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Overview

The OPERA Experiment
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OPERA:

scillation Project with Emulsion tRacking Apparatus

Long baseline neutrino oscillation experiment
Very pure v beam from CERN to LNGS

Goal:
Observation of v_appearance
V“ ] r .‘ ..j ' &
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ERN Neutrinos to Gran Sasso Beam

Beam Characteristics:
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Detector Concept

 Goal: Direct observation of v _in v, beam B.R.:
'A% 17.7 %
V“ ................. VT o T +X
Oscillation CC- \m< h- V.l. 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 (LAS)

Signal Background
U, e, hadro
v, CC v, CC + charm pr
T M
— —

harm muon

>|!i< misidentified

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




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

_ - ~

A 10 X,
b CS
V.. >
\%\
— 8.3kg
Pb vl _K / |
_ \ _ 10.2 x 12.7 x 7.5 cm3
emulsion layers plastic base
44um 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

1 102mm
b i \ ; |
*‘ brick
i
A
- “79mmni
- F‘-.‘-’ -‘
- f Changeable Sheet

thickness 3mm

Emulsion Cloud Chambers
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= The OPERA Detector

" OPERA
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The OPERA Detector

Super Module 1 (SM1) Super Module 2 (SM2)
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The OPERA Detector
1NMMHMH“HWMWHW{&<
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| Target Region:

- Target Tracker (Scintillator) - Target mass: ~1.25 kton
- Lead/Emulsion Bricks (75.000 per SM)
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i The OPERA Detector

VCT)PERA
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Magnet Region:
Iron & RPCs

Precision Tracker:
6 planes of drift tubes

MIAMI2013, 10.12.13 Bjorn Wonsak 16



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) Iterative process: on average
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Columns (top view)
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* Bricks are
automatically extracted

 Position of brick at

given time is recorded

in database
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Emulsion Scanning

Field of view:

44 pm emulsion sheet

S

300um

y 3
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Emulsion Scanning

1 =
" OPERA

Scan Volume around stopping point for tracks
reconstructed in several plates

Volume around
interaction point ~2cm’
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Emulsion Scanning
Reject passing through

and low energy tracks
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Volume around
interaction point ~2cm’
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Emulsion Scanning
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Oscillation Analysis
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Status of the Data Analysis

Run 2008 — 2012

1 8000 I T STy SO SU RPN
: — Eyants reconstructed in the target
16000 s Events with at least 1 brick extracted | T e,
: Events with at least 1 CS scanned
14000— Events with a posifive GS result  |o-rererrmo ............................... e
: Events with a brick scanned
1 2000 — nteractions located in the bricks | e
: Decay Search Completed
1 UDUO e S I S 2 e
2000 :_ .....................................................................................................................................................................................................
6000 :_ .............................................................................................................................................................................................
4000 :_ .......................................................................................................................................................................................
[0 10 0| AU A0t o o S SR,
D [ | ] ] ] 11 ] | ] 11 1 ] | L 1 ] 1 ] | ] 1 ] 1 ]
08/12/31 09/12/31 10/12/31 11/12/31 12/12/31
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Status of the Data Analysis

In total 18-10" pot —» 20% less than in proposal
— 19505 neutrino interaction within target
At the point of this analysis:

6067 located interaction points
4969 completed decay searches

Years p.o.L Status Selected Data sample # of Decay
(x1019) Searched events
2008-2009 527 Completed  mutli-bricks + all Pu 2783
2010-2011-2012 12.7 In progress 1 brick + P, < 15 GeV 2186
Total 18.0 ~64% 4969
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" OPERA

Charm Hadron Production

Topology similar to 1-decay (decay modes and lifetime)
but with u at primary vertex - good control sample

MIAMI2013, 10.12.13
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Charm Hadron Production

