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Outline

Motivation

Matr ix  E l e m e nt ( ME )  and  P ar ton S h ow e r  ( P S )  
m atc h ing  f or  p p - > X + e ve r y th ing :

1. W i s c o n s i n - R a i n w a t e r : u s e  a  c u t o f f  p
t

t o  m a t c h  
X + n J e t s + P S t o  X + ( n + 1) J e t s + P S   ( n = 0 , 1)

2 . M C @ N L O : u s e  e x a c t  N L O  M E  c a l c u l a t i o n  f o r  
c e r t a i n  f i n a l  s t a t e s  X ,  i n t e r f a c e d  w i t h  a  P S  M o n t e  
C a r l o  w h i c h  p r o d u c e s  t h e  f u l l  f i n a l  s t a t e

A p p l y  f or  X = tt,  c om p ar e  w ith  oth e r  MC ' s
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tt m a j o r  b a c k g r o u n d  to  th e  H i g g s  s e a r c h
( e x a m p l e :  V B F - > H i g g s )
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tt m a j o r  b a c k g r o u n d  to  th e  H i g g s  s e a r c h

Must understand extra jet emission in tt events
P S  p rog rams are exp ec ted to do w el l  f or th e 
sof t/ c ol l inear emissions b ut not f or th e h ard emissions
Q C D  H ard P roc ess in p p  is c urrentl y  treated b y  exac t 
L O  Matrix E l ement c al c ul ations → h ard g l uon radiation 
p resent at N L O  c oul d b e missed
U se h ig h er ( th an L O )  order f or th e c al c ul ation of  th e 
h ard p roc ess ME

p p -> tt+ X c omp rises ~ 2 / 3  of  th e V B F  H -> W W  b ac k g round!
P arton l evel  estimates of  H  ->  W W  tt b ac k g round g ive ( D .  
R ainw ater) :

2% tt,   80% tt+1jet,   18% tt+2jets
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Monte Carlo studies

� Match LO QCD Matrix Elements for pp ->  X + nJ ets w ith 
a P arton S how er MC u sing  a low  p

t
cu toff and  merg e the 

pt spectru m smoothly  ( J u ly / 0 2  A tlas H ig g s W G ) .

� Apply for X=t t and compare to PYTHIA

� Use M C @ N L O t o  st u d y  t t  p r o d u c t i o n  a n d  c o m p a r e i t  t o  
H E R W I G  a n d  P Y T H I A  M C ' s:
� C ompare recoi l  tt s y s tem p

t

� C ompare ∆φ b etw een t and tb ar

� C ompare th e l eadi ng  j et p
t
recons tru cted b y  ATL AS
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ME- P S  m a t c h i n g :  t t + 0 , 1 , 2  j e t s

Generate events with a MC generator (c al c u l ating the 
L O  ME  of  p p ->tt+ nJ ets and  then u sing P Y T H I A )  as 
f ol l ows:
– tt +  0 j et +  P arton S hower 
– tt +  1 j et +  P arton S hower
– tt +  2 j ets +  P arton S hower

Choose a (l ow)  val u e of  p t (p T r a n s )  and  generate events:
– W hen p t <  p T r a n s  f or al l  j ets,  u se tt+ 0 j et+ P S
– W hen p t <  p T r a n s  f or al l  b u t l ead ing j et,  u se 

tt+ 1 j et+ P S
– W hen p t > p T r a n s  f or b oth j ets,  u se tt+ 2 j ets+ P S
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How to determine the matching pTrans

• U s e  t t + 1 j  f r o m  M C  ( n o  s h o w e r )

• T h e  d i v e r g e n c e  a t  l o w  p
t
f o r  t t + 1 j  

p r e v e n t s  c r o s s i n g  o f  t h e  t w o  
d i s t r i b u t i o n s .  T h e  s e l e c t i o n  o f  a  
p

T r a n s
h e r e  w i l l  l e a d  t o  a  

d i s c o n t i n u i t y .

• O n e  s o l u t i o n  i s  t o  u s e  a  
s u p p r e s s i o n  f a c t o r f o r  t h e  t t + 1 j  
d i s t r i b u t i o n  t h a t  r e g u l a t e s  t h e  
l o w  p

t
b e h a v i o u r .  

• T h e  d e p e n d e n c e  o n  t h e  c h o i c e  o f  
t h e  p

T r a n s
h a s  t o  b e  u n d e r s t o o d

P
t

o f  e x t r a  j e t  ( G e V )

d
σ/

d
p t

(p
b

/5
G

e
V

)

tt+1jet

tt+0 jets +P S
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• A p p l y  s u p p r e s s i o n  f a c t o r  
f o r  t t + 1 j  c a s e :

Suppression factor and p T r a n s
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• p T0 i s  c h o s e n  t o  m i n i m i z e  t h e  
k i n k  i n  d σ/ d p t

• p T0 = 5 5  G e V  w a s  c h o s e n

• V a r i a t i o n  o f  p T0 l e a v e s  t h e  
h i g h  p t r e g i o n  u n a f f e c t e d
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tt+0jet and tt+1jet matching (demo)

• F o r  t h e  c h o s e n  s u p p r e s s i o n  
f a c t o r  t h e  c u r v e s  n o w  c r o s s  a t  
p
t
= 4 5  G e V

• t t + 0 j e t  ( m a t c h e d ) :  1 4 . 5 1  p b

Cross-se c t i on s

• t t + 1 j e t  ( m a t c h e d ) :  1 2 . 3 9  p b

• t t + 0 j e t  ( u n m a t c h e d ) :  2 0 . 8  p b

P
t

o f  e x t r a  j e t  ( G e V )

d
σ/

d
p t

(p
b

/5
G

e
V

)

• T o t a l     ( m a t c h e d ) :  2 6 . 9 0  p b

C o n s i s t e n t  w i t h  K - f a c t o r  o f  1 5 %
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Comparison with P y thia
New tt+jets

Pythia tt+jets
Pythia tt+ j e ts v s M atc he d  
tt+ j e ts :  c u r v e s  n o r m al iz e d  to  
the ir  r e s p e c tiv e  c r o s s - s e c tio n s .  

