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Abstract

In this note we describe a fast generator program to produce the physics events
of interest for the DIRAC experiment. This generator has been used to perform the
break-up probability calculation and as the source of the Monte Carlo events for
the analysis of experimental data. This note describes the last version of the code
prepared for an easy use with the DIRAC-GEANT Monte Carlo. A major upgrade
is made in the break-up distributions of pionium thanks to the input provided by
T.Heim.

1 Introduction

DIRAC measurement is based in the analysis of the low relative momentum spectrum
of �+�� pairs. In this region there are four ingredients contributing to the data sam-
ples:� Coulomb correlated pairs. Both pions yield in the same proton-target interaction

from the fragmentation of the nucleus or the decay of a long-lived resonance.� Non-Coulomb pairs. Both pairs produced in the same interaction, at least one
coming from the decay of a short-lived resonance.� Accidentals. Each pion originated in a different proton-target interaction. For
the accidentals we will distinguish between accidentals inthe prompt region (t �0ns) and outside the prompt region (t 2 [0; 20℄ns).� Atomic Pairs. Pairs from atoms break-ups after passing through an atomic bound
state.

This note presents a physics events generator code which produces all these four
types of events and that is ready to produce input files for thegeant-dirac Monte Carlo
simulation of DIRAC spectrometer [1]. Furthermore, it is planned its integration into
thegeant-dirac program to simplify even more the user interface. When this happens
this note will remain as a reference document or as a manual for those who wish to
make studies on the generator events directly.

Many of the basics of the generator have been already reported in previous works [2,
3] however, the latest improvements, namely the inclusion of highly excited discrete
states break-up spectra, and the new easy user interface needed to be explained. We
will start by explaining a correction in the extraction of the laboratory momentum spec-
tra the�+�� pairs and the Coulomb, non-Coulomb background generators,as well as�For correspondence:Cibrán Santamarina, CERN 585-R-010,CH-1211 Geneva 23, phone +41 22 767 65
74, email cibran.santamarina.rios@cern.ch.
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2 BACKGROUND GENERATION 2

the accidentals. Finally we will shortly comment on the atoms from break-up generator
and the latest improvement of including many discrete states break-up spectra.

The code can be found in the author public directory in the lxplus:

/afs/cern.ch/user/c/cibran/public/gener.tar.gz

or directly in DIRAC web page as a tarball file.

2 Background Generation

The main characteristic of the pion pairs we study is that thecross sections can be
split into two parts, one depending on the center of mass momentum of the pair in the
laboratory system (~P ) and the other on the relative momentum in the center of mass
system (~Q).

In particular the prompt events background, formed by Coulomb CorrelatedCC
and Non CoulombNC pairs, follows the equation:dNd~Pd~Q = AC(Q)dNCCd~Pd~Q �����~Q=0 + dNNCd~Pd~Q �����~Q=0; (1)

whereAC(Q) is the Coulomb enhancement function. The percentage of pionpairs
produced from short-lived sources, yielding non-Coulomb pairs,!s(P ) depends on the
laboratory momentum only [4] and can be obtained using the FRITIOF6 Monte Carlo
as explained in [3]. Taking this into account we can relate the laboratory momentum
spectrum as:dNd~P = �Z~Q2
AC(Q)d ~Q� dNCCd~Pd~Q �����~Q=0 +�Z~Q2
 d ~Q� 1� !s(P )!s(P ) dNCCd~Pd~Q �����~Q=0;

(2)
being
 a certain region in the~Q space.

We have chosen
 to be the5MeV=
 < Q < 10MeV=
 region which, in the
experimental data is free from atomic pairs. Moreover, in this region, the experimental
Coulomb enhancement function (after multiple scattering and setup reconstruction)
coincides with the shape at production [5]. For this selection:R AC(Q)d ~QR d ~Q = 1:48: (3)

On the other hand, we can change the symbol of theCC spectra on~P at ~Q = 0 by:dNCCd~Pd~Q �����~Q=0 ! dNCCd~P
since there is not dependence on~Q. All this transforms (2) into:dNd~P / �1:48 + 1� !s(P )!s(P ) � dNCCd~P ! dNCCd~P / !s(P )1 + 0:48!s(P ) dNd~P : (4)

Of course, obtaining the Non Coulomb laboratory spectrum isstraightforward:dNNCd~P / 1� !s(P )1 + 0:48!s(P ) dNd~P : (5)
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Equations (4) and (5) have been explicitly shown because they correct the corre-
sponding one in [3] which were wrongly based in a value of 1 of (3).

