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aseline experiments

Scientific Background on the Nobel Prize in Physics 2015

2015 NOBEL PRIZE IN PHYSICS

Takaaki Kajlta %, e NEUTRINO OSCILLATIONS
Arthur B. McDonald N |
NG BEL e . compiled by the Class for Physics of the Royal Swedish Academy of Sciences

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-neutrinos jn a muon-neutrino beam has been demonstrated on an
event-by-event basis by th&€ OPERA kexperiment in Gran Sasso. with a neutrino beam from

CERN [62]. “%ﬁ” ﬁ)B “%%mﬁ” ™\




Nuclear Emulsion




What is Nuclear Emulsion ?
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3D tracking detector with submicron position accuracy
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Photographic Film technology rk

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

Resolution of 0.3 ym -

50 micron

* .

>
Recorded as silver gréi-ns
along the particle passing through line

Merit Image detection
Film camera High /N4 1L ER (Sliver halide)
resolution | EPTRIILF—AERITLZELZRALIAELZRIG,
Digital camera | Real time E & HR F (Charged-Coupled Device)
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Contribution for fundamental physics... | _  etuettou——

1896 (A. H. Becquerel ) e ‘
Discovery of Radioactivity -

1947 (C. F. Powell et al.)
Discovery of «t

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

2001 (K.Niwa et al.)
Direct observation of V_

Flight Length:280um

S
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Nuclear Emulsion Detector

3D reconstruction Scalability
Reconstruction of track data l g
| ” U.J —
N\ '{‘,I " (D AE) ';IJ:E% LE:
n e\ieht\by gvent basm\ 3 R \ iy 4.1 =
\. ";p;j\%,\ i |

an?)

YI electron ID v . CC event ul()['ERA
5

. .. 200m
Microscopic image from
the view of the beam axis

electron

dE/dX (MeV g!

0.8GeV/c 7 : P =0.79(GeV/c), dP/P =11%
1.5GeV/c 1 : P=1.53(GeV/c), dP/P =16%

Momentum(GeV/c)

Low BG from v, NC =° production



Nuclear Emulsion Detector
—— Polymer (C, (N,0)) Agre —Ag, -t T A
Charged Particle Silver halide crystal

s ‘ (AgBr)

ovo o

o® o
NS

n

lonized electrons concentrated on
Developme!i: treatment the electron trap to form the latent
image specks in a crystal
ﬁ Silver grains
(size : several

10 NM ~ 1 um)
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Nuclear Emulsion Detector 12

— Polymer (C, (N,0)) Nuclear spallation reaction by heavy ion

Charged Particle Silver halide crystal
> /0 oo

‘e e%e
o® o
e
r "‘

Developmept freatment 100 UM
Spatial resolution

- silver halide crystal size
- number density of silver halide crystal

ﬁ Silver grains
(size : several ___
10 NM ~ 1 um) Sen5|t|v.|ty
- Chemical treatment

- Crystal defect and doping etc.
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Readout of tracks in Emulsion

Microscope view

Image B T ANEAEsa L
i sensor Resolution R T W S A
icroscope 512x512 pixels PRI ~ YRS A
Z-axis g?nas%?- Field of View . 2RO
230x230um?2 s ERESE PR
i R Y e
TP -5 i e
T A XX
Objective 35x ERAR TR R,
@I A3um Depth of Field TR TV N R
R R R
<\ T T T e
T
Sensitivity
1! Emulsion 35 silver grains /100um
@) I A (front side) . —
£ 45~100 pm i
£
S Film base
'c_g 200~800 um
e
()}
E Emulsion
S| (back side)
z 45~100 um

o~ XY Stage



[:/ CMOS Camera

emulsion layer—f A~ % Rt >4 B
(4 e m i / : s
\\/ \‘l % 2
. .. BN RO
emulsion layer—E& 16 tomographic images R 7Y
{4 pem The image superimposed
rl 16 tomographlc image taklng 16 images [rom microscope

binarization expansion

—

# L
coincidence

High energy tracks D tan 0 =D/L. beazterscomrearefresoparact ; I
Result of track recognition
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Long history in Neutrino Research

