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- OPERA experiment
— neutrino physics and motivations
— opera detector and LNGS underground lab

- Target Tracker
— Features and Readout
- time informations in TT

- Atmospheric neutrinos detection
— analysis soft and simulation results
— data analysis

- Others cosmics analysis
— Charge muons ratio
— Underground muons spectrum
— OPERA-LVD coincidence

- Summary
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OPERA is a long baseline neutrino oscillation
experiment aiming at the detection of v_

appearance in an almost pure v, beam (CNGS)

CNGS beam optimized to maximize the number
of v_CC interactions

> v, flux “off peak” w.r.t the maximum
oscillation probability (~1.5 GeV)_

L 732 km
<E > 17 GeV

(\)e+Ve)/v“ 0.87%

v /v 4.0%
M n

V_prompt negligible
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For 1 bearm with energy E

Neutrinos oscillations : -
9 o [1.27Am2%(eV?)L(km) : C e—  al=mES(1.278m7)  ——
P(v. = v,) = sin” 20 sin { E(GeV)

Probability

I%ir:? 219

Distance from v source (L)

Neutrinos detection :

N, = N [4, ()P (E.Am’)o, “(B)e(E)dEf — Target mass must be O(1kton) for Am2 = 10° eV

— electronic part : Target Tracker, RPC XPC, HPT

- trigger _
- vertex localization ~ :-.
— passive part : bricks (56 lead sheets + 57 emulsions) i | :
x:'l mulsion layers

- vertex reconstruction
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Brick: ECC target basic

unit (57 nuclear s
emulsion films + 56
lead plates, 8.3 kQ)

Vertex finding, kink

topology, kinematics
measurements

Target section: 77 18 - SRR (1 o
2 « super modules » (SM) y | oA | R e

27(28) brick walls (75000 brlcks) s | |
31 Target Tracker walls (TT) ;

Brick selection

Magnetic spectrometer :
22 RPC planes / SM
6 drift tube planes (Precision

tracks (PT) stations) B=153T Total target mass ~ 1.25 ktons
1 1D, charge,
momentum
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S@ectrd mne ury ” Target Section
. . RPC—XPC 3050m2 * brick walls (62 walls, 206000 brlcks)
VELD « HPT, 10080 7m tubes - scintillator target tracker (5900m2)
Glass RPC, « ~2ktons Fe

~100m?2  Dipolar magnet 1.55T
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M.Aquila
2370 m a.s.1.

1038 m a.s.1l.

963 m a.s.1.

Underground
Laboratories

Gran Sasso underground lab : on With OPERA : charge and momentum measurement
average 1400 m of rock shielding, with the spectrometer at large depth.

cosmic ray flux reduced by a factor "'"Non oscillations' analyses performed:

10¢ w.r.t. surface, low radioactivity Atmospheric neutrino induced muons

rock Atmospheric muon charge ratio

Neutrino velocity measurement
CNGS beam events are identified through a
timing coincidence with CERN.

- possibility to collect cosmic events during the physics run
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In one SM :
-31 TT planes
Inone TT plane :
- 8 modules of 64 scintillator strips with WLS fibres
- both ends readout via MaPMT + autotriggerable electronics
- event timestamp accuracy : 10ns
- timing corrections applied (propagation times, overall clock chain cabling : see later)

I. Brugiere 11th ICATPP Conference — october 8" 2009




h) I:nnuni _. il

hiiatnnnnans

Extruded plastic
scintillator strip

One TT module :
= | 64 WLS fibres read
a ............ ............ ............ ............ ............ ....... by a mUIt|p|Xe| PM

2 ------- ------------ ------------ o """""" Requirement :
| | || min. 5 p.e./ readout end

Length (con)

N, versus Length (cm)
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Front-End Chip :

"slow" for charge measurement

Slow shaper
100k

RC + Buffer g i )
Variable gain Widlar Amplifier

OTA

Preamplifier

aks2
7500
Vref
Fast L

shaper —
Variable gain 3pF | 1'1-'I3£F Comparator
BRI 5
' Threshold Mask
(4] (44 - o 100 .
fast" for triggering 80
60
—} channel to channel 10
. . . 20
gain adjustment (1:4 range) .

