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OPERA experiment

Oscillation Project with Emulsion tRacking Apparatus |

Aim: first direct v, — v, appearance detection

4.0
35
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2.5 23

1.5 — minos 90%

— = MINOS 68% K2K 90%

066 07 08 09 1

sin?(20)
Full coverage of the parameter space for the atmospheric neutrino sector

@ Long baseline neutrino oscillation experiment located in the CNGS (CERN
Neutrinos to Gran Sasso) v,, beam

@ Direct search for v, — v, oscillations detecting the 7 lepton produced in v,
CC interactions (appearance mode)

@ Search for the subdominant v, — v, oscillations
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CNGS beam

CNGS beam optimized for v, appearance
= maximize the number of v, CC interactions J

@ 7 production threshold (3.5 GeV) Reo” O oo (arbitrary units)
and v, CC cross section

— high energy beam

Am2=3 103eV?2

@ “off peak” w.r.t. maximum
oscillation probability (~1.5 GeV)

: v fluence , |
Beam parameters :OL
< EVM > 17 GeV 0 5 10 15 20 25 30 35 40 45 50
(l/e + De)/uﬂ 0.89, 0.06 % E (GeV)
P/ Vi 2.1 % For 22.5 x 10 pot —»
- t ligibl ’ i
Vpoi;?/r;;e :;gxlgi()leg Expected events: 7.6 signal, 0.8 bg

Contaminations given in terms of interaction rates in OPERA New J. PhyS. 14 (2012) 033017
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Appearance detection

Direct observation of v, — v oscillation

oscillation CC interaction decay . VT
—_ —_ T
v, v.oo—
T —
w, h e
~l mm
o

@ Large mass [~ O(kton)] due to small neutrino cross section — lead target

@ High granularity [~ 1um] for signal selection/background rejection (clear
identification of the “kink”) — nuclear emulsions

Emulsion Cloud Chamber
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The OPERA experiment Detection principle

Neutrino interaction detector (ECC)

@ Target basic unit: brick of 57 nuclear
emulsions interleaved by lead plates \
+ 2 interface emulsions (CS)

— high resolution and large mass in a

100 mm
modular way

@ unambiguous measurement of the kink ‘

205 um Brick weight = 8.3 kg

-—

@ ‘“stand-alone” detector

Plastic base

momentum

measurement by MCS

\

Vs,

Emulsion layers (44 um)

total OPERA target: ~150000 bricks — ~1.25 kton
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OPERA detector

Electronic detectors: 1: “time resolution” to emulsions; 2: trigger and
preselection of candidate bricks; 3: muon ID and momentum/charge measurement

OPERA: hybrid detector

SM | SM 2

A

i
r

Target Spectrometer Target Spectrometer
bricks walls + Target Tracker RPC + drift tubes bricks walls + Target Tracker RPC + drift tubes
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CNGS data taking: status and outlook

POT and number of events

2008 1.78x10'? 1698 7.9%
2009 3.52x10" 3557 23.6%
2010 4.04x10'9 3912 41.5%
2011 4.84x10'° 4210 63.0%
2012 (~4.7x10") (~4050) (~84%)

e 14.2 x 10 POT up to 2011

@ Good performance for current 2012 Run: 6.63 x 1018 POT up to
30/04, special Bunched Beam from 10/05 up to 24/05

o Expected POT after 2012 Run: 18.9 x 10'° (Proposal: 22.5 x 109)

N. Mauri (INFN-LNF) Highlights from the OPERA experiment ICFP 2012 9 /30



Oscillation results

Scanning and analysis

Vertex location and event analysis in the OPERA brick

@ Prediction scanning, driven by
electronic detector tracks

@ Define the stopping point

@ Large area scan around the
stopping point

@ Interaction reconstruction and
decay search

emulsion film

Lead plate

ECC

o Sciptillatio

detetor
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Data/MC comparison

Charm control sample: proof of the 7 efficiency

Charm events
Detected: 49 events < Expected: 5147.5 events

et
Mean 136.6 + 0.9526 Mean 1389+ 37.72 Moan 1144+ 2.657
50
RMS 39.73 + 0.6736
25 RMS  1117: 26.67 45, RMS 104.6+ 1.808
25~

