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From Raw Data to Physics:
Re con stru ction  an d  A n al ysis

Reconstruction: Tracking
A nal y sis: M easuring a l if etim e
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Why does tracking need to be done well?
1) Tells you particles were created in an event
2 ) A llows you to m easure th eir m om entum
• D i r e c t i o n  a n d  m a g n i t u d e
• C o m b i n e  t h e s e  t o  l o o k  f o r  d e c a y s  w i t h  k n o w n  m a s s e s
• O n l y  f i n a l  p a r t i c l e s  a r e  v i s i b l e !

3 ) A llows you to m easure spatial traj ectories
• C o m b i n e  t o  l o o k  f o r  s e p a r a t e d  v e r t i c e s ,  i n d i c a t i n g  p a r t i c l e s  w i t h  l o n g  
l i f e t i m e s
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Track Fitting
1D straight line as simple case
T w o  perf ect measu rements
• A w a y  f r o m  i n t e r a c t i o n  p o i n t
• W i t h  n o  m e a s u r e m e n t  u n c e r t a i n t y
• J u s t  d r a w  a  l i n e  t h r o u g h  t h e m  a n d  e x t r a p o l a t e

Y

X

I mperf ect measu rements giv e less precise resu lts
• T h e  f a r t h e r  y o u  g o ,  t h e  l e s s  y o u  k n o w

S maller erro rs,  mo re po ints help co nstrain the po ssib ilities 
H o w  to  f ind  the b est track  f ro m a large set o f  po ints?
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Parameterize track:
• T w o  m e a s u r e m e n t s ,  t w o  p a r a m e t e r s  = >  O K

B es t track?
• C o n s i s t e n c y  w i t h  m e a s u r e m e n t s  r e p r e s e n t e d  b y  

Sum of normalized errors squared

• T h i s  i s  d i r e c t l y  a  f u n c t i o n  o f  o u r  p a r a m e t e r s :

• T h e  b e s t  t r a c k  h a s  t h e  s m a l l e s t  n o r m a l i z e d  e r r o r
• S o  m i n i m i z e  i n  t h e  u s u a l  w a y :

How to fit quantitatively?
y x( ) =θx + d

χ 2 =
yi − y xi( )( )2

σ i
2

i=1

nhits∑

Position of ith h it

A c c u r a c y  of 
m e a su r e m e nt

Pr e d ic te d  tr a c k  
p osition a t ith h it

χ 2 = yi −θx i − d( )2
σ i
2

i=1

nhits∑

∂χ 2
∂θ = 0 ∂χ 2

∂d
= 0
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Two e q u a t i on s  i n  t wo u n k n own s
• T e r m s  i n  ( )  a r e  c o n s t a n t s  c a l c u l a t e d  f r o m  m e a s u r e m e n t ,  d e t e c t o r  g e o m e t r y

G e n e r a l i z e s  n i c e l y  t o 3 D ,  h e l i c a l  t r a c k s  wi t h  5  p a r a m e t e r s
• F i v e  e q u a t i o n s  i n  f i v e  u n k n o w n s

∂χ 2
∂θ = 2 y i −θxi − d( )

σ i
2∑ −xi( )

0 = y ixi
σ i
2∑   
 
  −

x i
σ i
2∑   
 
  d −

x i2
σ i
2∑   
 
  θ

∂χ 2
∂d = 2 y i −θxi − d( )

σ i
2∑ −1( )

0 = yi
σ i
2∑   
 
  −

1
σ i
2∑   
 
  d −

xi
σ i
2∑   
 
  θ
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With a little more work, can calculate expected errors on θ, d

“ M ost likely ”  that real d ( Y  intercept)  is within this b and of  ± σd

S imilar θ error, where θ r e a l is most likely  within ± σθ of  b est v alue

N ote that the errors are correlated:

∆d  = “+” - 0  >  0
∆θ     = “-” - 0  <  0

∆d  = “-” - 0  <  0
∆θ     = “+” - 0  >  0

∆d

∆θ



Bob Jacobsen July 24, 2001F r om  R aw  D at a t o P h ysi cs

Typical size of errors

Error on position is about ±10 microns
By similar triangles

Error on ang l e  is about ±0. 1 mil l irad ians ( ±0. 002  d e g re e s)

S atisf y ing l y  smal l  e rrors!  
A llo w s sep aratio n o f  trac k s th at c o me f ro m d if f erent p artic le d ec ays

B ut h ow  to w e  “ se e ”  particl e s?
• C h arged  p artic les p ass th ro u gh  matter,
• io niz e so me ato ms,  leav ing energy
• w h ic h  w e c an sense elec tro nic ally.

