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Goal: direct detection of v, o~ v_neutrino oscillation in appearance mode

. 225 X 1019 pot CERN to Gran Sasso Neutrino Beam
ReqUIrements: 23600 v, CC+NC
1) high neutrino energy (t cross section) ~ °20V, CC*HNC
160 v_+v_CC
1) long baseline (atmosferic Am?) 115v CC

3) high beam intensity (L=730 km) + large mass

X

R *G’CCC(

Am2= 3 10-3eV2

5) exceptional granularity to detect the short
lived t leptons
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Separation of v_““ from the dominant v, interactions:
event-by-event identification of the peculiar T decay topology

V Decay < no-oscillation 0

u i kinkii

cT ~ 87 um 4
~ 600 um decay length
35% QE, 65% DIS 11% QE, 89% DIS

Hadronic interactions

CC charm production u,e v vu
(a" decay ChanneIS) u,eé]‘“f Bck.to T - h u _____________________________________
D e+ \\/ h

ortot - M

(if hadron misid or \Y
mismatched with muon) * @
h

v detection SRR

kgrounds

Coulomb large angle
scattering of muons in lead
Bck.tot —»
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< Super Module 1 S Super Module 2 >

Location efficiency:
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l:jellum ba_lgs Sper Decay tube Hadron stop !._I:__\ﬂuon d\:eteclors
120 /
= Target /" Reflector ' = /K - dec o
= Ham:# M?Wl 7
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| Run 2008 — 2011 |
14000 .
- Contained 2011
12000 nteractions
Jonoo]- 1.78 1698
8000 2010 2009 155 3.52 3693
6000 2010 187 4.04 4248
4000:— 2009
- 2011 244 4.84 4762
20002008
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r from the design goal (22.5e19)

CNGS beam performance
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« 2008-2009 data analysis completed (arxiv:1107.2594v1) Acc. by New Journ. of Phys.
« 4.8X10" pot, 34% of available sample, 2.6x more stat w.r.t. T candidate publication

« 2738 fully analysed events (decay search). No new 1
Full simulation chain with

* Analysis improvements emulsion off-line reconstruction

1) Search of highly ionizing tracks in % 50" o OPERA data

hadronic interactions ({ bckg for t — h) g Reconstructed MC e
Z 40 [

2) Follow down of vertex tracks in the E

emulsion — p-range correlations —
increased u-ID effici

30

_u—% =
\V NC events

——>

| | 1 1 | | | L1 1 1 | L1 | | | I | | 11 1 | | 1L 1 1 1 | 1 1 | |
0 -70 -60 -50 -40 -30 -20 -10 0
Neutrino vertex position within the brick (mm)

Statistics update and

+

20
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analysis improvements
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Simulation kinetic energy distribution (Mev)
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Highly ionizing tracks tagging
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Probability for a «t,K,p to undergo 15 o 15 F -
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1 OPERA neutrino interactions 4 GeV r test beam
o) s ! N
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CHORUS [%)] @ OPERA
arXiv:1107.0613 [hep-ex] [%0]
o(charm) / o(quC) 5.75 + 0.32(stat) + 0.30(sys) 4.46
f(D*) 25.3 + 4.2 21.7
f(A) 19.2+4.2 25.3
f(D) 11.8+4.7 9.2

Current
BR(D" - n) 94+0.8
BR(DS S W 4.4 +0.7
BR(AC T)) 2.0+0.7

Former
value

3.3 - +35%
10 - 2 X
26

18 - X

Former
73

-2

34+1.0
20x0.7

Updated charm prediction
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The charm sample offers the opportunity |

OPERA 2008-2009, 5.3e19 p.o.t.

to benchmark the t efficiency thanks to L
the similar topologies
Expected
prongs| Obs. [ Charm [ Backgr.| Total
1 13 15.9 1.9 17.8
2 18 15.7 0.8 16.5
3 5 5.5 0.3 5.8
4 3 2.0 <0.1 2.1
tot 39 [39.1+75(3.0+0.9|42.2+8.3
@ ZD:
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Including all the improvements in the analysis

Expected sighal events

| OPERA 2008-2009, 4.8e19 p.o.t. |

event

T W

@ observed
tau signal
[ charm back.
B hadronic back.

I muon scatter back.

T - Wis very clean!