2008-2010 data analysis:

charm background | expected | data
| prong 20+ 3 9+3 29+ 4 &
2 prong k2 38+1.1 19 %2 22
3 prong S+ 1 1.0 +03 i )
4 prong 0.8+0.2 - 0.8+0.2 4
All 41+4 1443 5545 50

Background mainly from hadronic interaction
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2008-2010 data analysis:

III‘IIIII\I‘\

Kolmogorov test > 0.99 for all plots

100 150 200 250 300 350 400
Impact Parameter (um)

100 120 140 160

Decay Length (um)

[:I charm

® data

=y |

10 12
Multiplicity

|

|
__é__

|

|

|

180
4(°)

MIAMI2013, 10.12.13 Bjorn Wonsak



Overview

v_Candidates
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Muonless Event 9234119599

Electronic Detector View:

| Event: 9234119599, 22 Aug 2009, 19:27 (UTC), XZ projection
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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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From CS to Vertex Localisation

Brick 72693

(O)
hrediction

MIAMI2013, 10.12.13 Bjorn Wonsak 33



From CS to Vertex Localisation

1 =
" OPERA

1cooo
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From CS to Vertex Localisation

i s
" OPERA

Scan-back in
ECC i

1cooo
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T =
" OPERA

200 um

Ki

detection

—_\_\__h_\_‘_""—‘——._

1cooo
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1 =
" OPERA

From CS to Vertex Localisation

Large-area scan,
full reconstruction of vertices and y
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Characteristics of Decay Topology

| Tau Length for all long decays Weighted | - I:Jpgﬂecggﬁs
niries

Mean 1.123
RMS 0.8665

Decay length

Red regions:
Measured values for v_ candidate

Kink angle

I~
2 [~
S~
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| PR - ! T
00 1 2 3 4 5 6
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| g omentum cighte ( Oﬂg) | Entries 23755 | m nge Lt ( ong) | Entries 23755
10= Mean 4,237 10— Mean 0.1828
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Hﬂ Daughter i
qi momentum 8
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rad
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Kinematical Cuts to be Passed

| Smearing (20%) +Angular +Photan smeared + Brick Finite-Missing Pt All charged + Pho + Cut |
Entries 23295
F Mean 0.7681
RMS 0.4651
T (MC)

Reject NC events with

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

~ vertex
[~
™~
I~
OE...\‘ ‘_c.l".lt..””. T e b
0 0.5 1 1.5 2 25 3 3te\f/c
| pt All Smearing | E:ttt\i::mea;;raii
2_5; RMS 02224
: : : 3 P. at decay
Reject hadron re-interactions =) : vertex

1.5

1 ~

B J
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0.5 ~
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T ‘
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2nd V. Candidate

Event: 11113019758, 23 Apr 2011, 07:15 (UTC), XZ projection
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2nd V. Candidate

T—)3h\)T

2000

JHEP11(2013)036
arXiv:1308.2553
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2nd V. Candidate

Interaction Vertex in Primary Trac
lead plate
1 nuclear fragment

* Nuclear fragments visible as
short highly ionizing tracks

* Give additional information
for background reduction

@ =(167.8 £ 1.1)

Flight length 1.54 mm 42

Decay point
In Plastic Base
No nuclear fragment

Secondary Interaction
In Emulsion
4 nuclear fragments




2nd V. Candidate

Phi angle
Phi angle |
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3rd v, Candidate

| Event: 12123032048, 2 May 2012, 10:12 (UTC), XZ projection ]
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Charge Determination of |

Parabolic fit of RPC hits: X(z)=p0+p1-x-(z-zo)+p2-x-(z-zo)2
Together with linear fit of TT hits : X(z)=p0+p1-x:(z-z)

Event plot «% I ndf 2.614 /4

p0 189.5 + 0.5518
= F p1 3 +0,005458
S 240 P2 0.003892 + 0.0006894
X F S —

230 p2<0 - negative charge
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R ~ 85 cm
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3rd v

T = U decay

T Candidate

y attached to primary vertex
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3rd V. Candidate