' L e ad in g  J e t'  is  an y j e t,  in c l u d in g  
b - j e ts  f r o m  to p  d e c ays

M atc he d  tt+ j e ts p r o d u c e s  har d e r  
l e ad in g  j e t s p e c tr a as  e x p e c te d

L e ad in g  J e t P
t

(G e V )
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MC@NLO (S.Frixione, P .Na s on, B .W eb b er)

Matches the NLO calculation of a given QCD process with a parton
shower MC ( in this case H E R W I G -6 . 5 )

1 . G enerates fully  ex clusive events with 
total rates accurate to NLO

2 . H ad roniz ation is perform ed  accord ing to 
the MC m od el

3 . H ard  em issions are treated  as in NLO 
calculations while soft/ collinear 
em issions are hand led  b y  the MC 
sim ulation with the MC log accuracy

4 . Matching b etween hard  and  
soft/ collinear em ission regions is 
sm ooth

hep-ph/ 0 3 0 5 2 5 2
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tt system (recoil) p
t

d istrib u tion

MC@NLO c r o s s -s e c t i o n  
m u c h  l a r g e r  t h a n  MC 
( H e r w i g )  a t  l a r g e  r e c o i l  p t :  
h a r d  e m i s s i o n s  a r e  
c o r r e c t l y  t r e a t e d  i n  NLO

P y t h i a  c o m p l e t e l y  d i s a g r e e s  
w i t h  H e r w i g

�
���

�

� �

D e a d  r e g i o n
W h y  H e r w i g P S  f a i l s a t  h i g h  p t :  g l u o n  r a d i a t i o n  i s  c o n f i n e d
w i t h i n  a n g u l a r  r e g i o n s s p e c i f i e d  b y  t h e  c o l o r  f l o w .
H a r d  n o n -c o l l i n e a r  e m i s s i o n s  a r e  m i s s e d .
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tt system ∆φ d i str i b u ti o n

z

x y
t

t

∆φ

M C @ N L O :  s m a l l  a zi m .  a n g l e  
r e g i o n  i s  m o r e  p o p u l a t e d  d u e  
t o  t h e  i n c r e a s e  i n  t h e  h a r d  
s i n g l e  p a r t o n  e m i s s i o n  a t  
N L O .  
P y t h i a  p r e d i c t s  a n  a l m o s t  
b a c k - t o - b a c k  t t  s y s t e m
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Leading Jet pt in A T LA S  

MC@NLO:  p r o d u c e s  m o r e  
h a r d  j e t s  t h a n  H E R W I G  f o r  
p t > 2 5 0  G e V  

P y t h i a  h i g h  p
t

t a i l  i s  a l s o  
s i g n i f i c a n t l y  l o w e r  t h a n  t h e  
MC@NLO

( A tl F a s t,  n o  b  J e t v e to )
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Subleading Jet p
t
in A T L A S 

MC@NLO:  s t i l l  p r o d u c e s  
h a r d e r  s u b l e a d i n g  j e t s  b u t  
n o w  t h e  d i f f e r e n c e  w i t h  
H E R W I G  i s  s m a l l e r .  
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Where do these extra jets come from?

Herwig a n d  P y th ia a gree o n  
th e p

t
d is tribu tio n s  o f  th e b 

q u a rk  c o m in g f ro m  th e to p  
d ec a y s .  M C @ N L O b p

t
is  

s o m ewh a t s o f ter.

E x tra  h a rd  j ets c o m e f ro m  
ra d ia tio n  f ro m  th e h a rd  
p ro c es s  trea ted  by  th e N L O  
p a rt o f  M C @ N L O

W
t

l

b
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Summary

Herwig a n d  P y t h ia ( L O  M E )  v s M C @ N L O  a n d  m a t c h ed  t t + n J et :  

� f o r t t + n J et ,  wh ere t h e j et  is  n o t  c o m in g f ro m  t h e t t s y s t em  
it s el f ,  t h e c ro s s -s ec t io n  a t  h igh  j et  t ra n s v ers e m o m en t a c o u l d  
b e u n d erp red ic t ed b y  P y t h ia a n d  Herwig:  p o o r u n d ers t a n d in g o f  
t h e b a c k gro u n d  f o r L HC  s ea rc h es .

M C @ N L O :  

� c a l c u l a t es  p p -> t t + X a t  N L O  a n d  u s es  Herwig f o r P S  a n d  
h a d ro n iz a t io n

� p ro d u c es  m o re h a rd  j et s  t h a n  Herwig a t  p
t
> 2 5 0 G eV  t h e 

m a j o rit y  o f  wh ic h  c o m e f ro m  gl u o n  ra d ia t io n  a t  N L O .

P y t h ia v s Herwig:  

� A greem en t  in  t h e b  q u a rk  ( f ro m  t o p  d ec a y )  p
t

d is t rib u t io n s

� L a rge d is c rep a n c y  b et ween  t h e t wo  M C ' s  a t  t h e L HC  en ergies . 
P y t h ia p red ic t s  s o f t er l ea d in g j et  s p ec t ra  t h a n  Herwig.


