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[. Parameters sensitive to the neutrino flavor in the OPERA
experiment (for long decay)
For each event we may introduce many parameters: kink angle 0, ,
directions of hadron jet and t candidate, their momentum, etc...
But how to select the v, signal?

1 7
/ 1. p or e from the primary

vertex — v_hypothesis is
excluded (in favor of v, -CC or

Primary vertex

e | v_-CC, respectively)
: 2. (For tau — p decay channel)
if charge sign of p from the
2 secondary vertex is “-”, charm

background is greatly reduced

1mm lead



How to select the v_signal? (continued)

3. “Modified ¢” variable may help! “Modified ¢”= angle between
the T candidate (“parent”) and hadron jet direction in the transverse plane;

the largest ¢ track excluded unless identified as hadron
¢’tm}d hadronic jet
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How to select the v_signal? (continued)

4. (For tau - 3h decay channel) t would decay with presence of
neutrinos (lepton charge conservation!); charm decay may be
neutrinoless — this affects kinematic variables from the
secondary (decay) vertex, especially transverse momentum

5. Other parameters (0, ,, slope of T candidate track 0, total

momentum of charged “daughters” P, , polar angle between

hadronic jet and t candidate 0, etc...) are also sensitive to the
neutrino flavor!
It is possible to introduce multidimensional method of v, search!

— currently non-standard method, but seems to be promising in
future (for instance, see N. Agafonova et al., Bulletin of the

Russian Academy of Sciences: Physics, 75, 423 (2011),
and references therein)

Other ideas are welcome!



II. The OPERA simulation/analysis chain

1) p search with electronic detectors

2) Selection of contained events (primary vertex inside the OPERA
volume)

3) Brick finding (BF)

4) CS analysis

5) Vertex location inside the brick

6) Decay search

7) Reconstruction of the event kinematical parameters

8) Kinematical selection (overall mean v_selection etfficiency 6-8 %)

blue: electronic detector analysis, green: emulsion detector analysis,
red: high-level (“offline”) analysis

M. Guler et al. (OPERA), CERN/SPSC 2000-028 (Proposal) (2000);
A.Rescigno, PhD Thesis (Univ. of Salerno- Univ. Lyon I, 2011) (*);
A. Di Crescenzo, PhD Thesis (Univ. of Naples, 2013) (*)

(*) http://operaweb.Ings.infn.it/Opera/phpmyedit/theses-pub.php



Detector response simulation (N. Agafonova et al.
(OPERA Collaboration), NJP, 13, 053051 (2011))

Event generator OpNegn (derived from NOMAD Event
Generator) based on the LEPTO 6.1 (G. Ingelman et al. Comput.
Phys. Commun., 101, 108 (1997)) and JETSET7.4 (T. Sjostrand,
Comput. Phys. Commun, 82, 74 (1994)) codes.

Reinteractions of hadrons inside the nuclei are accounted for (J.
Ranft, INFN-AE-97-45 (1997))

QE and RES events are simulated (C.H. Llewellyn-Smith, Phys.
Rep., 3 261 (1972) and D. Rein, L.M. Sehgal, Ann. of Phys., 133,
79 (1981), respectively)

Recently the complete simulation/analysis framework OpRelease
was introduced.



u identification (N. Agafonova et al. (OPERA Collaboration), NJP, 13,
053051 (2011)): first method — histogram of N hit planes.

N>14 — standard criterion for p selection (efficiency 95%, classification error for NC
interactions 24 % — admixture of wrongly classified NC interactions ~6 %)
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Second method: with p track reconstruction.
u selection criterion: length of track*mean density > 660 g/cm? (for 95% efficiency, if p
candidate traversed at least 1 spectrometer, classification error for NC interactions is 0.8 %).

Currently the combined criterion (Lp>660 g/cm?)or(IN>20) is used



CS analysis: search for muon or tracks forming converging
pattern (*) (example: interaction of v, in the emulsion detector,

G. de Lellis, CERN Seminar (June 2013))

18 .

