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The knowledge of Ge+ e shadrons(S) allows, through dispersion
relations, for determination of hadronic contributions to the
vacuum polarization.
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The knowledge of Ge+ e shadrons(S) allows, through dispersion
relations, for determination of hadronic contributions to the
vacuum polarization.

= Better precision of theoretical predictions for the muon
anomalous magnetic moment and evolution of the fine structure
constant from the Thomson limit to high energy scales.

Below the J/y threshold, Ge+e- . hadrons(S) must be measured,
either by the initial beam energy scan or with the use of a radiative
return method, and compared with predictions of a Monte Carlo
program, as e.g. PHOKARA.

To reach the desired precision level, radiative corrections must be
included in the predictions.

However, if the number of particles in the final state is big

= the number of Feynman diagrams becomes large, but the
cross section is small,

= it can be useful to have at least the leading order (LO)
predictions for the reactions of interest.
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At low energies, the hadronic final states consist mostly of pions or
kaons, accompanied by one or more photons.
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At low energies, the hadronic final states consist mostly of pions or
kaons, accompanied by one or more photons.

Light fermion pairs, as ete™, uTu~ or NN, can also be present.
Because of that diversity of particles and large number of the
diagrams, it is desirable to employ automatic, general purpose
Monte Carlo tools.

carlomat is a program for automatic computation of the lowest
order cross sections of multiparticle reactions, which originally was
dedicated mainly to description of the processes of production and
decay of heavy particles such as, e.g., top quarks, Higgs boson, or
electroweak gauge bosons.
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Version 2 of carlomat was released in summer 2013 and the

paper: KK, Comput. Phys. Commun. 185 (2014) 323,
[arXiv:1305.5096],

was published in the beginning of 2014.
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Version 2 of carlomat was released in summer 2013 and the
paper: KK, Comput. Phys. Commun. 185 (2014) 323,
[arXiv:1305.5096],

was published in the beginning of 2014.

Substantial modifications with respect to version 1 of the program
include:

@ generation of a single phase space parameterization for the
Feynman diagrams of the same topology,

an interface to parton density functions,
improvement of the color matrix computation,

the Cabibbo-Kobayashi-Maskawa mixing in the quark sector,

e © ¢ ¢

effective models, including scalar electrodynamics, the Wtb
interaction with operators of dimension up to 5 and a general
top-Higgs coupling.
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The effective Lagrangian of the Wtb interaction containing
operators of dimension four and five has the following form:

Lwey = %th[wu‘By’<f1LPL+f1RPR)t

1 -
W, b (fQLPL+ f2RPR> t} +he.
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Couplings f,-L, fR i =1,2, can be complex in general. In the SM,
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fL =1 and other couplings are 0.
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The EM interaction of spin 1/2 nucleons has a similar form:

Lvw = eAN(p) [Y’Fl(Qz)+2,;,VG“quF2(Q2)] N(p).

Karol Kotodziej Automation of LO calculations for e e~ — hadrons  6/13



The effective Lagrangian of the Wtb interaction containing
operators of dimension four and five has the following form:
g

Lwww = —=

t A

Vio [WM‘BY’ (flLPL+ flRPR) t

1 =
oW, bo” (fZLPL+ f2RPR> t} the

Couplings f,-L, f,.R, i=1,2, can be complex in general. In the SM,

fL =1 and other couplings are 0.
The EM interaction of spin 1/2 nucleons has a similar form:

Lvw = eAN(p) [Y’Fl(Qz)+2,;,VG“quF2(Q2)] N(p).

Form factors F1(Q?) and F2(Q?), where Q%2 = —(p— p')?, have
been adopted from PHOKARA. (Thanks to Szymon and Henryk.)

Karol Kotodziej Automation of LO calculations for e e~ — hadrons  6/13



The effective Lagrangian of the Wtb interaction containing
operators of dimension four and five has the following form:

Lwey = %th[WM_BY’<f1LPL+ﬂRPR)t

1 =
oW, bo” (fZLPL+ f2RPR> t} the

Couplings f,-L, f,.R, i=1,2, can be complex in general. In the SM,

fL =1 and other couplings are 0.
The EM interaction of spin 1/2 nucleons has a similar form:

Lvw = eAN(p) [Y’Fl(Qz)+2,;,VG“quF2(Q2)] N(p).