« 1978-1983 Fermilab E531 ~ 100kg
charm physics, v, = v_ oscillation <20GeV>

¢ 1994-2000 CERN WA95 CHORUS ~ 1ton

v, 2 v, osclllation, charm physics <27GeV>
« 1997-2001 Fermilab E872 DONuUT ~ 1ton

first v_ direct observation <80GeV>
« 2008- CERN CNGSO01 OPERA 1250 ton

v, =2 v, oscillation <17GeV>
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Recent technical improvements

Readout technique Detector technigue
High Speed Scanning High Sensitive film

N - Q _‘ . ;
L 5 f New type IR

(- = <4 B
ii  HTS r ol -
ﬂ el 8 ,CP ," ‘. ‘.'A v,:v. 3 :‘i“ [j’-"[: . --'!.o .. :.o-- s = e .‘-‘.q'*-..-..'.' o a— »:..
w! ' gl Vi ‘ g el ' <« _100um . >

LT A ! \ !-.sj - -
Bl OPERA type

| Wide FOV T /! s al
.| optical systgin ! R -
N

>

R | - <
‘/’; | Tlmeresolutlon

e —

HTS 9, OOOcm /h, x100 faster s ‘_ “RMS=1.5sec

Large angle tracking technique o B i cec [P
gooyn g Mo tre T ) 95% Charqe Slqn ID

E 90:— i
' Ref.2GeV/c = (No mag)

§ r

5% Stack1

ToF '%00.5GeVie ™ 0.5GeV/c
. 50; \2Ge\!1'c¥rr 2GeVic ﬁ*/

60|
F|tan 6 |=1.0
soE J : (i

V.V, identification

= tan 6 |=2.0
sof |tan 6 | ‘ y
= [tan 6 |=3.0 - 3 f 2 =

i FTS -50] 1GeVie T 1GeV/e =t

Conventional [ Ref.2GeV/c 7+ (No mag)

050 H00 - 0

3.5 4
Itan6l




Camera:
2MP 72 sensors

3

Objective lens:
FOV 25mm?

Emulsion film
™ to be scanned .

25x38 cm?

or 25x25cm?

1~1.5 hour
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Gel Production Machine at Nagoya Univ.

. [W -

¢
——— ~% Injection speed ’\*
Chemical reaction | Mixing speed T
AgNO5;+NaBr f_"_"_"_"..l Temperature J chem:cal

AgBrl, +NaNO3 T v

Crystal shape Stability AgBr crystals
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Current situation on neutrino physics

Neutrino e=2Zimation ' Sterile Neutrinos

-) Bcp, mass hierarchy

-) 4th generation ? Dark mauwor ?

; . +M|n|Boo

Ovdouble beta decay Cosmie nautrinos
< majorana | dirac ? vmass meas. O e

— Ultra-ric JIJ ener J / ST J)—‘I'IL)‘LJ,

CaF, crysfls+PMTs)
CANDLES o
7 -\ 1000kg Xe

- D"‘“""u
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Motivation

* Precise neutrino-nucleus interaction measurement is important
to reduce the systematic uncertainty in future neutrino oscillation
experiments.

« We started a new experiment at J-PARC to study low energy
neutrino interactions by introducing nuclear emulsion technigue.

« The emulsion technigue can measure all the final state particles
with for a variety of targets (H,O, Fe, C,...).

« Furthermore its ultimate position resolution allow to measure
and to explore of

& VN

b

< < :‘ ‘ \
) o DAL
e
: o A
‘i ' , oo
¥ NOMAD data with totalerror | [—_— >

SciBooNE data with preliminary error
RFG model with Ma =1.03 GeV, k=1.000
——  RFG model with M‘,‘f=1.35 GeV, k=1.007

6
4
2
0
8
6
4
2
0
10

ERFG (GeV) Water Target ~ 1.5kg = 10-20 7 events
VY
Water Target Emulsion Chamber
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Precise measurement of
neutrino-nucleus interactions

« CCQE interaction events are used as signal to reconstruct energy in
T2K/SK. - m? — (m, — V)? =m2 + 2(m, — V)E,
2((m, —V)—E, +p,cosb,)

 Other interaction modes contaminate due to final state interaction in
nucleon and detector inefficiency.

