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1 Kinematics

1.1 Cross section formula

We use the normalization of a state in which the volume element for each of final particle is
given by
d3p
2E(2m)3’
where p is the three momentum of the particle and F is its energy.
In the case of a collision of two particles labeled by 1 and 2, the flux is given by
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with v,¢; being the relative velocity of particles 1 and 2. Hence the total cross section is written
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where Ty is the total helicity amplitude for the process i — f. Initial helicities are averaged
and the final ones are summed. This is the formula of the cross section used in the system. In
the built-in kinematics the cross section is given in the unit of pico-barn(pb).

For the decay of a particle with momentum p, the total decay rate is given by
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The independent integration variables, usually expressed by momenta and angles, must be
mapped to those of the integration package BASES which are usually normalized as 0 < x(i) < 1
where i runs from 1 to ndim, the dimension of the integration,

1.2 Identical particles

One should remember that the statistical factor for the identical particles is not generated
automatically and should be supplied by hand. This is because this factor depends on the
observables one is interested. For the total cross section one should divide the result obtained
by BASES by the factorial of the number of identical particles.



1.3 Kinematics database

We list the built-in kinematics in the system. This will be extended time to time to cover
more cases. The title of the subsection below indicates the code number of the kinematics.
For a scattering the total energy of the system should be given in kinit.f. The 4-vector of a
momentum is defined as (pz, py, P2, F) ordering, that is, in the program it is given by an array
pe(1,n),pe(2,n),pe(3,n),pe(4,n) for the n-the particle.

In GRACE the kinematics assumes the following two processes:

p1+p2—p3+pat-- (2-body scattering),

P1L—Pp2+p3+psi+--- (decay of a particle).

It should be remembered that the assignment of particles follows the order of particles originally
defined in in.prec.

The Lorentz invariant phase space element for a final n-body (A — 1+2+3+ -+ +n) is
defined by
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The following chain relation is useful(0 < k < n — 1):

d 2
drn(A—>1+2+3+---):drk+1(A—>1+---+k+q)%drn,k(q—>(k+1)+(k+2)+--~)

where ¢ = Q2.
When p, is in the center-of-mass system,i.e., p, = 0, and if p, = p, + p. we introduce the
2-body phase space
d3pb dgpc
2FE;, 2E.

dTcm(a;be) = dUy = 64 (pa — py — Pe) =

and write it by angular variables:

o (abe) = 2 <“8 %) d2en (a: be) = 2 (“8 %) dcos O (5e) Db, (bc)-
Here 3 is given by
2P
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and the subscript (bc) indicates that the angles 0y, ¢}, are defined in the center-of-mass system.
Angles in the laboratory frame have no subscript.

2 kinematics database

2.1 List of built-in kinematics

Here is a list of the built-in kinematics in the GRACE system. A code number of each kinematics
is set to be (code number)=1I x 1000 + J x 100 + K, where I (J) is a number of initial (final)
state particles, and K is a serial number of routines. Singularities treated in each kinematics
are summarized in the table, and detailed descriptions can be found in following subsections.



‘ code number H contents ‘

1201 1-body — 2 body decay
1301 1-body — 3 body decay
Sequential decay 1 — 2+ (34+4) — 2+ 3 + 4 can be treated.
2201 2-body — 2 body in CM frame
t- and u-channel singularities can be treated.
2301 2-body — 3 body in CM frame ,

Sequential decay type 1 +2 — 3+ (4+5) = 3+4+5.
Resonance on particles 4 and 5 can be treated.

2302 2-body — 3 body in CM frame ,

Radiative processes 1 +2 — 3(v) +4 + 5,

both initial and final radiation can be treated.

2303 2-body — 3 body in CM frame ,

Double-radiative processes 1 +2 — 3(y) +4(y) +5
2304 2-body — 3 body in CM frame ,

Three photon processes 1+ 2 — 3(7y) + 4(7) + 5(7)
2401 2-body — 4 body in CM frame, a pair of sequential

decay type 1 +2 — (3+4)+(5+6) -3 +4+5+6
t-channel singularity can be treated.