Deca
chann)él Am?=2.5x 107 eV?
10%92 '50 ¢ | 48 10" p.o.t.
P-0.L. (analysed)
T > M 1.79 0.39
T - € 2.89 0.63
T - h 2.25 0.49
T - 3h 0.71 0.15
7.63 1.65

T—>e T—h t— 3h

. _

Updated sensitivity

e expectation of 1.65

channels
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Run 2008 — 2011

Interactions in the target

Events reconstructed in the target 2011

14000

== Evenls with at least 1 brick extracted
—— Events with at least 1 C5 scanned

12000

Events with a positive C5 result

Events with a brick scanned

10000 __ Interactions located in the bricks |+ .................... ...................... .......................
: = Decay Search Completad - -
8000:_ ....................................................................................................................
6000:_ ....................................................................................................
- 2009
4000__ ..................................................... e { .......................................................................................
2000 __2008 ...................................... e T gl
0_5:|||||||| |||||||||||||||||||||||

08/07/01 08/M12/31 09/07/01 09/12/31 10/07/02 10/12/31 11/07/02 11M12/31

Steady progress: 4268 v vertices in the emulsions 88% with full decay search done,
55 charm, 24 v_events

2010/2011 data, new strategy being followed: prioritize scanning of T enriched sample
| (NC-like or p <15 GeVic)
1

Relevant p.o.t. for T search will scale faster with time wrt the past (inclusive scanning).
Detailed report at summer conferences.

Scanning progress

Entries 3339 17

Mean 2.544 + 0.04527

1000/ RMS  2.616+ 0.03201

Vertex impact parameter

300_—
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600

all tracks
u tracks

400

200

1 B BliBi = =
l]l:lz11-133111!121-'11613211!
Impact Parameter [].LITI]

Entries 1059

300k Mean 2.736 £ 0.05621

RMS  1.805+0.03974

250

Track multiplicity

200 (EU data)

150

All
CC
NC

8 9 10
Multiplicity
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6 Y reconstructed around the vertex

%,
2 v attached to secondary vix and well separated from primary vix:

-IPat2ryvix: 8 - 10 um
-IP at 1ry vix: 1216 - 806 um

Y reconstruction
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| Gamma multiplicity |
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Currently 24 v_events as the by-product of v_search

A dedicated strategy using shower signature in the
CS doublet is being pursued to increase efficiency.

In progress:

« efficiency evaluation with complete simulation
framework well advanced

* energy reconstruction tuning

* backgrounds: prompt v_and y conversions

E <20 GeV 2008-2009 22.5e19
preliminary estimation
Ve (Prompt) 2.8 13.1
r‘c % e + NCTCO 16 75 oscillated v. CC
) _ 25.14; : prompt v, C(
sin“26 = 0.11 1.2 5.6 W

SR R off-maximum

a0

neutrino energy spectra
normalized to 1EI9 pot

v_sample
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e Basic ingredients*' * will omit plenty of details and cross checks arXiv:1109.4897

- CNGS-OPERA synchronization at ~1ns (GPS common view mode)
- Calibrations of the timing chains at CERN and OPERA

- v time distribution at CERN through proton waveforms with BCT

- High v energy - high statistics (~ 15k events)
- Geodesy: 20 cm accuracy over 730 km

g
‘l
GPS
common view LNGS
‘I" uTcC

' time shift by TOF |
i  waveforms 4 data

p% — R v | = Zz

BCT target decay tunnel OPERA

baseline = (TOF,)

8t=TOF_-TOF,



Events/150 ns

Events/50 ns
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First extraction Second extraction

20 F
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Analysis with the standard beam
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November 2011, bunched beam:
The robustness of statistical treatment is confirmed and anomaly persists (62.1 + 3.7) ns

a.u.

-12000

-14000

-16000

-18000

-20000

-22000

-24000

-26000

62.10
16.38

Typical extraction B
Mean
I S
25
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£
B I
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)
- >
w
i 524 ns 15 |
B i 1 “l il
I I | | | I | 0.5 !
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s ;
|
|nI|

Analysis with a "bunched-beam"
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Official statement (23/2/2012)

“The OPERA Collaboration, by continuing
its campaign of verifications on the
neutrino velocity measurement, has
identified two issues that could
significantly affect the reported result. The
first one is linked to the oscillator used to
produce the events time-stamps in
between the GPS synchronizations. The
second point is related to the connection
of the optical fiber bringing the external
GPS signal to the OPERA master Clock.

These two issues can modify the neutrino
time of flight in opposite directi '
continuing our in [

LNGS

uTC
(ESAT2000)

40996 + 1 ns

Weak points

(+) = delays increasing ot

( ~ (-) > delays decreasing ot
OPERA
Mastefy - tphotocathode
P 50.2+ 2.3 ns

4263+ 1ns

t <59.6 £3.8 ns>
walk tevent
(from MC)

Recent findings
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Oscillation:

- 1v_candidate, with an expectation of 1.65 signal and 0.05 + 0.01 background events.

* The analyzed sample (2008-2009) corresponds to ~ 21% of the overall nominal
statistics of which 63 % has been collected so far (14.1e19 pot).

