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• Introduction to g b b
• g b b  a t O P A L
• g b b  a t A L E P H ,  D E L P H I,  S L D
• b  F ra g m e nta tion f unction a t O P A L

Outlines
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Theoretical predictions (g b b )

gb
b%

s0.5 G e V

Leading order
R es u mmed
mb ± 5 %
Λ ± 1 0 0 %.  .  .

g c c = 1 . 0 5  – 2 . 5 5  x  1 0 -2

R b  =  0 . 2 1 6 8 0  ± 0 . 0 0 0 7 3
R c  =  0 . 1 6 9 4  ± 0 . 0 0 3 8

g b b
M.H.Seymour, NucPhysB 436 (1995) 163

0.227 ± 0.001
0.160 ± 0.004
0.326 ± 0.006

Herwig
J et s et
A ria d n e

0.18
0.1

Resummed +  L ea di n g  O r der
L ea di n g  O r der

Theoratical P red iction       * 10-2
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Why (g b b )  ?  ?  ?  ?

• gb b l a r ge r  a t  h i gh e r  e n e r gi e s  .
• Q C D  T E S T  - S e n s i t i v e  t o  b  q u a r k  m a s s  a n d  s t r o n g c o u p l i n g 
c o n s t a n t .

• M a i n  u n c e r t a i n t y  s o u r c e  i n  Rb  (∆Rb(gQ Q )  ~  0 . 0 0 0 2 8   )  a n d    i n  o t h e r  E W  m e a s u r e m e n t s .

gbb
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Recent analyses: g b b
ALEPH C ER N -EP-9 8 -1 0 3  
D ELPHI C ER N -EP-9 9 -0 8 1  

C ER N -PPE-9 7 -3 9
O PAL C ER N -EP-2 0 0 0 -1 2 3
S LD S LAC -PU B -8 7 3 7  /  h e p -e x / 0 1 0 2 0 0 2  

gbb
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Strategy
1. Select h a d r o n i c Z0 d eca y s
2 . L o o k  f o r  4  j et ev en ts
3 . C h o o s e tw o  j ets  to  h a v e o r i g i n a ted  f r o m  g lu o n
4 . b -ta g g i n g

F o u r  j ets ,  tw o  o f  j ets  ( lo w -en er g y ,  clo s e i n  p h a s e s p a ce)  
w i th  b  d eca y  p r o d u cts

E x p eri m en tal  s i gn atu re
gbb
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4 jet events

• Gluon splitting to c c b a r

• T w o pr im a r y  b  q ua r k s ( b b x x )

• O th e r  4 j e t e v e nts ( q q x x ) 
• D oub le b r e m sstr ulong
• T r iple  gluon v e r te x

•gluon splitting to b b b a r  
w ith  pr im a r y  ! b  q ua r k s

• gluon splitting to b b b a r  
w ith  pr im a r y  b  q ua r k s

q=udsc
x=guds

gbb
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4 jet selection

Y34 - v a l u e  o f  y c u t a t  w h i c h  a n  e v e n t  m a k e s  a  t r a n s i t i o n  b e t w e e n  a  3 j e t  a n d  
a  4 j e t  a s s i g n m e n t .

D u r h a m  a l g o r i t h m ( K ┴ ) :•N u m b e r  o f  j e t s  f a l l s  
m o n o t o n i c a l l y a s  yc u t i s  i n c r e a s e d .
•W h e n  4 j e t  e v e n t  t u r n  
t o  a  3 j e t  e v e n t ,  t w o  
j e t s  m e r g e  i n t o  o n e : 
g�b b  c a n d i d a t e .

