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* The OPERA Experiment

e Oscillation Search: v,V

e Oscillation Search: v,V

* Charge Reconstruction with AMM

e Conclusion and Outlook
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The OPERA Experiment
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OPERA: Oscillation Project with Emulsion Tracking Apparatus

P(v,»v,)~sin®(20,5)sin(A m% -2 )
4E
Appearance measurement:

* First direct observation of 'V, =V oscillation
« Observation of v_interactions and decay of t leptons

; Benjamin Buttner
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The OPERA Experiment
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Emilia-Romagna
Monte-Maggiorasca

Alessandria

Piemonte
aboratory of Gran Sasso

11.4km

AT
— " neutrino beam ——»

Realisation:
« High-energy long-baseline pure v, beam

« <E>=17 GeV
e ~ 730 km distance from CERN to LNGS
* Large target mass with pm precision:
* Emulsion Cloud Chambers (ECC): lead plates and nuclear emulsion films

* Spectrometer for background reduction

; Benjamin Buttner _
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v_signal:

v
~1 mm Ty LV
P ethan=t Vet Ty
%\ ) ) )
V. — V. e, u,h
l-t-::::: s,
n..~..:"-X

e T~ Ccreation in V. CC interaction

* Decay of the t~ lepton after ~ 600 ym
~ Topology: 'kink' characteristic of the

tau decay (missing energy)
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v_signal: Background processes:
T
‘vr_ f—
~1 mm “:,‘.:‘__,.Ve, Vo
/\ o
V. — V. e, u, h v,
..'."U:..X

"V, CC interactions with charm

e T~ creation in v. CC interaction .
! production & undetected muon(s)

* Decay of the - lepton after ~ 600 ym » Hadronic re-interactions of secondary

* Topology: 'kink' characteristic of the hadrons in lead

tau decay (missing energy) * Large-angle u scattering
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Target Tracker
(seintillator strip)
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W.. ... The OPERA Hybrid Detector
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{+f JERNARRERE
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emulsion lead plastic
1mm 205 pm
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v, = v_Oscillation Search
(main goal)
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ECC reconstruction
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* Primary vertex: 4 tracks
* Red track: tau decay secondary candidate after 1.09 mm

* Decay channel: t — 1h
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2008 — 2010 OPERA data set

arXiv:1404.4357 ECC

94 + 4 charm events expected
50 observed in control sample

Reconstructed v, CC interaction
with a charmed hadron in the final state

: Benjamin Bittner ,
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17.97 * 10" p.o.t total (~80% of the proposal) and 19505 v target interactions

Data sample: OPERA recent results at Neutrino 2014
4688 events (2008 — 2009: two most probable bricks, 2010 — 2012: first most probable brick)

* 4 signal events observed vs. 0.232 expected background events
* p-value for background fluctuation 1.03 * 10

* No oscillation hypothesis excluded at 4.2 ¢

T decay Expected signal Background Observed
channel Am, 2 =2.32 meV? analyzed sample events

T W 0.52+0.1 0.018 £ 0.007 1

T ¢ 0.61 +£0.12 0.027 £ 0.005 0

T — h 0.4 £0.08 0.033 £ 0.006 2

7 — 3h 0.57 £ 0.11 0.155 £ 0.03 1
Overall 21 +£042 0.232 + 0.041 4
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v, = v, Oscillation Search
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v_searched in 505 (~ 30% full statistic) Neutrino Interactions without a
Muon in the final state

JHEP 1307 (2013) 004

emulsion plastic base emulsion

-

l‘..

