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Outline

 Nuclear Emulsion

* The OPERA experiment

 New Emulsion Experiment




NUuclear Emuision
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Photographic Film technology

* Nuclear Emulsion is a special photographic film.
« Signal is amplified by chemical process.
™ T T

soe et s @ W & B0 W sl

Recorded as silver grains
along the particle passing through line.

50 um

Intrinsic resolution of 0.3" u m

Merit Image detection

Film camera High /N7 1L $R (Sliver halide)
resolution | ERIRILF—DEITILEZILZF AL EZRIE,

Digital camera | Real time Efi#E & F F (Charged-Coupled Device)
HDIFRIILF—EEBEIIRILFT—ICEBRITIABLR. |




Photographic Film technology

Nuclear Emulsion is a special photographic film.
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Recorded as silver grains

along the particle passing through line.

+&)um

Intrinsic resc;lution of 0.3 um ;

TAC base

(200 2 m) BT

Merit Image detection
Film camera High /N7 1L $R (Sliver halide)
resolution | XOIRILF—HEITIEEZLEZFALI-RILERE,

Digital camera | Real time

BT #E S FF (Charged-Coupled Device)
EDIRIILF—ZERIRILF—ICEHRTINHELH,




Largest Film Camera '
OPERA detector ™ | .
(~1020 AgBr crystals) gif‘

9000,000 emulsion films
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1896 (A. H. Becquerel )
Discovery of Radioactivity

1947 (C. F. Powell et al.)
Discovery of &

1971 (K.Niu et al.)
Discovery of charm particle
In cosmic-ray

2001 (K.Niwa et al.)
Direct observation of V _

Flight Length:280um
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OPERA Experiment




T. Fukuda, Kyoto U. Seminar 10

OPERA collaboration

11 countries, 26 institutions, 140 physicists

OPLERA

Bari INR-RAS Moscow
Bologna LPI-RAS Moscow
LNF - SINP MSU Moscow
LNGS JINR Dubna
Napoli
Padova
Roma
Salerno

Aichi

Toho

Kobe
LAPP Annecy Elafgza
IPHC Strasbourg
+ = - K>

— Vi

Technion Haifa THEP Bern IHE.Brussels Hamburg IRB Zagreb METU Ankara Jinjiu
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scillation rojectwith mulsiont acking pparatus

* Main goal of OPERA

Verify the v ,— v . oscillation at the atmospheric
scale in appearance mode (S/N ~ 10).

— i 0

0 0 Cis 0 5,6

v,
v, |= £y On 0 I 0 —Sp Ciz
vT

. 8,
0 —s,, cnf|l—sye™™ 0O Cis 0 0 1

|

Amospheric ¥, SuperK, Chooz, Daya Bay, RENO, T2K,

K2K, MINOS, T2K MINOS, NOVA. ... g R

PDG 2016

v 17 [:33.4 ps = U.BS_]
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scillation rojectwith mulsiont acking pparatus

* Main goal of OPERA

Verify the v ,— v . oscillation at the atmospheric
scale in appearance mode (S/N ~ 10).

Neutrino oscillation (disappearance) Direct observation of v_events
Result from SK in 1998 Result of DONuT in 2001

Flight Length : 280um

05 0 05 1
coso

Multi-GeV+P.C.

OPERA Start !!
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scillation rojectwith mulsiont acking pparatus

Requirements: |1) Long baseline }CNGS L
2) High neutrino energy
3) Large target mass
4) High spatial resolution ( T detection capability)

. RGGS SRS '~ _ conventional v beam

4 Ay, —ng)m-sinz{%'ﬁ)-sin‘[l.z?-ﬂHFﬂ-EJn—L’??’% <Ev> (GeV) 17
5in220,,=1.0, Am,,2= (2.43£0.13)X10% eV? (Ve tVe) v, 0.87 %*
. ‘ ; v, !l v, 2.1 %"
v_ prompt Negligible*

~23600 v, CC + NC

ot Gron Sasso (Gev/me/p.a.t)

~160 v, +v, CC
~115 v_CC (Am? = 2.5 x 1073 eV?)
~10 v.CC identified (BG<1)

Flugnces
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scillation rojectwith mulsiont acking pparatus

Requirements: 1) Long baseline

2) High neutrino energy
3) Large target mass

4) High spatial resolution ( T detection capability)

Long history of neutrino study with nuclear emulsion

- 1978-1983 Fermilab E531 ~100kg pa
charm physics, v ,— v _ oscillation :

- 1990-2000 CERN WA95 CHORUS ~1ton
v ,— v oscillation, charm physics

- 1994-2001 Fermilab E872 DONUT ~1ton o*‘%?frm
First v _ detection ok

- 2008- CERN CNGS01 OPERA ~1250ton
v ,— Vv  oscillation

S~ Atmospheric i
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v _detection PIulEESNENEEES

2

Search for t decay topology on an event by event basis.

Signal decay “kink” v

S w-,h-e- ®
------------- Ilt@ G N R e RS BN ST AR EA NS
oscillation
- v,

~1 mm

plus 3-prong decay modes

T 2h h"'(nTCO V.

