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Overview

Neutrino Oscillations
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Am?

Neutrino Mass and Mixing
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Neutrino Mass and Mixing
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MINOS Results: Fit to Oscillation Hypothesis

__MINOS Preliminary

- MINOS Far Detector -
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Reconstructed neutrino energy (GeV)

Am3,|= 2350 x 107eV* (68%CL)

sin®26 ,, > 0.91 (90%CL)
(for 7.2:10%°pot)

(best fit)
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Overview

The OPERA Experiment
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OPERA:

P OPERA scillation Project with Emulsion tacking Apparatus

Neutrino beam (v ) from CERN to Gran Sasso underground
lab (Italy) Goal:

Observation of v _
appearance

Physics runs: 2008 and 2009 completed, 2010 ongoing
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ERN Neutrinos to GGran Sasso Beam

Beam Characteristics:

p.o.t./year 4.5 10%
= x1flg-
<E > 17 GeV 3 0.4 .
) LL.-'!
g 0.35] 7
L 732 km 3 Z
03}
S _- Y
(Ve+ve)/vu 0.87% % 0.25|
S 02
VAV 2.1% ’ |
" 015 v fluence
. . ~ 7 ' M =
v/v, negligible (~107)
Total exposure expected: 08 o i e ag sh w g a6 a2
22.5'10%° p.o.t. E (GeV)
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Detector Concept

e Goal: Direct observation of v _in v, beam B.R.:
'A% 17.7%
VH ................. VT - T+X
Oscillation CC- N m < h- V. neutrals  49.5%
interaction
e V.V, 17.8%
-

h*h‘h‘\).[ neutrals 15.0 %

e OPERA has to look for this special topology
decay ‘kink’

‘\l ¥

— ~1 mm I
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Background Processes

Most important background processes:
* Charm production and decay
* Hadron re-interactions in lead
* Large-angle muon scattering in lead

Signal Background

W, e, hadr
v, CC . / v, CC + charW
harm muon
misidentified

Use Emulsion Cloud Chambers (ECC) to achieve a high enough
spatial resolution and density.
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The OPERA Brick

e Sandwich of 56 Pb sheets 1Imm + emulsions
e High spatial resolution (track: o, = 0.05um, o, ® 2mrad, vertex: g, & 1um)
e Changeable Sheets (CS) with emulsion doublet for first checks

_ = —

V.. >
\%\
— 8.3kg
Pb VI _K _J/ |
_ \ _ 10.2 x 12.7 x 7.5 cm3
emulsion layers plastic base
45um each 200um reconstructed

electromagnetic shower
//

ECC = Stand-alone Detector:

e Momentum measurements for hadrons (multiple scattering)
e Pion/Muon separation at low energy (dE/dx)

e Electron identification and energy measurements for e,y
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Hybrid Detector
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S The OPERA Detector
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The OPERA Detector

Super Module 1 (SM1) Super Module 2 (SM2)
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The OPERA Detector
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| Target Regulon‘
- Target Tracker (Scintillator) P Target mass: ~1.35 kton
- Lead/Emulsion Bricks (75.000 per SM)
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i The OPERA Detector
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Electronic data (Target Tracker & Muon spectrometer)

Columns (top view)

Rows (side view)

| EVQ\'IB'IMSES, ﬁ\&ma, 03:27 (UTC), XZ projection |
o T
g a
T

| . I L J I J I I |
-1000 Q 1000

Event: 218184565, 6 Jul 2008, 03:27 (UTC), YZ projection I

Selected brick
Brick in cell
Empty cell

| |
-1000 I I I I ] I '\ I I 1000

Track identified as a muon (P=3.394 GeV/c)
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Reconstruction (II): Brick Finding

Electronic data (Target Tracker & Muon spectrometer)

AN

Evew}: 218184565, 6 Jul 2008, 03:27 (UTC), XZ projection |
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Track identified as a muon (P=3.394 GeV/c)
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Brick Manipulation System

* Bricks are
automatically
extracted

 Position of

brick at given
time is saved
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i Brick to be developed -

I --_- --—------ - _ e [ m— 10""2In”'l‘uin
12 13 "]4| 1 16 17 'Hli 19 20 21 IZE 2 )

JEEE | | RS T CS doublet alignment by Compton

electrons: 2.5 microns
Scanning Effort/Event:
CHORUS 1x1 mm?
DONUT  5x5 mm?
OPERA 100x100 mm?