M ore  ioniz ation = >  more  sig nal  = >  more  pre cision
= >  more  e ne rg y  l oss

10cm10cm

± 10mi cr o n s ± 10mi cr o n s
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Multiple Scattering

Charged particles passing through matter “scatter” by a random angle

3 0 0 µ S i    R M S  = 0 . 9  milliradians /  βp
1 mm B e  R M S  = 0 . 8  milliradians /  βp

A lso leads to position errors

θms

θms
2
=
15MeV / c

βp
thickness

Xrad

θms

θms
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So?

Fitting points 3 & 4 no longer measures angle at IP
Track already scattered by random angles θ1, θ2,θ3

T rac k  h as more parameters

If  w e k new  θ1,  θ2 ,  …  w e’ d  k now  entire traj ec tory
C an w e measure th ose angles?
θ2 rou gh ly gi v en by y1, y2, y3

J ust a more c omplex  χ2 eq uation?

θ2

θ3
1 2 3 4

y(x) = d +θx +θ1 x − x1( )Θ x − x1( )
+θ2 x − x2( )Θ x − x2( )+ θ3 x − x3( )Θ x − x3( )+ ...

1 i f  x-x3 >  0 ,
o t h e r w i s e  0
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acts like a measurement
“I’d be surprised if it was larger than

“ A d d  inf o rmatio n”  to  f it b y  ad d ing  new  terms to  χ2

N  measurements f ro m p lanes ( say  1 0 0 )
N + 2  unkno w ns ( d ,  θ ,  p lus N  scattering  ang les)

C an’ t see f irst,  last scattering  ang les;  can o nly  ex trap o late o utsid e
H enc e igno re θ1,  θN

N o w  all w e h av e to  d o  is so lv e 1 0 0  eq uatio ns in 1 0 0  unkno w ns. . .

Θ2

Θ3
1 2 3 4

θms
2

0 ± 15MeV / c
βp

L
Xrad

χ 2 = χold
2 +

θ i
2

σms
2

i
∑

Θ1
ΘN
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Nobody cares about θN
B ut θ1 ef f ects accuracy of  d

θ m s = >  1 . 2  m i l l i radi an /β p  error on  θ
@ 1 0  cm ,  l eads to 1 2 0 µ/β p  error on  d

I n  sp i te of  
N=100 chambers, 
co mp l i cat ed  p ro g rams
an d  i n v ert i n g  100x 100 mat ri ces

S om e p robl em s,  th e p rog ram s can ’ t f i x !

Θms

Perfect m ea s u rem en t o u t h ere 
i n  tra ck i n g  ch a m b er

300 µ S i  p l a n e
1  m m  B e  p i p e

σd ≈ 10µ ⊕ 120µβp
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“K a l m a n  f i t ” ?
Computational expensive to calculate solutions with 100 angles
Computer time grows like O(N3) ,  with  N la rge

A nd  we’ r e not r eally  inter ested  in all those angles any way

I nstead ,  appr oximate,  wor k ing inwar d  N  times:

(ref: Brillion)

1 2 3 4
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“K a l m a n  f i t ” ?
Computational expensive to calculate solutions with 100 angles
Computer time grows like O(N3) ,  with  N la rge

A nd  we’ r e not r eally  inter ested  in all those angles any way

I nstead ,  appr oximate,  wor k ing inwar d  N  times:

T his is O ( N )  computations
M a y  n eed  to repea t on c e or twic e to use good  sta rtin g estima te
E a c h  on e a  little more c omplex
B ut still results in  a  la rge n et sa v in gs of  CP U  time

M or al:   Consid er  what y ou r eally want to k now

(ref: Brillion)

1 2 3 4
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Analysis: Lifetime measurement
Why bother?
Standard model contains 18 parameters, a priori unknown
P article lif etimes can b e written in terms of  th ose

“ M easure once to determine a parameter
M easure in anoth er f orm to ch eck th e th eory ”

M ea s u re l ots  of  p roc es s es  to c hec k  ov era l l  c on s i s ten c y

ΓQ
sl ≡ Γ Q→ qlυ( )= GF

2

192π 3
mQ
5 f VQq

2
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Raw Data

A model of how physics is done.

T h e o r y  &
P ar am e te r s

Re al i ty

O b s e r v ab l e s

E v e n ts

A  s m al l  n u m b e r  o f  g e n e r al  e q u ati o n s ,  wi th  s p e c i f i c
i n p u t p ar am e te r s  ( p e r h ap s  p o o r l y  k n o wn )

S p e c i f i c  l i f e ti m e s ,  p r o b ab i l i ti e s ,  m as s e s ,
b r an c h i n g  r ati o s ,  i n te r ac ti o n s ,  e tc

A  u n i q u e  h ap p e n i n g :
Ru n  2 1 0 0 7 ,  e v e n t 3 9 1 6  wh i c h  
c o n tai n s  a J / p s i  ->  e e  d e c ay

T h e  i m p e r f e c t m e as u r e m e n t o f  
a ( s e t o f )  i n te r ac ti o n s  i n  th e  d e te c to r
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B lifetime: What we measure at BaBar:

U n fo rtun ately ,  we c an ’ t measure ∆z  p erfec tly :
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First, you have to find the B vertex
To reconstruct a B, you need to look for a specific decay mode
(Un)fortunately, there are lots!