Direct observation of V _
using emulsion technology

Phys. Lett. B 504 (2001) 218

v . event by DONUT F.L.=280um

By = 0.030rad

P=414' ) MeVic

+1.E

e | pg 6t EGevIc

emulsion film 1mm Iron plate




T'he OPERA roadmap




The OPERA detector

............................................................. tron racks
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31 scintill. plan ﬁ I il m. '

| i B

Hybrid apparatus:
Emulsions + electronic detectors

\ 2.6cm
N\

OPERA emulsion film

Changeable " :
Sheet (CS)
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Refresh

OPERA fllms are produced in FUJI Co. for several years.

after Refresh

| 30°C,98%
Noise tracks are deleted
by fading effect.




Refresh

No refresh No refreshed

8GeVET

5X

Electron energy measurement is possible
by shower counting method.




Refresh Facility

Cosmic ray shield

Good access from Nagoya
(~1 hour by car)
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Refreshed film quality check
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Film @ (&) ECC (v B5tr)
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The OPERA Detector @ Gran Sasso, ltaly (1400
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The OPERA Detector .

Enulsion | |~ Par i Emulsion +
Target Tracker w 2 A *“;_i. 34 | Target Tracker
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The OPERA detector
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Only CS is analyzed
at first.

v, CC like event v, NC like event



The OPERA detector

Find the brick containing the neutrino interaction using TT hits
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Commissioning-2006

First observation of a track from CERN in emulsion.

Confirmation of analysis stream from electronic detector
to emulsion detector.

Vartical projaction
m Spectr 1
Entries 2142

Mean 20.36
RMS 50.67

MC normalized to
DATA

-TéE%UJ
{Eﬁqﬁm“

\EH 7

*D&’)'C?r%EJT\E?EzT— P ]



Plate Changer system D BH5

film ZSheet [ZR5Y (7, s
HEjT slide S, —
film @ edge IZHAHAXEY—VZFHmAED
film DB iEHEZE R

EBWLEFSYY




Commissioning-2007

First observation of neutrino events in emulsion.
200741083 H

- : 1

/ //:.\\
OPERA 7 + ,w;\\:.

1mm
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Analysis station was moved to Tono mine. from Nagoya Univ. because of
Anti-earthquake reinforcement.
Tono mine again... (2()()8 2010)
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We boarded at Japanese temple near Tono.

Real exposure was started from 2008 !
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Neutrino event analysis

* Experimental requirements

“#| Long baseline ‘ Cba]]enge in OPERA
| High neutrino energy = CNGS beamline D

| High spatial resolution
(v _detection capability Large amount of

#|Large target mass WP OPERAdetector|  emulsion analysis

Brick tagging and Scan back location ECC CS
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Technical breakthrough

High speed scanning] Precision alignment (Compton alignment)

X 20-75 S/N x10 With noise tracks connected
Japanese Scanning System — o1 100keV both side of emulsion layer
e ™ electron
_ ~ 188 l . Alignment accuracy:
Plastic base _ ;\
‘% i S | O=7.64M » 0=2.0um
-..-.n 1 : . ‘|‘\ (';' Il.
. 7 13- . Reduce chance coincidence
Plastic base 20micron nOISeS

Scannlng speed 75cm2/h NIM AS575 (2007) 466

JINST 5:P04011, (2010)

High S/N discrimination (Track Ranking)

S/N x 100 Likelihood analysis with the linearity
and blackness of each tracks

ann
700
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_,,./' ) 500
oy 400
300

200
100

armeara T Lo
g Bneft1T | PRI R T |_|. |

-"‘I— 1 b L
—1a0 —ag 0 40

Slgnal 9é%, Noise 1%

European Scanning System

[

o —e

— Signal
...... NOISe

Scanning speed : 20cm?/h
NIM A551 (2005) 261

JINST 5:P04009, (2010)
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Event analysis — Location:CS —

1. Full area CS scan and check tracks to confirm the brick glle] gl ol=1=Ye K1 o] [ [ B3 Gl

Japanese Scanning System J| Scaning speed (cm*/h)
OPERA
10000 (2008)
(e Sub-MeV electrons
100 .
10
/
a1

Scanning speed : 75cm?/h TS NTS UTS SUTS  HTS
1983 1994 1998 2006 2014-

fV ’ _ﬁ brick

>

Pick out of High probability CS DN
and CS Scanning e e 103 trks

10° tracks

| | |
| | 80 | | | 100 | | | 120\
100micron square / all ph
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Track RankingiZ M4 g 5F 1k
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Track Ranking ;& ##&AL. &N EHEELE LT,
T. Fukuda et al., 2010 JINST 5 P04009
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@ BHME . BRAWMONIIITFILRIEDSE., (34+64)=98%% R HF.