%2040 60 80 100 120 140 160 180 1000 2000 3000 _ 4000 _ 5000 100 200 300 400 500 600
Phi angle (degrees) Decay Length (um) Impact Parameter (um)

Phi angle Decay length Impact Parameter
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Oscillation results vy, — Vr search

Signal candidate

First v candidate found in the decay search of 2008 and 2009 Physics Runs
Released in June 2010 (

1000 um
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Oscillation results vy, — Vr search

- candidate event

parent ==
«
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Schematics of the event: 7 — 3h

m& v,

Beam View
d=167°

Primary Trac

Interaction Vertex
in Lead plate
with one Nuclear
fragment
- \
f/ d2
Decay point
in Plastic Base d1
No Nuclear fragment
Flight length |.54mm d3-1
Secondary Interaction
in Emulsion \ d3-2
With four Nuclear fragments
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Electronic detector event display

| Event: 11113019758, 23 Apr 2011, 07:15 (UTC), XZ projection |
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Oscillation results vy, — vy search

Event kinematics

New candidate event

@ no muons at the lry vertex

primary track incompatible with muon hypothesis (p/range)

@ fulfil the kinematic selections

Cut Value Error
Phi (Tau - Hadron) [degree] >90 167.8 1.1
average kink angle [mrad] <500 87.4 1.5
Total momentum at 2ry vtx [GeV/c] >3.0 8.4 1.7
o q 2 0.5 <
Min Invariant mass [GeV/c?] <2.0 0.96 +0.13
q 2 0.5 <
Invariant mass [GeV/c%] <2.0 0.80 +0.12
Transverse Momentum at Iry vtx [GeV/c] <1.0 0.31 +0.11
Highlights from the OPERA experiment ICFP 2012
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Oscillation results vy, — vy search

Event kinematics

New candidate event

Phi angle Mean 1367 5 1,664 Average kink angie
24
RMS 4365+ 1477

Mean 0.1709 + 0.00351

RMS 0.0955 + 0.002482

J—LLWFIL_

Daughter Momentum

Mean 8.224 + 0.1617

RMS  4.4+0.1143

L) T s TATO T P A o WL 1)
% 20 40 60 80 100 120 140 160 180 % 005 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
degr rad

24F
225

RMS 04523+

185

Minimum Invariant Mass Invariant Mass
Mean 1.636 = 0.01661
75

9202
RMS 0.2504 + 0006506

m— Cut

«»ascandidate

[Transverse Momentum at 1ry vix

Mean 0.7198 = 0.01867
RMS  05122=0.0132

o T r TS
25 3 35
Gevic?

ot
02 04

[ R T T,
608 1 12 14 16 1.8

Gevic

Satisfying the specified criteria for 7 — 3hadron decay
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Oscillation results vy, — vy search

Status of the v, search

Status # of events | Expected Observed Expected

for Decay v, v . BG for v

search candidate

(Preliminary) | events (Preliminary)

2008- Finished 2783 I
2009

2010- In analysis 1343 I
2011

2012 Started

Total 4126 2.1 2 0.2

[m] = = =
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Oscillation results vy, — Ve search

Ve Search

Systematic v, search in Oy located events (NC-like) from 2008 and 2009 Runs

Ve candidate event, E, = 15.6 GeV

@ Extrapolate primary tracks to CS
@ Search for shower hints on CS

@ If shower hints, open additional
volume

sl

Result:
@ 96 events selected

e 19 v, confirmed
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Preliminary v, — v, oscillation result

~

e <a0Gey” Do After low-energy selection (E, < 20 GeV)

identified v,,

osciLLaTen @ Expected events:
oscillated 1.1, beam-BG 3.7

e

o

@ Observed events: 4 v,

w

= limit on oscillation parameters

~

AR IRC R S S N

Am,;=2.45E-3

1 | Sin26,;=0.51

—~ 1= —

< E —— OPERA 0% Uppor Limit
0 - Sk Tz, best 1t
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E™ (GeV) g L [ 2k 20m, s0% cL
. [ 03y bay an s, best it

