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Charm in the CHORUS emulsion

Ba rt  V a n  d e V y v er (V U B,Brussels)
•• Charm in oppositeCharm in opposite--sig n d imu ons sig n d imu ons 
•• CH O R U S  d etec tor &  emu l sionCH O R U S  d etec tor &  emu l sion
•• A u tomatic  ev ent l oc ation,  A u tomatic  ev ent l oc ation,  

‘ anal y sis‘ anal y sis--d riv en’  v ertex  d riv en’  v ertex  
anal y sisanal y sis
•• N et sc an tec hniq u e,N et sc an tec hniq u e,
‘ g eneral ’  v ertex  anal y sis‘ g eneral ’  v ertex  anal y sis
•• A u tomatic  rec onstru c tion and  A u tomatic  rec onstru c tion and  
c harm sel ec tionc harm sel ec tion
•• S emiS emi--l eptonic  b ranc hing  f rac tionl eptonic  b ranc hing  f rac tion
•• O u tl ookO u tl ook



Neutrino charm production
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CDHS (CERN WBB)CDHS (CERN WBB)

Previous experiments

CCF R (Nu T e V )CCF R (Nu T e V )
CHA RM I I  (CERN WA NF )CHA RM I I  (CERN WA NF )

Zeitschr. Phys. C (1982) 19-3 1

Phys. Lett. B 206 (1988) 375-379

Zeitschr. Phys. C (1995 ) 189-198

E531 (Fermilab, Nagoya)E531 (Fermilab, Nagoya)
131 charm events in emulsion
only  measurement of  D 0 :  D + :  D s

+ :  Λc
+

B ( c → µ )  crucial f or other ex p eriments

E u r. Phys. J .,  C11 (1999) 19-3 4

NO M A D (CERN WA NF )NO M A D (CERN WA NF ) CE R N  E P 20 0 0 -0 7 2,  
su b m itted  to  Phys.L ett.B

9922 µ-µ+ ,  21 23  µ+µ- e v e n t s
5 0 4 4  µ-µ+ ,  1 0 6 2 µ+µ- e v e n t s

4 1 1 1  µ-µ+ ,   8 7 1  µ+µ- e v e n t s

27 1 4  µ-µ+ ,   1 1 5  µ+µ- e v e n t s



Heart of the detector:
N u cl ear em u l s i on  targ et

770 kg emulsion 
t a r get  a nd  

sc int illa t ing f ib r e 
t r a c ker
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Nucl. I n s t r . M e t h . A  4 0 1  ( 1 9 9 7)  7-4 4

CHORUS d e t e c t o r



0 µm0 µm

CHORUS emulsion

-2 1  µm-2 1  µm

-3 6  µm-3 6  µm

-5 4  µm-5 4  µm

~ 800 kg active target~ 800 kg active target
M I P  :  3 0 M I P  :  3 0 ∼∼ 4 0 grain s  /  1 00 4 0 grain s  /  1 00 µµmm
tran s vers e res o l u tio n  ~ 0. 5  tran s vers e res o l u tio n  ~ 0. 5  µµmm
d ep th  o f  f o cu s  :  1  to  3  d ep th  o f  f o cu s  :  1  to  3  µµmm

350 µµm

9 0 µµm

Nucl. I n s t r . M e t h . A  4 4 7 ( 2 0 0 0 ) 3 6 1 -3 7 6



Automatic S can n in g
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90 µm p l a s t i c  b a c k i n g

3 5 0 µ m ( 1 7 5  µ m)
e mu l s i o n  s h e e t

CCD
c a m e r a

CCD
c a m e r a

m i c r o s c o p e
s t r o k e

tomographic 
image

X 5 0 ma g n i f i c a t i o n
~ 3 µm f o c a l  d e p t h

1 5 0x 1 5 0 µm v i e w
Tracks reconstructed Tracks reconstructed 
b y  b y  aa h ardw are v i deo h ardw are v i deo 
p rocessorp rocessor
frame to frame emulsion frame to frame emulsion 
g rains c oinc id enc eg rains c oinc id enc e

3 5 0 µ m ( 1 7 5  µ m)
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T.Nakano, Ph.D. Thesis, Nagoya Univ., 1997