10 pm

100 pm

1um resolution in the ECC Films _ o
separation of e* e pairs and single e v, interaction in ECC
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Distribution of reconstructed Energy of the v_ Events
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g JHEP 1307 (2013) 004
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Expected Background for 3-flavour Analysis: 19.8

Observed Events : 19
: Benjamin Biittner ,
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Exclusion limits for a fourth sterile neutrino JHEP 1307 (2013) 004
10 [ ] LSND 90% C.L.
S E [ ] LSND99%C.L.
E; - KARMEN 90% C.L.
[ —— NOMAD 90% C.L.
D I S S — BUGEY 90% C.L.
10 = - CHOOZ 90% C.L.
- ——— MiniBooNE 90% C.L.
- ——— MiniBooNE 99% C.L.
e || T — ICARUS 90% C.L.
1= -“:::-_-‘:"' — OPERA 90% C.L. (Bayesian)
- RS
107 =
10'2 1 L 1 111 | 1 1 N | | 1 1 L1 1 11 | 1 1 “‘I“I 1|--I-"I'~I

-3 -2 -1
10 10 10 sin2{28new}1

sin*(26 _ ) <7.2x 107 (90% CL) at large values of Am?
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Charge Reconstruction
with the new

Angular Matching Method
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The idea of the method: Spectrometer

PT 1 PT 2 PT3 Top View PT4 PT5 PT6

/ magnet arm magnet arm

7> Track measured: in front and behind the magnetic field

Precision Tracker Check if both track segments fit the same circle

Construct a weight to indicate the accuracy of fit (from 0 to 1)

; Benjamin Buttner .
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Impurity with AMM

Realistic beam Monte Carlo (MC II)

arXiv:1404.5933

Impurity: 7) = nw/nc n : number of wrong charge sign determination
n_: number of events with charge sign determination

Impurity for one super module

= 0.04 ] n
- —— 0SM OPERA standard method ] 0.  realdata
0035 . AMM Angular Matching Method E " I wonte carlo
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onclusion and Outlook
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* CNGS beam concluded: 2008 — 2012
*17.97 * 10" p.o.t. (80% of the proposed)
* 19505 v beam target interactions

* T appearance:
« Confirmed v_candidate events: 4
* Non oscillation excluded at 4.2 ¢ (conservative approximation)

* € appearance:

* Measured events compatible with no oscillation hypothesis

« Limit for sterile neutrino sin*(26__ ) < 7.2 x 10° (90% CL) at
high Am?

; Benjamin Buttner ,
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* T appearance:
* Completing scanning and analysis
* Improve background studies
* Likelihood fit

* € appearance:

* Analysis with full data sample

* Angular Matching Method (AMM):

* Capability to reduce charm background

; Benjamin Buttner ,
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Thank you for your attention!

Image taken using OPERA emulsion ﬁfm wilth )vinﬁ.ofe hand made camera
courtesy by D.onato Di Ferdinando (INFN -Bologna)
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« N. Agafonova et al. [OPERA Collaboration], Evidence for v, — V_appearance

in the CNGS neutrino bean with the OPERA experiment,
Phys. Rev. D 89, 051102(R) (2014)

* N. Agafonova et al. [OPERA Collaboration], Search for v. — v_oscillations with

the OPERA experiment in the CNGS beam,
JHEP 1307 (2013) 004

* N. Agafonova et al. [OPERA Collaboration], The Angular Matching Method for
the Muon Charge Sign Measurement in the OPERA Experiment,
arXiv:1404.5933 (2014)
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Sum of the momenta of charged particles and y's measured in emulsion

a.l.

15t candidate

/

0.6

0.4

!

3rd candidate W

0 | |
NI T

2nd candidate 4! candidate sutn
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CNGS: CERN Neutrinos to Gran Sasso

target beam instrumentation

downstream {TBID) 2
reflector : decay tube
b i horn  helium tube helium tube PR DA AL y fube
get

S —— e

e pion/kao x neiftino T

eanm R R R l\ P

2 ' K decay
| 100 m 1000 m

vu/v, CC 2.1%
e/ LC 0.89 %
ve/v, CC 0.06 %
ey, CC % 107 %
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CNGS: CERN Neutrinos to Gran Sasso

Emilia-Romagna
Monte-Maggiorasca

Alessandria

Piemonte
oratory of Gran Sasso

14]
3
E
w
8

_732km_
~ neutrino beam ——»

* Baseline: ~ 730 km distance form CERN to LNGS

Benjamin Buttner
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LNGS: Laboratori Nazionali del Gran Sasso

Dir. Teramo

* Location: Below mountain Corno Grande of Gran Sasso, Italy
* Vertical rock coverage: 1400 m (3800 m.w.e.)

