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

Introduction

S a m p l e  A na l y s is

A  M ode l

B a s ic F e a ture s
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We intend to fill this gap

The goal is to understand in the most 
general;  that’ s usually  also the simp lest.  

- A . E ddington

We use experiments to inquire 
a b out w h a t “ rea l ity ”  d oes.

T h eory  &
P a ra meters

R ea l ity
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Theory

“Clear statement of how the world works”

Particle Data Group, 
B arn ett et al

A d d ition al term  g oes  h ere
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Experiment

1/30th of an event in the B aB ar  d etec tor
• G e t  a b o u t  1 0 0  e v e n t s / s e c o n d

0x01e84c10:      0x01e8 0x8848 0x01e8 0x83d8 0x6c73 0x6f72 0x7400 0x0000
0x01e84c20:      0x0000 0x0019  0x0000 0x0000 0x01e8 0x4d08 0x01e8 0x5 b 7c
0x01e84c30:      0x01e8 0x87e8 0x01e8 0x845 8 0x7061 0x636b  0x6167 0x65 00
0x01e84c40:      0x0000 0x0019  0x0000 0x0000 0x0000 0x0000 0x01e8 0x5 b 7c
0x01e84c5 0:      0x01e8 0x8788 0x01e8 0x849 8 0x7072 0x6f63 0x0000 0x0000
0x01e84c60:      0x0000 0x0019  0x0000 0x0000 0x0000 0x0000 0x01e8 0x5 b 7c
0x01e84c70:      0x01e8 0x8824 0x01e8 0x84d8 0x7265  0x6765  0x7870 0x0000
0x01e84c80:      0x0000 0x0019  0x0000 0x0000 0x0000 0x0000 0x01e8 0x5 b 7c
0x01e84c9 0:      0x01e8 0x8838 0x01e8 0x85 18 0x7265  0x6773 0x75 62 0x0000
0x01e84ca 0:      0x0000 0x0019  0x0000 0x0000 0x0000 0x0000 0x01e8 0x5 b 7c
0x01e84cb 0:      0x01e8 0x8818 0x01e8 0x85 5 8 0x7265  0x6e61 0x6d65  0x0000
0x01e84cc0:      0x0000 0x0019  0x0000 0x0000 0x0000 0x0000 0x01e8 0x5 b 7c
0x01e84cd0:      0x01e8 0x879 8 0x01e8 0x85 9 8 0x7265  0x7475  0x726e 0x0000
0x01e84ce0:      0x0000 0x0019  0x0000 0x0000 0x0000 0x0000 0x01e8 0x5 b 7c
0x01e84cf0:      0x01e8 0x87ec 0x01e8 0x85 d8 0x7363 0x616e 0x0000 0x0000
0x01e84d00:      0x0000 0x0019  0x0000 0x0000 0x0000 0x0000 0x01e8 0x5 b 7c
0x01e84d10:      0x01e8 0x87e8 0x01e8 0x8618 0x7365  0x7400 0x0000 0x0000
0x01e84d20:      0x0000 0x0019  0x0000 0x0000 0x0000 0x0000 0x01e8 0x5 b 7c
0x01e84d30:      0x01e8 0x87a 8 0x01e8 0x865 8 0x7370 0x6c69  0x7400 0x0000
0x01e84d40:      0x0000 0x0019  0x0000 0x0000 0x0000 0x0000 0x01e8 0x5 b 7c
0x01e84d5 0:      0x01e8 0x885 4 0x01e8 0x869 8 0x7374 0x7269  0x6e67 0x0000
0x01e84d60:      0x0000 0x0019  0x0000 0x0000 0x0000 0x0000 0x01e8 0x5 b 7c
0x01e84d70:      0x01e8 0x875 c 0x01e8 0x86d8 0x7375  0x6273 0x7400 0x0000
0x01e84d80:      0x0000 0x0019  0x0000 0x0000 0x0000 0x0000 0x01e8 0x5 b 7c
0x01e84d9 0:      0x01e8 0x87c0 0x01e8 0x8718 0x7377 0x69 74 0x6368 0x0000
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What does the data mean?
Digit iz a t io n :

“Address”: what detector 
el em en t took  the readi n g

“V al u e”: W hat the 
el ectron i cs wrote down

L ook  u p  ty p e,  cal i b rati on  i n f o

L ook  u p / cal cu l ate sp ati al  p osi ti on

C heck  v al i d,  con v ert 
to u sef u l  u n i ts/ f orm

D raw
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Raw Data

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

Re al i ty

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 )

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

E v e n ts
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 Z  ->  x x  d e c ay
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Phenomenology
A good theory contains very few numbers
B ut it can p redict a l arge number of reactions
G etting those p redictions from the theory is cal l ed “ p henomenol ogy”

From Particle
D ata B ook

O ur modified theory p redicts a different rate for Z ->µµ
•T h i s  g i v e s  u s  a  w a y  t o  p r o v e  o r  d i s p r o v e  i t !
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Raw Data