0.006

gbb
O P A L

3.35 M h a d r o n i c  e v e n t s
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Event classes

Class “3 + 1 ”

y34 y 2 3
2 jets3  jets4  jets

Class “2 + 2 ”

y34 y2 3
2 jets3  jets4  jets

g� b b
c a n d i d a tes

g� b b
c a n d i d a tes

gb b
O P A L
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B-t a g g i n g
d e c a y  l e n g t h  s i g n i f i c a n c e  +  A N N

both g� bb j e ts  m u s t ha v e  l / σ >  3 .

gbb
O P A L
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Five inputs: 
• D ec a y  l eng th  sig nif ic a nc e
• D ec a y  l eng th
• N um b er  o f  tr a c k s in sec o nd a r y  ver tex
• R ed uc ed  d ec a y  l eng th
• XD

Further B-ta g g i n g
A N N

gbb
O P A L
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bbbb

Start again with 4jet….
L o o k  f o r  go o d  :

• Sec o nd ary  v ertic es
• N N
E x c l u d e p rev io u s l y  s el ec ted  
ev ents

Following previous cuts…
L ook  f or second a ry  vertex  in 

of  th e “not gluon” j ets.

� � ��� � � � � ��

� � �� � � � � �� �

dedicated

gbb
O P A L
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gbb =  ? ? ? ? ?
Maximum likelihood fit using α12-3 4

4b “2 + 2 ” g bb “2 + 2 ” 4b “3 + 1 ”

g bb “3 + 1 ” 4b “d e d i c a t e d ”

α12-3 4

g bb
O P A L

a , c ) .  bt a g i n  ‘o t h e r ’ 2  j e t s
b, d ) .  n o  bt a g i n  ‘o t h e r ’ 2  j e t s
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Events selected – step  b y  step
gbb
O P A L
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Aleph’s  g b b
gbb
A l e p h

• c h o o s e  4  j e t  e v e n t s  ( D u r h a m  Y c u t = 0 . 0 0 6 )
• P i c k  t w o  j e t s  w i t h  s m a l l e s t  l i k e l i h o o d  t o  h a v e  o r i g i n a t e d  f r o m  t h e    
p r i m a r y  v e r t e x .

• U s e  a n g u l a r  s e p a r a t i o n  a n d  j e t  m o m e n t u m  t o   r e j e c t  z � b b
222 events
εgbb = 0 . 9 5 8 ± 0 . 0 5 5 %
εgc c = 0 . 0 0 29  ± 0 . 0 0 0 2%
εo t h e r = 0 . 0 23  ± 0 . 0 0 3 %

( )
εε

εε
othergbb

gccccotherccd ggfgbb
−

−−
=

−1

2.77 ±0.42 ±0.57x10-3

3.7 M h a d r o n i c  e v e n t s
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Delphi’s    g b b  ( i)
• S e l e c t  4  j e t  e v e n t  ( D u r h a m  Ycut = 0 . 0 1 7 )
• C h o o s e  2  j e t s  w i t h  s m a l l e s t  a n g l e  b e t w e e n  t h e m  a s  g l u o n  
c a n d i d a t e s .
• u s e  i m p a c t  p a r a m e t e r  t o  c a l c u l a t e  p r o b a b i l i t y  f o r   a  j e t  t o  
c o n t a i n e  o n l y  t r a c k s  c o m i n g  f r o m  t h e  p r i m a r y  v e r t e x .  
• r e j e c t  e v e n t s  w h e r e  s e l e c t e d  j e t s  a r e  t h e  m o s t  e n e r g e t i c  o n e s .
• r a p i d i t y ,  α12-3 4

gbb
D e l p h i

22 events selected
1 0 . 9  ± 1 . 4  b a ck g r o u nd
2. 0  ± 0 . 9  g cc

2.1 ±1.1 ±0.9 x10-3

1 . 4  M  h a d r o n i c  e v e n t s
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Delphi’s    g b b  ( ii)  ( b a s ed  o n  4 b )
gbb

D e l p h i

• F o r c e  e v e n t s  t o  3   j e t s  ( D u r h a m  Y c u t > 0 . 0 0 6 )
• b t a g  i n  a l l  3  j e t s  ( D e c a y  l e n g t h  s i g . ,  j e t  m a s s ,  r a p i d i t y  a n d  m o r e )
• c a l c u l a t e  g 4b

•E x t r a c t  g b b
g b b =  R4b x  R t h

140 events
ε4b = 3 . 16 ±0. 11%
εbbc c = 0. 3 2 1 ±0. 02 3 %
εbb = 0. 016 4 ±0. 0006 %
εo t h e r = 0. 00002  ±0. 00002 %