« 2012 run will hopefully bring us close to nominal statistics (22.5e19, 7.6 1T expected)

* Improvement in the analysis and (data driven) background control achieved and being pursued
further.

» Constant progress in scanned events statistics: a really demanding task!

* Update at sum seen with signal expectation significatly > 1.

anomaly have been identified
larified picture.

Summary
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Back-up slides
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Decay Number of background events for:

channel 22.5x10" p.o.t. Analysed sample

Charm | Hadr. | Muon Total Charm | Hadr. | Muon Total
t- 0.025 0.00 0.07 | 0.09+0.04 | 0.00 0.00 | 0.02 | 0.02 = 0.01
t- e 0.22 0.22 +0.05 | 0.05 0.05 +0.01
t- h 0.14 0.11 0.24 +0.06 | 0.03 0.02 0.05 +0.01
t - 3h 0.18 0.18 +0.04 | 0.04 0.04 £ 0.01
Total 0.55 0.11 0.07 | 0.73+0.15 | 0.12 0.02 | 0.02 | 0.16 = 0.03
| OPERA 2008-2009, 4.8e19 p.o.t. |
: % : [ ] observed
¢~ LISHERES 2

Summary of background

[ hadronic back.
| I muon scatter back.
1.5

1=

0.5

T—>€e

T—h

T — 3h

channels
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0 mu 1 mu All 85% are events
Triggered (CNGS on-time) 31576 !nduced_ by neutrino
_ interaction outside
predicted by the target tracker 1503 3752 5255 OPERA target
located in dead material 54 245 299
located in the ECC 519 2280 2799
decay search performed 494 2244 2738 - 92% of the expected

sample that could be decay
« OPERA data searched (2978+75)

Reconstructed MC D o ) .
I++ Location efficiency:
| ﬂ% + + CC: 74 %

50

40

NMumber of eventis

30

* NC: 48 %

20

Full simulation chain including newly
\Y; NC events developed off-line emulsion
- ——— construction software

| | | 11 1 1 | I I | | L1 1 ‘ L1 1 | | I | | I
-G0 -20 -40 -30 -20 -10 0
Neutrino vertex position within the brick {(mm)

10

-.4
c4

2008-2009 sample



Tracks classification:
* visible interaction in the brick
* dE/dx at end point ( /i separation )
* Momentum/range correlation
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Discriminating variable p= L P
Read(p) paverage

| momRangeHad5 | M

Mr;;‘tis 0.3836

RMS 0.3296

50
hadrons
4 stopping u

1.8 2
Momentum range

dE/dx (MeV gr! cm®)

N : ! !

i 1] 1] ': :

—dL /i (e g o)

L = track length 1 | Range for separation
Rlead = prangein |’ « b la ' '
p = momentum § , , | :
measured B T
in the emulsion 1 : | ’ i :

Distance before stopping point {cm)

* 34% reduction of u mis-ID in charm events
(3.28%)

2 orders of magnitude reduction for the
hadronic background to t - p due to u
mismatch in CC and NC events

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

@
=

% L123 I I eI i
. For the first v_candidate we s | | IJ_'._H,_, ’ IE AELT
followed down all the tracks I ek i n !F'
to search for possible muon 8 B T S S A S
not identified by the - e e
electronic detectors s b ‘minninin ninlainy o
A TSR
i TR L
We can suppress backgrounds due to éﬁ* e, l L .
: Charm toob— 8 9, 10 M 12 33 14, 15 16 17, 18 19 ‘2°.I.21 202 S

-600 -550 -500

« Hadron interactions in vy CC with misidentified p (T — h channel)
» Hadron interactions in vy CC and NC (t- p channel)

Charm background
Vv M€

V K =,V

h

h+

Track Follow Down
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Hadron interaction at pl37 < pl38
Kink angle = 0.144 rad.
Pt = 0.265 GeV/c

Interaction position
z = 477micron

B Ny

n stream of interaction point

(tx, ty) = (0.032, -0.058)

Up stream of interaction point

Tagging of highly ionizing
particles in hadron interactions
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Track follow-up film by film:

*alignment using cosmic ray tracks
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*definition of the stopping point

180
16D |

140

100f

120F

anf
anf
-mf
205

Entries 783
¥ I ndf 49,5425
Constant 1643+ BA
Mean 0.4731+ 00620
Sigma 1.837 + 0.068

o ~2 um

\

‘ll‘\\
1\

\.
|

JINST 4 (2009) P06020

Vertex finding
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L
.+ Common

Standard GPS receivers :
View Mode .

have ~100 ns accuracy:
- XLi (CERN)
- ESAT 2000 (LNGS)

PolaRx2e [* * PolaRx2e

2008: installation of a twin
high accuracy system
calibrated by METAS
(Swiss metrology institute)

