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Experimentalists like

S

Why: Cross sections, decay :
rates, etc. follow directly

from the S-Matrix. .
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O(a) O(a?)

which tell us how to

translate the diagrams into formulas. :
Accuracy of results —— Order in o« —— # of Loops -
|
|
|
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T T
inaccessible indirectly visible,

(too heavy to be produced) requires precision measurements o
|
|
|
|
|
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Topological task
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Combinatorical task, requires physics input (model)
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~~~ "~ N~

left vertex propagator right vertex

Database look-up
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Also, compute the fermionic matrix elements, e.g. by squaring
and taking the trace:

[F)? = Tr {(Hr — me)vu(la + me) v, } Te {(Hs + me)y" (s — me)y"} :

= 1% + st + (ml + mj — t)° _
Algebraic simplification :
|
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o
Programming
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cancellations.
o Fast evaluation desirable (e.g. for Monte Carlos).

Hybrid Programming Techniques necessary

Compiled high-level language (e.g. Fortran) for the numerical
evaluation.
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Program Name
Group

Core language

Components:
Diagram generation
Diagram painting

Algebraic simplif.

Code generation

Libraries

FeynArts GRACE CalcHEP DIANA MadGraph
WU/KA/M KEK Dubna Bielefeld Madison
Mathematica | C C, Fortran C Fortran
FeynArts grc CalcHEP QGRAF MadGraph
FeynArts gracefig CalcHEP DIANA —
FormCalc GRACE CalcHEP DIANA + —
FeynCalc FORM
FormCalc grcfort CalcHEP — MadGraph
LoopTools chanel, bases, | CalcHEP — HELAS

spring

H B H B BN
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Amplitudes

e Contract indices
e Calculate traces
e Reduce tensor integrals

¢ Introduce abbreviations
FormCalc . ,
Numerical Evaluation:

e Convert Mathematica output to Fortran code

e Supply a driver program -
Fortran Code ¢ Implementation of the integrals
*— LoopTools -
]
. ]
IM|? » Cross-sections, Decay rates, ... =
] HEEEN

T. Hahn, Automatic One-Loop Calculations with FeynArts and FormCalc —p.16




Find all distinct ways of connect-
ing incoming and outgoing lines

CreateTopologies

Topologies

Draw the results Determine all allowed ins = InsertFields[ top, V[1] -> V[1],

Paint combinations of fields IMO del -> SMI ]

InsertFields

the name of the
photon in the
“SM"” model file

use the Standard Model

Paint [ins]
+ o
Apply the Feynman rules amp = CreateFeynAmp [in=]
CreateFeynAmp
|
N
further
- >> : H
I e Amplitudes amp PhotonSelfEnergy.amp
N
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Classes level, e.q. -F[2], F[1], S[3]

VI al _ lemy; - e

€1V]G ; G_ = \/Esinewa(Sl] 3 G_|_ =0

Coupling fixed except for i, j (can be summed in do-loop). =
|
|
|
|
|
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AnalyticalCouplingl[sl F[j1, pll, s2 F[j2, p2], s3 S[j3, p3]]

m

== G[1][s1 F[j1], s2 F[j2], s3 S[j3]]
{ NonCommutative[ ChiralityProjector[-1] ], 0
NonCommutative[ ChiralityProjector[+1] ] } N
|
|
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1emg, 5
G(glal/]yc) <g+> — ( \/_SlngwMW lJ)

|
|

C[ -F[2,{i}], F[1,{j}], S[3] ]
= { {-I EL Mass[F[2,{i}]1/(Sqrt[2] SW MW) IndexDeltali, jl1}, -
{0} } -
|
|
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e ModelMaker utility generates Model Files from the =
Lagrangian. -

N

|

N

N
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1

q12 - Mass[S[Gen3]]?’
................. loop denominators

FeynAmpDenominator [
1

(-p1 + q1)? - Mass[S[Gen4]]2]

N
(p1 - 2q9g1)[Lor1] (-pl + 2q91)[Lor2] ........ kin. coupling structure m
ep[V[1], pl, Lorl] ep*[V[1],k1,Lor2] ........... polarization vectors .
G [ (Mom[1] - Mom[2]) [KI1[311] -
GO [(Mom[1] -Mom[2]) [KI1[3111, .evvvnrrernnnnnn. coupling constants :
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Mass[S[Gen4]]’
6$9 [(Mom[1] - Mom[2]) [KI1[311],
G [ (Mom[1] -Mom[2]) [KI1[3]11],

o

RelativeCF } -> N
Insertions[Classes] [{MW, MW, I EL, -I EL, 2}]

L]

L]

L]

L]
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e evaluate fermion traces,

e perform the tensor reduction,
e add local terms arising from D-(divergent integral), m
> simplify open fermion chains,

o simplify and compute the square of SU(N) structures,
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Mathematica