O NREBERE: HERMIGARYVEENSFHAIMSNDERIMT—2DI9%LL E (X
JARGDT, AIRERE (. /EFD1/100 [THIZ A8 B,




Event analysis — Location:CS — =

Track Ranking & F il

Track Ranking & #

J Ivl L i | / I L
100 ¥ 120
Xinmm

Track Rankingix T:& Al L1=Track#{
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Event analysis — Location: CS —

NHERERER 1%

| *1 Scan Area

NEEER = CThEZRL /=Track#x
TFIL. JAX:2

Track Rankingix T:& Bl L1=Track#{
3. RERSRAE0

|

700 E
s0o |-
oo |

:

O FILAPM KR Dhof=
Za—M)/RISERAF—

RARERZE AR : 194K
RIBE 7 22 ] - 6. 505 ]

NEREREE A 3K
NER &R 52 B ] : 659




OPERAZEEEZ YL AT=-DIZH B &

o RE=EDNRFREEZIRREREBIFIZE>COTIES D,
— OPERAZAILLDEAER(BELI7AILL)

EnECCOHA. gk LU THK=Refresh...

KO.K.

o REDRFIRELIRDRIZTE D> TEFHRAHT DY,

— mlﬁ

BRIEHRZESUTSORR  w

o & j(fckl‘7J77' 2NN ZEEFTL YIS DN

— BRI

A Iz

Eﬂﬁ%ﬁj‘nu nﬁk_)?)l/: UXA@ Eﬁ% \

(Compton Alignmenti%, Track Rankingi%x) O.K.




Event analysis — Location: ECC —

Scan Back Location

58

Lead plate OPERA film

Napoll

Lo Taranto Q@ Brindsi
Salerno = o

Event analysis

NI‘ N ‘...-|||-|||-|||-
=
iNiE ||.|ll!ll|-|

->JP:EU=50:50

" ECC brick.

3 STAG J

vertex.

| 2. Connect tracks found at CS to

“ 3. Follow up tracks to Interaction
vertex in the ECC brick.

G s o i : :
“:_., 4. Scan 10 films around interaction
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Event analysis — Vertex hunting —

TOP VIEW (Herizental projection)

bottom layer

i)

- 2080

]

=
II|III|III|III|III|II

T S S T T S S S S S R TR MR R |

‘ " | 20m > 1004 m |

SIDE VIEW (Vertical projection)

CS plays
essential role !

i)

- 205

]

=
II|III|III|III|III|I

&
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g
-
8
2

250 pm



Neutrino event analysis

 Decay topology search Charm events as a control sample

Search track which have large P Decay P, ~ 460MeV/c

_ ut
Kink angle
Decay point = 209mrad

Charm
............................... Flight Length
o] / = 1330micron
— N

T —
i, — "'

uuuuuuuuuuuuu

Impact Parameter distribution '///:/ / a charm event

v_events (MC)
250 NC+CC v, events (MC)

Decay topology Events

Expected  Expected Expected  Observed
200 NC+CC Vu events (Data) charm background total
150 | -prong 21 &2 943 30+ 4 19
10 um < (ct = 87um) 2-prong 4+1 4+1 1I8+1 22
100 3-prong 4+ 1 1.0+ 0.3 5+ ] 5
50 4-prong 09102 - 0.9+02 4
Total 40+3 1443 54+4 50

0 407 20 30 40 50 60 70 80 90 100
Impact Parameter (LLm)

Eur.Phys.J. C74 (2014) 2986




Data taking

i 5 Z
" pot’hour

Target mass (kg)
10

17,97 x 107 POT P Analysis status
<80 % of propos"' I

Events reconstructed in the target

Events with at least 1 brick extracted

Events with at least 1 CS scanned

Events with a positive CS result

201

Events with a brick

_IIIIII'IlI

Interactions located in the bricks

IEI | il IlI i ] i
50-0{} 10000 15000 20000 25000 30000 35000 40000 ¥
hours since 01/01/2008

(=]

Decay Search Completed

010 il

.

2009 ).
L

8 e

r

| |
2008-2009 control sample 2008/12/31 2009/12/31 2010/12/31 2011/12/31 2012/12/31 2013/12/31 2014/M12/31 2015/12/31
O Opdata

| ocation efficienc
P JHEP 11 (2013) 036

T

H\II\I\I
>

0
7]
=
o
=]
©

m
=
=
=
=

o

g
w

® 1 data

%

0 u MC sys.=(10-20)%

w1y MC sys.=10% Status
R N R R TR R R T ~19600 event registered
i 1k .
041 eand U -liKE samples e ey ~7000 events located

Data-Monte Carlo comparison of the
location efficiency as a function of the ~6700 events fully analyzed

visible energy in the target scintillators

\I\I‘II\I‘IIIIIIIIIIIIII'I\I\'H




v _ analysis

Kinematical selection

variable 7= 1h T — 3h Tl T—e

lepton-tag No p or e at the primary vertex

Zdec (pm) 44, 2600] < 2600 [44,2600] < 2600
pres (GeV/e) <1t <1* / /
¢IH (rad) > ?T/Q* > ﬂ-/T / / . . Zdec
Py (GeV/e) > 0.6(0.3)F / > 0.25 > 0.1 Emulsion film
p*¥ (GeV/c) > 2 >3 N LEG LI E N WEQBE 0TS : vectorial sum of the transverse momenta
Oging (mrad) > 20 < 500 > 20 > 20 of primaries (except the parent) and daughters
M, Muin (GeV/c?) / > 0.5 and < 2 / / wrt beam direction

p2vY;: transverse momentum of the daughter wrt
Cuts fixed since the beginning of the experiment  parent direction