* Cosmic p rate: ~1 m=2h

; Benjamin Buttner ,
. Latest results from the OPERA experiment S s e S 06/25/2014 Slide 35
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Target Area consist of:

* Emulsion Cloud Chambers (ECC)

{ g called bricks
i I i
i :
E 'Lfd i 'ﬁ "h * 31 walls of holder infrastructure for
.}Huum H iﬂmﬂgml | ECC bricks and Target Tracker (TT)
|| 'IL, 11 ileﬂ!i] |
& 1
-ﬂ!! i Target Tracker
anid V&S| b
r‘xmnws T
i Ii . m} |26.4mm
, - li g Shss
[LEML LR R | L ' _'!i‘ o
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Target Area consist of:

* Emulsion Cloud Chambers (ECC)
called bricks

. of holder in ire for
ECC brlcks and arget Tracker (TT)
plastic scintillator strips
(horizontal & vertical)

. Target Tracker

Wy, (scintillator strip)

Changeable Sheet

thickness 3mim

Changeable Sheets (CS): 2 extra emulsion sheets

; Benjamin Buttner .
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A
|

/1
|

/

i 704

emulsion lead plastic
4puym 1 mm 205 pm

Emulsion Cloud Chamber (ECC) bricks:

* Per brick: 57 x 2 nuclear emulsions in plastic base, 56 lead plates
(altogether corresponding to ~ 10 X )

* Total: ~ 150 000 bricks of 8.3 kg each (~ 1.25 kt total target mass)

* Spatial / angular resulution: ~1 ym/~ 2 mrad

; Benjamin Buttner ,
. Latest results from the OPERA experiment Astroparticle Physics 2014, Amsterdam 06/25/2014 Slide 38
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Event Reconstruction performed in 2 steps:

* Brick search with ED

* Emulsion (ECC):
= Emulsions scanned by automatic microscopes
= Track & v interaction vertex reconstruction

= Kinematical analysis
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Magnetic Spectrometer:

* Downstream of each target area

! TR M | ML i
f I

Consist of:

nhuml .|| | b §

* Dipol magnets with 1.53 T

IFIIIE.‘EE" 2 I - Resistive Plate Chamber (RPC &
‘ “I" @} XPC) detectors
W]

L ! | * Precision Tracker (PT) drift tubes

|

; Benjamin Buttner ,
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Event Reconstruction performed in 2 steps:

* Electronic detector:
= v interaction vertex localisation (with Target Tracker)
= u identification (CC/NC separation) & momentum measurement
= Hadronic shower energy estimation

> Triggers ECC event reconstruction

X
ll\—>z I 2 I

; Benjamin Buttner ,
. Latest results from the OPERA experiment Astroparticle Physics 2014, Amsterdam 06/25/2014 Slide 41
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T decay search procedure:
* In-track kink search

» Search for extra tracks

= Measurement of the kink angle 6_, or the impact parameter b

long decay short decay

; Benjamin Buttner _
. Latest results from the OPERA experiment Astrobarticle Physics 2014, Amsterdam 06/25/2014 Slide 42
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ECC reconstruction:

1
1000 umn
'

* Primary verte: 7 tracks

* Red / cyan track(s): kink after 1.35 mm

- Decay channel: 1 — h (T — p (T n°)v))
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ECC reconstruction:

parent I O
orr

* Primary vertex: 2 tracks
* Red track: 3-prong decay after 1.54 mm

> Decay channel: t — 3h




B.....  The3thv_ Candidate Event
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ECC reconstruction:

* Primary vertex: 2 tracks
* Red track: after 0.376 mm

> Decay channel: 1 — pu

. Latest results from the OPERA experiment

Benjamin Biittner .
Astroparticle Physics 2014, Amsterdam 06/25/2014 Slide 45
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ECC reconstruction: Hadron production with charm