8
GAO0036 anode uniformity
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31 Master cards + 1 O/E converter card
(receives the collected in 1 crate on the top of the detector
GPS signal from the Optical fiber  (+3 additional master cards for the spectrometer)
1 optical fiber from the « slave » card / SM

Outside antenna though

a 8km optical fiber)
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For real data :
— 433.3 days of data taking
— correspond to 2008 and 2009 opera runs
— quality cut :
- on the mean rate of cosmics events (mean +- 30)
— medium rates :
- (green) >10 hit planes : 1336 evts/day
- (orange) >15 hit planes : 841evts/day
- (red) >20 hit planes 520 evts/day

{evt_time-1188316198382000000)/(1000000000*3600*24) {nPlanes>10 && evt_time=10000000000} | moy_’ time moy_time

Entnes 465802 Entries (1]

= Mean 284.8 - Mean 1232

|2 RMS 121.6 70000 RMS 240.2
1800 — 60000 —
1600 =
1200 F- 50000 —
1200 ;_ 40000 —
1000 =
30000 —
800 i”l -
600 'H | 20000
400 || =
10000 —
200 -

L L L | i |
09 Oy~ 200 400 600 800 1000 1200 1400 1600 1800 2000
#evis / day
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Analysis cut :
— cut : 0,75 < speed < 1,25 (MACRO value)
- ~76% events left ! (but 5,3% of whole stat)

Expected : 11,3 events / observed : 15 events

TOF ® EW {voerizanisd projesotizan

e el |

& -
E -
= il —
[ L "
T _—
) : ‘k‘\“ih
- :_ | L] “
- L
—E e E - g
2
SIGAE VEE WY (W ol ijteon |
£ e
L'
* .
T
T 3
[
- 7~ Event 197668685 : I
a0 4 Wed, 24 Oct 2007 20:35:08 GMT
— gxtraction #4282
—_— side view : 1/beta = 1,018
) T T T angle = 47,55%
F 0] - [] e 1L
2

3D length = 4.85 m
N : /

T. Brugiére 11th ICATPP Conference — october 8" 2009



- z A h
| xslope:yslope {ok && nb_planes>20} | S — xslope:yslope {ok && nb_planes>20 && lontime} | LI
Meanx  29.57 LW L
I M -3. — Meany -4.073
80— Rl":als“:-:!‘|r :;;; 80— RMSx  35.48
C RMS y 27.77 C RMSy  28.57
60— 60—
40— 40—
20 20
o o
20— 20—
40— 40—
-60[— 60—
80— 80—
. 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 C 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 | 1
-80 -60 -40 -20 0 20 80 -80 -60 -40 -20 20 80
TOP VIEW (Horizontal projection)
T — | Event Bumber 00226136368, Tus Aug 13 035333 2008 '
i 400 :— + <10 p.e.
— > 10 p.e.
200 — - > 30 p.e.
. :_ - > 50 p.e.
Beam events : -
- low X angle o=
- low Y angle
SIDE VIEW (Vertical projection)
g —

I. Brugiere

11th ICATPP Conference — october 8" 2009



et _
in::::::!::!: aedt

hiiatnnnnans

| yspeed*30 {ok && nb_planes>20} | - h10?283
E M’;;‘BS -0.874
Al RMS 0.4757 .
10 « speed » plots convention :
ol — -1 peak : down-going particles
— +1 peak : up-going particles
102 =
» f_ | yspeed*30:yslope {ok && nb_planes>20} | - h S
E g 3r Meanx  29.57
C o - Meany -0.874
. ’JL Q r RMSx  35.07
e, .. 10 @ Beam events RMSy 0.4757
N 2 ' 2speed?® - .
| yspeed*30 {ok && nb_planes>20 && !ontime} | Entriesh1101062 1:_
E Mean  -0.9695 -
il RMS _ 0.218 -
= . .
- Only off time events -
10° = 1 :_
Up-going events -
102 = Cut : 0.75<speed<1.25 Py
10 / 3: | ! | ! | | | ! |
= 80 60 =40 20 0 20 40 60 80
- m y angle
3 NE