1ry track
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Decay 1n the plastic base




Nature of Track 2

* Stops in downstream brick without visible charged particles
* Range vs. momentum inconsistent with muon hypothesis

o I Hadrons
‘T 0.16[%
5 * tfaCk Value : i Muons
|
|
L |
. p lead : ;,;
- 0.08
lead (p ) P average 0.06 - cut value
. = track length 0.04
R/LGd U range 0.02
p avey ag(, o average dens lty e BB repe erervsreier O e asn
Plovd = lead den31ty l:)‘I) 02 04 06 08 1 12 14 16 18 2
p = momentum in emulsion D variable



3rd V. Candidate
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il Analysis Overview

(2008-2009 & selected 2010-2012 sample)

— 3 events observed vs. 0.22 events bkg.
— p-value for bgk-fluctuation: 7.3-10

Subsample corresponding to 61% of total expectation:

- No-oscillation hypothesis excluded at 3.2 o

Decav expected signal events
flmm{el Am? = 2.32 X107 eV? PRELIMINARY
Full sample Analvsed | background |Observed
18 X10! p.o.t. | sample |analyvsed sample| events

T— U 0.90 0.56 0.026 1
T— e 1.06 0.49 0.065

T— 0.70 0.66 0.045 1
T— 3h 0.99 0.51 0.090 1
Total 3.65 2.22 0.216 3




Overview

v_ Analysis
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v_Appearance Analysis
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v_Appearance Analysis

"(T)PERA“"
/
/
2008+2009 sample (5.25 x 10* p.o.t.) /
- Observed 19 v_events /
;‘
P f..t' i \
e 7 \
”1;'& -;.:,3 - {‘1- fﬁf
‘*ﬁ“};ﬂf J
s -‘-—"'-:f
.f 4 1/
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v_Appearance Analysis

”(T)PERA“"
/
2008+2009 sample (5.25 x 10” p.o.t.) /
- Observed 19 v_events
/
v | \
; \
el TR _ﬁ';"' Expected v_events:
S S AP
e P -V beam contamination 19 3+ 2.8
=l
L o - Background. T—e
¢ T + misidentified 1 0.5 £ 0.2
500 um From 3-flavour oscillation:

V.V, 1.4 events (sin2(26 ) = 0.098)

54



v_Appearance Analysis

" OPERA
{

2008+2009 sample (5.25 x 10" p.o.t.) ,

— Observed 19 v_events |
f.

-» compatible with non-oscillation
hypothesis |

i \
T .2~ Expected v_events:
——— e
B -V beam contamination 19 3+2.8

- s - Background. T—oe
+ misidentified . 0.5 + 0.2

500 um From 3-flavour oscillation:
V.V, 1.4 events (sin2(26 ) = 0.098)
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v_Appearance Analysis

= 8
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v_Appearance Analysis
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v_Appearance Analysis

Search for non-standard oscillations with larger Am?
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Overview

Summary/Outlook
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Summary/Outlook

v_-appearance:

- 3 events observed
- Conservative background estimation
— non-oscillation excluded with 3.2 o
- Likelihood analysis improves this slightly
- Improved background studies under way
— 4 o in reach

v_-appearance:

- No oscillation observed
— can exclude significant parameter space for large Am?

Analysis ongoing, some interesting events under

investicI;ation



Thank you for your attention!
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Impact Parameter
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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
t-H 17.7 2.9 0.17
t-¢€ 17.8 3.5 0.17
T-h 49.5 3.1 0.24
T~ 3h 15.0 0.9 0.17
Total 10.4 0.75
 Expected Events: \

~ 23600 v, CC+NC interactions For full mixing and
~ 520 v, interactions Am2 = 2.5 x 103 eV2
~ 205 v, +V, interaction/ (scales with (Am?2)?).

~ 115 v_CCinteractions

MIAMI2013, 10.12.13 Bjorn Wonsak 64
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