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First time I met Tao, who had helped organize the workshop

40 years ago to the day: 1986 Madison Workshop 

From Colliders to Supercolliders
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First time I met Tao, who had helped organize the workshop

Workshop excursion and picnic at Devil‘s Lake

40 years ago to the day: 1986 Madison Workshop 

From Colliders to Supercolliders
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What followed was a productive period of work

with Tao and Vernon

• LO QCD simulations of W (or Z) production with additional jets

• Programming helicity amplitude tools (based on work with Kaoru)

• pre-HELAS, still the basic ingredient of VBFNLO amplitude calculations

• Important help from Bill Long to generate fast code
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Including pheno work 

…some of which 

probably all 4 of us 

have forgotten about 

long time ago
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More important: dijet + weak boson pairs

→ background to weak boson scattering
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… and then we explored forward jet tagging
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…. and central jet veto
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To be applied to weak boson scattering: WZjj
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… and search for a heavy Higgs at LHC and SSC

At the time, weak boson fusion was thought to be useful for 

heavy Higgs search only. For light (SUSY) Higgs gluon fusion

and Higgs-strahlung were the main anticipated search modes 
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Collaboration with Tao didn‘t quite

 stop when he moved to Davis

In our albums I did not find any photos of Tao from these first ten years….-
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Barger/Olsson: Classical Mechanics at 25

1998: celebrating 25 years 

of a great classical mechanics 

textboook
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… building on work with Tao

Early work on forward jet tagging and central jet veto led to studies of vector 

boson fusion and weak boson scattering

• Basic process:  VV→VV 

• accompanied by 2 quark jets 

     = tagging jets

• Identify weak bosons by decay leptons 

     (or hadronic V decay)

• Characteristic radiation pattern of gluon emission:

     suppresssed emission in central region

• Central jet veto suppresses background

Long standing problem: reliable modeling of VV+3 jets or H+3jets for signal 

and background. Need NLO QCD calculations for these proccesses

• H + 3 jets (PhD thesis of Terrance Figy) 

• Z + 3 jets is excellent lab for experimental verification of NLO expectations 

• W+W++3 jets recently calculated by Barbara Jäger et al.
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Many contributing subprocesses 

e.g. 1117 (118) Z+4 parton real emission processes with 5 (2) massless quark flavors

Quark initiated

qg initiated

gg initiated

6 quark processes

 show feynman graphs  for  q(bar) q((bar), gq (x4) gg, 6quark processes.  4 rows  (factor 4 for q→qbar or qg→gq)

Quark initiated

Speeding up NLO calculations: VBF Z+3jet as a case study  

           (work with T. Jezo and M. Löschner)

x4 for q→qbar

6 distinct flavor combinations

x4 for q→qbar, qg→gq 

6 distinct flavor combinations

6 distinct flavor combinations

x4 for q→qbar

16 distinct flavor combinations
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Helas/MadGraph philosophy:       

generate separate amplitude programs for each distinct flavor structure;  

do crossing by sign factors in separate numerical evaluations   

➔ no reuse of partial amplitudes

VBFNLO philosophy: reuse partial amplitudes 

leptonic tensors 

     for VBF part: 

     VV→leptons      

                   

do spinor/Lorentz structure common to various flavor combinations only once.         

e.g.

     Multiply scalar factor containing flavor dependent couplings & boson propagators
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Result: VBFNLO code for tree level Z+4quark+2gluon amplitudes is      

300 times faster than Helas routines generated with MadGraph-2

Can we improve on this?

decay currents for Z→leptons and gamma→leptons are proportional to each other 

for given fermion helicities

Charge conjugation relates quark- and antiquark-lines of opposite chirality: same 

except for sign factor
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Result: VBFNLO code for tree level Z+4quark+2gluon amplitudes is      

300 times faster than Helas routines generated with MadGraph-2

Can we improve on this?

decay currents for Z→leptons and gamma→leptons are proportional to each other 

for given fermion helicities

Charge conjugation relates quark- and antiquark-lines of opposite chirality: same 

except for sign factor, for example

vs.