2402 2-body — 4 body in CM frame,

‘fusion’ type 1 +2 — 3+ A)+ (4+ B); A+ B —5+6

2.2 Input/Output variables

Each kinematics code consists of two subroutines, kinem.f and kinit.f. A kinit.f treats
initialization of parameters used in the kinematics, and a kinem. f is kinematics itself. kinit.f
has eight arguments as:

e NEXTRN(input): a number of external particles given by GRACE,

e X(Ndim) (input): random numbers given by BASES,

e PE(4,NEXTRN) (output): four vecters of external particles,

e PP(NEXTRN,NEXTRN) (output): invariants between two external particles,

e YACOB(output): Jacobian for a given phase point including a flux factor and a conversion
factor from (GeV) -2 to pb (for the scattering kinematics),

e NREG(input): a number of sub-region in the phase space,
e IREG(input): a pointer of the sub-region,

e JUMP(output): a flag showing this point is acceptable (JUMP=0) or not (JUMP=1).

2.3 1201

This is a simple two-body decay kinematics.

= 1 B(1;2,3)
dl'y = ——=dlem(1523) = ————=.
2 (2m)? ou(1:23) 8
Here (3 is given by
2P,
ib,c) = —.
ﬂ(a’ ’C) V‘Z

a

Options in kinit.f



1. Physical parameters
non (Particle masses are given by GRACE through amass1(1).)

2. Control parameters
non

24 1301
This is the kinematics for 3 body decay.

y 1 1 1
dl'3 = ——dlen(1:234) = —— ——dg2.dq?
3 (2ﬂ)5 cm(1; ) (27[_)3 16M12 4230434,

where qu = (pi + pj)Q. A resonance production in particles 2 and 3 can be treated in this
kinematics.
Options in kinit.f

1. Physical parameters

e ARESNS(1) : Mass of a resonance in particles 2,3.
e ARESNS(2) : Width of a resonance in particles 2,3.

2. Control parameters

e IRESNS : Treatment of ¢3;.
= 0 : no-singularity
1 : narrow resonance (single)

2.5 2201

This is the kinematics for 2 to 2 process in the center-of mass system. Integration variables are
naturally the polar angle § and azimuthal angle ¢ with respect to the incoming particles.
Phase space is in the center-of-mass system and it is given by

BL+23,4)

~ 1
dl'y = ——=dI’ 12;34) =
2 CM( 5 ) 8(271')2

e dcos 0de.
T

Options in kinit.f
1. Physical parameters

e W : Center of mass energy.
e COSCUT(1) : Minimum of cos 6.
e COSCUT(2) : Maximum of cosé.

2. Control parameters

e ICOST :Collinear singularity treatment.
= 0 : No singularity.
+1: ~ 1/t singularity, where ¢ = (pl — p3)2.
-1: ~ 1/t and ~ 1/u singularity, where u = (p1 — p4)?.



2.6 2301

This is the kinematics for 2 to 3 process in the center-of mass system. Here the final state
first splits into particle-3 and the system of particles 4 and 5. After that the latter decays into
particle-4 and particle-5.

1+2—3+¢q q— 4+5

Integration variables are the polar angle # and azimuthal angle ¢ for the first split, those angles
for the second split, and the invariant mass of particles 4 and 5.
Phase space is in the center-of-mass system and it is given by

3 1
dly = o—dly(1+2 = 3+ q)dQ%dl2(q — 4 +5)
s

B(12;3q)(g; 45)
82(2m)5

The angles A3 and ¢3 represent the direction of particle-3. Invariant mass of 4 and 5, Q?, is
another variable.

d cos 03dp3dQ*d cos 0, (45)dy, (a5)-

Q% = (ps+ps)’
In the center of mass system of particles 4 and 5, angles 6 (45) and ¢4 (45) represent the direction
of particle-4. The system of particles 4 and 5 are boosted backward to the momentum direction
of particle-3.

This kinematics can treat processes in which particle 4 and 5 come from two independent
resonances (for example, bb from a Higgs boson and a Z-boson). Moreover it can treat some
singularities of angular distribution of particle-3 and particle-4.

With flag IC0S3=1, the cross section is assumed to have ~ 1/t singularity, where ¢t =
(pl — p3)2. New integration variable is introduced as

D = -t
= 2(E1E3 — P1P3 COS 03)
cos 3 is measured with respect to P;. The variable is transformed into
dD = 2P, Psdcosb,
dD/D = d(log D).