Speed function as angle for side view
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The atmospheric muon charge ratio R, = Nu,/Nu. mainly depends on:

1) the composition of primary cosmic rays (proton over neutron
fraction)
2) the hadronic interactions in atmosphere (rt*/- and K*/K- ratios)

Underground  experiments | <E > underground: ~270 GeV

M measure the charge ratio in <E > surface cut-off: ~1500 GeV
a high energy region:
muons are energy-selected
with the overburden

About 1): OPERA can provide R, separately for single muons and multiple muon bundles,
testing the hypothesis of “dilution” of charge excess in neutron-enriched primaries.

About 2): The underground charge ratio measurement gives useful information on K
production in the TeV fragmentation region, where there are no data from accelerators

This measure can provide constraints on theoretical hadronic models, in
particular for fluxes of atmospheric TeV v's (dominated by K production).

OPERA can measure the atmospheric muon charge ratio
in the TeV energy range, where the kaon contribution becomes
significant.
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— Analysis based on the deflection angle Ag in the spectrometers

TEE l l I I @
x
magnet with RPC magnst with RPC
-

PT 1 PT 2 PT S PT&

___-IIIII|
muon track

¥2Indf  28.44721

— Main analysis cuts : N3 R 134250015

- At least 1 reconstructed noz|-
1.4~ ;\++ 4+ ++++H \L+ -

angle A(P ; +FT + il 0.015;
- “Clean” PT events e s A :

14— 0.01—
- “Good” deflection angles 3
- Clj — é . 1‘0 — ‘1‘5 e ‘2|0 - A‘(I)’("st 91\‘\-8 * * * ° 2 * ° A‘f("‘f
— Good deflections means A¢ larger than the experimental resolution Exp. data ¢

MC data
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Exp. data Monte Carlo

- Progressive reduction (expressed as [events/day]  [events/day]
events/day, absoulute normalization) Acceptance 099 (100%) 1219 (100%)
Clean PT 515 (51.9%) 951 (78.0%)
Deflection 391 (39.4%) 700 (57.4%)
)

)

- Total number of events after cuts = 44370 : — :
Single p 379 (38.2%) 666 (54.6%

Multiple g 12 (1.2%) 34 (2.8%

- Using Monte Carlo, we evaluated the charge misidentification n, i.e. The fraction of tracks
with wrong charge reconstruction. After cuts, n = (4.12 = 0.14)%

n _ (1 . n)Rﬂzeas
nRgzea.s _ (1 _ n)

- n value used to unfold : R}i’”‘f —

- the result, for single and multiple muon event separately, is:

M, (A (E/A) pimary ~ Hfraction  N,/N, Ry syst Ermon R -
=1 3.3540.00 (19.4£0.1) TeV 0.667£0.007 4.99£0.05 ‘1.389i0.015‘ 40009
>1 85403 (77£1) TeV  0.352+0.012  2.0940.07 | 1.2440.07 -0.006

Indication at 2.10 level of Ru(Mu=1) # Ru(Mu>1)
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Final data sample divided in three bins of Excos6 (resolution dominated by the

stochastic term in the energy loss)
- Compute and unfold the charge ratio in each bin

a-?rfn-i

Fit with the function ¢,= 14 b, cos /e,

+ RKTr

ag frc+
1 -+ bj{g}u, COS 9/6]{

keeping the meson charge ratios as free parameters

- Charge asymmetry (~0.5%) in muon propagation

not (yet) considered

-
2]

A L3+C
O Utah
O MINOS
® OPERA

-
oo
[3, ]

