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OPERA is an experin ent that ain s at detecting the appearance of

in an alm ost pure beam (the CNGS

neutrino beam ) through oscillation. O PERA is a hybrid detector that associates nuclear em ulsions to electronic

detectors. T he nuclear em ulsion provides the resolution necessary to detect

CC interactions. The rstphysics

run started in July and ended in N ovem ber 2008. In this presentation, the status of the em ulsion technology

and of the analysis of its data is reported.

1. Nuclear Emulsion

Nuclear Em ulsion is a special type of photographic
em ulsion m ade of A gBrm icrocrystals interspersed in
a gelm atrix. A charged particle passing through such
medium ionizes the crystals along its path and pro—
duces a latent in age. Upon a chem ical process, the
developm ent, the particle tra fctory ism aterialized by
a line of grainsofmetallic Ag (0.5 1 m diam eter);
typically the grain density is about 30 grains / 100 m
(Fig. 1). Nuclear em ulsion is a sub-m icron 3D track-—
ing detector with a resolution of 0.3 m . In particle
physics, the nuclear em ulsion technology is notably
reputed for the discovery of the pion E|] and of the
cham particle in coan icray E] and for the rst ob—
servation of the tau-neutrino E].
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Figure 1: A charged particle track in nuclear em ulsion.

2. The OPERA Experiment

In 1962,M aki, N akagaw a and Sakata proposed that
oscillation m ay exist betw een m assive neutrinos of dif-
ferent avoursm ]. In 1998, the SuperK am iokande ex—
perin ent established thede citin atm ospheric  due
to their disappearance through the oscillation m echa—
nisn [4]. Thishasbeen con m ed aterby theK 2K [€]
and then theM INO S ﬂ]acce]e:ﬁatorexperjm ents. The
goal of the OPERA experim ent @] is to detect for
the 1rsttine the appearance in a beam In the

atm ospheric sector. The path length of the  lep-—
tonsproduced in  CC interactionsisvery short (c =

87 m ) thus requiring very high spatial resolution. In

2001, The DONuUT experin ent succeeded in detect-
ing such interactions in Em ulsion C loud C ham bers or
ECC (Fig. 2).

T he detector is exposed to the CERN CNGS
beam w ith an average energy of 17 G €V, well above
the Ilepton production threshold in CC interac-
tions [9]. T he rate of prom pt is negligble at such
energy. It is located in the G ran Sasso underground
laboratory (LNG S) at a distance of 730km from the
neutrino source. For the m ost probable m easured
values of the oscillation param eters, m? = 24
10 3ev?,sin?2 = 1.0, the fraction of neutrinos hav—
ing oscillated is about 1.7% . T he expected num ber of
detected CC eventsisabout 2.5 fora nom inalyear
of run corresponding to 4.5 10'° protons on target
(pot). See also these proceedings @].
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Figure 2: A taumneutrino event detected in the DONuT
experin ent.

3. The OPERA Detector

OPERA isa hybrid detector com posed of two iden—
tical superm odules. The targets, 1.25 kton in total,
are each form ed by about 75000 units called hereafter
bricksbased on the ECC technology. T hey are assem —
bled into walls interleaved by two orthogonal planes
of scintillator strips target trackers (TT ) [11]used to
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dentify the bricks in which the interactions occur.
Each target is com plem ented by a spectrom eter that
denti es muons and m easures their charge and m o-
mentum . An overall picture of the detector is shown
in Fig. 4 and its detailed description is available in

1.

Figure 3: ECC,CS,TT.
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Figure4: The OPERA D etector @ G ran Sasso (1400m un-
derground).

The size of a brick is 12.8am 10 2am 79an .
It is com posed 0of 57 0 3mm ~thick emulsion In SlE]
interleaved w ith 56 Imm —thick lead plates (141.2 I
hasa 44 m em ulsion layerdeposited on each side ofa
205 m plasticbase (Fig. 5). A separate box contain-—
Ingapairof Inshereaftercalled changeable sheetsor
C S isglued on thedownstream face ofeach ECC brick
In front ofthe next TT plane (Fig. 3). They serve as
interface between the brick and the TT , bringihg the
centin etre gpatial resolution of the TT down to the

m level

4. Flow of the event analysis

T he event analysis is perform ed in two m ain steps:
location of the neutrino interaction and search for a
secondary vertex topology ofw hich kinem atics is com —
patible w ith that of decay.
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Figure 5: OPERA In.

4.1. Neutrino interactions location

T he signal recorded by the electronic detectors, T T
and spectrom eters, isused to dentify the bricks, m ost
often one and up to 3, In which the neutrino interac—
tion is likely to have occurred. Those bricks are ex—
tracted from the target by an autom aton. The CS
are rem oved from their box, developed and analysed,
starting w ith the m ost probable brick. The level of
background in the CS is negligible; essentially only
tracks from the neutrino interaction are recorded. T he
denti cation of the brick isthuscon med by nding
tracks in the CS that are com patible w ith the elec-
tronic data, In which case the brick is disassem bled
and its In s developed. The tracks found in the CS
are extrapolated to the m ost downstream em ulsion

In where they are searched for. They are then fol-
lowed back from In to In up to the location of the
neutrino vertex where they disappear. Finally em ul-
sion data is taken around this point and the neutrino
interaction vertex is reconstructed.