Then the phase space in 2301 is replaced by

D
dcosbs = 2P1P3d<10gD)’

D
= 2P1P3 log(Dmam/Dmin)dn

where D = Dypin(Dmaz/Dmin)" for 0 < n < 1. With flag IC0S3=2, cosf3 is symmetrizing
around 90°.
With flag IC0S4=1, the cross section is assumed to have flat rapidity distribution. New
integration variable 7 is introduced as
—log(1+2/e) <n <log(l+2/e),
e =2m3/(Py + Ps)%.

By using this variable, cos 64 can be expressed as;

cosfy = (1 + €) tanhn.

cos 04 is measured with respect to —Ps.

With flag IC0S4=-1(-2), the cross section is assumed to have ~ 1/t(+1/u) singularity,
where t = (pl — p4)? and u = (p2 — p4)%. Similar treatment with 1C083=1 or 2 is done for
cosly.



Options in kinit.f

1. Physical parameters

W : Center of mass energy.

COSCUT(1,1)
COSCUT(2,1)

COSCUT(1,2)
respect to th

COSCUT(2,2)

COSCUT(1,3)
respect to th

COSCUT(2,3)
ENGYCT(1,1)
ENGYCT(2,1)
ENGYCT(1,2)
ENGYCT(2,2)
ENGYCT(1,3)
ENGYCT(2,3)
AMASCT (1)

AMASCT(2)

ARESNS(1,1)
ARESNS(2,1)
ARESNS(1,2)
ARESNS(2,2)

: Minimum of cos 3.
: Maximum of cos 03.

: Minimum of cos 4. Here, 84 is the polar angle of particle-4 with
e beam axis.

: Maximum of cos 8.

: Minimum of cos 5. Here, 05 is the polar angle of particle-5 with
e beam axis.

: Maximum of cos 85.

: Minimum of Fj.

: Maximum of Fs.

: Minimum of Fj.

: Maximum of Fjy.

: Minimum of E.

: Maximum of Efs.
: Minimum of Q). @ is the mass of the system of particles 4 and 5.
: Maximum of Q).

: Mass of first resonance.

: Width of first resonance.

: Mass of second resonance.

: Width of second resonance.

2. Control parameters

TRESNS : Tr

eatment of Q2.

= 0 : no-singularity

= 1 : narrow resonance (single)

=-1: narrow resonance (single)+1/Q2 singularity
= 2 : narrow resonance (double)

=-2 : narrow resonance (double)+1/Q2 singularity
= 3: Q2=S peak

=-3: 1/Q2 singularity only

= 4 : narrow resonance (single)+Q2=S peak

IC0S3 : Treatment of 3.
= 0 : no-singularity

1:1/tsin

gularity

2 : 1/t + 1/u singularity

IC0S4 : Treatment of 6,4.

= 0 : no-singularity

= 1: z-axis=-p3 ; flat rapidity

=-1: z-axis=pl ; 1/t singularity

=-2: z-axis=pl ; 1/t + 1/u singularity



2.7 2302

This is a kinematics for the radiative processes. A particle 3 is assumed to be a photon. To
treat both initial and final state radiations, a phase space with respect to photon angles is
divided into three regions;

do
= —d)
7 s ds
do do do
= ——dQs+ [ —dQs+ | ——dQs,
51, A 0 Jy dQ3 0 Jes dQs

Siy = {Pslmin{6i3, 623,043,053} = 013 or Oa3},
Sy = {Ps|min{613, 023,043,053} = O34},
S5 = {Ps|min{613, 023,043,053} = O35},

where 6;; = cos™* (P;-P;) and P is a unit (three) vector along a three momentum of a particle-i.

In the region Sio

Phase space is the same as the 2301 except following modification to treat the collinear singu-
larity: The energy of particle-3, F3, is used instead of Q2 using

Q*=W?—-2WEs+m3 (ms=0)

and Fj is converted into

to absorb the 1/FEs3 behavior(soft singularity) which appears in the photon radiation.
The angle 03 is also changed to absorb the collinear singularity. It appears in the form of

1

—, Dy =2 Dy =2 .
DDy’ 1 P1P3; 2 D2D3

We introduce a variable

1 5 6
T = _tuvcosbs , v=1/1—4m2 /W2
1 —wvcosfs

1 log T 1+v
Y 4( +log£>’ ¢ V1-wv

Here the correspondence is that y = (0,1) to cosf3 = (—1,1) and

4F W FE
Dy — 1L£3
14+7

s DQZDlT.