Data sample : The 1st and 2nd most probable bricks for all runs

2008 2009 2010 2011 2012 Total

p.o.t. (10"7) 1.74 3.53 4.09 4.75 3.86 17.97
Op events 149 253 268 270 204 1144
1p events (p, <15 GeV/c) 542 1020 968 966 768 4264
Total events 691 1273 1236 1236 972 5408
Detected v, candidates - 1 - 1 3




v _ candidate events

C —0 /;4,)1]21,73'” / T st ~—3h

\ - g — R

j daughter .
v"“/ ““"‘n%%%

1000 2010 b “‘“2“012

- Phys. Lett. B691(2010) 138. JHEP 11 (2013) 036,
o U Jrd ~—]h

M/
2013

Phys. Rev. D89 (2014) 051102, PTEP 2014.101CO1.
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The first v _“appearance candidate

Event Kinematics

Al o VARIABLE Measured  Sclection
ANEUTRING 2010 : criteria
ATHENS ; . y
Kink
(mrad) wlEs 2 e

Dec?y Ieﬁlngth 1335 + 35 Within 2 lead
(pm) plates

P daughter
(GeVic)

Pt daughter
(MeVi/c)

Missing Pt
(MeV/c)

1246, >2

>300

+230
470 *2%0 10 (v attached)

570 *+320 <1000

P (deg) 173 £ 2 >90

1000 um T )
Transverse momentum

Reported in May 2010
Decay channel: T — 1h

Parent
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The 27 v _candidate

NEUT‘JN

Interaction Vertex

in Lead plate
o With one Nuclear
/ fragment

parent /

e
Decay point
T In Plastic Base
o No Nuclear fragment

Beam View Flight length 1.54mm
O=167°

Secondary Interaction

. In Emulsion
. With four Nuclear fragments

2000 pm . .
All tracks other than T were identified Phi (Tau - Hadron) [degree]
as hadrons.
. . kink angl d 500 87.4 15
Decay in plastic base. BT I RS
R el N e
. —
Decay ChannEI' r 3h Invariant mass [GeV/c?]




The 3™ v _candidate

KINK ANGLE DECAY LENGTH
3 LEAD _ LEAD __LE

E 7— 1 candidate

|:| excluded region

L
01 02 03 04 05 3
Oy (rad) 24 (Mm)

MUON MOMENTUM TRANSVERSE MOMENTUM AT 2RY VTX PHIANGLE

FILM FILM
38 41

20 30 E 1000 ) 50 10 150
P, (GeVie) A ¢1 i (degrees)

2
5§ 6 7 8 9 10 1M 12 13 14 15 16 17 18 19 20 24 22 28 24 25 286 7 B B

Decay daughter was identified as a muon
because of its high penetrability. | e

Empty cell
Fake brick
Row manipul:
Second predi
Third predicte

Columns (top view)

Reported in March 2013
Decay channel: T — U

17 o
L}
5 6 7 8 0 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

First leptonic decay

Rows (side view)
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The 4t v _candidate

iVa
- _ . 02 04 ;
parent Pty (GeV/c)

U

film ¥ film 40

1000

i

emulsion

Reported in March 2014

Decay channel: T — 1h

0.1 02 03 04 05 06 1000 2000 3000 4000 10 20 30 -_
Kink angle (rad) Z4o. (L) Daughter momentum (GeV/c)

PEP Prog. Theor. Exp. Phys. 2014, 101C01 (10 pages)
093/ptep/ptul 32

Letter

| n

0.5 1 s o5 1 15 2 2 150
Decay Pt (GeV/c) Missing Pt at 1ry (GeV/c) A¢ (degree)

Observation of tau neutrino appearance in the
CNGS beam with the OPERA experiment

OPERA Collaboration




The 5th v _ event

L g : B . 3 3 - ]
1000 um

Electronic detectors - No muon identified as a proton by dE/dx analysis

p, (GeVie)

~1h \ Kinematical variables

y
1

| 02t Parameter Measured value Selection Criteria
.I"| -0‘43_ Mg =130 Adrg ( ) 15141 >90)
i stk |2 (GeV /) 0.3+0.1 <1
aughter p, (G akm (mrad) 90 + 2 >20
\ Zdee (M) 634 + 30 44, 2600]

'u p*¥ (GeV/c) 11T >2

"pgrent I 2” (GeV/c) 1.0fé:3 >0.6 (no ~y attached)

w1

phlsﬁ.c'ﬂ)%lv. Lett. 115, 121802 (2015). 2015 All variables passed the cuts
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Background sources

Monte Carlo simulation benchmarked on control samples.