Expected events:
oscillated v, 1.5, BG-beam v, 19.2 o =N
Observed: 19 events

T

104 H| 1 04
102 10" 1
Sin?(26,)
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e vl
Neutrino velocity

Neutrino TOF measurement:
@ neutrino production time at CERN

@ neutrino interaction time inside OPERA
@ precise path length measurement (geodesy)
o Distance (BCT-OPERA) = (731278.0+0.2) m

long baseline needed for high accuracy

Key ingredients:

@ CNGS-OPERA synchronisation at
~1 ns (GPS common view mode)

@ accurate calibration of the timing
chains at CERN and OPERA
@ precise v time distribution at CERN
X0 — X1 Ax through BCT proton waveforms
vV, — — — ——
Y-t At
Highlights from the OPERA experiment ICFP 2012 21 /30




Non-Oscillation results Neutrino velocity

CNGS-OPERA synchronisation

already existing

already existing system (not enough
system (not enough accurate) i
accurate)
.0 - .
K ’.,s‘ystem
..° Common '..
" View Mode *

-

»

PolaRx2e PolaRx2e

Time-transfer
equipment

Time-transfer
equipment

EUEERY At OPERA
Every second

s ( Every second

. _
= — Corrections —— —

offline event selection

New system installed in 2008
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Non-Oscillation results Neutrino velocity

BCT calibration

Fast Beam Current Transformer
(BCT)
@ Proton pulse digitized by a
waveform digitizer (WFD)

Result: signal comparison after Atgcr
compensation

T T BeTridoobass

BPK.400099 ——
BPK.4000207

45 i I I I
350 400 450 500
ns
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BCT 41435 sisoma

BFCT 41438 synch

BA 40

Dedicated beam experiment: BCT
plus 2 pick-ups (~1 ns) using the
LHC beam:

AtgeT = (583.7 + 1) ns

(time difference between twep and tgcr)
New measurement (May 2012)
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Summary of calibration delays

Item Result Method
CERN UTC distribution (GMT) 10077.8 £ 1 ns « Portable Cs
~~
Two-ways 2 z
WEFD trigger 26.6+1ns Scope o0 Eé
—

BTC delay l 583.7+1ns l « Portable Cs -+ 9/

* Dedicated beam experiment
CERN-LNGS intercalibration 23+1.7ns » METAS PolaRx calibration

» PTB direct measurement
LNGS UTC distribution (fibers) 41067 + 1 ns » Two-ways

« Portable Cs
OPERA master clock distribution 7046 + 1 ns » Two-ways

« Portable Cs

—_

FPGA latency, quantization curve 245+1ns Scope vs DAQ delay scan 2 §

(0.5 ns steps) re E
Target Tracker delay 50.2 £2.3 ns UV picosecond laser jl_l' g
(Photocathode to FPGA)
Target Tracker response 94+3ns UV laser, time walk and photon
(Scintillator-Photocathode, arrival time parametrizations, full
trigger time-walk, quantisation) detector simulation
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Non-Oscillation results Neutrino velocity

Two instrumental problems found after first data release

Test of the delay of the 8.3 km long optical fiber and of the DAQ internal delays

@ Dedicated campaign (Dec 2011 - Feb 2012) o

\

@ Two identified issues in the timing chain at
LNGS:

fings

o faulty connection of the optical fiber to . LNGS
the OPERA Master Clock E
= artificial neutrino anticipation ~74 ns
o internal Master Clock frequency higher

40996

8.3 km fibre

w.r.t. nominal value by L

Af/f = 1.24 x 1077 (124 ns/s) [ﬁ] ‘

= artificial neutrino delay ~15 ns ng(:_;l
Investigation on when anomalous conditions o ‘ IastTTsensor T RoC
occurred during the data taking and on their .
stability
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Non-Oscillation results Neutrino velocity

Systematics study with cosmic muons
Joint OPERA-LVD analysis
Coincidences using horizontal cosmic muons coming from the Teramo Valley