( )[ ]
εε

εεεεε
bbb

otherbbbbbbccccbotherd
b

gf Rg
−

+−−−
=

4
4

008.0457.5),(
),(

±=
→→
→→

= bbgbbgZBr
bbgqqgZBrRth

=6.0 ±1.9 ±1.4 x10-4

2.0 M h a d r o n i c  e v e n t s
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gbb
S L D SLD’s    g b b

• c h o o s e  4  j e t  e v e n t s  ( D u r h a m  Y c u t = 0 . 0 0 5 )
• P i c k  t w o  j e t s  c l o s e s t  i n  a n g l e .
• B t a g  t h o s e  j e t s :  D e c a y  l e n g t h
• A N N   ( α12-3 4 ,  j e t  e n e r g y ,                           …)PPM TTvtxPT M ++= 22

( )
εε

εε
othergbb

gccccotherccd ggfgbb
−

−−
=

−1

79 events

εgbb = 5 . 2 8  ± 0 . 0 9%
εgc c = 0 . 1 6 5  ± 0 . 0 1 8 %
εo t h e r = 0 . 0 0 96 7 ± 0 . 0 0 0 3 8 %

2.44 ±0.59 ±0.34 x10-3

0.4 M h a d r o n i c  e v e n t s
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Results g b b
gbb

A v e r a ge
SLD        2.44 ± 0 .5 9  ±0 .3 4
De l p h i  i   2.1 0  ± 1 .1 0  ± 0 .9

i i  3 .3 0  ±1 .0 0  ±0 .8
A l e p h       2.7 7  ± 0 .42 ± 0 .5 7
O P A L      3 .0 7 ±0 .5 3  ±0 .9 7
A v e r a ge   2.5 4 ± 0 .5 1

x 1 0 -3

A l e p h ,  O P A L – l a r ge s t  d a t a  s a m p l e
Sy s t e m a t i c s – gb b M o d e l i n g.

M C  s t a t i s t i c s  
f o r  d e l p h i  i i  –g c cM C  s t a t i s t i c s
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Results 4b

OPAL  3.6± 1 .7  ±2
D e l p h i   6 ± 1 .9  ± 1 .4

D e l p h i : 0003.01833.04 ±=
bb

b
g
g

OPAL :  088.0116.04 ±=
bb

b

g
g

Rb :  0 . 2 1 6 8 0  ± 0 . 0 0 0 7 3

( c a l c u l a t e d )
( m e a s u r e d )
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Fragmentation function at OPAL
B  tagging

•J e t  b t a g g i n g :  L i f e t i m e ,  L e p t o n ’s  p t ,  j e t  s h a p e
• O p p o s i t e  h e m i s p h e r e  t a g .
• S e c o n d a r y  v e r t e x  r e q u i r m e n t

ε=16%
p=96%

Frag
O P A L
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Fragmentation function at OPAL
I ncl us iv e B  h ad ron recons truction

• A N N  w e i g h t  t o  e a c h  
t r a c k / c l u s t e r  
P r o b a b i l i t y  t h e  t r a c k / c l u s t e r  i s  
a  B  d e c a y  p r o d u c t .
T r a c k  m o m e n t u m ,  i m p a c t  
p a r a m e t e r s  c l u s t e r  E n e r g y ….

Frag
O P A L

cm

Brecoilcm
B EE MME

2

222 +−
=

recoil

Bcmold
recoil

new
recoil E

EEMM −=

ωi

1−ωi



24

Fragmentation function at OPAL
H ad ronis ation mod el s

Frag
O P A L

Comparing the 
rec ons tru c ted  s c al ed  
energy  of  w eak l y  d ec ay ing 
B  had ron d is trib u tions  
pred ic ted  b y  d if f erent 
mod el s  to d ata.

Not bad
Too soft
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Model tests: normalized  χ 2 / d. o. f  p rob ab ilities
Plo

t b
y:K

ris
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Fragmentation function at OPAL
M od el  ind ep end ent meas urement

Frag
O P A L

Unfolding the observed energy distribution:
R ew eighting true a nd observed M C  till observed 
distribution a grees in da ta  a nd M C .

0.0038
0.0033-E 0.00160.7193X +±>=<

G. 
Ba

rk
er

, E
. B

en
-H

aim
 et

 al
.