Then the phase space in 2301 is replaced by
sz - 2WE3 log(E3,maa:/E3,min)d$4
where E3 = E3,min(E3,max/E3,min)x4 and

DDy 1
B2 2E, P

d cos 03 = log(§)



In the region Sy

In the region Sy, the final state first splits into particle-5 and the system particle-4 and photon
(particle-3). After that the latter decays into particle-4 and photon.

1+42—54q , q— 3(photon)+4

Integration variables are the polar angle § and azimuthal angle ¢ for the first split, those angles
for the second split, and the invariant mass of particles 3 and 4. Angles for the first split are
defined with respect to the incoming particles and those for the second split are defined in
the center-of-mass system of particles 3 and 4 with respect to the momentum direction of the
System.

The angles 0, and ¢, represent the direction of particle-4. Invariant mass of 3 and 4, Q? is
another variable.

Q% = (ps +p1)°

In the center of mass system of particles 3 and 4, angles 63 (34) and @3 (34) represent the direction
of particle-3. The system of particles 3 and 4 are boosted backward to the momentum direction
of particle-5.

Phase space is in the center-of-mass system and it is given by

~ 1
dhy = o-dly(1+2—5+ q)dQ*dl5(q — 3+ 4)
1+ 2;5, ;3,4
_ 4 . q)i(q ) dcos 055 dQd cos O3 (34 debs (4.
82(2m)
To treat collinear singularity, new variables are introduced;
dQ?
0T < d(log @),

then,
dQ* = Q*d(log Q%) = Q*108(Q7 0/ Qrpin )t
where Q% = Q2 (Q2,,./Q>...)! for 0 <t < 1. Moreover,

man man

cosf; = ( o
3
v
£ — s+ Q% —mj
q 2\/5 ’
p, = JE2-Q

where 63 is polar angle of particle-3 in particle-3 and -4 rest frame, Fj is an energy of particle-3
in a labframe. Ej3 is used as integration variable instead of 63, then

d(cosb3) = Ve d(Es).

E3P,
Further modification
dEs
— = d(logE
— log(Ey™/Epin)dt,

for 0 <t < 1 has been done.



In the region S5

4 « 5 of previous section.
Options in kinit.f

1. Physical parameters

W : Center of mass energy.
COSCUT(1,1) : Minimum of cosf3.
COSCUT(2,1) : Maximum of cos 3.

COSCUT(1,2) : Minimum of cosfy. Here, 6, is the polar angle of particle-4 with
respect to the beam axis.

COSCUT(2,2) : Maximum of cos 4.

COSCUT(1,3) : Minimum of cosfs. Here, 05 is the polar angle of particle-5 with
respect to the beam axis.

COSCUT(2,3) : Maximum of cos 5.

ENGYCT(1,1) : Minimum of Fj.

ENGYCT(2,1) : Maximum of Fj3.

ENGYCT(1,2) : Minimum of Fj.

ENGYCT(2,2) : Maximum of Fj.

ENGYCT(1,3) : Minimum of Es.

ENGYCT(2,3) : Maximum of Fs.

AMASCT(1) : Minimum of Q). @ is the mass of the system of particles 4 and 5.
AMASCT(2) : Maximum of Q.

ARESNS (1) : Mass of resonance, this and the next parameter are meaningful only
when IRESN=+1.

ARESNS(2) : Width of resonance.

2. Control parameters

IRESN : Treatment of Q2.
= 0 : Treatment of Q%. No resonance.
1 : 1/Q? singularity.
= 2 : Narrow resonance.
3 : 1/Q? singularity+Narrow resonance.

IC0S4: Collinear singularity of particle-4.

= 0: No singularity.

= 1: ~ 1/t singularity, where ¢t = (pl — p4)2.

2: ~ 1/t and ~ 1/u singularity, where u = (p1 — p5)2.

ifrad: Treatment of radiation.
1: initial state radiation.

2: final state radiation.

3: initial+final state radiation.



2.8 2303

This is the kinematics for double-radiative processes. It is similar to 2302 and only the difference
is that particle 3 and 4 are assumed to be photons. A energy ordering is required;

FEs < By.

A statistical factor for idetical particles (1/2) is not needed.

2.9 2304

This is the kinematics for three-photon process. It is similar to 2302 and only the difference is
that particle 3,4 and 5 are assumed to be photons. A energy ordering is required;

E3<E4<E5.