So far, 640.000 cm?2of CS surface have been scanned in OPERA
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e (CS-Analysis
— X-ray markings for alignment 2> ~ 10 pm
— Connection of CS doublets and brick

— Search area is scanned for track with
matching angle

brick (first emulsion) CSRc & CS1

Darkness of spot allows to identify the side of emulsion

e Brick Alignment
— X-ray markings > ~ 40 um
— First film-to-film connection
— Film number identifier

Heidelberg, 07.03.12 Bjorn Wonsak
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Brick Development at GS

e Bricks are put into cosmic ray pit
e Cosmic rays used for local alignment

e 6 automatic development chains ready
e 150 bricks/week

Cosmic ray pit

ﬁ

\};',/

u._L.i
LASTRB m FERP.O
sovml’ms‘m

et

TRAVIIPE 20
Vo AFFIANCATE:

Developihg facili'
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Emulsion Scanning

e 12 scanning laboratories in Europe and Japan

o E
W : Field of view 16 tomographic
\w\ ...... iy W2 R images = 45um
| @ ;
R 8 50 ‘ 2D images
3 R processing 3D reconstruction of
2 emulsion V< o OOMM o particle tracks
sides
(45 pm)
v Speed : 20cm2/hour/emulsion side
| 1 plastic base (in Japan >60cm2/hour)
¢l ——— (200 m)
. - 1 emulsion sheet (2 sides)
To. — 12h scanning ~5GB
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Emulsion Scanning

T
" OPERA

3D image: 16 tomographic images

Field of view:

Passing-through and low Vertex reconstruction &
energy tracks rejecte ~—kinematical analysis
Y\\ b vy
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Emulsion Scanning

" OPERA

The frames correspond to the scanning area:
* Yellow short lines: Measured tracks
* Other colored lines: Interpolation or extrapolation
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Expected Performance (Proposal)

Assumptions: Maximal mixing, 22.5x10%°p.o.t. (5years @ 4.5x10%*p.o.t./year)

T Decay B.R. (%) Signal Background
Channel Am? = 2.5 x 103 eV?
T-H 17.7 2.9 0.17
N 17.8 3.5 017
T - h 49.5 3.1 0.24
T - 3h 15.0 0.9 0.17
Total 10.4 0.75

Expected Events:
~ 23600 Vv, CC+NC interactions

~ 160 v, interactions

~ 115  v_CCinteractions
~ 10 identified v_

<1 background
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Overview

Detector Performance
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CNGS Beam Performance & Statistics

2006 0.076x10% p.o.t. no bricks Commissioning
2007 0.082x10% p.o.t. 38 events Commissioning
2008 1.78x10*° p.o.t. 1698 events (scan input) First physics run
2009 3.52x10° p.o.t. 3693 events (scan input) ‘Physics run
2010 (ongoing) [3.01x10*° p.o.t. 3167 events (20. Sept.) [Physics run
(20.Sept.)
o P 2010
8558 events (scan | ¢
input) collected | ==} /
until 20/9/2010 200
0 DE I‘I %DOQO§I I I.30|DI - IAHl}DI = Iﬁéﬂl - IﬁéDl - I?'il}‘.]: I IDB?DYSI
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Event Statistics (June 2010)

* This analysis corresponds to ~35% of the 2008-2009 run statistics,
= 1.89 x 10% p.o.t.