In yellow improvements wrt former analyses

CC with charm production MC tuned on CHORUS data (cross section
(all channels) and fragmentation functions), validated
If primary lepton is not v with measured OPERA charm events.
identified and the daughter
charge is not (or incorrectly)
measured

Reduced by "'track follow down",

procedure and large angle scanning
[Eur.Phys.). C74 (2014) 2986]

Hadronic interactions
Background for 7 — h

FLUKA + pion test beam data

Reduced by large angle scanning and

nuclear fragment search
[PTEP 2014, 093C01 (2014)]

Large angle muon scattering Measurements in the literature (Lead
Background for t — form factor), simulations and dedicated
test-beams

[IEEE Transactions on Nuclear Science, vol.62 5]




Validation with the CNGS
charm events sample

Tracks

Test for: reconstruction efficiencies, description of
kinematical variables, charm background.

54 *+ 4 expected < 50 observed

10f=

- charm MC ‘

K:H\ and hadr. int. MC

® data

\ ;
N RS \
N + *{ D, A,

1000 2000 3000 4000 5000
Decay length (um)
45
- charm MC

K’/ A and hadr. int. MC

® data

50 100 150 200 250 300 350 400 450 .500
Impact parameter (um)

c iy
L% 135_ _ _:charmMC ]
16f- | K3/A and hadr. int. MC AR
14;* ® data
12k A\
i N 13mm -
+ N Eur.Phys.J. C74 (2014) 8, 2986
- R n
1 . AHTHTHN i Ef ;
£y ++ | + | Soazst MC v, CC int.
% 20 40 60 80 100 120 140 160 180 g % + ® data
d L .
o(degree) EJ ol Entries: 2648
gso: N chorm MG E | Data-MC for the impact
i 5 @inandbes mu | So 15[ parameter of tracks from
D & 2 | 4 v,CC interactions
A\ s [
N\ £ 01 4
NN 2 B
10N B 4
0.05[— -+
d + 2 7% l.P. (mm)
: - ) .
10 20 30 40 50 60 70 80 90 100

5arm afnd T djecaysf
re topologically '
imilar

0

Muon momentum (GeV/c)

|1||III{I!I|1!I[II'I
00 2 4 6 8

e el
10 12 14 16 18 20
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Validation of the hadronic background by test beams

Comparison of large data sample (7~ beam test at CERN) with Fluka simulation
=P check the agreement and estimate the systematic uncertainty

i TN |
Hadron beam ézsof—lnteélfaCti.n. 2 (T -
Track length analysed B foe I i b 8
in the brick: =T S WU U W N
- 2 GeVic:85m RIS S DU S SR S
- 4 GeV/c:12.6 m BRI ~ Black: data
10 GeV/c : 38.5 m s . Red : simulation (FLUKA)

g B i i , A A AP |
% 2 4 6 8 10 12
Beam Momentum (GeV/c)

Multiplicity

Topological analysis of hadron interactions in an ECC brick

Analysis on S { 2GeV/e | v 4GeV/e | : 10GeV/c
an event{by-event basis E { Fia S :
1.l Hadron bea - Error bars : Data | ]
i Histogram : MC| | l g
i P I i _*_| ! | | u;" ; | | '#‘ L | o s v | 1
. ’ 1 ’ 3Number 0‘} forward tsracks ! 1 ! 3Number o‘:f forward tsracks ‘ : ! ﬁNumber of Eforward tmlc[ics
Kink angle (1-prong) ¢ i F
e el
= P |y |
P | T 1 =l

i
- 05 0.6 K . - Bk
Emisstion angle (rad) Emisstion angle (rad) Emisstion angle (rad)



Hadronic background reduction

had
v, NC+ire.

Interaction

Nuclear fragments:
a smoking gun for the occurrence of
an 7 interaction instead of a decay.

Objective lens CMOS Camera

Nikon CFI Plan x50 Mikrotron
oil immersion lens Eosens MC 1362

FTS
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Hadronic background reduction

had —
L NC+ inat. ron R B 56 zmk 1 [~ Graphics

Processing Unit (GPU)

Nuclear fragments:
a smoking gun for the occurrence of
an 7 interaction instead of a decay.

Graphics Processing Unit (GPU)
NVIDIA Tesla C2050

Processing time/view

100

[tan 6 |<0.6
100 msec/view

80

[tan 6 |<3.0
550 msec/view

FTS

60

40

Conventional

20

ITI‘TII|IIII\ITIIITII\I

%

processing time / view (msec)



Hadronic background reduction

| Large angle scanning technique
v NC+ :'natdm" Interaction ge ang —

e b

\5505 Conventional
c angle\acceptance
O

i

B

PN

|
extension ™

Conventional

0 1.0 20 30 40
ltan @ |

JINST 8:P01023, (2013), JINST 9:P12017, (2014)

Nuclear fragments:
a smoking gun for the occurrence of
an 7 interaction instead of a decay.