(*) search for isolated track with Target Tracker (TT)
information is possible



Initial spatial distribution of basetracks in a brick
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Two systems for emulsion data analysis
are available: SYSAL and FEDRA

SYSAL (System of Salerno): C. Bozza, PhD Thesis (University of
Salerno) (2000); S. Amendola et al., Proc. 1t Int. Workshop on
Nuclear Emulsion Tech. (hep-ex/9901031) (1999)

2. FEDRA (Framework for Emulsion Data Reconstruction and
Analysis): V. Tioukov et al., NIM A, 559, 103 (2006)

For some details of the reconstruction process see:
3. N. Armenise et al., NIM A, 551, 261 (2005)
4. L. Arrabito et al., JINST, 2, P05004 (2007)
5. L. Arrabito et al., NIM A, 568, 578 (2006)

6. M. De Serio et al., NIM A, 554, 247 (2005)



Microtrack (-to-basetrack) linking efficiency vs. energy for cascade
electrons/positrons. Black: L.S. Esposito, PhD Thesis (Univ. of Bologna,
2005), blue and red: only angular cut introduced — 50 and 150 mrad,
resp. (V. Troshina, Specialist Thesis (MSU, 2012))

% 1= |
U B 1mm
10"
- Hadrons with
, p>100-300
o MeV/c are of
s interest in
- | | | ] | | L1 | | | | | | | L1 | OPERA

—
—h
(@)

E, I\/I(;\()2



Decay Search (DS) procedure
(A. Ariga et al., OPERA Publ. Note 128 (2011))
Distribution on impact papameter (IP, the distance from the track to
the primary vertex) is shown

Impact parameter distribution -L ‘.
of tracks associated to ‘*“." »
primary vertices
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Estimation of particle parameters from emulsion data
Charged hadrons momentum measurement with Multiple Coulomb
Scattering (MCS) (N. Agafonova et al. (OPERA), NJP, 14, 013026

(2012)): uncertainty ~20 % for p=4 GeV/c and normal incidence
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S 300+ Entries 3941 S Entries 3941
E 2/ndf 106.6/38 £300- 7/ ndf 109 /37
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Estimation of particle parameters from
emulsion data (continued)

I. Gamma/electron energy could be measured based on
emulsion data with uncertainty <30 % for E /E >3 GeV

(F. Juget, J. Phys. CS, 160, 012033 (2009))

II. Electron identfication: L.. Arrabito et al., JINST, 2,
P02001 (2007)

III. p/m*" separation: T. Toshito et al., NIM A, 516, 436
(2004)

Neutrino energy estimation: information from TT is used.
Uncertainty of primary energy with electronic detectors: for
v, typically ~30 %, for v, ~ 50 %



[TI. Background for v, observation (N. Agatonova
et al. (OPERA), NJP, 14, 033017 (2012)):

1.Prompt v, background — negligible (B. Van

de Vyver, NIM A, 385, 91 (1997) —
calculation for the CHORUS experiment
beam not far from the CNGS parameters)

2. Background from charmed hadrons

3. Background from hadronic and muonic
reinteractions

4. Background from muon reinteractions



One source of dangerous background — events with charmed
hadron and low-energy muon with large angle (>1 rad) w.r.t. the
axis of the neutrino beam
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Recently new

methods for large-
angle scanning were
successfully
introduced.

45 °: “standard”
angular cut; new
angular cut: 72 °



(Conservative) estimate of mean backround from
charmed events, hadron and muon scattering

Extended sample

Signal Background Charm [l scattering had int
7= b 0.66 0.045 0.029 0.016
32 3b 0.61 0.090 0.087 0.003
T2 U 0.56 0.026 0.0084 0.018
izl 0.49 0.065 0.065

total 2.3 0.226 0.19 0.018 0.019



IV. v, candidate events:

1. First candidate (T — h channel)
2. Second candidate (1 — 3h channel)
3. Third candidate (Tt — p channel)



First candidate in T— h channel (N. Agafonova et al.
(OPERA), Phys. Lett. B, 691, 138 (2010))
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MC v, events

HAERERRHE

N

| Excluded

15 20 25

5 9F
« =
8—
= Candidate event =
[ ] MCv, events s
[ ] Excluded 65
5¢
4
3F
2
1
IlIIIjIII|1IIIIIII|IIIIIIII.IIItllllllllllllll
0 005 01 015 02 025 03 035 04 045 05 DD 1
Kink angle(rad)
d

= Candidate event
[ ]MCv, events

Daughter momentum({GeV/c)