1813 events found in the target (scan input)

 Events with neutrino vertices located by scanning: 1617
(Brick tagging efficiency) x (vertex location efficiency) = 60%

* Events for which “decay search” was completed: 1088

(187NC, 901CC)

- With the above statistics, and for Am?,, = 2.5 x10-3 eV? and full mixing,

OPERA expects:
~ (0.5 v_events
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Impact Parameter Measurement

Mean 1043 _IP distribution for:

800

700

250y _events (MC)
IP distribution 200 NC+CC vV, events (MC),
for v_events (MC) _

1501 NC+CC v events (Data)

-+ expanded scale

8 |

50 :'*

Mean IP = 104.3 pm

00 100 200 300 400 500 600 700 800 900 1000 0 ;Iﬂ

Impact Parameter (um) Impact Parameter (um)
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Momentum Measurement
(ECC and Electronic Detector)
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v-Detection and Reconstruction of = ° Mass

”(T)PERA“"
EM shower energy measured by shower shape analysis
and Multiple Scattering method

A
e

Fl
Fl

Recons%;r“ucted mass ftgm’fEM
owers ~ 160 MeV

R s

E = 8.1 GeV

,{:

R

E=0.5GeV
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T® Mass Resolution (Real Data)

1° mass reconstruction %2 ! ndf 1954 /6

B Constant 7.388 + 1.757
10— Mean 142.2+13.2

L Sigma 65.76 + 11.56
B_ N

L _5;\
sl BN

[ 35 y pairs
4_ —
L X_

._,.J
o S

u_lII|IIII|IIII|IIII|IIII|IIII\|\I—‘I"‘—$—I—IIIII|IIII|IIII

0 50 100 150 200 250 300 350 400 450 500

Reconstructed mass (MeV)

1 o mass resolution:
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Overview

Special Events: Charm, v_
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Heid

" OPERA
/
X-view e
]
] mu
T
vertex
kinbi\a—a_
" daughter m

10on

Background, if primary
muon not identified:

u_

v XK

N \/{ e
D+

h+

elberg, 07.03.12

Charm Candidate Event (Dimuon)

* Flight length: 1330 microns
» Kink angle: 209 mrad
* IP of daughter: 262 microns

* Daughter muon: 2.2 GeV/c
- Decay P.: 0.46 GeV/c

—
é/
i\_ 5
N T

/)
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Charm Candidate Event (4-prong)

" OPERA

D, hypothesis: F.L.= 313.1um, ¢ = 173.29, invariant mass = 1.7 GeV
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Charm Events Statistics

* P(daughter): >2.5 GeV/c
» P.(kink): > 0.5 GeV/c (for kink events)

* Looser cuts for multi-prong events

20 charm candidate events selected by the kinematical cuts
3 of them with 1-prong kink topology
Expected: 16.0 + 2.9 out of which 0.80 £ 0.22 with kink topology

Expected BG: ~2 events
Examples of distributions:

Decaylength of charm | decay_data Phi angle charm muon copl_data
Entries 20 Entries 18

P Mean 1120 F Mean 121.5

9 RMS 1096 9— RMS 52.79

8— 8

7 7 —

6 6

5 5

z 1 : +.H
' : T

{ 1 —
[
0 Ny | T |
0 1000 2000 3000 4000 5000 0 20 40 60 80 100 120 140 160 180
Decay in micron Phi in degree
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v, Candidate Event

i =
"~ OPERA

From a sub-sample of ~ 800 located events we detected 6 v, candidates

-,

T
S 1 Additional physics subject:
- \x Study of v —v, oscillations
m.& ] \
ENKHH \ ’_;"f
~
_ ) ! ;_,_}I fectromn
v
/ AN



Overview

v_Candidate

Heidelberg, 07.03.12 Bjorn Wonsak



Muonless Event 9234119599

Electronic Detector View:

| Event: 9234119599, 22 Aug 2009, 19:27 (UTC), XZ projection

sl

I . : : . . . : . I
-1000 0 1000

Event: 9234119599, 22 Aug 2009, 19:27 (UTC), YZ projection
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g |
2 L
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il
— 0l—
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E |
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-500 —
500 —
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Q
5 L
- L
L= 0—
0 |
u: L
= L
Q
m |
500 —

Pur

Selected brick
Brick in cell
Empty cell
Fake brick

Row manipulation
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Muonless Event 9234119599

Electronic Detector View:

‘ Event: 9234119599, 22 Aug 2009, 19:27 (UTC), XZ projection I
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s l .
> 1
o 50 — f I ]
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o —
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-800 -700 -600 -500 -400 -300
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— Brick in cell
| Empty cell
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2 250 ——
.g - ' Row manipulation
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From CS to Vertex Localisation