Additional background reduction

T
= 0-9~Probab|I|ty of assomated
] gf,gjnuclear fragm_ents
g 0_5;_ .................... {I— Lo R e ——
g 0_42_ T T . SOy, . SO . . S
% o39-|Black : expenmental data
%’215 ~ |Red : simulated data ( 8= p/E =0.7)
T2 "4 6 8 10 12

Beam Momentum (GeV/c)

PTEP 2014, 093C01 (2014)



a a A
Ci Ci 2 Ci . . ' S C '
(J @
2GeV/c 4GeV/c 10GeV/c
|
Multiplicity : | C: B<0.7T
£ g F i 2 *F
g 25_. Iz I s
=  F . 5 1af . T B .
2., | 10in32events (3179,%) |1 3 "= | 18in31events (58 ¥ %) || z 5 | 42in 66 events (64 *5 (%)
0 SN A
151~ | - I 15
[ et I/
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Number of nuclear fragments I Number of nuclear fragments I Number of nuclear fragments
| .

Error bars : Experimental data

]

2,4 GeV/c:

IP <100 + 0.01dz

Histogram : Simulated data 10 GeV/c: IP <50 + 0.01dz
Emission angle (cos 0 ) : '
|
E o : E 10— I E 30:—
¢ stBackward Forward | | 2 r Backward Forwargd : ¢ FBackward
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Agreement with statistical error : Systematic error is 10%.



2GeV/c 4GeV/c 10GeV/c
MUltlpllClty I | MC : B<0.7

o AEME

O fJE als ‘_fJEI}’ :

FETTTITTETITanTl III][IIIIlHII

12
£ F‘ W LU bl ] | T 01 7
I | 7 L I & + L

2, I

2

a E

N 77 TR izl | Nz Yty oF
I

-1 08 l]( [I4 -0.2 0 0.2 l]it)lrl];ngll](S 9) -1 08 l]( [I4 02 l] l]2 l]it)lrl];ngll](S 9) -1 I 08 ‘ l]( I [I4‘ l]2l l] I l]2 - l]it)‘lrl];ng‘ll](S IB)
Agreement with statistical error : Systematic error is 10%.




v _ analysis result

Expected signal and background events for the analyzed data sample

Expected background . 1
e Charm Had. re-interac. Large p-scat. Total 22 A (0 e
T — 1h |0.017 4+ 0.003 0.022 4+ 0.006 - 0.04 + 0.01 0.52 + 0.10 3
T—3h| 0.17£0.03 0.003 £ 0.001 - 0.17 £ 0.03 0.73£0.14 1
T — p |0.004 £ 0.001 — 0.0002 £ 0.0001 0.004 £ 0.001| 0.61 £0.12 1
T—e | 0.034+0.01 - — 0.03 + 0.01 0.78 £ 0.16 0
Total | 0.22 +0.04 0.02+0.01  0.0002 £ 0.0001C0.25+ 0.05 » 2.64 & 0.53 (5)

S observedievents with (.25 background: REEREEZNUaIviG et TRV

Probability to be explained by background: ﬁ,ﬁrﬁdes measured in ECC
1.1x10-7 (Fisher, Profile likelihood)

Corresponding to 5.1 O exclusion
of the background-only hypothesis

congistent with the
expected distribution

0.3

0.2

Discovery of v _ appearance

0.1

Estimation of Amz2,; (90% C.L.)
[2.0, 5.0] x 1073 eV? (assuming full mixing)

H




Am2DFFEMR LIZMAITT

C EREBERDIELYLAVEMRBIETY O
Gt HEEOT,

Golden variable T— 1h T — 3h T — [t
. lepton-tag No u or e at the primary vertex
Selection Zdec (pm) (44, 2600] < 2600 [44, 2600]
pRiss (GeV/e) 1% < 1* / /
ff:’.EH (l'd.(i) = :rr/2* = ?T/?'* ;‘! f
i / > 0.25 > 0.1
- . >3 >land <15 >1land <15
5;;.;.”.;; Lmrad] < 500 > 20 > 20
m, Moin (GeV/c?) > 0.5and < 2 / /
Silver Variable 7t—=1h 7230 723pu 7€
Selection Zdec (Um) <2600 <2600 <2600 <2600

.,. . ; >0.1  >0.1
pary (GeV/e) > > 5]
Opink (rad)  >0.02  >002  >0.02 >0.02
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(Golden+Silver) Msingle, background

-

charm had reint tot Expected

signal

-
-

Observed

oz | own | oom | owwr | omes | 2
0.0000 0.0000 0.0000 0.0000 0.0423 —

Totale

BKG: 0.25>2.0, FIz/\FOV2 X RGN EK,




> Rt D a2 E
e 23,456 GeVic M wt-beamZECCIZHES5T

Multiplicity Kink angle (Tt B A Y & E

Experimental i £ Experimental i Experimental 4 Experimental " Experimental

Entries. E Entries 107 . Entries 129 | Entries

Mean 5 . Mean . E Mean 0.1377 5 Mean 0.2074 I Mean

RMS E RMS 0.8457 E RMS 0.1625 = RMS 0.1646 { RMS

MC (normalized) MC (normalized) I MC {normalized) E MC (normalized) I MC (normalized)
Entries 37573 = i Entries. E Enties 21931 £ Entries 15768 E Enties 12840
Mean 0.6614 I X k = Mean 0135 " Mean 0.1868 | Mean 0.1993
RMS 0.554 X F RMS . E RMS 0.1525 E RMS 0.1589 RMS 0.1511