At CERN At OPERA
Every second

NP

— — Corrections —— —

- PolaRx2e GPS re
- Cs-clock

—

New system installed in 2008

CNGS OPERA synchronization
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1200 asynchronous

Front-end board Target Tracker
FE-nodes 31 planes (SM1)

Gigabit ethernet
network

“trigger-less” system

for each FE node Master board
mezzanine card:

CPU (embedded
Linux), mem

MLVDS
link

Optical/Electric
converter

GPS Optical . To the
. g d 5M
hiEnna OPERA fiber 74 secon
| Control~~aster cloek -—-—----—-
? irc'.ﬂm ; OPERA master clock

local oscillator
VECTRON OC-050
(stability 10-2%/s)

1 PPms

OPERA read-out system and

clock distribution
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Rome La Sapienza
LNGS Geodesy group

Dedicated measurements:
July-Sept. 2010

2 new GPS benchmarks on each side
of the 10 km highway tunnel

GPS measurements ported
underground to OPERA

& Polygonal in
. the tunnel

CERN survey group

CERN measurements / /
(taken in different periods) combined in T TR

& Scheme of

% w_ station/prisms
positions in the
tunnel

Distance (BCT - OPERA reference frame) =

Geodesy
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(ESAT200C()

(high accuracy)

Weak points

40996 £ 1 ns

TERAMO

(+) > delays increasing ot
(-) > delays decreasing &t

8.3 km fibre

OPERA

Master Clock ) 1 (+) Lohotocathode
D e 50.2+23ns
IDAQ t

stamp

30-90 cm
WLS

4263 +1ns

last TT sensor
(FPGA) TT strip

<59.6 + 3.8 ns>
25%+1ns talk tovent

(FPGA latency) s (from MC) (1%t hit)

t10

Delay calibrations: LNGS side
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aqlie S AE A AYa
0 0 4000

erna e tagging o
[ ) ) a .- .

—~

Twin synchronization devices

38
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v O
= |
o
= | correction 2009+2010 |
100 —
- i
Event-by-event correction - GhRE N - CH
-300 | — H .
From the GPS common = N
. . - ;“?m e ot /'2? final Sample 2090 \I\l
view mode operations -400 [~ o 1=\
- /-'/ , .
-5nu:— ,x“’f/ \\
- p .
-600 | — ?/,,"’ N
— o b
_7'?5_ l.{.}“'f’ PR T I TN TR TR T NN TN TR T T NN W I P T T 1 K1u'5
d!pr' 1250 1260 1270 1280 Eyeod28th
_ _/"; ™,
2200 5 imron | Time correction zoom |
210 :_—:E:‘o(g ns range : .
- : X t :
-220— | i: £ . - . . 22
SN R K S S O S S
2sof-| f:2 P E % St L oo
= 5 8 W s . ;"?5} & 3 = fé .58, 2
— > . s . sa@ittr ¥ : = 853 .~i 2
-240 — .y 5 - - s P Tryess . £ o R
SRR AL R S S 3
- E 3 - .8 = - PE - b .
250 2o % # ] . 2 S
[ 3 72 B : K I <
= i > ES 2
-260[— i 3 ;
270" p:
Enooallnooaallanooaltenoaafoaoanloocoonlonoaollnolpgfd
1273 1273.1 1273.2 1273.3 1273.4 1273.5 1273.6
Event time

Result: TOF timelink correction
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| Typical waveform (2011) ~2.4-10% protons/extraction
I il MHJ“
i (zoom)
L
- l’l‘ )
| = i
1
I ’ 300 zzl-nna 3.4E!-DDB S.EE!-DDB
0 2 12E005  14E-005
(zoom) 5300 |- Fourier analysis
2400 —
4500 —
3600 —
2700 - 200 MHz
1800 —
QDDL

— 01 I 1 1 :
soooooon

B 2HE-008 3.297E-006 3.304E-006

1000o0oao 120000000 200000000

Single proton wave-form example
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Daily coordinates, site: LNGS

U (mi

:f il ot i

1
2008 2009 2009.5 2010

Long and short time scale 000; M *""‘d
phenomena visible: ' ! )

- continental drift 0.02} M‘"" I
— 2009 L'Aquila earth 0

2008.5 2008 2009.5 2010

= J.UBH- -

Z 0.04f _ .