E ac h i nv olv es ad d i ti onal 
long -li v ed  p arti c les, w hi c h 
hav e to b e searc hed  for:

D*+ -> D0 p i +
D*0 -> D0 p i 0

D0 -> K- p i +, K- p i + p i 0,
K- p i + p i - p i +, K0S p i + p i -

D+ -> K- p i + p i +, K0S p i +

K0S -> p i + p i -

B0-> D * + p i -
D * + r h o -
D * + a1 -
D+ p i -
D+ r h o -
D+ a1-
J / P s i  K * 0b ar

a1- -> r h o 0(-> p i + p i - )  p i -
r h o - -> p i - p i 0
p i 0 -> g am m a g am m a 

P s i (2 S )  -> J / P s i  p i + p i -, m u + m u -, e+ e-
J / P s i  -> m u + m u -, e+ e-

K*0 b ar  -> K- p i +, 
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And some will be wrong:

Have to correct for effects of these when calculating the result
Including a term in systematic error for limited understanding
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Next, have to understand the resolution:
Studies of resolution seen in Monte Carlo simulation:

B ut h ow  do y ou k now  th e simulation is rig h t?
• F i n d  w a y s  t o  c o m p a r e  d a t a  a n d  M o n t e -C a r l o  p r e d i c t i o n s
• W a t c h  f o r  b i a s  i n  y o u r  r e s u l t s !
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You can’t extract a lifetime from one event - it’s  a d is trib ution p rop erty

T ry  d ifferent values  until y ou ‘ b es t’ fit th e d ata

Combined fit to the data gives the lifetime:

τB0= 1.506 ± 0.052  ( s t a t )  ± 0.02 9  ( s y s t )  p s     [PDG= 1.548 ± 0 .0 3 2 ]
τB+= 1.602  ± 0.04 9  ( s t a t )  ± 0.03 5 ( s y s t )  p s     [PDG= 1.6 53  ± 0 .0 2 8]

B0 / B0 B+ / B- 20002000

N o t e  t h a t  s y s t e m a t i c  e r r o r s  a r e  n o t  s o  m u c h  s m a l l e r  t h a n  s t a t i s t i c a l  o n e s :
2001  d a t a  r e d u c e s  t h e  s t a t i s t i c a l  e r r o r ;  o n l y  i m p r o v e d  u n d e r s t a n d i n g  r e d u c e s  s y s t e m a t i c

N(t) = f (t;τ)⊗G(a,b,c,d) + b(t;e, f ,g)
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What about the computing behind this?
BaBar records about 70k B events per day
• H i d d e n  i n  7  m i l l i o n  e v e n t s  r e c o r d e d / d a y
• T a k e  d a t a  a b o u t  3 0 0  d a y s  p e r  y e a r

‘ P rom pt processi ng ’
• W a n t  d a t a  a v a i l a b l e  i n  s e v e r a l  d a y s
• R e c o n s t r u c t i o n  t a k e s  a b o u t  3  C P U  s e c o n d s / e v t
• P r o c e s s e d  m u l t i p l e  t i m e s

E.g. new algorithms, constants, etc

W e h ave about 6 00 m i l l i on si m ul ated events to study
• A b o u t  h a l f  i n  s p e c i f i c  d e c a y  m o d e s
• H a l f  ‘ g e n e r i c ’  d e c a y s  t o  a l l  m o d e s

A bout 4  m i l l i on l i nes of  code i n si m ul ati on and reconstructi on prog ram s
• P l u s  t h e  i n d i v i d u a l  a n a l y s e s
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Traditional flow of data - re al and s im u late d

Generators

R esp onse
S i m u l ati on

R ec onstru c ti on

Geom etry
S i m u l ati on

Specific
r ea ct io n

P a r t icl e 
pa t h s

R eco r d ed
s ig n a l s

O b s er v ed  
t r a ck s ,  et c

I n t er pr et ed
ev en t sP h y si c s T ool s

I nd i v i d u al
A nal y ses

D A Q
sy stem

Separate components
• O f t e n  m a d e  b y  d i f f e r e n t  e x p e r t s

P rod u ct i s real i sti c d ata f or anal y si s
• A n d  l o t s  o f  i t !
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Processing real data