Interferometric 2700— " " .
region = r anomalous" period
zor DS S ey I
= 650l E i
ST )
o I + a
E =
= soop- + =~
> L LY
= [ ' T
< 550~
= [
)
-
O 500
— 2007 2008 2009 2010 2011 2012 2013
— T Highway tunnel Teramo ——> Year
%21 ndf 9.148/10
- PO 6485+7.2
560 pt 1.113e-07 + 1.998e-08

@ fiber delay problem from 2008 and
lasting in stable conditions up to
end 2011

581

3

60

3

62

S

@ inaccurate oscillator frequency
since the beginning of the data
taking, drift stable along the years

-660

| | x10°
100 200 300 400 500
torera * toaa (NS)
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Non-Oscillation results

Preliminary 2011 result correction

Neutrino velocity

2011 result corrected according to the new measured parameters

21607 214
2140k + + F120

= WM o

smM + g te ) \l\\ Zz

60-

401‘ Q\m:\ o

205, extraction 1 l 200 # extraction 2

5000 10000 0 0 5000 10000
5t (ns) St(ns)

Bunched beam: event-by-event analysis
@ 20 events detected by the TTs
@ t=(19+3.7)ns

@ excludes possible biases due to statistical
analysis and to long proton pulses

Statistical analysis:

@ Likelihood approach, maximisation
by varying §t = TOF. - TOF,

@ Ot = (6.5 7.4(stat.) 33 (syst.)) ns

£ E —
g 3: Entries 20
=4 c Mean 1.85
2.5 . RMS 16.49
o F
s o
Wy 5F Q\l\

1=

0.5

C: L 1

I | I |
-80 -60 -40 -20

L 1
0 20 40 60 80

deltat (ns)

T. Adam et al. [arXiv:1109:4897] soon revised and resubmitted to JHEPJ
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Non-Oscillation results Neutrino velocity

New measurements with a short-bunch narrow-spacing
proton beam (May 2012)

Bunched beam from 10 to 24 May

HChannei0ooot

o s
= 3151200 |2

A -
ool AtE 1 batch 2 batch3  batch 4 Hala o7 v
oot | BT 3 §,00 At=100.ns Tl |
E 3 F m> = 3551100
00 = 5 [ o~1.8ns o = 179720005
E sf 0l sns Sl
o E| F O = 1.833+0.005
000 2 10F 100 ns 300 ns
-10000 E E
-15000 Y ; 5_
1000 2000 3000 4000 5000 6000 7000 8000 90( E H H i
@ 1 extraction per CNGS cycle sf
@ 4 batches per extraction A0f
@ 16 bunches per batch e o L;
20 1‘"“"‘ . %W W\' A [ 'r..‘\ J_
o POT ~2X 1017 (2 Weeks) 3100 3200 3300 3400 3500 3600 }57]00
ns|

@ Improved OPERA timing systems, redundant measurements
@ 106 on time events (both external and contained)
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e vl
New OPERA preliminary results

with new BCT values

using TT
(earliest hit)

=)

%

IS
T

N
T

0l
-]50 -l()O -5

) 50 1qo
61—( 1.6+1.1 (stat )3 (sys.)(j ns

Entries 59
Mean -1.6
RMS 8.5

150

‘m

auat

T

O 4N WA OO N ©

%50 100

ot =(-
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= 0o s 100 sl
6.1+1.0 (stat.)) ns

Entries 48
Mean -6.1
RMS 6.6

using TT and
all muon hits
(systematic
€ITors soon)

150

- using RPC Entries 42
E . Mean -2.7
3 (all muon hits) oo
150 400 B0 oI" 50 100 '['1]50
ns
St = (-2.7 +13 (stat)"] (sys.)) ns
E Entries 40
; Mean -5.1
E RMS 4.4
E RPC using
E Trigger Boards
E (systematics to
E be reduced soon)
T T 50 100 '[‘1]50
65 ns
az_( -5.120.6 (stat )151 (sys.)) ns
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Conclusions