PRO: user friendly

° CON: slow on large expressions > 5 amplitudes without insertions
user .
. running FORM... ok
interface
FeynArts Analytic
-3 Alfa Pairl AO[MW2]
amphtUdeS results Out[2]= Amp[{O} -> {0} [ T
A J
_ﬂ_r ““““““““““““““““““““ 3 Alfa Pairl BOO[O, MW2, MW2]
mput file MathLmk Pi
(Alfa Pairl AO[MLE2[Geni1]]
+
internal _ : P1
FormCalc Alfa Pairl AO[MQD2[Gen1]]
functions FORM 3 Pi
] . 4 Alfa Pairl AO[MQU2[Gen1]]
PRO: very fast on polynomial expressions 3 Pi -
CON: not so user friendly ,
2 Alfa Pairl BOO[0, MLE2[Gen1], MLE2[Gen1]]
""" Pi
2 Alfa Pairl BOO[O, MQD2[Gen1], MQD2[Gen1]] B
3 Pi .
8 Alfa Pairl BOO[0O, MQU2[Genl], MQU2[Gen1]]
) *
3 Pi N
SumOver [Gen1, 3]]
|
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8 Alfa2 CW2/SW2 AbbSum7 +

Alfa2 CW2/SW2 Abbl +
8 Alfa2 CW2/SW2 AbbSum29 ) _
I = loop integral = kinematical variables )
.~ = constants I - automatically introduced abbreviations o
|
|
|
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s ——

Pair3 = Pairl[el[3], k[1]]

The full expression corresponding to AbbSum29 is :
Pair([e[1], e[2]] Pairl[el[3], k[1]] Pair[e[4],k[1]] +

Pair[e[1], e[2]] Pair([e[3],k[2]] Pairlel[4], k[1]] + ]

Pair[e[1], e[2]] Pair[e[3], k[1]] Pairl[el4], k[2]] + N

Pair[e[1], e[2]] Pair([e[3],k[2]] Pairlel[4], k[2]] H

|

T. Hahn, Automatic One-Loop Calculations with FeynArts and FormCalc —p.30




W

Textbook procedure: Trace Technique

m
IMJF = Z c; c; F; 5

1,7=1 -

_ _ o

where F*F; = (v|F;|u) (u|T;[0) = Te(F; [u)(u| T [o)(0]).
0
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Essentially nr ~ (# of vectors)! because all
combinations of vectors can appear in the [ ..

Solution: Use Weyl-van der Waerden spinor formalism to
compute the F’s directly.
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Using the chiral representation it is easy to show that
every chiral 4-dim. Dirac chain can be converted to a

single 2-dim. sigma chain: :
(lw_vu v 0) = (u_|ou0,--|v1), -

(wlwi - [0) = (| 0,5, [os) .

N
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(7 k) [v) ~ (g Z) : (g;) VxS, BxS

Sufficient to compute any sigma chain: :
o7 ,0, |0) KRSKD = sxS(ie, VxS(ki, BxS(ks, VxS(ks. 0))))
|
|
|
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ki +iky ko — k3

ok — (ko +ks ki — 1k2>
!

Large cancellations of the form /2 + 2 — /k? when :
m < k are avoided: better precision for mass effects.
|
|
|
|
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main.F
driver program

run.F
parameters for this run

process.h
process definition

user-level code included in FormCalc

SquaredME.F generated code, “black box”

master subroutine

abbr_s.F

abbreviations

(calculated only when necessary)

abbr_angle.F

born.F

form factors

self.F

Drivers currently available for1— 2,2 — 2,2 — 3.
H B E N
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All parameters appearing in the Model File:
MhO, MHH, MAO, MHp, CB, SB, TB, CA, SA,
C2A, S2A, C2B, S2B, CAB, SAB, CBA, SBA,

MUE, MGl, MNeul[n], ZNeuln,n'],
MChal[c], UChalc,c’'], VChalc,c'],
MSf [s,t,g], USE[t,gl[s,s'], Af[t,g]

Details in TH, C. Schappacher, hep-ph/0105349.
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’

#define LOOP1 do 1 TB = 2,30,5 (calculate

which computes the cross-section for TB =i 055.'53“'0")
values of 2 to 30 in steps of 5. 1  continue

How to distribute the iterations automatically if the loops are
a) user-defined b) usually nested?
Solution: Introduce a serial number
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 gerial = serial + 1

if ( serial ¢ range ) goto 1

(calculate cross-section)
1 continue

end ]
Distribution on N machines is now simple: :
e Send serial numbers 1, N +1,2N + 1, ... on machine 1, :

e Send serial numbers 2, N +2.2N + 2,... on machine 2, =
etc. -
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# Pentium 4 3000

pcl301
pcl301la
pcl305
# Dual Xeon 2660
pcl247b 2
pcl3i9a 2 -
pcl321 2
. . 4 e . . . L
e The command line for distributing a job is exactly the -
same except that submit is prepended, e.q. M
i
submit run uuuu 0, 1000 - O
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’

> Differential in Invariant mass,
Rapidity,
Transverse momentum.

e Cuts can be applied on

> Rapidity, -
Transverse momentum,

Jet separation. .

e Operates in interactive or batch mode. ™

HadCalc is not (yet) public. It can currently be obtained from :

Michael Rauch (mrauch@mppmu.mpg.de). . B EE
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manipulations must be done symbolically.

> Fast number crunching can only be achieved in a compiled
language.
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FormCalc/examples directory. Have a look at the
generated Fortran code and run this, too. Make a plot of
the data.

Modify one of the examples for another scattering
process, e.g. try to figure out the elastic neutralino- .
neutralino cross-section in the MSSM. This is a quantity
relevant for dark matter physics.
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