A statistical factor for idetical particles (1/6) is not needed.

2.10 2401

This is the kinematics for 2 to 4 process in the center-of mass system. Here the final state first
splits into the system of particles 3 and 4 and the system of particles 5 and 6. After that both
system decays:

142 —q¢g+qg , ¢1—34+4 , g —5+6

Integration variables are the polar angle 6§ and azimuthal angle ¢ for the first split, those angles
for the two secondary splits, and the invariant masses of ¢; and ¢o. Angles for the first split are
defined with respect to the incoming particles and those for the secondary splits are defined in
their own center-of-mass system with respect to the momentum direction of the system.

If there is a mass singularity for the two of particles in the final state, it is recommended
to assign the two particles to form a pair above. Also user can introduce cutoff for angles and
minimum energies as options.

The angles 6,1 and ¢41 represent the direction of the system of particles 3 and 4. Invariant
masses are another variables.

Q=g =(s+p)?® , Q3=q3=(ps+pe)°

In the center of mass system of particles 3 and 4, angles 63 (34) and ¢3 (34 represent the direction
of particle-3. Similarly, 05 56) and @5 (56) are defined. The systems of particles 3 and 4,and 5
and 6 are boosted backward to the laboratory frame later.

Phase space is in the center-of-mass system and it is given by

~ 1
dly = (QT)Ssz(l—FQ—>Q1+QQ)dQ%dQ%dF2(Q1—>3+4)dF2(QQ—>5+6)

B(1+2;q1,92)8(q1;3,4)8(q2; 5, 6)
= FEpmE d cos 01dog1

X dQTd cos 05 (34)dds (34)dQ3d cos b5 (56)ds (56)-

Options in kinit.f
1. Physical parameters

e W : Center of mass energy.

e COSCUT(1,1) : Minimum of cosf3. This and angles below are all in the laboratory
frame.
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2. Control parameters

COSCUT(2,1)
COSCUT(1,2)
COSCUT(2,2)
COSCUT(1,3)
COSCUT(2,3)
COSCUT(1,4)
COSCUT(2,4)
ENGYCT(1,1)
ENGYCT(2,1)
ENGYCT(1,2)
ENGYCT(2,2)
ENGYCT(1,3)
ENGYCT(2,3)
ENGYCT(1,4)
ENGYCT(2,4)
AMASCT (1,1)
AMASCT(2,1)
AMASCT (1,2)
AMASCT(2,2)
ARESNS(1,1)

: Maximum of cos 03.

: Minimum of cos 4.

: Maximum of cos 8.

: Minimum of cos 5.

: Maximum of cos 85.

: Minimum of cos 6.

: Maximum of cos fg.

: Minimum of FEj.

: Maximum of E3.

: Minimum of Fj.

: Maximum of Fjy.

: Minimum of Es.

: Maximum of Fs.

: Minimum of Fg.

: Maximum of F.

: Minimum of Q1. Q7 is the mass of the system of particles 3 and 4.

: Maximum of Q).

: Minimum of Q5. Q)2 is the mass of the system of particles 5 and 6.

: Maximum of Q5.

: Mass of resonance, this and the next parameter are meaningful only

when IRESNS(1)=+1.

ARESNS(2,1)
ARESNS(1,2)

Width of resonance.

Mass of resonance, this and the next parameter are meaningful only

when IRESNS(2)=+1.

ARESNS(2,2)

Width of resonance.

IRESNS(1) : Treatment of Q3.
= 0 : No resonance.

1 : Narrow resonance.
2 : 1/Q? singularity.

IRESNS(2) : Treatment of Q3.
= 0 : No resonance.

1 : Narrow resonance.
2 : 1/Q3% singularity.

I1C0SQ3 : Treatment of 0.
= 0 : No singularity.
= 1: 1/t singularity, where t = (pl — q1)2.

2 : 1/t+1/u singularity, where u = (p1 — ¢2).

11



2.11 2402

This is the kinematics for 2 to 4 process in the center-of mass system. Here a particle 3 emits
particle A and a particle 4 emits particle B. After that particles A and B collide into particles
5 and 6;

1—3+A4A , 2—4+B , A+B—5+6

Integration variables are the polar angle 6 and azimuthal angle ¢ of particles 3 and 4, those
angles of particles 5 and 6 in their rest frame, energies of particles 3 and 4, and the invariant
masses of 5 and 6. Angles of 3 and 4 are defined with respect to the incoming particles and
those of 5 and 6 are defined in their own center-of-mass system with respect to the momentum
direction of the system.

