -------- Best Fit _:
0.3 - sin’20=0.004, Am?=1.0eV? ]|
E sin’26=0.2, Am?=0.1eV*
0.2 [ .
- e
0.1 =11 1 ]
B —— Lo I I
0.0 | _T_'
_0.1 [ 1 L L 1 1 1 1 N
0.2 0.4 0.6 0.8 1.0 1.2 1.4 3.0
ESE (GeV)

Excess: 77.8 +/- 20.0 +/- 23.4
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Neutrinos:

Fit > 200 MeV &
Fit > 450 MeV
Inconsistent
(allowed region
vs limit)

Anti-Neutrinos:
Fit > 200 MeV &
Fit > 450 MeV
consistent (both
allowed region)
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P(v,—v,)
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MiniBooNE: New
Oscillation Results
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o
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W o3 . §
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(3
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i 1
s D LSND 99% CL 00— , |
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1 llllll 1 Ll llllll 1 Ll llllll 1 L L L lLllr ’002 04 06 08 10 12 1-405 30
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sin“20

= So, fit together with no cut (3+1). This gives
the 3.6 0 preference against the null hypothesis|

=>» Note: no muon disappearance in these fits!
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P ADAMSON (FNAL)/S. BErRTOLUCCI (CERN)/M. DRACOS (STRASBOURG)

OPERA anomaly is now resolved (two issues found)

Neutrino Velocity

Interferometric
region

35700__ " " :
= I anomalous" period
> [Tt B Sk S R
Hall C % 650 — .
i hant
o + =
Teramo” L __ g B ~
-------------- ésmj +~ =
) ) — =
EE 550:—
m
8 B
Highway tunnel Teramo —) 5001~ M v

€— L’Aquila

1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 J 1 1 1 1 ] 1 1 1 1
2007 2008 2009 2010 2011 2012 2013
Year

CERN made a special beam structure to facilitate tests.
Borexino: &t =2.7 1.2 (stat) = 3(sys) ns

ICARUS:
LVD:
OPERA:
MINOS:

06/25/12

ot =5.1 = 1.1(stat) £ 5.5(sys) ns
ot = 2.9 = 0.6(stat) + 3(sys) ns
ot =1.6 £ 1.1(stat) [+ 6.1, -3.7](sys) ns

0t=-11.4 £ 11.2(stat) £ 29 (sys) ns [new hardware and analysis coming]
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Conclusion

10,000,000,001 10,000,000,000

us
1

T T

sin?20 5 is now known to be non-zero! i | ]
r Normal hierarchy 1
Accelerator experiments have w2 An, = 2.4x10%V? ]
. - sin®26,, = 1.0 1
measured an appearance signal. . ‘ ]
O o -
. . 7e) i ; ]
Values will get even more precise. - N BestfitoTK daa ]
- i 68% CL .
R B 90% CL -
C 'x_“ Daya Bay + RENO (1) |
Now we can check the full LM WA
consistency of our models using T T
. . C Inverted hierarchy -
accelerators, atmospheric neutrinos wlh i
and reactors. Some hints of . 20p=10 ]
. . . O o0 —
inconsistency remain, so: let’s resolve o ]
those, keep working hard, and and try o T2K Run 14243
i 2.56x10% p.ot.
to measure CPV! - 1
T 00 02 03 04 05 06

sm229H
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