0.02} - .
0 * i

2008.5 2009 ear[hquake 20005 2010

LNGS position monitoring



"Results from OPERA" A. Longhin INFN-LNF

CERN General

Machine
Timing (GMT)

(Prevessin)

< Centr. Cont. Room
c

o0

7

S

Q

S

T CTRI

(HCA442)

Protons

Wave Form
Digitizer (WFD)

580+ 5 ns

High precision GPS

Kicker UTC Time tag

Delay calibrat

743.4m

ions: CERN side
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variations w.r.t. nominal

03 S _________ ________ ; | _:

0.2

ns

-0-1 :__ﬁffﬁﬁﬁ'_ff ___ifféfffff'_fé'f'fﬁf..ﬁﬁﬁﬁ_.ffﬁé'_ff'ﬁéﬁ'ﬁffffffﬁﬁﬁ;ffﬁé'ff'fff;_ﬁﬁffff'ﬁﬁi

oo b Suyzor 7 W W
o Technieal stop Y T
(no data) '

o3[ _________ ......... o E.:...__.:__E ......... ........ :..:__:._::.......:

S A S A A B
-0.4
15180 15190 15200 15210 15220 15230 15240

Days since 1st January 1970

Continuous two-way measurement of

UTC delay at CERN
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Dedicated beam experiment: BCT plus two pick-ups (~1 ns)

t, : derived by t, - t, measurement and survey

t t

1 2

BPK1 BPK2
1.5 ———

LHC beam
(12 bunches, 50 ns sp,a'cing)

BCT

BCT

ZOOM

' BCTF1.4000344 —
BPK 400099 — 1
BPK 4000207 —— ]

calibration
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Scintillator + WLS fibers PMT analog Front End chip (ROC) FPGA

slapayy 53 neulst

A S ELEEE PR P EETTY
WL ftrr -+ B, cable NN TR
.I_.-"' by . b _;!:::::'.’::z:x::::zz:'::u-EM,OT-\
/ 3 J  opto-coupler m—l it af » oma
! =1 3 r - ot b vy
' - 7 — & — i o P
. | e phnon E -: - = - P oI wee
. - - - w1 n| wew
I LA [ - - _ m i QFP-100 of Ri}}:
= y - = S mn abwn
I g lectrenic TS SR af 5 FPGA
! o P FRT card m - g 17 OPERA_ROC “f ™
I / 2 ; ¥ we - HE
= 3 i
I w2 {2 trigger sl o
2 2 sl om
PMT =% oufput - ZF
I ot 2 (LVDS) Sf rerw
w2 2T sl DR
e ' in29 2 B CRR
I @30 :: a2t :s“li‘_n
A0 = 3 suzzzscesesvcssscese’ [ ™
e —
| =3 25 g B2l b,
I A ELEEEEE FE TR

. picosecond UV laser excitation:

m photo-cathode to FPGA input: (50.2 £ 2.3) ns
Ime response: (59.6 = 3.8 (sys.)) ns

height dependence, ROC time-
with simulations

TT time response measurement
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harizantal projection Event Number 703821}
= 5 aefE-
. =~
- 300 =
E g
E ; hanﬁr* 1M§
E T e g
-2 L=
) " 1 from external interaction
200
zn:na-:m:huah: [n::m] E
400
B . .1, L . .
-&00 &0 1|Jt||}
E H
™ E
R g
E 2
F2 s =3

Z jom}
Vertical projection
400
300
200 .

100 ot it
L]
FI'I |'.I-'I A00
- m-:n:hual:: [n::m] 200
300
400

First TT hit used as "stop"

and translated in time to a common reference point (assuming c)
Internal/External: 7235/7988 events with 2009-2010-2011 CNGS runs (~102° pot)
External events timing checked with full simulation - 2 ns systematic uncertainty

Internal and external events
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| First Extraction |

5t = TOF.- TOF,

-70464

Log-likelihood

-70466

positive (negative) ot > 70458
v arrives earlier (later) than light 70470

-70472

Unbinned Log-Likelihood
maximised over ot:

Illl'.ll|III|III||II|III|III

-70474

IIIIIIIIIIIIIIIIIIIIIII\IIIIIIIIIIII\I
1000 1010 1020 1030 1040 1050 1060 1070

LH (atk )=H WH (tJ+atH) k=1 ,2 extractions | Second Extraction |
I

1 I Ll
1080
ns

-71090

-71092

Log-likelihood

-71094

-71096

-71098

~71100

~71102

-71104 - Ll | Ll I Ll I Ll Ll I Ll Ll I ) -] | Ll Ll | Ll Ll I Ll
1000 1010 1020 1030 1040 1050 1060 1070 1080
ns

Analysis method



1) Coherence among
CNGS runs/extractions

2) No hint for day-night

|day-night| = 16.4 = 15.8 ns

3) or season
|(sprin

"Results from OPERA" A. Longhin INFN-LNF

2009

2010

2011

1200

E— 1150 |-

1100 {

1050 =

ot (ns)

8t (blind) = TOF, -TOF,

|

:

1000 — r

850

QGG-IJLLLLJ1I|II

+

IR [ T N SO N ™

L0y 3 vy

6t=1043.4+7.8 ns

Extr1 Extr2

Cross-checks

Extr1  Extr2

Extri

Extr2
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Timing and baseline corrections

Blind analysis (ns) Final analysis (ns) Correction (ns) . o
2006 2011 Systematic uncertainties
Baseline 2440079.6 2439280.9
Earth rotation 2.2
Correction baseline 27965 Systematic uncertainties ns Error distribution
CNGS delays: Baseline (20 cm) 0.67 Gaussian
UTC calibration 10092.2 10085.0 Decay point 0.2 Exponential (1 side)
Correction UTC -7.2 Interaction point 2.0 Flat (1 side)
WED 0 30 UTC delay 2.0 Gaussian
Correction WFD 30 LNGS fibres 1.0 Gaussian
BCT 0 -580 DAQ clock transmission 1.0 Gaussian
Correction BCT -380 FPGA calibration 1.0 Gaussian
FWD trigger delay 1.0 Gaussian
%‘f ERA Delays: . s CNGS-OPERA GPS synchronisation 17 Gaussian
fesponse : MC simulation for TT timing 3.0 Gaussian
FPGA 0 -24.5 , G -
TT time response 2.3 aussian
DAQ clock -4245.2 -4262.9 BET calibrati 5.0 Gaussian
Correction OPERA 17.4 calibration '
GPS Corrections: Total systematic uncertainty -5.9, +8.3
Synchronisation -353 0
Time-link 0 -2.3
Correction GPS 350.7
Total correction

Opening the box: result




Reconstructed Event Energy
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i 140
102 Ev = EH * Epag
:J/ 100
/ <E>=28.1 GeV
10/
bi . EO
/ 1 &
/ EE £ &5
1 o nminm o
/& A ©
0 2 140 160 180 200 40
GeV
20
-0
~20
—40

@
B

stat.

v“CC internal

2D

=18

40

240

O

10 24 ) 44 a0

(GeV)

Energy dependence

180

[

Ot (low-E)= (54.7 + 18.4 (stat.)""* _ (sys.)) ns
120 | 3t (high-E)= (68.1 + 19.1 (stat.)"® _ (sys.)) ns

stat. + sys, +

no effect line

All events:
Internal + external
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ot= (62.1 £3.7) ns

with original beam timing : 57.8 = 7.8 ns

L
I

Main contributions to the RMS (16.4 ns):
- TT response (7.3 ns)
- DAQ time granularity (10 ns full width)
- + 25 ns flat jitter

Events/bin

in
T

— The dominant = 25 ns term is related to

Entries
Mean
AMS

20
62.10
16.38

Bunched-beam result
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General Server ORACLE D.B. Server & replicant

GPS
antenna

. External
 Trigger-less >  Optcallok —— F
Undergound
« 1200 lab

asynchronous
FE nodes

* Gigabit
ethernet
network

CISCO 3750

RPC
trigger

RPC

) trigger
trigger

OPERA read-out scheme
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;E éExtraction 1
Typical neutrino event time o0
distributions w.r.t kicker magnet T
trigger pulse => 0 £
— Not flat —4000 —2000  a  20ao F::?th:j:jn BOOD 10000 1200?] énmuu
— Different timing for the two E — _—

extractions 50 EExtraction 2

40 F

a0 =

20 E—

10

OE||.-||.-||||||||||||||||||||||||||||||—|||rh||
—4000 =2000 o 2900 4000 B00T 2000 10000 12000 14000

ns

Sacond extraction

spills

From selection to the velocity

measurement
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 FNAL experiment (Phys. Rev. Lett. 43 (1979) 1361)

v, (E, > 30 GeV) short baseline experiment.
Iv-c|/lc £4 -10° (comparison of v and u velocities).
e Supernova SN1987A (e.g. Phys. Lett. B 201 (1988) 353)

electron (anti) v, E ~ 10 MeV, 168.000 light years baseline.

\v-c|/c = 2 -107 (v and light arrival time).

GeV. 730 km baseline.

8 o, (Vu at near and far site)

Previous v—velocity measurements
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50 [ First extraction H
& 40 [ 8t=1043.4ns +
=] N
=L C
\g a0 + +
] n
- -
w z0 -
10 F + +
D : L I-*I+: Ll II Ll i i | Ll L | i G L I 1 Ll I Ll 'l | Ll
=780 —-500 —-2Z450 0 250 9400 <600 9500 10000 10200
(ns) (ns)
» S50 F Second extraction * so0 F
= - L
=] o = C
8 4 [ t=10434ns w b
2 -
£ -
o 30 30
w C C
20 F 20
10 F + 10 F
[:]:' I|III|.III|II {:.:Ijllllllll.l'*-li-
0 200 400 €00 800 10400 10600 10800 11000 11200