4.2. Decay Search

The four m ain decay channels of the Ilepton are
given in Table I. Topologically, they are classi ed as
"kink" or "trident" if they have one or 3 charged
daughters. Cham particles have sin ilar lifetim e and
decay topologiesasthe Ilepton. Understanding their
detection rate is therefore a direct veri cation of the

expected detection e ciency of the Ilepton.
Table I decay modes.
topology|decay m ode| ratio
kink ! e 18%
kink ! 17%
kink ! hadron 49%
trident ! 3hadrons| 15%

Single prong events fall into three categories. For
60% of the events (Fig. 6-bottom ), the decay occurs
inside the vertex lead plate and the parent traverses
no em ulsion layer. T he decay products are identi ed
by their large in pact param eter (IP ) w ith respect to
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the prim ary vertex. For 30% of the events (Fig. 6—
top), the parent traverses at least one In . In this
case, the tra gctory of both the parent and the de-
cay productm ay be reconstructed inside at least one

plastic base from data registered in the two em ulsion

layers, the twom icrotracks, to form a base+track. T he

candidates are denti ed by the observation of a kink
betw een both tra fctories. For 10% of the events, the

parent traverses only one em ulsion layer and decays

In the In base. There is no base track on the par-
ent tra pctory but a single m icrotrack. W hether the

presence of this m icrotrack will is su cient to den—
tify the candidates by the observation ofa kink orw ill
it be denti ed by the IP m ethod is under study.
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Figure 6: D ecay Search.

5. Emulsion Technology developed for
the OPERA experiment

5.1. The OPERA film

T he m ass production of the nuclearemulsion Ins
used Pr OPERA is the st exam ple of an industrial
process. In the past history, nuclear emulsion Im
or plates were poured by hand. M achine production
guarantees hom ogeneity in thickness and sensitivity
unreachable before. An added protective coat allow s
hand m anipulation of the In . A new feature of the
OPERA Im is that tracks already recorded m ay be
erased. T his process is called "refreshing".

5.2. Film refreshing

The "refreshing" process was developed to allow
erasing the large background of cosm ic ray tracks
recorded in the Ins since their tin e of Abrication.
T he signal recorded in nuclear em ulsion was known
to fade with tine at a gpeed depending on the en-
vironm ent, causing the sensitivity to track detection

to progressively decrease. In the OPERA  In, this
fading e ect is controllable. By keeping Im sathigh
relative hum dity (98% ) and high tem perature (30 C)
for 3 days, m ore than 99% of the recorded trackswere
erased (Fig. 7) while the sensitivity to new recording
isnot a ected. ALl the Imns were refreshed under-
ground iIn the Tono m ine In Japan and then trans-
ported to G ran Sasso at see level. The Imsused for
the CS require very low background; they were re-
freshed a second tin e underground at G ran Sasso.
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Figure 7: Fim refreshing.

5.3. High speed scanning systems

The scanning area of the OPERA CS measures
in an?; this is m ore than 100 tin es larger than for
DONuT , the last experm ent having used the ECC
technigue. Therefore high speed scanning system s
were developed in both Japan and Europe. T he new
Japanese scanning system , the SUTS (Super U ltra
Track Selector) is shown on Fig. 8-left. Four systam s
with a scanning speed of 75am ? per hour and one of
20cm ? per hour are operational n Japan. T he previ-
ous generation operated at speeds of about lan ? per
hour ]; 5 such system s are used form anualveri -
cation and subsidiary tasks. The European scanning
m achine @], the ESS (European Scanning System )
is shown on Fig. 8-—xright. It operates at a speed of
20an 2 per hour. A total of 33 such system s are cur-
rently active for OPERA .

Figure 8: New Scanning M achines.
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5.4. Momentum measurement in ECC
bricks

The mom entum of charged particles can be esti-
mated In ECC bricks by m easuring their M ultiple
Coulom b Scattering [17]. W hen a particle of charge
z,momentum p and velocity c traversesa m aterial
of depth x and radiation length X ¢, the distribution
of the scattering angle is expressed by a G aussian, the
RM S ofwhich is approxin ately given by Eq.l.

r___
13:6M eV X
0= ————2 — (1)
cp X0

The m easurem ent of the angle di erences in two
consecutive In s provides the m om entum estin ation
(Fig. 9). Theresultsofa test experimn ent at KEK are
shown in Fig. 10. A brick was exposad to 0.8G &V /c
and 1.5G €V /c pion beam s. T he values of them om en—
tum m easured by M C S are regpectively of 0.79G &V /c
(p/p=11% )and 153G eV /c ( p/p = 16% ).
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Figure 10: Result of a test experin ent at KEK .

