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Nagy-‐Soper	  parton	  shower	  
•  Idea	  introduced	  in	  Nagy,	  Soper	  `07	  “Parton	  showers	  with	  quantum	  interference”	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

+	  several	  subsequent	  papers	  

•  Publicly	  available	  sobware	  DEDUCTOR	  Nagy,	  Soper	  `14	  

•  Our	  project	  
ü  Understand	  ideas	  behind	  the	  new	  concept	  
ü  Use	  it	  to	  define	  a	  subtrac1on	  scheme	  
ü  Implement	  the	  subtrac1on	  scheme	  in	  HELAC-‐DIPOLES	  
ü  Devise	  a	  matching	  procedure	  at	  NLO	  
ü  Implement	  the	  matching	  procedure	  in	  HELAC-‐NLO	  
q  Perform	  phenomenological	  studies	  
	  

•  Topics	  
1.  Basic	  concepts	  
2.  Subtrac1on	  scheme	  
3.  Matching	  
4.  Results	  for	  tT	  +	  jet	  



Basic	  concepts	  



Density	  matrix	  
•  Cross	  sec1on	  for	  a	  given	  measurement	  func1on	  

	  

	  
	  
	  
•  Density	  matrix	  for	  fixed	  mul1plicity	  
	  

•  Explicit	  expression	  for	  cross	  sec1on	  

	  



Evolu1on	  
•  Defined	  in	  terms	  of	  a	  1me	  variable	  
	  

•  Unitary	  

•  Evolu1on	  equa1on	  

	  

•  Explicit	  solu1on	  
real	  radia1on	   virtual	  correc1ons	  

Sudakov	  form	  factor	  



Operators	  
•  Real	  splifngs	  derived	  from	  a	  sob-‐collinear	  approxima1on	  to	  matrix	  element	  

	  
•  Virtual	  correc1ons	  defined	  by	  unitarity	  (up	  to	  ambigui1es)	  

•  Exponen1ate	  color	  diagonal	  correc1ons,	  treat	  color	  off-‐diagonal	  correc1ons	  
perturba1vely	  (depends	  on	  the	  representa1on)	  

	  



Shower	  1me	  
•  Defined	  by	  virtuality	  

	  

•  Logarithmic	  accuracy	  



Ambigui1es	  
1.  Defini1on	  of	  1me	  
	  
2.  Kinema1c	  mappings	  
	  
3.  Splifng	  func1ons	  
	  
4.  Treatment	  of	  color	  
	  
5.  Evolu1on	  of	  PDFs	  

•  Approxima1ons	  

1.  LC+	  (leading	  color	  +	  …)	  

2.  Spin	  averaged	  



Subtrac1on	  scheme	  



Concept	  

1.  Use	  the	  mappings	  and	  sob/splifng	  func1ons	  from	  the	  shower	  	  
	  
2.  Determine	  integrated	  subtrac1on	  terms	  numerically	  
	  
3.  Implement	  in	  HELAC-‐DIPOLES	  (publicly	  available) 	   	  

	  Bevilacqua,	  MC,	  Kubocz,	  Worek	  `13	  
	  
4.  Test	  while	  performing	  non-‐trivial	  phenomenological	  studies 	  

	  Bevilacqua,	  MC,	  Krämer,	  Kubocz,	  Worek	  `13	   	   	   	   	   	   	  
	  mass	  effects	  in	  bBbB	  produc1on	  at	  the	  LHC	  



CS vs. NS 

13	  

           Catani-Seymour                                                                     Nagy-Soper  

{pi,pj} � p̃i ; {K,Q} �
n

K̃,Q
o

{pi,pj} � p̃i ; {pk,R,Q} � {p̃k,R,Q}

pi + pj +K = p̃i + K̃pi + pj + pk = p̃i + p̃k

	  
q 	  Splitting functions have equal singular limits, but different non-singular parts 
q  Different number of mappings from (m + 1) to m-parton kinematics 
q  Different dipole phase space factorization and kinematics 

²  Easier dipole integration                  þ 
²  Cubic growth of  # of subtraction 
     terms with multiplicity                    ý  	  