* Topology similar to t-decay (modes and lifetime)
* But with u at primary vertex

* Good control sample
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OPERA recent results at Neutrino 2014

charm e expected | data
ground

lprong | 21£2 | 943 30+ 4 19

2prong | 141 | 4£1 o 20
LA

3prong | 4=1 03 3==] 5
4 prong [0.9+0.2 - 0.9+0.2 B
All 40+3 14+3 54+4 50

; Benjamin Buttner ,
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2008 — 2010 data analysis:
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12 -bad(ground
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10 | -.—e ® data
N i
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Charge Reconstruction
with
AMM
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The OPERA Hybrid Detector

................................

I L WA b
N

Top View

PT 2 PT 3
C
A
L
B
o g
Al
! {ammm '
magnet arm
= '

PT 4
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W.. ... The OPERA Hybrid Detector
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Top View
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muon track

PT 4

magnet arm

>

Z

/
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muon track

PT 4

for a perfect circle
(neglecting energy loss): magnet arm

>

= Z
a, =a,

/
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1. Calculate the asymmetry: A(@)yq = 22—2
a) +ar

; Benjamin Buttner _
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@) —
1. Calculate the asymmetry: A@),, = 2———
a; + a»
. arXiv:1404.5933 | 1o%erE
2. Plot the distribution: @ : Mean 0034802787
% 1— : RMS  0.9266 +0.1971
3 : a 0.4065
§ B ¥ 04116
3 0'8__ " -0.04516
E I~ A 1.349
® 0.6
N
© L
€ L
S04
02—
o — ' '
6 -4 4 6
ﬂ.l{{r}mg
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3. Definition of weight:

* Area under the distribution from the edges to the measured absolute value

i i i - 0 H niries
* Maximum weight at peak center: w = 100% arXiv:1404.5933 [= 100572
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S 0.4 fit
a) — a3 '_
A (a)rel = 2(}; + t weight =0 weight =0
1 2 B <
0_ | | ]
6 -4 4 6
A [-:r}m

measured A(a)

rel

; Benjamin Buttner ,
. Latest results from the OPERA experiment Astroparticle Physics 2014, Amsterdam 06/25/2014 Slide 58




Universitdt Hamburg AngUIar MatChing MethOd (AMM)

DER FORSCHUNG | DER LEHRE | DER BILDUNG

3. Definition of weight:

* Area under the distribution from the edges to the measured absolute value

arXiv:1404.5933 |«

Mean -0.0348 + 0.2787

E 1— weight=1§ 9766 + 0.
* At the edges: w = 0% e 't - e
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* Weight: green area g7 f : 004516
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Wrong charge sign measurements mostly have a low weight

Monte Carlo event: Muon was simulated

measured charge sign -1 -1 +1 -1
weight 10.83 -0.82 (+0.04)-0.56
400:— [

200:—
£ C
=< U_—

-ZHD:—

-‘mD:_I | | | |

4000 w00 08— — %00 100;:{ ]
drift tube walls magnet arm
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X (cm)

Low weight indicates something strange

Real data event

measured charge sign: -1 +1 -1 -1
weight: -0.656 +0.0008 -0.867 -0.031
TOP VIEW (Horizontal projection)
— interaction MC: -, - H Event Number 10124132341, Tue May 4 20:01:31 2010
400 |—
200 — -
of -
200 [—
400 [—
L
Z (cm)
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TOP VIEW (Horizontal projection) [

interaction MC: -, - H{ Event Number 10124132341, Tue May 4 20:01:31 2010
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Find strange events with AMM

Low weight indicates something strange happens
real date: showered particle

weight
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Impurity for real data charge sign not equal in both super modules
»

nt= arXiv:1404.5933
— =2(1-1n)
-
Four charge measurements number of all events
Three in agreement, one in disagreement :
Impurity for one super module
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