« Energy can’t be reconstructed correctly with these interaction modes.
- Need precise understanding about neutrino interaction.

uncertainties on predicted events at SK 2p-2h interaction in CCOE samples
vysample |vesample ¥,sample |V.sample .
IFHC [RFHC |18, RHC (Mesoen Exchange Current: MEC)
¥ flux w/o ND280 7,6% 8,9% 7.1% 8,0%
v flux with ND280 3,6% 3,6% 3,8% 3,8%

cross-section w/o ND280 7.7%
cross-section with ND280 4,1%

1. Leptonic model
(Dytman model)

v flux+cross-section 2,9% 4,2% 3.4% 4,6%
Final or secondary hadron int. 1,5% 2,5% 2,1% 2.5%
Super-K detector 3,9% 2,4% 3,3% 3,1%
otal w/o ND280 12,0% 11,9% 12,5% 13,
Total with ND280 5,0% 5,4%

2. Hadronic model (
(Nudleon chusler muwl) /

3. FS1 model
y (hA model)




Off-Axis
Detector
(ND280)

ND28o floor

SS ﬂOOI’ On-Axis Monitor
” (INGRID)

>
- .

- M= OA 0.0°  — |
. i % OA 2-0: | ials and Life Sciince
o i 28 0A2S5 | »erimental Facility
< | N 1!
~ Off-axisH -
= 05 —

— gt“' '
Linac
(330m

0% rrrc I

3 GeV Rapid-Cycling
Synchrotron, RCS
25 Hz, IMW)

) |
: \ ‘ J-PARC = Japan Proton Accelerator Research Complex
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Neutrino Interaction research with

Nuclear emulsion and J-PARC Accelerator

Working group
opERA  [(JPARC ]

Experimental site, Neutrino beam

Zz o
(Nihon Univ.) (Univ. Tokyo)
S T2K near‘deteotor

Emulsion development

=
E\Iagoya UnivJ
Film proéluction, Scan
L\

[Toho Univ.
Film production, Sca

T2K

(Kyoto UnivJ
T2K neglr detector

(Yokoham; N Univ.]

T2K n’ear detector

N i
.(KObe UnIVJEmulsion Shifter

CCERBHBDBTF |
CCQE-like MECRIG

IroDOBF (FEHE) |
CCQE-like MECRIE |
MoDEF (EERE) |

NINJA

Hadron Beam Facility

0.1

: Neutrino to
B\ Kamiokande .

4 r—-
U
% 50 GeV Main Ring
Synchrotron (0.75 MW)

- L
0 500 1000

[RFRZERIE MECRIGZERIE S DIBOTHNGEFE guag —1—M)/RIEDEZAE




v exposure status of NINJA
#J-PARC A
id-term plan o

New power projection

FX ——{Detector Run

<
—&— Beam Power _achieved -
<= Beam Power_Plan 60'(9 lron

A few kg Water 1

A

Afew kg tron  —
\' - Data-MC comparison with

high statistics
- v, CC interaction detection

- Emulsion handling @J-PARC
- Demonstration of v event detection - v— Water interaction detection
- Hybrid analysis with T2K near detector with Emulsion Detector

 We have demonstrated the basic experimental concept at J-PARC site.
» “Detector performance run” was started from last Jan.
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NINJA Roadmap

Preliminary measurements RUN i Feasibility study at J-PARC

1 J-PARC T60/T66 experiment
Detector RUN

Target mass: 30- 60kg

c

< Phys|cs RUN I Neutrino-nucleus interaction study

Q. Target mass: 100- 300kg

& \4

-

= Physics RUN II Search for sterile neutrino

L:IE Target mass: 1- 3ton
Target mass: 6-10ton

e The aim of T60O/T66 Is a and

to make a future plan.
 We will expand the scale of detector gradually, step by step.



Status review of NINJA
Emulsion gel production in the lab

Nuclear emulsion films were made by ourselves. Initial performance for each production batch

= Grain Density

= Fog Density

Grain density [/100um]
Fog density [/1000um?]

Production
time

@Nagoya Univ. -=-G.D. (30%, 23°C)
«-G.D. (50%, 23°C)

—o—G.D. (30%, 8C)
Usable fog Den'a)t\ =10 G- (50, 82

-~---.'--‘--‘w

Signal efficiency - Grain density
Isolated random noise = Fog density

-»-G.D. (50%, 8C)

Grain density [/100pm]

F();,' dnnsilv /1000pm

-a-F.D. (30%, 23C)

=-F.D. (60%, 23C)

e ) 104 m
Fog - ) m

20 1 m
[gralns/l( 00 1 m?)