2

0.4

0.6

4 5 o 6
Decay length(mm)

=~ Candidate event
[ ] MCyv, events

Excluded




4&.&45
o
0.04
0.035
0.03
0.025

0.02

TTTTJTTTT I[H]IT]IIFTTT]TIH

0.015

0.01

0.005

I VS T St o o

= Candidéte event
[ ]MCv, events
[ 1MC NC events

[ ] Excluded

:Jl]|i|
%

0.5

1

1.5

b
D
ﬂ : e P
0.05— = Candidate event
7 [ ]MC v, events
0.04— [ 1MC NC events
- [ ] Excluded
n.na} T
0.02F
0.01—
il
0 ..r:'l:iuj.l.'l'.i.l.tlll:llj:ljlI|IlI|:|||1
0 0.5 15 25 3.5
o (rad)



Kinematical variables

* Kinematical variables are computed by
averaging the two independent sets of

measurements kink (mrad) 41+ 2

* vylandy2 both attached to 2" vertex

decay length (um) 1335 £ 35
l Transverse momentum ]
gﬂ_ﬁ:_ il P daughter (GeV/c) 12%,
&&4‘:—
i Pt (MeV/c) 470 240 0
0.2
13 missing Pt (MeV/c) 570 *320__
—0.2:—
04 ¢ (deg) 173 + 2
061
] D e [ e ] S o] R
-fl.6 (1.4 -f.2 [l .2 4 L6
Px (GelVie)




Second candidate in T — 3h channel

300 pum 1 mm 300 pm
HMH

/03/2013

Giovanni De Lellis, LNGS Seminar

Iry trk

daughter 2

daughter 1

daughter 3

Decay point

In Plastic Base

No Nuclear fragment
Flight length 1.54mm




Kinematics of the second Candidate Event

I
Cut Value
¢ (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 8.411.7
: : > 0.5<
Min Invariant mass [GeV/c?] <20 0.96%0.13
Invariant mass [GeV/c?] Dot 0.80+0.12
<20
Transverse Momentum at 1ry vtx [GeV/c] <1.0 0.31£0.11




Third candidate in T - p decay channel.
Positive charge sign of p excluded with high significance (formally,
at 5.6 o) — background from charm greatly reduced,
the main source of background is large angle scattering (LAS) of p

Iry track

plate 38 plate 39 \plate 40 plate 41 plate 42
Decay 1n the plastic base



Kinematical variables

0.22

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

PHIANGLE

T—u MC

1]|11]||1]rr||rrr|1rr|1|!||11||11|’|||i||||r

|

T— | candidate

J_| | J |

80 100 120 140

160

180

deg

Kink angle (mrad)

decay length (um)

Pu (GeVie)

Pt (MeV/c)

& (degrees)

2455

376 £ 10

2.8+0.2

690150

1545%1.5



V. Constraints on 0,,and search for

LSND/MiniBooNE anomaly
with the OPERA experiment

4.1 GeV electron




Background from v, NC (n%—vyy)
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A close-up of an electron pair

BG: 0.17 events (less than 1%)
+ mean background from v; 1 e: 0.3£0.1 events.

Full mean expected background: 0.4+0.2 events.



Energy distribution of the 19 v, candidates
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Search for LSND/MiniBooNE anomaly;
BUGEY: Y. Declais et al., Nucl. Phys. B, 434, 503 (1995)
CHOOZ: M. Apollonio et al., Phys. Lett. B, 466, 415 (1999)

0 arX1v: 13033953 [ LSND 90% C.L.
S F Vi [ ] LSND99%C.L
o — ¢ N
= E/ ¢ KARMEN 90% C.L.
v \ < ——— NOMAD 90% C.L.
< \ —————— BUGEY 90% C.L.
10 = e~ coppll (RN 3
= CHOOZ 90% C.L.
- — ——\ ——— MiniBooNE 90% C.L.
- N T ——— MiniBooNE 99% C.L.
B =] ——— ICARUS 90% C.L. (F&C)
15 % OPERA 90% C.L. (Bayesian)
107" =
10-2 | L 1 1 11 | | | L1 1 11 ] | | 1 1 1 11 I.-:r" ] | | :‘IHT"1‘-‘I
10° 107 10° -
sin®(20, )

P, v, = sin®(20pey) - sin®(1.27Am2, , L(km)/E(GeV))

new



VI. Conclusions

1. The OPERA experiment is capable of searching for v, - v,

oscillation in appearance mode on event-by-event basis.

