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� (Di-)  J e t  p r o d u c t io n  m e c h a n is m s  
in  γγ − c o l l is io n s

� S in g l e  j e t  in c l u s iv e
� Di-j e t  in c l u s iv e
� J e t  s t r u c t u r e  in  d i-j e t  e v e n t s
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(Di-)  j e t  p r o d u c t io n  m e c h a n is m s  in  γγ-c o l l is io n s

direct

do u b l e res o l v ed

s in g l e res o l v ed

e+ e-

γγ collisions @ LEP � com p a r e d  t o e p  collisions @ H ER A

�do es  n o t ex is t 
(proton is always “resolved” here) 

� direct

� res o l v ed

m u ltiple parton
interac tions (M I A )?

O nly photons with virtu ality Q 2  ≈ 0  are c onsidered
� electrons are not tagged ( “untagged γγ ev ents”  )
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Data sample
� √s= 1 8 9 -2 0 8  G e V
� L = 5 6 0  pb -1

E v en t /  J et selec ti o n
� S t a n d a r d  γγ-se l e c t i o n

� H a d r o n i c  f i n a l  st a t e  w i t h  
>  6  t r a c k s/ c l u st e r s

� D e t e c t e d  E n e r g y  <  0 . 4  √s
� N o  t a g g e d  e l e c t r o n s i n  
f o r w a r d  c a l o r i m e t e r s

� 1 %  b a c k g r o u n d  l e f t
(  1 0  %  a t  h i g h  pT )

� I n c l u si v e  k ⊥ (  R 0=1 . 0  ) w i t hpT >  3  G e V ,  | η|  <  1

L3

Single jets inclusive (L3)
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Single jet inclusive cross-section

The data can be described 
by  a p o w er l aw  

A pt-B
A  f it y iel ds B  ~ 3 . 5  

L3

P H O J E T  1 . 0 5  w a y  to o  l o w  
a t h i g h  p T
P Y T H I A  5 . 7 2 2  i s  c l o s e r ,  
b u t to o  l a r g e  a n d  a l s o  
n o  g o o d  d e s c r i p ti o n  a t h i g h  p T
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NLO: L. Bertora, S. Frixione

Single jet inclusive cross-section cont.

The shape is well described 
belo w ~  1 5  G eV  by  N L O  Q C D
N L O  is ( m u ch)  lo wer t han  t he 
dat a at  hig h ptL3

?
This is consistent with 
the ob ser v a tions in 
cha r g ed  a nd  neu tr a l  
ha d r on p r od u ction b y  L 3
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Di-j e t :  m o r e  a c c e s s  t o  t h e  “in s id e ”

Estimate of fraction of 
p h oton momentu m 
entering  h ard  col l ision
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Data selection and background (OPAL)
Data sample
� √s = 1 8 9 -2 0 9  G e V
� L = 5 9 3  p b -1

E v en t /  J et selec ti o n
� S t a n d a r d  γγ-se l e c t i o n

� 5 %  b a c kg r o u n d  l e f t
( 1 0 -1 5 %  a t  h i g h  ET)

� I n c l u si v e  k⊥ (  R 0=1 . 0  ) w i t h  m e a n  ET >  5  G e V ,  |η| <  2 ,  |∆ET,1,2 | /  ΣET,1,2 <  0 . 2 5f o r  c r o ss-se c t i o n s
� k⊥ a n d  c o n e  ( ηφ-r a d i u s = 1 . 0  ) 
f o r  j e t  st r u c t u r e  c o m p a r i so n s
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Di-j e t  a n g u l a r  d is t r ib u t io n s :  q u a r k s  v s .  g l u o n s

NLO: Klasen et al.
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jet
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Different shape for g l u on and  q u ark d om inated  sam pl e

xγ ≅ 1  i s  a  c r i t i c a l  r e g i o n
f o r  t h e  p e r t u r b a t i v e
c a l c u l a t i o n  
M. Klasen, Rev.  Mod. Phys. 74 

( 2 0 0 2 )  1 2 2 1
L . B er ot r a, S . F r i x i one, Phot on ‘0 3
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The di-j et  c r o s s -s ec t io n  v s .  m ea n  E Tj e t

Well described by NLO for 
t ot a l sa m p le a n d 
“ sin g le resolv ed en h a n ced”

B u t  t oo low  for
“ dou ble resolv ed en h a n ced”

Wh ich  m ig h t  be du e t o …
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The di-j et  c r o s s -s ec t io n  v s .  x γ

…MIA, which (PYTHIA says), 
ar e  v e r y sm al l  f o r  sin g l e  r e s.  
e n han ce d  sam p l e , as e x p e ct e d .