~a-F.D. (30%, 8C)

-=-F.D. (50%,

e

Days fromn electron beam exposure to development [Days]
1 week 1 month 2 months 3 months 4.5 months

e L Initial and long-term performance of new emulsion
etest gel is kept at safety level for signal and noise.

26



Status review of NINJA

Conceptual detector design

Emulsion ShifEer | 2k9 Iron ta[get ECC

Emulsion //—'
Module

INGRID
\
N R v

SS fleor @J-PARC
(Jan. 2015)

EmUIsion Module

. . 5 1
: d 3! ﬁ\\ 4 A\l ’I
i, . L. A A Vi

L J S— S
e
S— S

Event detection, min. 6.5cm
Physics analysis Time stamp Muon ID

Emulsion Cloud Chamber is a sandwich structure of
emulsion films and iron plates.

« Emulsion detector is placed in front of T2K near detector,
INGRID.

« Emulsion Shifter is re-used from GRAINE project to give
a timing info. to emulsion tracks.

 Muon ID is possible by combined analysis with INGRID.
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Reconstructed track data

Track Quality Selection

All emulsion films were scanned by HTS.
First of all, noise tracks were rejected by
evaluating the quality of each tracks.

Then tracks were reconstructed.

140

« blackness — heavy
thin « plackness - heavy

- — = \ -
Dl} 0.08 01 015 02 025 03 035 04

good «— linearity — bad

all tracks

PL

PLOIT. e )0
~ Plate by plate, angle by angle
Penetrated tracks, | track efficiency

| @ :00<[tan0]<0.3 |
A :04<L[|tan 8 ]<0.6 |
O :09<[tan@|<1.1 |

| A 14<Ltan01<1.6 |
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Track reconstruction

« Two base track segments are tried to be connected assuming cut off
momentum.

« They are connected if the position and angular difference within the allowance.
- Position difference between two segments extrapolating at middle place.
- Angular difference

Continue to all possible combination of two tracks - all tracks are reconstructed.

Case of T60
Fe chamber

Fe500

Position um
difference
<13.3um




Status review of NINJA =0
Event analysis sample

Requesting making vertex IP within 20um

Detailed analysis , momentum measurement particle ID, T60 Run4 X-proj
will be followed as Komatsu’s talk. 7 —
;Y ¥ >
¥ 7 — _
_f-"' ) ‘_d,.-""' '-'--._______‘=
- i -
i ' ra —
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single track vertex ——

40525 tracks

/

!

|
462 tracks

f

(@)

MIP & MIP

/' 41087 tracks /

| Vertex search |

Multi track vertex ?

2 track vertex

f , .

[ 53T tracks (269 VTX) ,"f

fe“ (BKG: 113.2 VTX) |
]

i
f." 25 tracks [T VIX)
[ (BKG: < 0.1 VTX)

)
(231 VTX) /
[BEG: 101.9 VTX) f."

/

— Additional blacks 7

—_— —

Te

{ /
(a) )
— Black track 7__———Dlack & MIP
Black & Black
f : — f —
/36 tracks (18 V'I'X) ."II 40 tracks (20 VIX) |
[ (BKG: 0.5 VIX) / | (BKG: 108 VTX) |
{ L

(®)

N
N —

—— —

INU

. . T
32 tracks (16 VI'X) |
(BEG: 10.8 VTX) lI."II

{
{

_——'I_—\—_
Opening angle T

Not parallel

—_Parallel {small)
_I—_':—

i
/460 tracks (230 VTX) [ 2 tracks (1 VTX) [ 8 tracks (4 VTX)
(BKG: 101.9 VTX) [ (BKG: < 0.1 VTX)/ (BKG: < 0.1 VTX)
P )
) el )
(A, e )

Ef:zm tracks (105 VTX) |

(BKG: 1014 VTX) /
)

!
L

[250 tracks (125 VTX) [
(BKG: 0.5 VIX) [

4

I
.': ih) ml

Y
|\~ Y -rl

(@)

S

— Additional blacks 7 _

31

[Enirinea 230

ete" pairlffrom Gamma-rays

-

3 3.5 q -1-5-
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Status review of NINJA

: : , Interacted in emulsion region
Systematic emulsion analysis - J

100 cm

Proton ldentification

+-3.23cm
(Steel 2.0 cm

(S]]
o
o

Moementum measurement

dE/dX Average vph

Multiple CoiJIomb Scattering
- momentum measuremen

w
[=]
o




Status review of NINJA 33
Time stamp for v event with Emulsion Shifter

Emulsion films are set on moving stages controlled by stepping
motor.

