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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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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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Particle ID (PID)
Track could be e, µ, π, K , or p;  kn ow i n g  w h i ch  i m prov es  an aly s i s
• V i t a l  f o r  m e a s u r i n g  B->Kπ v s  B->ππ r a t e s
• M i s t a k i n g  a  π f o r  e ,  µ,  K o r  p  i n c r e a s e s  c o m b i n a t o r i c  b a c k g r o u n d

L ept on s  h av e un i q ue i n t eract i on s  w i t h  m at eri al
• e  d e p o s i t s  e n e r g y  q u i c k l y ,  s o  e x p e c t  E = p  i n  c a l o r i m e t e r
• µ d e p o s i t s  e n e r g y  s l o w l y ,  s o  e x p e c t  p e n e t r a t i n g  t r a j e c t o r y

B ut  h adron i c s h ow ers  f rom  π, K , p all look ali ke

C an ’ t  y ou m eas ure m as s  f rom  m 2= E 2-p2?
F or p= 2 G eV / c,  pi on en erg y  =  2 . 0 0 5  G eV , kaon  en erg y  =  2 . 0 6 0  G eV
C alori m et ers  are n ot  t h at  accurat e

( W e  u s u a l l y  c h e a t  a n d  c a l c u l a t e  E  f r o m  p  a n d  m )



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

dE/dx
Charged particles moving through matter lose energy to ionization
L oss  is a f unction of  the speed,            so a f unction of  mass and momentum 

A lternately,  measuring                lets us identif y the particle type

β ≡
v

c

m = p
γβ

With certain 
am b ig u ities !
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Its hard to make this precise
Minimize material ->  s mall lo s es
• H a r d  t o  m e a s u r e  d E  w e l l

G eo metry  o f  trac k ing  is  c o mp lex
• H a r d  t o  m e a s u r e  d x  w e l l

T y p ic al ac c u rac y  is  5 -1 0 %
• “ 2  s i g m a  s e p a r a t i o n ”

During analysis, can choose
• ef f iciency
• p urit y
B ut  can’ t  hav e b ot h!



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

Another velocity-d ep end ent p roces s : C herenk ov lig ht
Particles moving faster than light in a 
med iu m ( glass,  w ater)  emit light
• A n g l e  i s  r e l a t e d  t o  v e l o c i t y
• L i g h t  f o r m s  a  c o n e

F ocu s it onto a p lane,  and  y ou  get a circle:
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Radius of the reconstructed circle give particle type:
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How to make this fit?
Space inside a detector is very tight, and the ring needs space to f orm
B aB ar u ses novel  “ D I R C ”  geom etry:
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Good news: It fits!

B a d news: R ing s g et m essy  du e to a m b ig u ities in b ou nc ing



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

Simple event with five charged particles:

Brute-f o rc e c i rc l e-f i n d i n g  i s  a n  O ( N 4 )  p ro b l em
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Cherenkov angle (phototube units)

Realistic solution?
Use what you know:
• H a v e  t r a c k  t r a j e c t o r i e s ,  k n o w  p o s i t i o n  a n d  a n g l e  i n  D I R C  b a r s
• A l l  p h o t o n s  f r o m  a  s i n g l e  t r a c k  w i l l  h a v e  t h e  s a m e  a n g l e  w . r . t .  t r a c k

No reason to expect that for photons from other tracks
F or  eac h tr ac k,  p l ot ang l e b etween tr ac k and  ev er y p hoton
• D o n ’ t  d o  p a t t e r n  r e c o g n i t i o n  w i t h  i n d i v i d u a l  p h o t o n s
• I n s t e a d ,  l o o k  f o r  o v e r a l l  p a t t e r n

N ot p er f ec t,  b ut op ti m al ?
W i l l  d o  b e t t e r  a s  w e  u n d e r s t a n d  m o r e
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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

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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Analysis: Measuring αS in Q C D
QCD predicts a set of basic 
in teraction s:

• Y o u  c a n  m e a s u r e  t h e  s t r o n g  
c o u p l i n g  c o n s t a n t  b y  t h e  
r e l a t i v e  r a t e s

U n fortu n atel y ,  QCD on l y  
m ak es ex act prediction s at 
h ig h  en erg y
• L o w  e n e r g y  Q C D ,  e . g .  
m a k i n g  h a d r o n s ,  m u s t  b e  
“ m o d e l e d ”
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Compare models to 
ob serv ati on s i n  lots of  
di f f eren t v ari ab les

O v er ti me,  n ew  models g et 
c reated an d old on es 
i mprov e
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“Jets”

Groups of particles probably come from the underlying quarks and gluons

B ut how  to make this more quantitativ e?
• D o n ’ t  w a n t  p e o p l e  “ g u e s s i n g ” a t  w h e t h e r  t h e r e  a r e  t w o  o r  t h r e e  j e t s
• N e e d  a  j e t -f i n d i n g  a l g o r i t h m