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

Re al i ty

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 )

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

O b s e r v ab l e s 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

E v e n ts
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 Z  ->  x x  d e c ay
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A simple analysis:  What’s BR(Z->µ+µ-) ?
Measure:

T ak e a sam p l e o f  ev en t s,  an d  c o un t  t h o se w i t h  a µ+µ− f i n al  st at e.
• T w o  t r a c k s ,  a p p r o x i m a t e l y  b a c k -t o -b a c k  w i t h  t h e  e x p e c t e d  | p |

Other kinds of events have more
• R i g h t  n u m b e r  o f m u o n  h i t s  i n  o u t e r  l a y e r s

M u ons are very  p enetrating ,  travel  throu g h entire detec tor
• E x p e c t e d  e n e r g y  i n  c a l o r i m e t e r

E l ec trons w il l  dep osit most of their energ y  earl y  in the c al orimeter; mu ons l eave l ittl e

BR Z 0 → µ+µ−( )= Number of µ+µ− events
Total number of events
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Not Z->µ+µ-
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Not Z->µ+µ-
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Summary so far
We have a result: BR(Z->µ+µ-)  =  2 / 4 5
But there’ s a lo t m o re to  d o !

S tati sti c al erro r
• W e  s a w  2  e v e n t s ,  b u t  i t  c o u l d  e a s i l y  h a v e  b e e n  1  o r  3
• T h o s e  f l u c t u a t i o n s  g o  l i k e  t h e  s q u a r e -r o o t  o f  t h e  n u m b e r  o f  e v e n t s :

• T o  r e d u c e  t h a t  u n c e r t a i n t y ,  y o u  n e e d  l o t s  o f  e v e n t s
Need to record lots of events in the detector, and then process them

S y stem ati c  erro r
• W h a t  i f  y o u  o n l y  s e e  5 0 %  o f  t h e  µ+µ- e v e n t s ?

D u e to detector im perfections, poor u nderstanding , etc?

BR Z 0 → µ+µ −( )= Nµµ
Ntotal

±
Nµµ
Ntotal

Nµµ seen = εNµµ

BR Z 0 → µ+µ−( )= Nseen ε
Ntotal

ε = 0.50 ± 0.05
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Raw Data

Our model so far…

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

Re c o n s tr u c ti o n

A n al y s i s

P h e n o m e n o l o g y

W e  “ c o n f r o n t th e o r y  wi th  e x p e r i m e n t”  
b y  c o m p ar i n g  wh at we  m e as u r e d ,  wi th  
wh at we  e x p e c te d  f r o m  o u r  h y p o th e s i s .
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The process in practice:
The reconstruction step is usually done in common
• “ T r a c k s ” ,  “ p a r t i c l e  I D ” ,  e t c  a r e  g e n e r a l  c o n c e p t s ,  n o t  
a n a l y s i s -s p e c i f i c .   C o m m o n  a l g o r i t h m s  m a k e  i t  e a s i e r  
t o  u n d e r s t a n d  h o w  w e l l  t h e y  w o r k .

• C o m m o n  p r o c e s s i n g  n e e d e d  t o  h a n d l e  l a r g e  a m o u n t s  
o f  d a t a .   D a t a  a r r i v e s  e v e r y  d a y ,  a n d  t h e  p r o c e s s i n g  
h a s  t o  k e e p  u p .

A nalysis is a v ery indiv idual thing
• M a n y  d i f f e r e n t  m e a s u r e m e n t s  b e i n g  d o n e  a t  o n c e
• S m a l l  g r o u p s  w o r k i n g  o n  t o p i c s  t h e y ’ r e  i n t e r e s t e d  i n
• M a n y  d i f f e r e n t  t i m e s c a l e s  f o r  t h e s e  e f f o r t s

C ollab orations b uild “ of f line computing  systems”  to 
handle all this.

Raw
D at a

A n al y s i s
I n f o

P h y s i c s
P ap e r s

P r o d u c t i o n
Re c o n s t r u c t i o n

I n d i v i d u al
A n al y s e s
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Reconstruction: Calorimeter Energy
Goal is to measure particle properties in the event
• “ F i n d i n g ”  s t a g e  a t t e m p t s  t o  f i n d  p a t t e r n s  t h a t  i n d i c a t e  w h a t  h a p p e n e d  
• “ F i t t i n g ”  s t a g e  a t t e m p t s  t o  e x t r a c t  t h e  b e s t  p o s s i b l e  m e a s u r e m e n t  f r o m  t h o s e  
p a t t e r n s .
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Finding
Clusters of energy in a calorimeter are due to the original particles
• C l u s t e r i n g  a l g o r i t h m  g r o u p s  i n d i v i d u a l  c h a n n e l  e n e r g i e s
• D o n ’ t  w a n t  t o  m i s s  a n y ;  d o n ’ t  w a n t  t o  p i c k  u p  f a k e s

M any algorithms ex ist
• S c a n  f o r  o n e  o r  m o r e  c h a n n e l s  a b o v e  a  h i g h  t h r e s h o l d  a s  “ s e e d s ”
• I n c l u d e  c h a n n e l s  o n  e a c h  s i d e  a b o v e  a  l o w e r  t h r e s h o l d :

0

10

20

30

40

50

60

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

Channel

N ot perfect!   D oesn’ t use prior k now ledge ab out ev ent,  cluster shape,  etc 
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One lump or two?