Conclusions
o OPERA is successfully collecting CNGS events since 2008
@ vy — Uyt
e 2 v, candidate events so far (2.1 expected, with 0.2 BG events)
e estimation of detection efficiency and background in progress
@ Uy — Vet
e 19 events observed in 2008-2009 Run data, 4 surviving the selection
cut (1.1 signal + 3.7 BG)
= set constraints in the high Am? region
@ Neutrino velocity:

e two issues affecting previous analysis completely understood and
corrected in 2011 result

e preliminary 2012 results compatible with corrected 2011
— picture clarified

By the end of 2012, we should (almost) reach the nominal statistics
T search goes on, few more events under study... stay tuned! J
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Thank you for your attention!
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Backup
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v, decay modes

v, CC Detection Short flight decay

Impact Parameter distribution

. Decay point
R
| IPQT i TTee
2505 Vg events (MC)  (Mean1043um) Primary : |
vertex
NC+CCv, events (MC) - - |
I NC+CCwv, events (Data) I~
e
150 ..
>
1mm Pb »
100 ..
50|
Long flight decay
10 40 50 60 70 80 90 100
Impact Parameter (um)
10um © (ct=87um) g | Decaypoint
IP .- ® .-
) T -
T Decay mode e
Primary ..
Kink T e 17.8 % vertex e ® .
B~ .
v - 17.4% o T—
—— 49.5% ~_
Trident T — h hh* 15.2 % 1mm Pb ...
..
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Neutrino interaction types

Detected Neutrino Interactions

With M o | Event: 9150054731, 30 May 2009, 10:03 (UTC), YZ projection l
-VM CC = -
v CC o (174%) Eo"_ — - " a8

-500 ; L 1
-1000 [] 1000
WIthOUt u 500 —
v NC =
v, CC,t—e (17.8%) [0\:> »
-v, CC,t—h,3h (64.8%) | o
*v, CC B
-500 _— n
-1000 0 1000
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Momentum measurement and particle ID of event tracks

New v, candidate

Track# Momentum Particle | Method / Comments
(10 interval) ID
[ GeVic]
Primary 2.8 Hadron ¢« Momentum-Range
(2.1-3.5) Consistency Check
Stops after 2 brick walls.
Incompatible with muon
(26~44 brick walls)
d1 6.6 Hadron * Momentum-Range
(5.2 - 8.6) Consistency Check
d2 1.3 Hadron * Momentum-Range
(1.1-1.5) Consistency Check
d3 2.0 Hadron Interaction in the Brick
(1.4-2.9) @ 1.3cm downstream

Independent momentum measurements were carried out in two different labs
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Clock distribution system

10 ns UTC time-stamp granularity

Front-end Target Tracker
board 31 planes (SM1)

Plane i

Master board

MLVDS
link
Optical/Electric
converter
GPs OPERA mast Optical To the
3PS master hor
fiber second SM

antenna clock T

OPERA master clock
local oscillator VECTRON OC-050
(stability 101%/s)

Mezzanine DAQ card common to all sub-detectors Front End nodes:
CPU, Memory, FPGA, clock receiver and ethernet
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Timing chains at CERN and LNGS

CTRI
@Prevessin CCR

High precision GPS.

cTRI
@HcAaa2

o
0110 J’—L

580%5ns

Kicker UTC Time tag

Protons

743.4m

LNG!
uTC
(ESAT?000)

PolaRxze
accuracy)

40996+1 ns

W0z'0 ¥T9'vES0EL

simulation inputs:
= 2,915
“Tys=6.6ns
V5= 6.0 ns/m

-
OPERA Master
Clock

50.22.3 ns

4262.9+1 ns
(60 m fibre)

last TT sensor
(FPGA)

25¢1ns
(FPGA latency)
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LNGS position monitoring

Daily coordinates, site: LNGS

0.8 Up
0.06/- — P R
= oo ol oy s e S ot ok
£ L g WA N A
S ooa 400 M‘#‘“- TR IR f
b ANk, 14 :
L * vy +
~°oes 2009 20005
__ East
o M sestary
0.08} F =
= oo : 1
w 004} §
0.02 PRV 4
20085 2008 20005
— North
0.1}F . ' i
o8l iMMW 1
#
= vust J
= ooaf 1
0.02} P = ,A'M* v 1
20085 2009

earthquake 2095

2010

Monitor continent drift and important geological events (e.g. 2009 earthquake)
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