
  

NNLO Virtual QCD Corrections 
for W  Pair Production at the 

LHC

Grigorios Chachamis
University of Wuerzburg

in collaboration with M. Czakon and D. Eiras
PSI seminar talk, PSI, Villigen, 13 December 2007



  

Outline

●Introduction
●W pair production important for LHC
●Motivation for studying q q → W W
●Importance of high precision – adding higher orders 
of the perturbative calculation with mass dependence
●Historical review of the calculations on q q → W W
●NNLO Virtual Corrections: Technical details
●Mellin-Barnes representations of Feynman Integrals
●Results
●Outlook



  

Soon (May 2008?) in the LHC era

LHC: an experimantal purgatory

Collision energy: 14 TeV
Luminosity: 10 fb-1 per year in the first stage

●VIP: Higgs ?
●Consistency of SM ?

●SUSY ?
●Extra Dimensions ?



  

The elusive Higgs boson

Higgs: 
●Only constituent of the SM not experimentally 

observed yet. 
●Electroweak symmetry breaking
●Description of particle masses

Discovery by itself is not enough!
Properties of the Higgs needed to exclude or verify

alternative models



  A simulated event  of Higgs boson production in the CMS 
detector

In the LHC era life doesn't appear to 
be simple...



  

Going after the Higgs

●Pick up your signal process: an observable 
characteristic of Higgs production

●Try to avoid or suppress the background
●Have accurate predictions for both signal and 
background processes from the theory point of 

view.

LHC has the energy and luminosity required to 
discover Higgs over the whole allowed range

114 GeV < M
H
 < 700 GeV



  

   LHC Higgs production ...

spira 1997

Gluon Fusion channel is the dominant production 
mechanism up to M

H
 ~ 1 TeV : g g → H

Sub-dominant production process is Weak Boson Fusion:
q q → V V  → q q H



  

LHC Higgs production and decay

spira 1997

Once the Higgs is produced it will eventually decay 
into different particles depending on its mass.
In the Higgs mass range 140 – 180 GeV the main 
decay mode is into W W



  

Main discovery Channels

●M
H
: 114 – 140 GeV

H → γ γ

●M
H
: 140 – 180 Gev

H → W W → 2 l + missing Energy E
T

●M
H
: 180 – 600 Gev

H → Z Z → 4 l



  

Motivation for high accuracy in W 
pair Production

  W pair production important: 

● as a signal
  Accurate knowledge needed to disentangle “new 
Physics” 

  Testing ground for non-Abelian structure of the 
SM



  

Motivation for high accuracy in W 
pair Production

  W pair production important:
 

● as important (irreducible) background
  to the Higgs boson discovery channel:



  

Signal – background  ratio 



  

Need for higher order corrections
Rule of thumb* 

In general:
LO: The first order term of the perturbative 
expansion gives an order of magnitude estimate

NLO: Second order brings into the game 10-30 % 
corrections and usually a good quantitative 
description

NNLO: Precision of few percent level
* Kunszt



  

State of the art for Higgs production 
and  Higgs to W's decay

QCD corrections to g g QCD corrections to g g →→  H  H
NLO: Contribute ~ 70% 

Djouadi,Graudenz,Spira,Zerwas; Dawson
NNLO: Contribute an additional 20% for LHC

Harlander, Kilgore;Anastasiou, Melnikov; 
Ravindran, Smith, van Neerven

With a Jet veto at NNLO: corrections ~ 85%
Catani, de Florian, Grazzini;

Davatz, Dissertori, Dittmar, Grazzini, Pauss
                                Anastasiou, Melnikov, Petrielo
     NNLO            H H → W W → → W W → l v l vl v l v

Anastasiou, Dissertori, Stöckli



  

●  qq→WW 
  

●  loop induced gg→WW 
   



  

●  qq→WW 
  Receives a 70% enhancement at NLO with no 
cuts. With a jet veto the enhancements fall to 
20-30% 

Dixon, Kunszt, Signer
●  loop induced gg→WW  

   



  

●  qq→WW 
  Receives a 70% enhancement at NLO with no 
cuts. With a jet veto the enhancements fall to 
20-30% 

Dixon, Kunszt, Signer
●  loop induced gg→WW 
   Formally a NNLO process. Contributes to the
   quark annihilation channel  at             . 
   Enhanced by the large gluon flux.
   After Higgs search cuts it increases the
   background by 30%, with no cuts by 5%

Binoth, Ciccolini, Kauer, Krämer; Duhrssen et al



  

Necessity of NNLO Calculation for 
% level accuracy

●  qq→WW 
  Receives a 70% enhancement at NLO with no 
cuts. With a jet veto the enhancements fall to 
20-30% 

Dixon, Kunszt, Signer
●  loop induced gg→WW 
   Formally a NNLO process. Contributes to the
   quark annihilation channel  at             . 
   Enhanced by the large gluon flux.
   After Higgs search cuts it increases the
   background by 30%, with no cuts by 5%

Binoth, Ciccolini, Kauer, Krämer; Duhrssen et al



  