New variables are introduces as ;

lo=—dls = —(p1—p3a)’

= 2(EE374 + P172P374 COS 0374),

and
@)y =E — Py

Invariant mass is another variables.
Q3= a3 = (ps +pe)*.

Phase space is in the center-of-mass system and it is given by

1 1 1 2 23070
16(27)8 Py v =g L 01d@adardazdes

B(q1q2 : 56)dQ7d cos 05 (56)ddg, (56)

dly

X

where

U = W?—2W(Ps+ Py) + 2(E3E; — P3P4cos s cosby)
+m3 +mj — Q3,
Q = 2E3E4 sin 93 sin 94.

Options in kinit.f
1. Physical parameters The same as 2401.

2. Control parameters

e IRESNS : Treatment of Q% See description of 4001.

e IC0S3 : Treatment of f3.
=0 : No singularity.
=1 : Mass singularity.

e IC0S4 : Treatment of 8,.

=0 : No singularity.
=1 : Mass singularity.

12



2.12 2403

This is a kinematics for the radiative processes. A particle 6 is assumed to be a photon. To
treat both initial and final state radiations, a phase space with respect to photon angles is
divided into four regions;

do
= ——dQ
(o} SdQ4 4
do do do do
= —— AU+ | —dU+ | ——dU+ [ ——du,
s A Jey dQa T Je da T Sy du

Sio = {Pslmin{bis, 026,056, 046,056} = 16 or Oag},

Sy = {Pslmin{bis, 06,036, 046,056} = 036},
Sy = {Ps|min{bis, 02,036, 016,056} = a6},
S5 = {Ps|min{bie, b2, 036, 016, 056} = 056},

()

where 60;; = cos™* (15, 15,) and P is a unit (three) vector along a three momentum of a particle-i.
In each region, similar treatment as the 2402 is done to treat radiative photon.

Options in kinit.f
1. Physical parameters

e W : Center of mass energy.

e COSCUT(1,1) : Minimum of cosf3. This and angles below are all in the laboratory
frame.

e COSCUT(2,1) : Maximum of cos 3.

e COSCUT(1,2) : Minimum of cosfy,.

e COSCUT(2,2) : Maximum of cosf,.

e COSCUT(1,3) : Minimum of cos®s.

e COSCUT(2,3) : Maximum of cos0s.

e COSCUT(1,4) : Minimum of cos 8.

e COSCUT(2,4) : Maximum of cos 6g.

e ENGYCT(1,1) : Minimum of FEj3.

e ENGYCT(2,1) : Maximum of Ej3.

e ENGYCT(1,2) : Minimum of Ey.

e ENGYCT(2,2) : Maximum of Fj,.

e ENGYCT(1,3) : Minimum of FEs.

e ENGYCT(2,3) : Maximum of Ej.

e ENGYCT(1,4) : Minimum of Fj.

e ENGYCT(2,4) : Maximum of FEj.

e AMASCT(1) : Minimum of Q. @ is the mass of the system of particles 4 and 5.
e AMASCT(2) : Maximum of Q.

e ARESNS(1,1) : Mass of first resonance.
e ARESNS(2,1) : Width of first resonance.
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ARESNS(1,2) : Mass of second resonance.
ARESNS(2,2) : Width of second resonance.

2. Control parameters

IRESNS : Treatment of Q2.
= 0 : no-singularity

= 1 : narrow resonance (single)

single)+1/Q2 singularity
double)

=-1 : narrow resonance
= 2 : narrow resonance

Py

=-2 : narrow resonance (double)+1/Q2 singularity
= 3: Q2=S peak
=-3: 1/Q2 singularity only

= 4 : narrow resonance (single)+Q2=S peak

IC0S3 : Treatment of 63.
= 0 : no-singularity

1: 1/t singularity

2: 1/t + 1/u singularity

IC0S4 : Treatment of 0,4.
= 0 : no-singularity
1 : z-axis=-p3 ; flat rapidity
-1: z-axis=pl ; 1/t singularity
=-2: z-axis=pl ; 1/t + 1/u singularity

ifrad: Treatment of radiation.

= 1: initial state radiation.

2: final state radiation.

3: initial+final state radiation.
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