Time stamp is given by coincidence of tracks on each stage.

—> Position difference from reference point

= Timing information

Spot 13 Spot 7 Information from
Mar.12 2:23:35 Mar.21 2:25:49 Top stage

~ Mar.14 14:23:57 B ~ Mar.23 14:26:12

A N

All tracks

o _/

# of count

Iron plate 1]
36hours pitch Wl =

: . 250
Emulsion film :
(/ L 21.5min. pitch 200

4 1 m/sec.

|—

1 1
&m 00 4 GO0 M0 G800 A 1 O 1000 Rzl 1 (oGO
. . dx

Neutrino event tracks

= = -
th B . P B & R

=
P o

'ITI'|T|T|" II|I |III|III|III|||I|III|III|I
v

1 I . I | | | Ll
G400 Eitin) S800 Rl Rl ) 10400 1 Oefi0h

g
:
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Emulsion-INGRID Hybrid analysis

<Event time>
2015/Mar./13 1:42:23.9  TopView Moo | SideView

D — < > Iron 6.5x9=58.5cm
1412 _cm in lron@ 7t Iron 6.5x9=58.5¢cm "
7T/ u / $
1.8*17 ; som in Iron@P pi 1
1.8+*1.7 ~cm in lron@P v ® & 9
; | IH P * * & O & » @
: |

| I

Il * @ * ¢+ » 2727 1. cmin lron@ y It 9
s & 8 & B 3
&

40*28 . cmin lron@ y

.‘4

40*28 . cmin lron@ y

27+27 . cm in lron@

b

Event topology is clearly matched.
Expected range for each tracks is consistent with INGRID hits.

<Event time> Time resolution for emulsion tracks

2015/Mar./22 15:06:35.0 - ——

Time coincidence (T,ysain-Temutsion)

[=)
L % I Clear matching was performed
[ L : between Emulsion and INGRID.
L £ 10—
| g -

w » —
C * ) 5 [ 0 4=8.5 sec
W 2 %

0 -
= g T

3
L 32
[ &—
B K a—
— 2_
C ‘ B s

20
Time difference (T ,cri0 Temutsion) [5€€]




Status review of NINJA v exposure in May 2015. 35

Water target emulsmn detector

Frame type

plastic spacer
= (2mm thickness)

Sandwich structure of Emulsion 2 (tan& x, 7 y)=(-0.58 proton AN
films and Frame type spacers | POU“ﬂg water B Winimum distance((l '*.4l.|m depth—E‘ 520um

First detection of v - Water interaction with EmuIS|on Detector



Status review of NINJA

Detector Run

We are starting Detector Run to compare MC with high statistics.

Cooling shelter(<10°C)

36

v exposure : 2016 @SS floor
end of Jan. > beam end
* Iron target (total~60kg : 500 1 m seg.)
- High statistics (3-4k v , events)
- v . detection (20-30 v _ CC events)

- Data — MC comparison with high
statistics to check the performance.

TO extension |

GRAINE 2011 version GRAINE 2015 version




Gel production

Beam exposure
(Data accmulation)

2015/7/15 2015/10/23 2016/1/31

_ Temperature (deg

By Toho Univ. & Nihon Univ. member

gH

@Nagoya Univ.

i

2016/5/10

v beam exposure

Emulsion film Refresh

Noise reduction at 30deg C, 90%humi

—Temperature =
—Humidity

Refresh \
24hours |

2016/8/18

(' Removing surface silver

Scanning
(Data taking)

2016/11/26

rlzirelWzire irsziceriar)t zirie] Sezif)

| Agi+2H20 + 02 > 4Ag” + 40H |

lam’?