(ns) (ns)

Edge regions
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CERN NEUTRINOS TO GRAN SASSO

Underground structures at CERN Access shaft
OIS SPS/ECA4
Excavated ISSm
B Concreted e
Decay tube -
e {2nd contract) — " 3
SPS tunnel ,-/

LHC/TI8 tunnel

Target
chamber Service gallery
LEP/LHC tunnel

140m

ions
ons

Decay tunnel

Hadron stop
and first muon detector
£ Connection gallery
muons nl to TI8/LHC
neutrinos 2/'
Second muon detector .
* :’
neutrinos e
to Gran Sasso ,06/2003
CERN-AC-DI-MM

e

CNGS
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CERN-LNGS measurements (different periods) combined in the
ETRF2000 European Global system, accounting for earth dynamics
(collaboration with CERN survey group)

Benchmark X (m) Y (m) Z (m)
GPS1 4579518.745 1108193.650 4285874.215
LNGS benchmarks GPS2 4579537.618 1108238.881 4285843.959
In ETRF2000 GPS3 4585824.371 1102829.275 4280651.125

GPS4 4585839.629 1102751.612 4280651.236

S CERN-LNGS

Distance (BCI' - OPERA reference frame)l= 278.0 * 0.2) m

Combination with CERN geodesy
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L (8t)=] Tw, (t,+5t)

Ot = (54.5 + 5.0 (stat.) =5 (sys.)) ns

Event-by-event PDFs
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Independent twin-system calibration by the Physikalisch-Technische Bundesanstalt

High accuracy/stability portable time-
transfer setup @ CERN and LNGS

BNC connectors for USB and LAN
measurement and SR 620 TIC connectors

GTR50 GPS receiver, thermalised, external reference signals
Cs frequency source, embedded Time
Interval Counter

269

Monitor /
268 -
£ 267 LNGS connector
T 266 4
E.‘I 2654 o .
§ 264 - :
g 234, ¢ *
- IR S
E 262 - : . _l." -
T 261 - . h .
8 260 % orrection to the time-link:
0 T "- Y *
250 - .
258

topera= (2.3 £ 0.9) ns

55762 55763 55764 55765 55766 55767 55768 55769 55770 55771
MJD

CERN-OPERA intercalibration cross check
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Item

CERN UTC distribution (GMT)

WFD trigger
BTC delay

LNGS UTC distribution (fibers)
OPERA master clock distribution
FPGA latency, quantization

curve

Target Tracker delay
(Photocathode to FPGA)

Target Tracker response
(Scintillator-Photocathode,
trigger time-walk, quantisation)

CERN-LNGS intercalibration

Result

10085 + 2 ns

30+1ns
580 +5 ns

40996 = 1 ns

4262.9+ 1 ns

245+ 1 ns

50.2+2.3ns

94 +3ns

2.3*x1.7ns

Method
» Portable Cs
* Two-ways
Scope

* Portable Cs
» Dedicated beam experiment

* Two-ways
* Portable Cs

» Two-ways
» Portable Cs

Scope vs DAQ delay scan
(0.5 ns steps)

UV picosecond laser

UV laser, time walk and photon
arrival time parametrizations, full
detector simulation

* METAS PolaRx calibration
* PTB direct measurement

Delay calibrations summary
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=% Hit position
projection in the
peam direction

External events
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] First Extraction 2009 Second Extraction 2009

oo Entries 1931 | | Entries 2036

F Mean -318.7 Mean -334.3

e B RMS 490.6 || RMS 491
200 : origin

14 m

v

o0

Correction due to the earliest hit

position - — 3 o
= firsk digit (em)
= - First Extraction 2010 Second Extraction 2010
: Entries 3830 || Entries 3827
Ave rag : Mean 2320.6 || Mean -338.1
Gl RMS 492.7 || RMS 485.3

Z correction
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BFCTI40034 a | Image

Current
'Ln 1 s I 5

11—

WL

.........

Raw BCT signal used, no integration
<1% linearity
Large bandwidth 400 MHz

Low droop <0.1%/[us

Fast beam current transformer
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GPS standard operation %

resolves (X, Yy, z, t) with = 4 satellite observations _—

GPS “common-view” mode
same satellite visible from two sites

Knowing (X, y, z) of the sites from former
dedicated measurements - determine time
differences of local clocks w.r.t. the satellite, by
off-line data exchange

data exchange

GPS common view mode
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* Each event is associated to its proton spill waveform
* The “parent” proton is unknown within the 10.5 ps extraction time
- nhormalize each waveform and sum:
Average Probability Density Function (PDF) of the predicted t-distribution of v events

Extraction 1 0.8
2009- 2011

Extraction 2
2009- 2011

PDF PDF

Q-

T T B P T
2500 SO EL= T 1o00oT 12200 124000 1FSaa Za0ad

(ns)

T T T T T B T
2500 Sooc Fooo 1oooo 12500 12000 1F oS0 2000

al

Neutrino event-time PDF
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OPERA
Coll.