2 GeV/c

et |

i 3 E 4 ) | . L E '
%Jlumgllc\ly ! 02 E aEm\s%ign ang%se lagls el 2 e 3Emls[.)ii‘ugn al 6 [ra

Experimental 1 Experimental 3 Experimental
Entries 61 : 5 GeV/C Entries 94 6 GeV/C Entries
Mean 1.262 E Mean 0.2471 Mean .
RMS 1.085

" ez | Plots : Experimental data E G rrmalsaa)| e Plots : Experimental data
- A H ! Entri 10464 5 Entri 9138 . .

7557 Histogram : Simulated data ; ian 04941 £ Moan_  0.1854 Histogram : Simulated data
1.082 : RMS | 0.1476 RMS  0.1437

6 GeV/c

+

-3 ]
inullwg\lclly . - O'GEmisosign angqg'e ragTs

Experimental
Entries Entries. 80
Mean Mean 1.851

|RMS___0.8107 | RMS 1.43
MG (normalized) MC (normalized)
Enties 11562 Entries. 8853
Mean 1.73 Mean 2072
RMS 0.8142 RMS 1.25

Experimental . Experimental Experimental
Entries 31 Entries Enlries
Mean 1.94 Mean . Mean
RMS 1.359 RMS RMS
MC (normalized) MC (normalized) MC {normalized)
Entries 6532 Eniries 11562 Entries

Experimental
Enlries 31
Mean 0.2444
AMS 0.1982
Entries 6532
Mean 0.286
RMS 0.1954

4 GeV/c

+_.

Mean 2448 | Mean 01414 Mean .
RMS 1.625 RMS 0.1496 RMS 0.1801

4 GeV/c

P O T N NI ]

g Dazghleal P [&V/J]n 4 Daighle?' » [&w P

| : } { LI : A
= Daagme?p [&»WED o T P Dalighter’ ¢ R o 8 B2 70203 04 D5 n"?:aﬁfma?‘ﬁ &%W:

Experimental i Experimental - Experimental
Entries Entries. 12 Entries
Mean Mean 2.404 F Mean
RMS RMS 1.972 & ‘
MC {normalized) MC (normalized) PIOtS : EXPE rime ntal data F;JIMCS(normaliz[:ag
Entries 5460 Entries. 4863 - . Entries 5460
Mean 2818 Mean 3248 Histogram : Simulated data Mean 03188
RMS 1.94 RMS 2272 RMS 0.2004

5 GeV/c ! 6 GeV/c 5 GeV/c

Entries
Mean
RMS

Plots : Experimental data

Mean 03314 Histogram : Simulated data
RMS 0.2015

5 Datghtel p [GeV/d] > 5 palgnter p (Gevr’ 10203 04 05 D 0dudts Rvid 0102 03 04705 Doy vl

> 2 aLb—arED—HE(DILAN—ELII3Y) 1 20%




Silver selection CHRHE SN =154

Event 11172035775 Event 11143018505

track 972: elastic scattering (65 mrad),
in Iea::{']:llate between films 37 and 38
f
f
f ', daughart
proton produced in the .
/ interactign of track 2907
i f.

ET— 4
RN

T g | — k 292
- {? A -"‘II.:;UJ!."'[E'H.HEE\." \\ T 'w‘r{=-? : Event 11213015702
i R ! Mo “track ggﬂﬂ

track 4112

fim: ",
i track 2708

f-nr{ection ",

kead

Event 9190097972 Event 10123059807
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Charm fiFftE=20=—a1—k )/ R

2D B/ AN—TYIR:
) $achiRlE 277024 (FL =103 um)
) 17024 BiiE(kink) (F.L.=1174 um, 0, = 97mrad)

One Vertex IP (ym)  Two vertices IP (pm)
Track 0 (rad) 0, (rad) w.r.t. W w.r.t. V) w.r.t. Vo
-0.230 -0.275
0.121 -0.1144
0.349 -0.036
-0.003 (.088
-0.003 -0.025

Artificial Neural Network output

Sample

vy CC + charm
vy CC + charm + hiny

Vertex ID Attach tl‘aﬂl-l " CCHTha
1 (primary) 2,45 (primary) '
[T (secondary) o

1 (kink)

]
MLP_ANN_2L response
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(C.L. evaluated with Feldman-Cousins method)
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Summary 4 COHCI“SEO”J
Evidence for Vu_oscillations So far both VeeVe & Yyo
Va2l foY.CL. bt — " s
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5 “ch"”‘,‘} o be more cOnClu Shfe
7 FArough /
I I Ve meed more  statistics
sin?20
Or we have to look for |
i did Y appearance . —
{&W\1 ~ 107~ 10 PP nee of Ve|in [0"3 identified as a proton by dE/dx analysis [26]
)