Form factors F1(Q?) and F2(Q?), where Q%2 = —(p— p')?, have
been adopted from PHOKARA. (Thanks to Szymon and Henryk.)
= Simulation of processes involving the EM interaction of
nucleons.
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sQED allows to describe effectively the low energetic EM
interaction of charged pions.
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sQED allows to describe effectively the low energetic EM
interaction of charged pions. At low energies, T can be treated as
point like particles represented by a complex scalar field ¢. The

U(1) gauge invariant Lagrangian of sQED implemented in
carlomat has the form:

L;QED 3,0 (9"¢)* — mft(p(p* —ie (9", — @d, ") A*

+ ezgyv(P(P* ALAY.
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sQED allows to describe effectively the low energetic EM
interaction of charged pions. At low energies, T can be treated as
point like particles represented by a complex scalar field ¢. The
U(1) gauge invariant Lagrangian of sQED implemented in
carlomat has the form:

L~ 0,0(0°0) — mEg0” —ie(9"0,0 - 93,0°) A
+ ezg,uvq)(p*AyAv'

Vertices of sQED:
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7z 7’
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7z 7’
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The bound state nature of the charged pion can be taken into
account by the substitutions:

2
e — eFr(q?), e? — e? ]Fn(q2)| ,

where Fr(q?) is the charged pion form factor (not implemented).
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The bound state nature of the charged pion can be taken into
account by the substitutions:

2
e — eFr(q?), e? — e? ]Fn(q2)| ,

where Fr(q?) is the charged pion form factor (not implemented).
Implementation of new triple vertices, as e.g.

K+ K° Kt K°
e ’
AH ,r/ o \%2 ,// ‘
VYV = iefypp(py —p-)" = = iefypp(py —p-)*
K-, KO 7 K-, KO
with V =p,m,, or
at, KT at, KT
/’ /’
wEe g
AR = iefwpp(py —p-)* — = iefypp(py —p-)*
7, K° 7, K°

is straightforward.
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Similarly, quartic vertices such as:

por at prr at
7’

— 9542 v
2ieGprr g™’ = 29,9

AY T P ™
can also be implemented in a straightforward manner.
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Similarly, quartic vertices such as:

p’r t ptr mt
7’ 7’
' 7’
. .
e . -7 . 2 v
. = 2iegprrg"” . 2iGperg"
~ N
.. .
A” T P T
can also be implemented in a straightforward manner.
Implementation of the particle mixing such as, e.g.
AR 0 Wn pTY .
NMNSe———= = —¢fy g MM = —efyyz 7 "
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7’ 7’
' 7’
. .
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can also be implemented in a straightforward manner.
Implementation of the particle mixing such as, e.g.
AR 0 Wn pTY .
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is more challenging.
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Similarly, quartic vertices such as:

0 "
I at T nt
e 7’
e e
. -
7’ ’ i
e . i — > 22 ynz
. = 2ieGprng"”’ R = 29,9
~ N
N
~
e 7 .~
A ™ P ™

can also be implemented in a straightforward manner.
Implementation of the particle mixing such as, e.g.

AR 0 Wn pTY .
NMINSe——— = —ef,y g MM = —efyyz 7 "

is more challenging.

Substantial changes in the code generating part of the program are
required.
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Topologies are generated for models with triple and quartic
couplings, starting with 1 topology of a 3 particle process.

2
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Topologies are generated for models with triple and quartic
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2

Line 4 is attached to each line and to the vertex = 4 topologies
of a 4 particle process.
1 2 1 2
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Topologies are generated for models with triple and quartic
couplings, starting with 1 topology of a 3 particle process.

2

Line 4 is attached to each line and to the vertex = 4 topologies
of a 4 particle process.
1 2 1 2

Line 5 is attached to each line, including the internal ones, and to
each triple vertex =- 25 topologies of a 5 particle process.
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# of topologies grows dramatically with # of external particles.

# of particles # of topologies

6 220
7 2485
8 34300
9 559 405
10 10525900
11 224 449 225
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n external particles =- topologies for n—1 particles needed
= Feynman rules checked while adding the n-th particle.
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# of topologies grows dramatically with # of external particles.

# of particles # of topologies

6 220
7 2485
8 34300
9 559 405
10 10525900
11 224 449 225

n external particles =- topologies for n—1 particles needed
= Feynman rules checked while adding the n-th particle.

The particle mixing is added just at this stage.
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Vertices of the Resonance Chiral Perturbation Theory (RChPT):

Al(ky) At (ky)
m 2 8 m ; wap
_ waf _ 8.
———- = 2050,k o ---- = 16gr0,p0" P k1aka g
(k) PR
T T LN A
~ 7’ ~ 4
~ s ~ 7’
~ 4 ~ e
~ 7 ~ 7’ y
= Bl I I - _ Bl .
R = *egﬁmm-f‘wa l\r[) ;//Wrn]"—ﬂ /\ €Jwrrn€ onk+ u]\—ﬂ
~ ~
N N
~ . ~ N
AF T pOH T

Their implementation in the program required just a few new
subroutines for computation of the corresponding helicity
amplitudes.
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Outlook .

At the moment, all the form factors are set to 1 or e.
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Outlook B

At the moment, all the form factors are set to 1 or e.

They should be implemented soon in collaboration with Fred
Jegerlehner, who provided me with the Feynman rules of the
RChPT.
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Outlook B

At the moment, all the form factors are set to 1 or e.

They should be implemented soon in collaboration with Fred
Jegerlehner, who provided me with the Feynman rules of the
RChPT.

Thank you for your attention
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