R, on surface

/\
: /|
0.25F /X \\ A
: i }(/\
/ \

r \

I
[ M \
o.o;— /1/\\\ \

ji® cos 6 (Ge\})os
True values of Eup cos6
(from Monte Carlo) in the
three bins

m— Fit from this work

1.45
1.4

..............
==

1.35

1.3

Fixing Rkn = 0.149 (Gaisser):

Rk = ZnNk+/ZNk-= 2.19+0.03

L / Rn= Znn+/ZNn-= 1.226+0.001

1.25"""" | MINOS 2007 publication:

12 re-evaluation in 0906.3726v1

1.15

1 Il \IIIII‘ 1 Il \IIII\‘ 1 Il \III\\‘ 1 Il | T |
11
102 10° 10* 10°
€, Cos 6 (GeV)

Fixing Rn= 1.226:
Rkn= 0.11%0.10
Rk = 2.73+x0.04
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Underground muon spectrum directly related to the primary
cosmic ray index :

Unfolded muon Spectrum
- method: Bayes
PRELIMINARY - software: RooUnfold

Fit with the function, a and B fixed, y free :

o(p ) [m™ sr's]

2.5

A3 O(B,) = const[E, +a/B(1 — e "M 70+
1J§- 1

3 v = 2.82+0.02

10 10? 10* " tu-wlF
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— Study of high pT phenomena

— Large muon separation is the convolution of muon production height and meson
transverse momentum:

P$ F; i

S sty dnal \
re g Mot o — 5 [lﬂgﬂ'ﬂ_AEr-l—CﬂHSf.!:

LR iy iy Jr:.[.
— Roughly double the MACRO linear extension:
- MACRO ~70m

- OPERA - T600 ~90m
- OPERA —» LVD ~170m

— At this distances/pT (> 2 GeV/c) we get inside pQCD — predictions not strictly
related to forward modeling

— Possibility to study also beam events (cross-check for timing and search for large
angle di-muon events)
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| dt {abs(dt)<30008&&c1==0&&c2==0} | htemp

Fpui by

00 -550 .00  -460  -400
ot

38 events peaked at -573.4 ns!

— Explanation (confirmed by visual inspection) : all events coming from the “Teramo
valley” sticking OPERA first and LVD after

— Distance measured by ToF: 573ns X 0.3m/ns = 172m (Expectations :
dmin+=dmax=170m-=+176m - Atmin+Atmax= -587ns+-567ns)
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The OPERA experiment, running at Gran Sasso, was used as a
cosmic ray detector.

Four experimental results presented:

— Atmospheric v’'s. 15 observed events vs 11 expected:
physics potential limited by acceptance.

— Cosmic ray charge ratio. Data provided at the largest
EucosO values.

— Underground muon spectrum. Experimental data with the
primary cosmic ray y index.

— OPERA-LVD coincidences. Technique proven, new results
with the forthcoming data.
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Simplified model of the atmospheric muon charge ratio (Gaisser)

qj)[)g,u_.f}! A Zj\r TE 4 ar Zf\r K=*
1 —Znn |1 +0:E,cos0/er 1+ D&, cos0/ek

Qb;tii =

where E, is the muon energy in atmosphere, 6 is the zenith angle, y ~ 2.7 is the
primary cosmic ray spectral index, a _and b, are known kinematical factors,e
are n/K critical energies. The spectrum weighted moments are defined:
P doy
Zij = /o — (1ap)” ™ dxyqp

045 dxap

GRAN SASSO rock depth (m)

Where ojjare the inclusive cross sections and Xiab~XFeynman

Measuring Ruas a function of Eucos 6 we can infer the -
parameters Rn =Znn+/Znn- and Rk = Znk+/ZNk

OPERA is the underground experiment with the largest Eucoso:
- UTAH (1975): (EucosB) = 500 GeV

- MINOS (2007): {E cosB) = 1000 GeV

- OPERA (2009): (EucosB) = 2000 GeV
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