Microscope layout
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Microscope optics
Objective
∅ FOV 0. 5  mm
D OF 1. 2  µm
FW D 1. 2  mm
N A 1. 05
M 4 0x  ( 6 0x , 8 0x )
λ 4 3 6  n m
n  ( e mu l s i o n ) 1. 4 8 -1. 5 4

L ig h t s o u r ce
∅ FOV > 0. 6  mm 
N A 0. 9 5
s h u t t e r / f l a s h u p  t o  12 0 H z
i n t e n s i t y  r a n g e 1: 3 0

3 5 0  x  3 5 0  µ m / view



Digital filters

1 2 3 4 5 6 7 8 9 10111213141516
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Concepts :  
Ch or u s note 9 7 / 2 7

C6 2 0  i m pl em enta ti on :
Ch or u s note 9 8 / 9

200 4 00 6 00 8 00 1 000

6 0
8 0

1 00
1 20
1 4 0
1 6 0

200 4 00 6 00 8 00 1 000

20
4 0
6 0
8 0

1 00
1 20?

Number of Number of l a y ers  l a y ers  
h i th i t outout of of 1 61 6
((t ra c k s )t ra c k s )
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5 cycles/pixel 
⇒ 2 x4 0 M pixel im a g es/s

3 5  a s s embl er 3 5  a s s embl er i n s t ruc t i on s  on  C 6 2 0  (V L I W )i n s t ruc t i on s  on  C 6 2 0  (V L I W )



Dual PII 333

CCD image  captureCCD image  capture
DS P C 8 1

Digital  f il ter ( 3 -po l e I I R )Digital  f il ter ( 3 -po l e I I R )

Cl us terin gCl us terin g
P red icted  an gl e track in gP red icted  an gl e track in g

DS P C 6 2 0

C++

3 3 m s

2 5 m s

2 0 m s

< 1 s  ( 2 0  i m a g e s )

5 m sB y te reo rd erin gB y te reo rd erin g

Z ero  s uppres s io nZ ero  s uppres s io n 5 m s
A s s e m b l e r

A s s e m b l e r

DMA transfer

Prediction tracking

I.M.Papadopoulos, Ph.D.thesis, in preparation



Flow diagram

4

ScanbackScanback
25 images
1 0 0  mic r o n  t h ic k n ess
p r ed ic t ed  an gl e

V e r t e x  anal y s i sV e r t e x  anal y s i s
2 x  6 0  images
2 x  3 50  mic r o n
al l  an gl es u p  t o  4 0 0  mr adν



Dual P I I  3 3 3  (WNT)

Dispatcher ( 1 0 0 M b  E thern et)

CCD image  captureCCD image  capture
Digital  f il ter ( 3 -po l e I I R )Digital  f il ter ( 3 -po l e I I R )

Cl us terin gCl us terin g

‘ O f f l in e’  T rack in g‘ O f f l in e’  T rack in g

DS P  C 6 2 0
Assembler

C + +

C + +

2 5ms

2 0 ms

5-2 0 s
~ 1 0 0  i ma g es

General tracking

Dual P I I I 4 5 0  (L i n u x )

Scalable architecture !EPS-H EP 9 9 ,  T a n p e r e



Tracking results
Distance to vertex

0 . 0 3  µm
0 . 0 5  µm
0 . 1 9  µm

J.Uiterwijk et al., in preparation



AllAll t r a c k  s e g m e n t s  (t r a c k  s e g m e n t s  ( θθ <  0 . 4  <  0 . 4  r a dr a d )  i n  )  i n  
F i d u c i a l v o lu m e :  1 . 5  x  1 . 5  m mF i d u c i a l v o lu m e :  1 . 5  x  1 . 5  m m 22 x  8  p la t e s  x  8  p la t e s  
O f f li n e  a n a ly s i s  o f  e m u ls i o nO f f li n e  a n a ly s i s  o f  e m u ls i o n d a t ad a t a

Track segments from 
8  p l ates ov erl ap p ed

A t l east 2 -segment 
connected  tracks

E l i mi nate p assi ng-
th rou gh  tracks

R econstru ct fu l l  
v ertex  top ol ogy

CHORUS Phase II : net scan



ν

8 p l a t e s

1 . 5  m m

1 . 5  m m

Charm s e l e c t i o n
•• matching to electronic detectorsmatching to electronic detectors
•• track  and v ertex  f itting ( M C S )track  and v ertex  f itting ( M C S )
•• disp laced v ertex  w ith at least disp laced v ertex  w ith at least 
one or more matched track sone or more matched track s