Reconstruction

Recorded
s i g n a l s

O b s erv ed 
t ra ck s ,  et c

I n t erp ret ed
ev en t sP h y sics T ool s

D A Q
sy stem

I nd iv id ua l
A na l y ses

P rom p t
Reco

B eta ,
P a w ,  . . .
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More detailed studies via more detailed simulation

specific signal
gener at o r

S im u lat ed
inefficiency

Reconstruction

M o d ified
d et ect o r
m o d el

S ignal
r eact io n

P ar t icle 
pat h s

R eco r d ed
signals

O b ser v ed  
t r ack s,  et c

I nt er pr et ed
ev ent sP h y sics T ool s

I nd iv id ua l
A na l y ses

D A Q
sy stem

B ack gr o u nd
r eact io n

M easu r ed
b ack gr o u nd s

M er ge 
P r o cessing

B ack gr o u nd
gener at o r

Building a better model
• I m p r o v e d  d e t a i l s
• R e a l  b a c k g r o u n d s

S tudy ing “ w h at if ” ?
• B o t h  a t  d e t e c t o r  a n d  p h y s i c s  l e v e l s

S imilar p roc es s  h ap p ens  in th e rec ons truc tion/ analy s is
• B e t t e r  a l g o r i t h m s ,  s t u d y i n g  n e w  e f f e c t s
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Partitioning production system into programs

Generators

R esp onse
S i m u l ati on

R ec onstru c ti on

Geom etry
S i m u l ati on

Specific
r ea ct io n

P a r t icl e 
pa t h s

R eco r d ed
s ig n a l s

O b s er v ed  
t r a ck s ,  et c

I n t er pr et ed
ev en t sP h y si c s T ool s

I nd i v i d u al
A nal y ses

b b si m

S i m A p p

B ear

R O O T ,
P aw , . .

Event store data

B ac k g rou nd real  data
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Speed, simplify simulation by crossing levels

Generators Specific
r ea ct io n

I n t er pr et ed
ev en t s

I nd i v i d u al
A nal y ses

p aram eteri z ed
si m u l ati on

Advantages:
• F a s t  a n d  f l e x i b l e  f o r  “ w h a t  i f ”  a n a l y s i s  s t u d i e s
• R e t a i n s  f l e x i b i l i t y  t o  c h o o s e  g e n e r a t o r s

D i sadvantages
• O f t e n  n o t  s u f f i c i e n t l y  r e a l i s t i c
• O n l y  c e r t a i n  i n f o r m a t i o n ,  t o o l s  a v a i l a b l e

C an u se si m i l ar  tec h ni q u es at o th er  l evel s

B og u s
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Why do we do this?
Detailed simulations are part of HEP physics
• S i m u l a t i o n s  a r e  p r e s e n t  f r o m  t h e  b e g i n n i n g  o f  a n  e x p e r i m e n t

Simple estimates needed for making detector design choices
• W e  b u i l d  t h e m  u p  o v e r  t i m e

A dding/ remov ing details as w e go along
• W e  u s e  t h e m  i n  m a n y  d i f f e r e n t  w a y s

D etector performance stu dies
P rov iding efficiency ,  pu rity  v alu es for analy sis
L ooking for u nex pected effects,  b ackgrou nds

W hy do w e use such a structure?
• F l e x i b i l i t y  - w e  h a v e  d i f f e r e n t  v e r s i o n s  o f  t h e  p i e c e s

C omparison forms an important cross check
• E f f i c i e n c y

W e b u ild u p collections of data at each step for repeated stu dy
“ I  fou nd this b ackgrou nd effect in the Spring dataset… ”

• M a n a g e a b i l i t y
L arge programs are hard to b u ild,  u nderstand,  u se
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Day 2 summary:
Track fitting as a sample reconstruction problem
• H o w  t o  m a k e  “ o h ,  j u s t  d r a w  a  l i n e ”  m o r e  q u a n t i t a t i v e
• H o w  r e a l i t i e s  o f  d e t e c t o r ,  c o m p u t a t i o n  e f f e c t  s o l u t i o n

B  lifetime as a sample analy sis
• W h a t  i t  t e l l s  y o u
• W h a t  y o u  n e e d  t o  k n o w  t o  m a k e  t h e  m e a s u r e m e n t
• T h e  r o l e s  o f  r e a l  a n d  s i m u l a t e d  d a t a

O ffline computing
• W h y  i t ’ s  n o t  t r i v i a l
• A  t y p i c a l  s y s t e m  o r g a n i z a t i o n

Tomorrow :  
• H o w  w e  t r y  t o  t e l l  p a r t i c l e s  a p a r t
• W h a t  t o  d o  w h e n  t h e o r y  i s n ’ t  p r e c i s e
• H o w  t o  d e a l  w i t h  t h e  r e a l  d e t e c t o r
• S u m m a r y
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