History I (LO)

LO Calculation 
Brown, Mikaelian (1979)

CERN Discovery of Z and W bosons
(1983)



  

History II (NLO)

NLO Calculation Ohnemus (1991); Frixione (1993)
Also,                                            Ohnemus(1994)    

                        Dixon, Kunszt, Signer (1998,1999)
                                      Campbell, K. Ellis (1999)



  

Present:       NNLO Corrections

       
real 

2 loop virt
ual

(one loop)  (one loop)*

virtual real 



  

Present:       NNLO Corrections

2 loop virt
ual

(one loop)  (one loop)*

DONE    

       
real 

virtual real 



  

Present:       NNLO Corrections

2 loop virt
ual

(one loop)  (one loop)*

DONE    

DONE LAST NIGHT!   

 

       
real 

virtual real 



  

dσ
n
 = dΦ

n
 │M

n
│2

at NNLO:

 dσ
n
 = dσ

n

(virtual diagrams) + dσ
n+1

(virtual-real diagrams) 

+  dσ
n+2

(real diagrams)

Difficulties lie at red (pink)

Contributions to the cross section



  

From an up-type diagram to a down-type 
diagram use the formal substitution 

W+ ↔ W-

“ Split the work in half... ”



  

Amplitude decomposition:

The invariant squared amplitude for the Born process 
can be decomposed as :

∑∣ℳ∣2 = N
c 
c

i

tt F
i
(s, t) - c

i

ts J
i
(s, t) + c

i

ss K
i
(s, t)

where c
i

tt, c
i

ts , c
i

ss  are “coupling constants”.

 They generally depend on the mass M
Z
, weak mixing 

angle, θ
w
, charge and isospin of the quark

spin,color



  

For the amplitude squared the change 
up-type ↔ down-type is given by:

F
down

(s, t) = F
up

(s, u)

J
down

(s, t) = -J
up

(s, u)

K
down

(s, t) = K
up

(s, u)

and the corresponding changes to the couplings...



  

Technical details I
●  A NNLO (4 legs, 2 loops) calculation of a  
process with massive particles 

  (similar features to the recent  “heavy quark 
production”)                           Czakon, Mitov, Moch

●  Color and spin averaged amplitudes (Here we 
present only the leading color coefficient)

●  Kinematical region: all kinematical invariants 
large compared to the mass of W: 

M
W

2  s, t, u≪
●  Exact analytic result (up to terms suppressed by 
powers of M

W

2)



  

Technical details II

159 diagrams in total

 after Reduction:

71 master integrals

35 needed for the leading color coefficient
real problem:    Calculate the Masters!
Way to go: 

Mellin-Barnes representations



  

Mellin-Barnes representations
An example



  

Software
MBrepresentations.mMBrepresentations.m      (GC, M. Czakon)

Produces representations for any multi-loop scalar 
and tensor integrals of any rank!

MB.mMB.m                                     (M. Czakon)
Determination of contours, analytic continuation,
expansion in a chosen parameter, numerical           
integration

XSummerXSummer                    (S. Moch, P. Uwer)
Evaluation of harmonic sums
               PSLQPSLQ                                                                                (D. Bailey)
Fitting to a transcendental basis



  

Outline of the Technique
  Starting from the Feynman parameters representation 

of a diagram one obtains a multi-fold Mellin-Barnes 
integral representation.
The task then is to “walk” the following steps:

●  produce representations (MBrepresentations.m)
●  analytically continue in ε to the vivinity of 0 (MB.m)
●  expand in mass (MBasymptotics.m,   M.Czakon)
●  perform as many as possible integrations using    
Barnes lemmas

●  resum the remaining integrals by transforming      
into harmonic series (Xsummer)

●  resum remaining constants by high-precision      
numerical evaluation and fitting it to a  
transcendental basis (PSLQ)



  

A tensor example:
                              
                              (k1.p3) x 

         

... 11 terms in total

.

.

. Mellin Barnes representation



  

A tensor example:

(ms = M
W

2/s, x = -t/s)

                              
                              (k1.p3) x 

         

Analy
tic 

result



  

The amplitude in ms starts at order ms-2

Born result for the coupling  c
i

tt

That is due to:



  

“Singular behavior of QCD 
amplitudes”, recipe by Catani:

One loop: The IR pole structure of the 
renormalized amplitude can be known by only 
knowing the tree level amplitude:

Two loop: Now you need tree and one loop level 
amplitude:

Singular dependence embodied in the operators I(1) 
and I(2) 



  

Leading color coefficient for the 
coupling c

i

tt

ms = M
W

2/s,  x = -t/s

in agreement with catani prediction



  

Conclusions

●  Mellin Barnes representations approach is a 
powerful technique

●  Not easy though (especially for the non-planar 
graphs)

●  We have finally the full result

●  Next to come are higher power corrections



  

Outlook

●  Next process at NNLO :

gg → W+W- 

●  A NNLO Monte Carlo generator
  Real corrections needed, a possible treatment is 
with sectors decomposition