S imple one:
• T a k e  t w o  p a r t i c l e s  w i t h  m o s t  s i m i l a r  m o m e n t u m  a n d  c o m b i n e  i n t o  o n e
• R e p e a t ,  u n t i l  yo u  r e a c h  a  s t o p p i n g  v a l u e  “ ycut”
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What about that arbitrary cut?
Nature doesn’t know about it
• I f  y o u r  m o d e l  i s  r i g h t ,  y o u r  
s i m u l a t i o n  s h o u l d  r e p r o d u c e  t h e  
d a t a  a t  a n y  v a l u e  o f  t h e  c u t

• P i c k  o n e  ( e .g . 0 .0 4 ) ,  a n d  u s e  t h e  
n u m b e r  o f  2 , 3 , 4 ,  5  j e t  e v e n t s  t o  
d e t e r m i n e  αS.

• T h e n  c h e c k  c o n s i s t e n c y  a t  o t h e r  
v a l u e s ,  w i t h  o t h e r  m o d e l s
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Many ways to measure αS
If the theory’s right, all get same value
b ec ause all are measurin g same thin g

If the values are in c on sisten t, p erhap s 
a more c omp lic ated  theory is n eed ed

O r mayb e w e j ust mad e a mistak e. . .
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Alignment & Calibration

How do you know the gain of each calorimeter cell?
• W h a t ’ s  t h e  r e l a t i o n s h i p  b e t w e e n  A D C  c o u n t s  a n d  e n e r g y ?
• Y o u  d e s i g n e d  i t  t o  h a v e  a  s p e c i f i c  v a l u e ;  d o e s  i t ?

How do you know where the tracking hits  are in s p ace?
• N e e d  t o  k n o w  S i  p l a n e  p o s i t i o n s  t o  a b o u t  5  m i c r o n s

S tart with
• T e s t  b e a m  i n f o r m a t i o n
• S u r v e y s  d u r i n g  c o n s t r u c t i o n
• S i m u l a t i o n s  a n d  t e s t s

B ut it always  comes  down to calib rating/ aligning with real data
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Example: B aB ar v er t ex d et ec t o r  ali g n men t
About 700 S i  w a f e r s
• E a c h  w i t h  6  d e g r e e s  o f  f r e e d o m
• = >  4 2 0 0  a l i g n m e n t  c o n s t a n t s  t o  f i n d

S m a l l  m oti on s = >  sm a l l  c h a n g e s i n  a l i g n m e n t
= >  c h a n g e  χ2 of  tr a c k

Ap p r oa c h  1 :  T a k e  1 05 tr a c k s
C a l c ul a te  sum  of  tr a c k  χ2s
F or  e a c h  of  4 2 00 c on sta n ts,  g e n e r a te  e q ua ti on  f r om  
S ol v e  4 2 00 e q ua ti on s i n  4 2 00 un k n ow n s

∂χ 2

∂ci
= 0

C om p uta ti on a l l y  i n f e a si bl e
• E v e n  w o r s e ,  n o n -l i n e a r  f i t  w o n ’ t  c o n v e r g e
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Instead, break problem into pieces:
• T w o  m e c h a n i c a l  h a l v e s   = >  2 x 6  “ g l o b a l  a l i g n m e n t  c o n s t a n t s ”
• “ l o c a l ”  c o n s t a n t s  w i t h i n  t h e  h a l v e s

D o local alig nment iterativ ely
• L o o k  a t  p a i r s  o f  a d j a c e n t  w a f e r s ,  a n d  t r y  t o  p o s i t i o n  t h e m
• T h e n  u s e  t r a c k s  t o  p o s i t i o n  e n t i r e  l a y e r s

• A n d  i t e r a t e  a s  n e e d e d

Iterativ e, sensitiv e process
• M a n u a l l y  g u i d e d  f r o m  i n i t i a l  k n o w l e d g e  t o  f i n a l  a p p r o x i m a t i o n
• R e q u i r e s  j u d g e m e n t  o n  w h e n  t o  s t o p ,  h o w  o f t e n  t o  r e d o
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Summary
Reconstruction and analysis is how we get from raw data to physics papers

T hroughout,  you deal with:
• T o o  l i t t l e  i n f o r m a t i o n
• T o o  m u c h  d e t a i l
• L i t t l e  p r i o r  k n o w l e d g e

Y ou hav e to count on
• L o t s  o f  c r o s s  c h e c k s
• P r i o r  a r t
• T u n i n g  a n d  e v o l u t i o n a r y  i m p r o v e m e n t

B ut you can generate wonderful results from these instruments!
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