For the gr eatest%tzo m: a1 Scientific Background on the Nobel Prize in Physics 2015

2015 NOBEL PRIZE IN PHYSICS

Takaaki Kajita | W
Arthur B. McDonald g ua;s:

Super-Kamiokande’s oscillation results were confirmed by the detectors MACRO [55] and
Soudan [56]. by the long-baseline accelerator experiments K2K [57]. MINOS [58] and T2K
[59] and more recently also by the large neutrino telescopes ANTARES [60] and IceCube

[61]. Appearance of tau-neufrines in a muon-neutrino beam has been demonstrated on an
event-by-event basis by @ xperiment in Gran Sasso. with a neutrino beam from

CERN [62].

NEUTRINO OSCILLATIONS

compiled by the Class for Physics of the Royal Swedish Academy of Sciences




Conclusions

1.8 x 1020 pot by CNGS from 2008 to 2012 (80% of design).
Analysis technique largely improved and detector successfully
measuring v, v ,and v _.

Analysis of extended data sample. Improved background
evaluation.

5 v _ candidate events found with 0.25 background.

Background-only hypothesis excluded at 5.1 o'.
zdDiscovery of v _ appearance in the CNGS beam

Measurement of Am?,, =[2.0-5.0] x 107 eV~.

Additionally, 3 v _ events were found with new selection.
Measurement of Am?,, =2.810.6 x 10 eV2.




New Emuision Experiment
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G RAIN EE—I— E Gamma-Ray Astro-Imager with Nuclear Emulsion
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Directional dark matter search with scalability »

earth@summer

#

Dark matter w
( from Cygnus
™1 At

___““_‘

Direction of solar sysiem/
(230km/sec)

_.

e

.‘/
/!
i
F

earth@winter

N
Direction sensitive Detector

NEWS: Nuclear Emulsion for

. WIMBSsSearch

Capability of detecting

tracks

@ SOUTH

" BEARING

.
500nm

Sasso lab., Italy
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v . Physics
SHIP Project

- Huge beam bump experiment at SPS from 2026.

- More than 1000 of tau and anti tau neutrino
interaction separately using compact emulsion
Spectromete r. Goliath Magnet

Magnetic
Specrometer

Hidden Sector
decay volume

Spectrometer|

=. Particle ID Neutrino Target

Target/
hadron absorbe

Active muon shield

v, detector

Drift TubeTrackers

/ Drift Tube Trackers
Lower Return yoke

Proton target:

DSTau PrOjGCt Tungsten foil + emulsion tracker

Tungsten plate
(0.5mm)

+ v_cross section was measured by DONUT with large uncertainty(~50%) Proton beam

on v_flux at beam source.
* The uncertainty reduction on v_ production cross section is important.

* D, — © — X precision measurement in high energy proton interactions

— ‘- " ;
Eiiti[gionfilin Plastic sheet (200 um

—> Re-evaluation of v_ cross section & useful results for future v, experiments (50 um thick emulsion layers on both

sides of a 200 pm thick plastic base)
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Neutrino Interaction research with

Nuclear emulsion and J-PARC Accelerator

Working group

Off-Axis
Detector OPERA i J-PARC l T2K
(ND280) Exber _ _
perimental site, Neutrino beam
y 4 .
(Nihon Univ.) (Univ. Tokyo)
On-Axis Monitor Emu|slion development T2K near detector
(INGRID) x N :
. E\Iagoya UnivJ (Kyoto Uan
Film production, Scan T2K near dstector
— (Yokohama N Univ.]
[Toho Unlv.)

T2K n,ear detector

Film production, Scan

s—
Kobe UnleEmulsion Shifter

H-H- OA {)OD i ?:‘; B 2 = T T T T T "l |E T =
& % 0A2.0° 7 s ana Lite Scice JelihiEemadlny | CCQERBASDBF
=] [ QA 2.5 : serimental Facility 01 m= CCQE-like MECKIG H
< O T - HOOBT (SENE)
- -L'l. & B . T
g o0s ! g m— CCQE-like MECK &
- AEOBT (EEHE)
G N i , o
= | | l] NINJA |
005 - - -
Neutrino to | J -] ]
- T T2K
b . 1
\ oS - i 1 )
ey Rapidang s LY. : i J : : N
Synchrotron, RCS = =)
: Synchrotron (0.75 MW) | 1 ——g -
! 0 ! 1 1 I o

I | | .
500 1600 Mev/c

0
ma —1— M)/ RICDFEERE

s . \ ‘ J-PARC = Japan Proton Accelerator Research Complex

[RFZEMRIE. MECRIGZRIE T DEBDH THIGFE




NINJA Experiment
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NOMAD data with total error
SciBooNE data with preliminary error
RFG model with M, =103 GeV, x=1.000
RFG model with M}'=1.35 GeV, k=1.007

E;om.p.moo::m.p.m

<Event time>
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¥ vV event detection
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