quark line                             vs.                   anti-quark line
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Relating massless quark- to anti-quark-lines

Consider                                                                   i.e.

of  chirality σ:                          
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Relating massless quark- to anti-quark-lines

Consider                                                                   i.e.

of  chirality σ:                         

and use
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Relating massless quark- to anti-quark-lines

Consider                                                                   i.e.

of  chirality σ:                         

and use

fermion line (σ) = anti-fermion line(-σ) x (-1)# of propagators
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Relating massless quark- to anti-quark-lines

Consider                                                                   i.e.

of  chirality σ:                         

and use

fermion line (σ) = anti-fermion line(-σ) x (-1)# of propagators

Holds for loop diagrams as well 
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Example: boxline routine in VBFNLO

VBFNLO has dedicated routines for the sum of loop graphs correcting 

individual fermion lines, e.g. qqVg, qqgV, qqVV lines

Antiquark line with identical external momenta and gauge boson ordering 

does not need extra calculation

Note sign difference of antiquark line with 3-gluon vertex (non-abelian box)

Analogous results for quark lines with  pentagons or hexagons

Easy to implement when basic building blocks of amplitudes are currents or 

tensors representing entire quark lines
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Result: VBFNLO code for tree level Z+4quark+2gluon amplitudes is      

300 times faster than Helas routines generated with MadGraph-2

Can we improve on this?

decay currents for Z→leptons and gamma→leptons are proportional to each other 

for given fermion helicities

Charge conjugation relates quark- and antiquark-lines of opposite chirality: same 

except for sign factor 

This charge conjugation relation also holds for loop amplitudes

Pauli interference for identical fermions enters at sub-percent level ➔ calculate 

interference contributions separately with reduced statistics and neglect fermion 

interchange in main Monte Carlo run

1-loop corrections enter via interference with Born amplitude. After Catani-Seymour 

(CS) subtraction they are small compared to Born**2 and can be evaluated 

separately with substantially reduced statistics

Born amplitudes for a number of CS subtractions from real emission are identical   

(78 distinct subtraction configurations for Z+3jet VBF out of maximum total of 228): 

no need to recalculate the rest again
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Do spinor calculation of amplitude 

without coupling factors and 1-particle reducible gauge boson 

propagators

for one direction of fermion number flow only

This yields stripped amplitudes. Obtain anti-quark from quark diagrams 

(of opposite chirality) by sign factors for groups of diagrams with same 

number of propagators on individual quark lines

Coupling×propagator factors depend on external quark flavors, 

helicities and momenta

Choose momentum assignments to maximize relationships   

between different subamplitudes/Feynman diagrams

Don‘t calculate the same thing twice

Combining quark and anti-quark scattering
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Implementation in VBFNLO code for Z+3jet at NLO QCD 

resulted in

Loop contributions take only ~5 times longer than Born   

for same statistical error

Additional factor 5 speed increase in cross section 

calculation of  sum of qq→Zqqgg processes

 >95% of CPU time is spent in (CS subtracted) real 

emission contributions => speedup of entire NLO code by 

factor 5

Summary
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Implementation in VBFNLO code for Z+3jet at NLO QCD 

resulted in

Loop contributions take only ~5 times longer than Born    

for same statistical error

Additional factor 5 speed increase in cross section 

calculation of  sum of qq→Zqqgg processes

 >95% of CPU time is spent in (CS subtracted) real 

emission contributions => speedup of entire NLO code by 

factor 5

Could this be implemented in generators like MadGraph?

Summary
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I had a lot of fun working with you and 

discussing physics over the last 40 years

Message to Tao
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I had a lot of fun working with you and 

discussing physics over the last 40 years

Retirement is great:

No committees

No writing of grant proposals

No department meetings

But the fun with physics continues

Messages to Tao
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I had a lot of fun working with you and 

discussing physics over the last 40 years

Thank you!!

Retirement is great:

No committees

No writing of grant proposals

No department meetings

But the fun with physics continues

Messages to Tao
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