5.5. Electron energy measurement in
ECC bricks

Fig. 11 shows the developm ent of electrom ag—
netic show ers generated by electrons In an ECC brick.
C ounting track segm ents in the show er provides an es—
tim ation of the incident electron energy [18]. Fig. 12
show s the result of a test experin ent at CERN w ith
2G €V and 4G &V electron beam s. T here is agream ent
betw een them easured and M onte C arlo sin ulated dis-
tributions of the num bers of segm ents though errors
on data are large.

2GeV electron 4GeV electron

Figure 11: E lectron energy m easurem ent in ECC bricks.

4GeV

Figure 12: Result of a test experin ent at CERN .

5.6. dE/dX measurement in ECC bricks

In nuclear emulsion, the grain density recorded
along the track of a charged particle is aln ost propor-
tional to its energy loss dE /dX (Fig. 13, [19]). ECC
bricks have been exposed to 04G &V /c, 05G &V /c,
06GeV/c, 0.714GeV /c, 087G eV /c, 114G eV /c and
2.0G eV /c proton and pion beam s at KEK . Fig. 14—
left ilustrates the particle denti cation capability of
the m ethod (pion, proton and deuteron contam ina—
tion) at 0.87G eV /c. The relation between the grain
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density and the m om entum of the particles is shown
Fig. 14-right.
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Figure 13: A pion track of 0.6G eV /c(top) and a proton
track of 0.6G &V /c(bottom ).
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Figure 14: Result of a test experin ent at KEK .

6. Status of the 2008 OPERA run

6.1. Location status

Triggers for a totalof 1690 events in the target were
generated by the TT in tine with the CNG S beam
arrival. Tables ITand IIT sum m arize the current status
of the events location in the CS and in the bricks after
the analysis of the m ost probable C S indicated by the
TT iswell advanced. 797 events have been located
already In the bricks. For events not found in theCS,
the analysis of the nextm ost probable C S has started.

Table IT Current status of the event location in CS.

num ber of events 1473
Scanning done 1440
Found in CS 1110
NextCS :now in progress| 330

Table IIT Current status of the event location in ECC
bricks.

NC|CC|TOTAL

ECC s received in laboratories 218|959 1177
ECCsmeasurad 195/895| 1090
CS to ECC connection successful] 178849 1027

N eutrino interactions located 119|678 797
in the ECC

N eutrino interactions in the 12| 46 58
upstream wall
N eutrino interactions in the 4 117 21

dead m aterial

6.2. Decay search status

T he search for decay vertices in the events already
located is in progress. Fig. 15 show s in red them ini-
mum distancebetw een pairsoftracksw ith P> 1G €V /c
em itted in realneutrino interactions. In blue, it show s
theM onte C arlo distrdbution of the IP w ith respect to
the prin ary vertex of the daughter particle of Ilep-
tons decaying in the lead plate of the prin ary vertex.
The m inin um distance between all pairs of prin ary
tracks is within 10 m . This dem onstrates that the
OPERA ECC bricks have enough resolution to iden—
tify decay topologies based on the IP.

data rinemum distance) (enlry 65}
i : Monte C:
1 pairs of tracks from ne

18 fdinimum distance be

IP of a decay daughter of t (Monte Carlo)

P

L L L
£0 60 w 80 =« 100
IP [mieron]

o o a3 40
Minimum distance [micron)
Figure 15: D istrdbution of m lninum distances between
pairs of tracks w ith p > 1G €V /c em itted in realneutrino
Interactions(red) and M onte C arlo distrbution of the IP

w rit. the prin ary vertex of the daughter particle of tau
leptons(blue).

Som e cham decay candidateshave already been de-
tected as exem pli ed In Fig. 16. There are 6 tracks
including a at the prin ary vertex. O ne of them
decays into a ' after a path length of 1330 m . The
kink angle is 209m rad and the P t of the daughter par-
ticle is about 460M eV /c. T he beginning of a photon
electrom agnetic show er is also seen.
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Figure 16: A chamm candidate event.

7. The 2009 OPERA Run

TheOPERA detector su ered no dam age follow Ing
the very strong LA quila earthquake of A pril 2009.
T he beginning of the run started on June 1 with a
delay ofa couple of weeksonly. A nom inalnum ber of
45 10'° pot is requested from CERN, in which case
about 4800 neutrino events would be collected in the
OPERA targets by the end of the run and about 2.5

CC interactions would be expected to be detected.

8. Conclusions

Thegoalof OPERA isto detect ! oscillation
In the appearance m ode in the CERN CNG S beam .
A n Innovative nuclear em ulsion technology was devel-
oped for OPERA . In 2008, triggers for 1690 neutrino
events In the targets were recorded. So far, the pri-
m ary vertices of 797 of these events were located and
analysed in the ECC bricksby a new generation of au—
tom atic scanning system s and the work is in progress.

F irst exam ples of charm decay candidates w ere found
and their kinem atical analysis perform ed. The 2009
run has started on June 1 2009. It should lead to the
potentialdetection of a couple of CC interactions.
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