Small hadronisation 
c orre c tions and no 
distu rb anc e  f rom M I A  

N L O  shou ld w ork  he re  –
and it doe s!
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The internal structure of jets: quarks vs. gluons
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The internal structure of jets cont.

Quark jets are more 
c ol l i mated  th an  g l uon  jets,  
b ut b oth  sh ow  th e same 
d ep en d en c e on  E T an d  η

k⊥ jets are more c ol l i mated  
th an  c on e jets an d  are 
b etter d esc ri b ed  b y  th e 
M on te C arl o
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Conclusions

Single jet (L3) and Di-jet (O P A L) p r o du c tio n h as  b een s tu died in 
2-p h o to n c o llis io ns  at LE P
T h e s ingle jet c r o s s  s ec tio n is  u nder es tim ated b y  N LO  at h igh  p t(as  s een in h adr o n p r o du c tio n b ef o r e)
Di-jet c r o s s -s ec tio n ar e m eas u r ed in r egio ns  w ith  s m all and r egio ns  w ith  
lar ge ex p ec ted c o ntr ib u tio ns  f r o m  M I A
N LO  Q C D agr ees  w ell w ith  th e di-jet data in r egio ns  w h er e it is  ex p ec ted 
to  b e r eliab le.
Q u ar k  and glu o n do m inated s u b -s am p les  in di-jet ev ents  ar e s tu died and 
s h o w  th e b eh av io r  ex p ec ted f r o m  Q C D f o r  jet s tr u c tu r e and angu lar  
dis tr ib u tio ns
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Resolved vs. direct event fractions (OPAL)

For higher jet energies 
the f ra c tion of  
resol v ed  ev ents a t l ow  
xγ is stil l  high
( b u t the c ross-sec tion 
d ec rea ses)
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Jet 1

Jet 2

Energy flow outside the two leading jets (OPAL)

φφφφ

+1
ηηηη

−1
0

2π

E n er g y  f l o w  i n  s h a d ed  r eg i o n  v s . η o r d er ed  b y  x γ ( m o r e r es o l v ed  γ i s  l ef t)
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Selection of the γγ-s a m p le ( O P A L )

The arrows indicate the 
cu t v al u e
I n each case al l  cu ts are 
ap p l ied ex cep t on the 
q u antity  shown

Standard γγ e v e nt s e l e c ti o n:
� ΣEcalo &  ( L eading  j et , op p osite hem isp here) i nv . mass <  5 5  G eV  
� N u m b er of  track s >  6  
� A ntitag  in f orward detectors
� Q u al ity  cu ts on m issing  
m om entu m ,  v ertex  p osition

� Total  rem aining  b ack g rou nd is 
ab ou t 5 %
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Energy flow around jets (jet profiles) (OPAL)

Some discrepancy for 
P H O J E T  in reg ion b et w een 
j et s,  b u t  w el l  describ ed b y 
M ont e C arl o in g eneral
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Example of hadronisation corrections (OPAL)

Large corrections at xγ ≈ 1
(better look at sum of the 
hi g hest tw o bi n s i n  xγ )

A t h igh  E T  h ad ronisation 
corrections are sm al l  
~  5 -10 %
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The influence of the choice of PDF on NLO (OPAL)

Gluonic processes are 
v ery  sensit iv e t o t h e 
am ount  of  g lue at  low  x g

N eed  g lob al f it  t o f ix  
b ot h  at  t h e sam e t im e …

B ut  f or t h e cross-sect ion 
t h is is  com pensat ed  b y  
inv erse b eh av ior of  q uark  
d ensit ies
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The di-j et  c r o s s -s ec t io n  v s .  x γ ( O P A L )  

Measurement for the 
ful l  xγ

- - xγ
+ - sp ac e
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The di-j et  c r o s s -s ec t io n  v s .  x γ ( O P A L )  

“Single resolved enhanced” “D ou b le resolved enhanced”
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The di-j et  c r o s s -s ec t io n  v s .  ηjet ( O P A L )  

“Single resolved enhanced” “D ou b le resolved enhanced”
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Di-j e t  x -s e c t io n  o b s e r v a b l e s  ( O P A L )
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Data / MC comparisons (L3 single jet analysis)
Invariant hadronic mass 
af te r e ve nt se l e ction N u mb e r of  p articl e s p e r j e t
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Changes in Pythia (hadron spectra, L3 study)
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Let’s try to understand where our troubles come from

Recall our simple model to deal with the final state direct contribution in the dangerous region
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