O RO R
•• isolated,  matched track  w ith isolated,  matched track  w ith 
large imp act p arameterlarge imp act p arameter



High purity selection
original loos e t igh t

selected 338 29 1 261
ch a r m 261 242 236
seco n da r y 29 28 13
b a ck g r o u n d 48 21 12
  n o t ch eck ed 14 0 0
  p r i m a r y 13 5 3
  e+ e- 6 5 3
  p a ssi n g 8 6 2
  f a k e v ee 3 1 1
  u n r ela ted 2r y 4 4 3



Data taking ongoing : 25k CC  → 20 0 k CC
I m p r ov e d  s e l e c tion : p u r ity  6 5%  → 9 0 %

Outlook
• D0 p r o d u c t i o n  r a t e

• Inclusive charm, including charged

• A sso ciat ed charm p ro duct io n

N o  need f o r manual?

Λc ab so lut e B R ,Q E  Λc p ro duct io n,D * +→D0π+

• E x clusive channels

~  4 , 0 0 0  ne u tr ino-ind u c e d  c h ar m  e v e nts  
F r agm e ntation f r ac tions  D0 : D+ : Ds

+ : Λc
+

B ( c→µ ) , Vcd , s( x ) , . . .

B ac kgr ou nd  e v al u ation b as e d  on CH O R U S  d ata and  F L U K A  
I m p r ov e d  s e l e c tion : e f f ic ie nc y  1 %  → 25%

P r oton id e ntif ic ation
M CS  m om e ntu m  m e as u r e m e nt
Σ± d e te c tion



VVudud
0.1 %0.1 %

nuclear beta decay

The CKM matrix

VV c bc b
5  %5  %

Be3 decay

VV c sc s
15  %15  %

De3 decay

VVubub
2 5  %2 5  %

b → u l ν

VVusus
1 %1 %

Ke3 decay

VV c dc d
7  %7  %

ν ch arm  p ro ducti o n

VV t dt d VV t st s VV t bt b
3 0 %3 0 %

t → b l ν
Review of particle physics, 98 edition

d’d’
s’s’
b’b’

dd
ss
bb

==



Measuring Vcd

d(x) |Vcd|2  +  s (x) |Vcs |2
d(x) +  s (x)

σνµ C C
ch a r m

σνµ C C
a l l

had

µ
ν

µ
ν

had
c har m

∝∝~~
|Vcd|2
1  +  s / d∝∝

s |Vcs |2
++ d +  s

s s →→ 0   f o r  l a r g e  0   f o r  l a r g e  xxBjorkenBjorken
|Vcd|2∝∝D i f f i c u l t i e sD i f f i c u l t i e s

No antineutrino data in emulsion
( 5  %  c ontamination in neutrino mode)

No inv ariant mass rec onstruc tion or p artic le I D
( inc lusiv e analy sis)

B iases in th e samp le of  v ertic es loc ated in Nag oy a
( C E R N mic rosc op es)

T oo low  statistic s f or th e time b eing
( P h ase I I  resc an of  all ev ents)

H adronic  dec ay s more interesting  th an muonic  ones,  b ut h arder
( Net sc an b oth  in Nag oy a and at C E R N)



A microscope view

120 µm

150 µm

3  µm f o c a l  d e p t h
Plates are orthogonal to the Plates are orthogonal to the 
neu tri no b eamneu tri no b eam
A n A n A gB r A gB r em u lsi on grai n has em u lsi on grai n has 
ab ou t 0 . 5  m m  d i am eterab ou t 0 . 5  m m  d i am eter
L arge angle nu c lear L arge angle nu c lear 
f ragm ents ( i f  any )  are seen f ragm ents ( i f  any )  are seen 
as a ‘ star’  of  heav y  i oni z i ng as a ‘ star’  of  heav y  i oni z i ng 
‘ trac k s’  i n the v ertex  v i ew‘ trac k s’  i n the v ertex  v i ew
I nterac ti on trac k s are seen I nterac ti on trac k s are seen 
as the c oi nc i d enc e of  a si ngle as the c oi nc i d enc e of  a si ngle 
grai n f rom  eac h v i ewgrai n f rom  eac h v i ew

nuclear fragments

10 µm