Iy

N & o ® O N
T T T T

Number of electrons

Compton electron
density(/6000um?)

before

Refreshed

RMS=0.11pm RMS=0.08um RMS=0.0711m

500pum/s 4mm stroak

Repeatability for driving in each
stage is well below 0.5 1 m.




Gel production

Pouring

2015/7/15 2015/10/23

J - L
e -
| |

[ Removing surface silver

Scanning
(Data taking)

Beam exposure

(Data accmulation)

2016/8/18 2016/11/26

LR | Emulsion
shifter
/

INGRID




Removing surface silver

Gel production

Refresh

Packing

(o))
o

Installation
<=

Scanning

Beam exposure (Data taking)

(Data accmulation)
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(Nihon Univ.)
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Data quality check and track reconstruction is under progress.




Status review of NINJA
Event analysis is now in progress !

Multiplicity>3 |
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Very preliminary.

o0 e
<3

4..0

4’]0?

15 =2 25 3 385 4 45 5

C‘0 0.5 1

Black + Gréy
Thin (MIP)

Multiplicity

- ~80% of event have proton

= 0 MIP events are detected.
- neutron interaction ?






Detector Run(T66) v beam exposure: Dec. 2016- Apr.2017
- R&D for Water target Emulsion detector

Film, Spacer piling N g Delector siructure

film Film size: 12.5cm x 20cm

\;/

Support: 2mm PMMA Support:500um Iron  ECC(500um Iron
20 sets 19 sets

~100/v-Water int. expected

Into the'wjhe cellar

_"

/ = Water —pouring

§s : s
% K I
K= ‘ \
S
' A - Sy o

REKIBENRHERICES=a—F) /— KKt DR AITE SR [T THHIRR&DZ #EHE
20184 & ¥F(2100kg HDBZEHIFEHRE T E,



Summary

We are performing a neutrino experiments at J-PARC
to study low energy neutrino - nucleus interactions with

nuclear emulsion (NINJA 1 ).

We are carrying out a test experiment at J-PARC to
check the feasibility and detector performance.

Beam exposure and film development for the 60kg
iron target ECC was successfully done and the event
analysis IS now In progress.

R&D for Water target ECC is performing.

Now we are discussing about next Physics Run with
a large scale water target emulsion detector.
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Feasibility study: 1.5kg Water target ECC

Water tar et emulsion chamber

| e Cool box (wine cellar) J |, s N
B ! ' . L i \ “\‘ NS
= {0 keep a good environment for e N T \
emulsion tracks

A

(tanBx, tanBy)=(-0.040, 0.845)
(tanBx, tanBy)=(-0.589, -0.074)

Minimum distance(@ - @)=2.4um,

First detection of v - Water interaction with Emulsion Detector
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Detector preparation

We carried out “Refresh” process to delete noise tracks like OPERA experiment.

Emulsion film Refresh 2015. Dec @Toho Univ.

1 cycle=

O —Temperature =~

N
o

drying
24hours

; ~ Refresh
" 24hours

2015/12/12 8:23 2015/12/12 20:23 2015/12/13 8:23 2015/12/13 20:23 2015/12/14 8:23 2015/12/14 20:23

time

Film storing for fefresh
in dark room

Temperature (deg

[}
[y

Ags+2H:0 + 0z > 4Ag” +40H

Gl 5 refresh process were carried out
S8 Compton electron 400
Brf density(/6000um3) 2 s 00 &
B4 l = 300 — .
st ©
5" before Q2 250
grop B 200 60
8- Refreshed E 45
of A L 40
§ w 100
af f+ + A o _ 20
of Jr Jr # %0 All 346 films were refreshed.
I R I B B B 0 0
*o 1 2 8 4 5 6 12/4 12/9 12/14 12/19 12/24  (date)

Place ID



Detector Run: 60kg Iron target ECC 50

Installation @J-PARC (Jan. 11-20)

Detector was constructed @SS floor.
T60 emulsmn detector is mounted in coollng box to keep good quality (no refresh).
' compressor

Emulsion

operatlon
Drain hose - monitoring

B e S
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Large angle scanning on HTS

Epard
:‘

Comp_e:r] b

We will optimize HTS for LA Scanning
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Related activity
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Workshop on Hadron Production Measurements with Nuclear Emulsions
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ring imaging cherenkov
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