* 11 countries
* 30 institutions
* 160 physicists

Bern, Zurich

nme=- =

Brussels Hamburg Zagreb

il

INR, LPI, ITEP,
SINP MSU, JINR

IPNL,
IRES,
LAPP
Aichi, Toho,
Kobe,
Nagoya,
Utsunomiya
L’Aquila,
Bari,
Bologna,
Napoli,

Padova, Roma,
Salerno, LNF,
LNGS

Technion
Ankara Haifa

RN groups: CNGS beam, survey, timing and PS
group of the Universita Sapienza of Rome
te of Metrology (METAS)

OPERA and collaborating groups
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Tasks: location of the ECC containing the v interactions and event timing
« extruded plastic scintillator strips (2.6 cm width)
* light collections with wave length shifting fibers (WLS)
 fibers read-out at either side with multi-anode 64 pixels PMTs (H7546)

H7546
photomultiplier

one front-end DAQ board per side

The target tracker
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« SPS p: 400 GeV/c 800m e 100m e 1000m e 26m :i: 67m :i
* 6S Cycle Helium bags Decay tube Hadron slopi Muon c:letectors
il Ta{rget ; Heﬂector Z /K - deC I /aio}; .
0 purev "~ Horn : / 710
1 o “
_ —! Pion / Kao , Muo - : g
° <Ev> =17 GeV Prgtonh* Neutri i ?’/; ;
. 7% - Y v
traveling through beam 7 i /// )
the Earth’s crust vacuum
Zoom on the spill peaks
%‘100_ =
Lﬁ E Extr.1 Extr.2 Lgrj __ 105 s
"Two 105 us e sop ! _—
80F I
70F 8
60 — 50 ms I
50 i \A
402— Al
30;— i
202— ol
105— cosmics i
0 s L stnld bot
Q0 —2000 00 40 —QO{]{}U —5000 O 5000 10000 15000 20000

At first extraction (ns) At closest extraction (ns)

The CNGS neutrino beam
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target beam instrumentation _muon uetecrors
downstream (TBID) e ; ;:;:-- L T ---'-.:':.:-: N
i reflector decay tube 'iﬁijk S
helium bag helium bag  psiisiininis P
target hom e i
:l E‘ = = o am
Pt e » neutrino ..
bEHm :.:.:I,-'.'-'.'-'.'.-'.'-'.'-'.'.-'. \ ) : : EE
e e K decay o

100 m 992 m 182m 5m 67m 5&m
i+ * -+ L B At d——p —p

 accurate UTC time-stamp of protons
ativistic parent mesons

z z z (1 z 1
At =———=—==-1]~ -
bBc ¢ ¢ (;3 ) ¢ 272

| FLUKA simulation

* v prod

Neutrino production point
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Fast Beam Current Transformer
(“BCT”, id 400344)
400 MHz bandwidth

* Proton pulse digitized by a
1GS/s waveform digitizer
(“WFD”, Acqiris DP110)

* WED triggered by a replica of
the kicker sign

* W
S

BA 40

BCT 41435 simoma

2002

BFCT 41438 synch

A 2003

BFECT(1) 400344

2003
BFCT 412425
?:nw
CNGS
A s
f.-j:r L.
',"
010 0 0 0
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Laboratori Nazionali del Gran Sasso
(the largest underground lah)

'+ v phys. (BBOv solar-v, atm.-v, LB v-0sc.)
A" HMBB, MACRO, GNO, BOREXINO, OPERA, ICARUS, CUORICINO, COBRA, CUORE, GERDA
i * DM - CRESST, DAMA, LIBRA, HDMS, GENIUS-TF, XENON, WARP

® Particle & nuclear astrophysics - EASTOP, LVD, LUNA, VIP

¢ Gravitational waves - LISA | Geophys., seismology - ERMES, UNDERSEIS, TELLUS, GIGS. Biology - ZOO, CRYO-STEM

Sl A R Tl Koo o

Baksan a
* 1400 m rock overburden

6
10 . .
= e cosmic pu reduction ~ 10°¢
i : IMB
g 10° E Soudan i (1].l Im?/h)
N_:"" 3 Canfranc (1ab3)
§, 104 " Boulby g [$2mioka
>
e 3 Frefug W't rmins
2 10 Baksan
£
7
S 10
=
10
1 i L 1 1 ] 1 |
0 2000 4000 6000 8000

Depth (m.w.e.)
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