²  More complex dipole integration           ý 
²  Quadratic growth of # of subtraction  
     terms with multiplicity                            þ 
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²  Easier dipole integration                  þ 
²  Cubic growth of  # of subtraction 
     terms with multiplicity                    ý  	  

²  More complex dipole integration           ý 
²  Quadratic growth of # of subtraction  
     terms with multiplicity                            þ 
	  



CS vs. NS [5FS] 
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q  Comparison between two schemes for the inclusive and differential cross sections 

Agreement Between Two Schemes 
Validation of the Implementation of the NS Scheme  
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Comparison CS vs. NS 

Number of CS and NS subtraction 
terms and Feynman diagrams 

 
The CPU time needed to evaluate  
the subtracted real emission for  

one phase space point 
 

Intel 3.40 GHz & Intel Fortran  
Bevilacqua, Czakon, Kubocz, Worek  (2013) 
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Comparison CS vs. NS 

Absolute error for subtracted real emission cross sections for dominant 
 partonic subprocesses contributing at 

 
 

Both schemes, with their different momentum mappings and  
subtraction terms, have similar performance  

O(↵5
s )

Bevilacqua, Czakon, Kubocz, Worek  (2013) 
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Comparison CS vs. NS 

Real emission cross sections for dominant partonic subprocesses 
contributing to the subtracted real emissions at  

  
 
 
 
 

Full Color Summation  

Random Color Sampling  

Bevilacqua, Czakon, Kubocz, Worek  (2013) 
	  

O(↵5
s )
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Comparison CS vs. NS 

Real emission cross sections for 
dominant partonic subprocesses 

contributing to the subtracted real 
emissions at  

 
 

Results are shown for random 
helicity & polarization sampling  

 
 
 

Both Approaches are Similar  
in Efficiency 

Bevilacqua, Czakon, Kubocz, Worek  (2013) 
	  

Random Helicity Sampling 

Random Polarization Sampling 

O(↵5
s )



Matching	  



Matching	  
MC,	  Hartanto,	  Kraus,	  Worek,	  in	  prepara1on	  

•  NLO	  density	  matrix	  

•  Expanded	  evolu1on	  operator	  

•  NLO	  density	  matrix	  from	  the	  parton	  shower	  



Matching	  
MC,	  Hartanto,	  Kraus,	  Worek,	  in	  prepara1on	  

•  Star1ng	  density	  matrix	  without	  double	  coun1ng	  

•  Modified	  cross	  sec1on	  contribu1ons	  with	  showering	  

	  
•  Matched	  sample	  

take	  to	  infinity	  



Problems	  
MC,	  Hartanto,	  Kraus,	  Worek,	  in	  prepara1on	  

1.  What	  to	  do	  with	  Born	  cross	  sec1ons,	  which	  require	  cuts?	  

2.  What	  to	  do	  with	  PDFs	  in	  the	  backward	  evolu1on?	  

3.  How	  to	  match	  massless	  partons	  onto	  massive	  in	  the	  shower?	  

•  Implementa1on	  in	  HELAC	  (completed)	  

1.  Use	  reweigh1ng	  for	  all	  m-‐parton	  samples	  

2.  Use	  unweigh1ng	  for	  m+1-‐parton	  samples	  

3.  Current	  matching	  has	  the	  LC+	  spin-‐averaged	  accuracy	  of	  the	  
parton	  shower	  implementa1on	  in	  DEDUCTOR	  



Results	  



Matching	  in	  tT	  +	  jet	  
MC,	  Hartanto,	  Kraus,	  Worek,	  in	  prepara1on	  



Matching	  in	  tT	  +	  jet	  
MC,	  Hartanto,	  Kraus,	  Worek,	  in	  prepara1on	  



Star1ng	  1me	  dependence	  
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•  Genera1on	  cut	  dependence	  



Conclusions	  and	  outlook	  
•  Implemented	  new	  subtrac1on	  scheme	  in	  HELAC-‐DIPOLES	  

•  Implemented	  matching	  to	  DEDUCTOR	  at	  NLO	  
	  
•  Performed	  first	  tests	  on	  non-‐trivial	  process	  

•  Lots	  to	  understand	  

•  Almost	  ready	  for	  phenomenology	  

Nagy,	  Soper	  `14	  