Brick 72693

(O)
hrediction

Heidelberg, 07.03.12 Bjorn Wonsak 44/58



From CS to Vertex Localisation

" OPERA

CS
prediction
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From CS to Vertex Localisation

" OPERA

Scan-back in
ECC [
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From CS to Vertex Localisation

" OPERA

in/detectior
B _——__"———-——_

Scan-back in
ECC [
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From CS to Vertex Localisation

" OPERA

Large-area scan,
full reconstruction of vertices and y
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Reconstructed v_Canditate

" OPERA

daughter
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Reconstructed v_Candidate

PL17 PL18 PL19 PL20 PL21
Variable Value 1 //
Kink (mrad) 41 %2 3
decay length 1335 * 35 VZ (further Out)
(um) Prima
P (d h 12 + vertexry kink point (secondary .__‘L_.
t * - eriex
(Geughen . = T@™~ T ——
470 2 Daughter (8)
"l 4T
missing Pt 570 ®20__ p(2)
(MeVic)
¢ (deg) 173 £ 2
6
1mm lead
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= y-Attachment to Vertices

" OPERA

Distance from _ IP to 1r IP to 2ry vertex Prob. of Prob. of Attachment hypothesis
2ry vertex (mm) vertex (jim) (pm attach. to 1ry attach. to 2ry
<resolution> resolution> vix* vix*

45.0<11> . 2ry vertex

85.6 <56> 22 <50> 0.10 0.82 2ry vertex (favored)

* Probability to find an IP larger than the observed one

2ry vertex
1ry vertexry

X Pointing resolution (10) for a given v:
Function of scattering and distance
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Decay Topology Characteristics

| Tau Length for all long decays Weighted | = liopgﬂecgg_zrﬁ
niries

Mean 1.123
RMS 0.8665

Decay length

Red regions:
Measured values for v_ candidate

Kink angle

I~
2 [~
S~
1 [~
L""(‘—:F"‘l:l—tr—-—;-n_-—‘ﬂ-
| PR L !
00 1 2 3 4 5 6
mm
dgh M t Weighted(L dghMom2L Kink Angle Weighted(L kinkAngle2L
| g omentum cighte ( ong) | Entries 23755 | m ngle cighte ( ong) | Entries 23755
10— Mean 4,237 10— Mean 0.1828
L RMS 3.649 — RMS 0.1644
Hﬂ Daughter i
L momentum 8

reject < 20 mrad

b 01 02 03 04 05 06 07 08 03 A
rad
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Kinematical Cuts to be Passed

Entries 23295
Mean 0.7681
RMS 0.4651

NC (MC)
T (MC)

Reject NC events with

Missing P, at primary
larger missing P, (neutrino) ==

~ vertex
~
I~
- = t
e Tc'u'w""z"zsw";
7 : : 'SGe\f/c
[ pt All Smearing | PtAlISmearing

Entries 15041
Mean 0.4714
RMS 0.2224

P, at decay

Reject hadron interactions ) vertex
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P. Characteristics

Signal : A X (hadron shower) BG:
@=180° ' X small (P
T-decay Tl kink
Vi SN Vi
VN — 17X ’." W VN —» v X
Transverse momentum Sm + Ang + Pho + Finite - Angle between MTH{AIl Charged +Pho+ cut) & Had | "'"‘E"‘ : .' G 53074
niries
= Mean 2.445
N 0.6 Hadrpns - RMS 0.7382
@ b0 i 2
5 oost NC (MC) N
0.4 -
- - 1 (MC) (p
L 0.04—
0.2 -
o 0.03
02 0.02} E
0.4 N [ 0.01 - LLI\LL,_I_“”’LEM\
- n cu
or —_—-P—'W‘UM
i 1 | L1 1 | 1 | | - | | - | L1 1 | - | | 0 L 1 1 1 1 I Il 1 1 1 I 1 1 1 1 I 1 1 Il 1 I 1 I |
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0 0.5 1 1.5 2 2.5 3 3.5
Px (GeVre) rad
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Interpretation of the Event