Hard to tune thresholds to get this right.

P erhap s a sm arter algorithm  w ould do b etter?

0
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60

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

Channel
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Fitting
From the clusters, fit for energy and position
• C o m p l i c a t e d  b y  n o i s e  &  l i m i t e d  i n f o r m a t i o n

S imple algorithm:   S um of channels for energy, av erage for position
-1             0           + 1

5 0 % ,  5 0 % Cluster at 0, evenly split

8 5 % ,   1 5 % Cluster at -0. 5 , unevenly split

1 0 0 % ,  0 % Cluster at -1

−0.5+ 0.5
2

= 0.0

−0.85+ 0.15
2

= −0.30

−1.0 + 0.0
2

= −1.0
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Empirical corrections are important!
Once you understand an effect, you can correct for it
B ut you need data …
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Analysis:  Measure BR(B−>J / Ψ K * )
Neither J/Ψ n o r K*  is  a  l o n g -l iv ed  p a rtic l e
• D e t e c t o r  d o e s n ’ t  s e e  t h e m ,  o n l y  t h e i r  d e c a y  p r o d u c t s  K*−>Kπ

T a k e a l l  p a irs  o f  p o s s ib l e p a rtic l es ,  a n d  c a l c u l a te their m a s s

I f  its  n o t the K*  m a s s ,  
tha t c o m b in a tio n  c a n ’ t b e a  K*−>Kπ

I f  it is  the K*  m a s s ,  it
m ig ht b e a  K*

S ig n a l /B a c k g ro u n d  ra tio
is  c ritic a l  to  s u c c es s !

  

m 2 = E2 − p2 = E1 + E2( )2 + r p 1 +
r p 2( )2
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Next, look for J/Ψ−>e+e- a n d  J/Ψ−>µ+µ-

Why not J/Ψ−>ha d r ons ?  T oo m a ny w r ong  c om b i na ti ons !
• O n l y  a  f e w  e / m  i n  a n  e v e n t ,  s o  o n l y  a  f e w  c o m b i n a t i o n s
• A b o u t  1 0  h a d r o n s ,  s o  a b o u t  5 0  c o m b i n a t i o n s  o f  t w o

Some are bound to at about the right mass!
N ote  p e a k s  not s a m e  s i z e ,  s ha p e
• D o  w e  u n d e r s t a n d  o u r  e f f i c i e n c y ?
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Monte Carlo simulation’s role

Raw Data

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

Calculate expected branching ratios

R andom ly  pick  decay  paths,  
lif etim es,  etc f or a num ber of  ev ents

Calculate w hat im perf ect detector 
w ould hav e seen f or those ev ents

T reat that as real data 
and reconstruct it

Com pare to original to 
understand ef f iciency
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How do you know it is correct?
Divide and conquer
• A  v e r y  d e t a i l e d  s i m u l a t i o n  c a n  r e p r o d u c e  e v e n  u n l i k e l y  p r o b l e m s
• B y  m a k i n g  i t  o f  s m a l l  p a r t s ,  e a c h  c a n  b e  u n d e r s t o o d
• S o m e  a s p e c t s  a r e  q u i t e  g e n e r a l ,  s o  d e t a i l e d  h a n d l i n g  i s  p o s s i b l e

W h y  does  it  m at t er?
• W e  “ c u t  o n ”  d i s t r i b u t i o n s
• E x a m p l e :   E n e r g y  ( e . g .  s i g n a l )  f r o m  p a r t i c l e  i n  a  S i  d e t e c t o r

T a k e  o n l y  p a r t i c l e s  t o  l e f t  o f  b l u e  l i n e

D o t s  a r e  d a t a  i n  t e s t  b e a m
T w o  s o l i d  l i n e s  a r e  t w o  s i m u l a t i o n  c o d e s

O n e  s i m u l a t i o n  d o e s n ’ t  p r o v i d e  t h e  r i g h t  
e f f i c i e n c y !
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The tricky part is understanding the discrepancies….
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Finally, put together parts to look for B−>J / Ψ K *

Details:
• B a c k g r o u n d  u n d e r  p e a k ?
• S y s t e m a t i c  e r r o r s  o n  e f f i c i e n c y
• … .

W h en  y o u  g et m o r e d ata,  y o u  n eed  to  d o  a b etter  j o b  o n  th e d etails
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Summary so far
We seen some simple analyses

We h av e a mod el of  t h e st eps inv olv ed

We’ r e st ar t ing  t o see d et ails of  h ow  it s d one

M or e d et ailed  ex amples t omor r ow !

Raw Data

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
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