2. The complete simulation/analysis framework OpRelease
was recently established and successfully used by the
OPERA Collaboration.

3. The main sources of background were carefully studied.
4. Three v_candidates were observed.

5. Constraints on 0,, and LSND/MiniBooNE anomaly were

set profiting of the excellent particle identification
capabilities of the OPERA detector.
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I. Introduction: neutrino oscillations in vacuum

3X3 Pontecorvo-Maki —Nakagawa-Sakata (PMNS) matrix
(A.B. Balantekin &W.C. Haxton, Prog.Part.Nucl.Phys., 71, 150 (2013)):

1 0 0 C3 0 Size Pcr Cia Sz 0
T=T&TWITU = | 0 Ch S 0 1 0 —S15 Cip 0

0 —S523 Chas — 53?0 C13 0 0 1
C;; = cosb;;, Si; = sinb;;,0c p=CP-violating phase

First introduced by B.M. Pontecorvo, JETP, 33, 549 (1957) (v - anti-v)
First evidence: Fukuda Y. et al. (Super-Kamiokande Collaboration),
Phys. Rev. Lett. 1998. V. 81, P. 1562-1567

For 2X2 matrix (simplified case):
Am?(eV?)L(km)
E,(GeV)

P(v, — v3) — sin® 20 sin® [1*27

n of active neutrino flavors= 3 (formal fit gives 2.998+0.008, K. Hagiwara et
al., Phys. Rev. D, 66, 010001 (2002))

Some models introduce (and some experiments support) existence of m
additional (sterile) neutrino states; in that case PMINS matrix dimension is
n+m



Results on 0, (the picture from M. Kuze, hep-ex/1303.1289v1)

sin’20,, Measurements

Double Chooz Jun. 2012 f—s—

Double Chooz Nov. 2011 f—e—

Daya Bay Mar. 2012

RENO April 2012

T2K (2011) Normal hierarchy e

T2K (2011) Inverted hierarchy teg----!

MINOS (2011) Normal hierarchy

MINOS (2011) Inverted hierarchy

-0.6 -0.4 -0.2 0 0.2 0.4

1.

6.

K. Abe et al. (T2K Collaboration),
Phys. Rev. Lett., 107, 041801
(2011)

F. P. An et al. (Daya Bay), Chinese
Phys. C, 37, 011001 (2013)

J. K. Ahn et al. (RENO), Phys. Rev.
Lett., 108, 191802 (2012)

Y. Abe et al. (Double Chooz), Phys.
Rev. Lett., 108, 131801 (2012), see
also Phys. Lett. B, 723, 66 (2013)
P. Adamson et al. (MINOS), Phys.
Rev. Lett., 107, 181802 (2011)
(2sin?(0,,)-sin*(20,,) is measured)
+Abe et al. (T2K) (hep-
ex/1304.0841v1)

sin?(26,,)= 0.088709% . (stat.+syst.)
(assuming sin*(20,,)=1, 6.,=0 and
|Am?,,| = 2.4:103 eV?)



10°

Search for LSND/MiniBooNE anomaly
with the ICARUS experiment (and other results)
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1. A. A. Aguilar-Arevalo et al.

(LSND), Phys. Rev. D, 64,
112007 (2001)

. A. A. Aguilar-Arevalo et al.

(MiniBooNE), hep-ex/
1207.4809v1 (see also hep-ex/
1303.2588v2)

B. Armbruster et al. (KARMEN),
Phys. Rev. D, 65, 112001 (2002)
P. Astier et al. (NOMAD),Phys.
Lett. B, 570, 19 (2003)

. A. Romosan et al. (CCFR), Phys.

Rev. Lett., 78, 2912 (1997)

S. Avvakumov et al. (NuTeV),
Phys. Rev. Lett., 89, 011804
(2002)

M. Antonello et al. (ICARUS),
EPJ C, 73, 2345 (2013)



Atmospheric v, appearance (K. Abe et al. (S.-K.), Phys. Rev. Lett.
110, 181802 (2013)) (3.8 o statistical significance)

signal value estimated from the experimental data:
180.1+44.3 (stat.) 7% ., (syst.)

expected signal (mean number of v_events): 120.2%342 , . (syst.)