* Invariant mass of yy-system: Compatible with ®mass value

* Invariant mass of the nyy -system: Compatible with p (770)

TC Mass P Mass
120 + 20 + 35 MeV 640 +125_ +100_"MeV

* pis created in about 25% of the 1 decays:

T—p(mmo)v,

OPERA collaboration:
“Observation of a first v. candidate event in the OPERA experiment...”,

Phys. Lett. B 691 (2010) 138

55/58




Significance of v. Observation

We observe 1 event in the 1-prong hadronic T decay channel

_background expectation for 1 prong hadron decay:
0.011 events (hadronic re-interactions)

+ 0.007 events (charm)
= 0.018 £ 0.007 (syst) events 1-prong hadron

probability that the observed event is due to background: 1.8 %
significance of v_observation in OPERA: 2.36 o

 background from all decay modes:
0.045 = 0.020 (syst) events total BG

probability that the observed event is due to background: 4.5 %
significance of v_observation in OPERA: 2.01 ¢
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Outlook
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Outlook

2010: Getting close to nominal 4.5x10'°p.o.t.

2011: Negotiations with CERN ongoing,
aim at partial compensation for the 2012 break

2012: LHC stop ? — no SPS, no p.o.t.

We need enough p.o.t. (22.5x10%°)
to obtain a significant (40) result with high probability

All events of 2008 and 2009 scanned by end of 2010.

Waiting for more v candidates...
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Expected performance of OPERA vs running time

22 5F19 pot Stop in 2012
14 6€19 pot

_— 4-c Observation >

i

OPERA Discovery probability (%}
T

-MINOS 2008.........

-—

IR T W T A WO S B

0.3 0.35
Am2 (eV2)

'-|"'T_'—.1l|-l1|||l-|

0
0.05 Q. Q.15 0.2 Q.2




Minimal number of events to be observed to claim a 4o or 3o
signal in OPERA as a function of the background (B/S ratio)

10
: : 22.5F19 pot

-

w30 B=0.75
f : | | f S=10.4 (2.55-3eV?)

|II'II|IIII|IIII|1III|I’III

]
.|

Number of observed events

Lo v by v ooy b oy e by b
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Analysis status (September 2010)
9000—
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Status brick handling

CNGS Brick candidate extraction status September 222 2010 :

Run 2008: 2609 bricks extracted (for 1700 events). 1.53 brick/event

Run 2009 4943 bricks extracted tor 3560 evis 1.39 brick/event
+

Run 2010 1758 bricks extracted

OPERA brick handling in 2008, 2009 and 2010 | Lotal: 9310 bricks |
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Peculiar topologies

Lab Events Decay Charm V.
Located search | Candidates candidates
(CO)
Total 2367 1406 36 1
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Minimum bias kinematical sample:

A sample of numu CC events with the momenta of all
hadronic tracks measured in the ECC by MCS with the
scanforth

Some preliminary comparisons Data/MC

L3

Total energy of Muon Pt Total Pt of charged
charged hadrons at hadrons

primary vertex
(masses neglected)



Beam Excess

Beam Excess
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MINOS Vu-data
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Overall Status

« Scheme of 3 flavour v-oscillation is well
established.

 We already started to get precise data on the
oscillation parameters.

* There seems to be some tension with v-data sets.

Suprises are still possible!

We need as many unambiguous
answers as possible!

Heidelberg, 07.03.12 Bjorn Wonsak
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Detector Concept

 Goal: direct observation of v in v beam B.R.:
'A% 17.7%
VH ................. VT - T+X
Oscillation CC- \m;< h- V. neutrals  49.5%
interaction
e V.V, 17.8%
-

h*h‘h‘\).[ neutrals 15.0 %

e OPERA has to look for special topology

Decay-'kink' v h _
Use Emulsion Cloud
Chambers (ECC) to
— ~ achieve high enough
spatial resolution and
— ~1 mm — ) density_

Heidelberg, 07.03.12 Bjorn Wonsak



Background Processes

Most important background processes:
* Charm production and decay
* Hadron re-interactions in lead
* Large angle myon scattering in lead

Signal Background
W, e, hadr
v, CC v, CC + charm pr
T M
— arm muon

X misidentified
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