Neural Network Output

Signal PDF Background PDF

a e ¥ & Ca ¥ RV e ¥ Te @ & w [ © Sa sk & o w E el g & K ¢OF R
= . . . .. 4 5 1 . . ... .. -
O O 0o o o o _9- uuuuuuu 0O O O o o @ O o o-
[ [1OO0g = = = - . ] - i O = = o o O i O = =
o [ I[00o 8 e = - - - OOB:DDDUDDDDDDDDDDD;
[ ] i = 1 = = O OoOOo0o0000O000000 0 O H
0.6000000oo o 1 o06mooooondoOdoOoooo
OO0O0O0000 o s & = = = - 2 [pmooooDododoooooo
o40000000O0 = = = ] ooqg o0 o0ooOfdiddOnooo
CooO0O0OoOoao s Z DBoooodOd000DOe
i = s = I = = R o OOo0Oo0000O00008000 &
0O2mooooon e 1 502noo000000000000
cooooooe - .- - 2 OOOooodd HE

0-_:! s @ O @O s @ @ @ & = - Z 0]:”:”:”:”:”:”:“ | "
IR B | IR T e e Py B A B8 .85 5
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Cosine of the Zenith Angle Cosine of the Zenith Angle

(see also K. Abe et al. (S.-K.), Phys.Rev.Lett., 97, 171801 (2006));
R. Wendell (S.-K.), NNN, Toyama (Japan) (2010);



Detector of the OPERA experiment

(R. Acquafredda et al. (OPERA), JINST, 4, P04018 (2009))
Oscillation Project with Emulsion tRacking Apparatus
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~100 v_ interaction for 22.5-10"° p.o.t. (protons on target); full efficiency of v
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search 7-8 % (N. Agafonova et al. (OPERA), NJP, 14, 013026 (2012))



II.

Predecessors of the OPERA experiment:
DONUT, CHORUS, NOMAD

Direct Observation of NU Tau (DONUT): discovery of v, with

nuclear emulsion technique (for tauon ct~87 pm) (K. Kodama et al.
(DONUT Collaboration), Phys. Rev. D, 78, 052002 (2008))

CERN Hybrid Oscillation Research apparatUS (CHORUS) (also
contained nuclear emulsions):

v, -V, oscillation search (E. Eskut et al. (CHORUS), Nucl. Phys. B, 793,
326 (2008))

Deatailed study of charmed hadrons production in neutrino interactions (A.
Kayis-Topaksu et al. (CHORUS), NJP, 13, 093002 (2011))

III. Neutrino Oscillation MAgnetic Detector (NOMAD) (only electronic

detectors): precision measurement of v, interaction cross section (Q.

Wau et al., Phys. Lett. B, 660, 19 (2008)) - OPERA event generator
tuning (D. Autiero, Nucl. Phys. B (Proc. Suppl.), 139, 253 (2005));
search for v,—V, oscillation (P. Astier et al., Nucl. Phys. B, 611, 3

(2001))



Scheme of v_event search
(R. Acquafredda et al. (OPERA), JINST, 4, P04018 (2009))

scintillator trackers

1 mm N [ ]
<>
L
L1 /
\s-—* - |
\\<

Pb ~ B
¥ \ pr
Xmulsion layers

interface films (CS)

1. Find emulsion brick with the vertex (TT)
2. Changeable Sheets (CS) analysis
3. Emulsion Cloud Chamber (ECC) analysis
Appearance experiment
event-by-event analysis possible
Main background: events with charmed hadrons
(positive or neutral)



Charm yield from the analysis of 20082010 data

charm background | expected | data
1 prong 20 £ 3 9+3 29+ 4 19
2 prong 15+2 3.8+1.1 19 +2 22
3 prong 5+1 1.0£0.3 6+ 1 5
4 prong 0.8 +£0.2 - 0.8+0.2 -+
All 4114 14+3 S5+5 S0

background (for charm observation, i.e “background for
background”) mostly from hadronic interactions and strange
particle decay
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Muon momentum

Distributions for charmed events: data/MC comparison
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Kinematics of the second candidate event | —_ 4
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Kinematical variables. All cuts passed: T 2 candidate
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