The ~P vector is a three components system. In our case we have used spherical
variables taking the beam direction as theZ axis. As the proton-target nucleus interac-
tion has axial symmetry there is not correlation between thepolar (�) angle with any
of the two other variables (P ,�). The polar angle distribution is completely ruled by
the spectrometer geometry and almost uniform around 90 degrees in an interval of�1
degree with some edge effects. The other two components of~P are stored in a two di-
mensional look-up table. This method is equivalent to the storage in a histogram which
was previously used [3] but more portable to other systems since it does not need the
compilation of the code with the hbook libraries.

The laboratory momentum spectra are corrected for detectorefficiency in such a
way that the input distributions of the generator produce the correct output distributions
after the fullgeant-dirac [1] and theariane [6] reconstruction of the events1.

The laboratory momentum generation process is the same for the Coulomb corre-
lated, the Non Coulomb and the accidental events changing the (P ,�) look-up table
only.

The position of the pions in the generation is uniform in the target thickness and
follows a two-dimensional gaussian distribution according to the beam profile (�x =0:8 mm and�y = 1:6 mm) [7]. For the accidental events two independent vertexes
are generated. However for the prompt accidentals both timevalues are set to zero.

Finally, the relative momentum in the center of mass system is generated according
to: dNCCdQd�d� / AC(Q)Q2 sin � (6)

where� and� are azimuth and polar angle using the~P direction as thez axis. The
explicit expression for theAC(Q) Coulomb enhancement function is given by:AC(Q) = 2�M��=Q1� e�2�M��=Q : (7)

The accidental and non Coulomb pairs relative momentum is generated following:dNNCdQd�d� � dNA

dQd�d� / Q2 sin � (8)

which corresponds to the pure phase space uniform three dimensional distribution.
In addition, the Prague group of prof. R. Lednicky has proposed that the Coulomb

enhancement function should be modified accounting for finite size effects of the source [8].
The use of (7) as the Coulomb enhancement function assumes that the two pions of the
pair are created at zero distance. Of course this is an approximation which has to be
corrected for nuclear size effects and decay paths of resonances. The proposed correc-
tion changes the Coulomb enhancement function to be:A�C(Q) =8<:1:0017� 0:02850�"1:+� 0:278Q(MeV=
)�2#�0:421 � 1:1A9=;AC(Q) (9)

and is also included as an option in the background generator.

1Essentially this means that the input events are all except those with zero efficiency, mainly because of
geometrical reasons.



2 BACKGROUND GENERATION 4

ITYPE Background type
0 Coulomb Pairs.
1 Coulomb Pairs with finite size correction (9).
2 Non Coulomb Pairs.
3 Accidentals.
4 Prompt (t = 0) Accidentals.

Table 1: Different possible values of the ITYPE flag and the corresponding event type.

2.1 Background Code Use

In the practice, the physics of the generated events can be skipped by the user. The use
of the FORTRAN routines in any program can be easily performed by following the
next instructions.

The background main routine, which will provide the position in the target and
momenta of the corresponding�+�� pair, needs a prior call to an initializing routine:

CALL INITBCKGRND(TG,ISEED,ITYPE,IBEM,NTAR,WTAR,QTCUT,QLCUT)� The target material TG, is a CHARACTER*2 variable. Only ’Ni’is supported
for the moment but other materials could be easily added.� The random number generator seed ISEED. It has to be inputed with an integer
value which produces an unique random event series.� Finally ITYPE stands for the different background types according to table 1.� The beam energy IBEM. IBEM=0 means 24 GeV/c and IBEM=1 standsfor 20
GeV/c.� The target geometry is introduced with two variables. NTAR is the number of
target layers and WTAR the thickness of every layer in micrometers. For practi-
cal purposes NTAR=1 and NTAR=12 are the natural choices for out single and
multi layer targets. WTAR would be 94. or 98.�m for the single target or the
7.94, 7.94, 7.98, 7.94, 7.98, 7.96, 7.97, 7.97, 7.96, 7.99, 8.00, 8.00�m sequence
for the multi-layer target [9].� The background parameterizations of (6) and (8) are accurate up toQ � 100MeV=
.
However, these functions are quickly increasing withQ and it would not be ef-
ficient to generate events with too large values because theywould be certainly
suppressed by the setup geometry and the trigger system. In order to select a rea-
sonable region for the generated pairs two cuts in QT and QL have to be defined
in MeV/c. Studies made by C. Schuetz show that save choices for QLCUT and
QTCUT are 20 and 8MeV=
 respectively.

There is a single routine for any type (Coulomb, Non-Coulomb, Accidentals, Prompt
Accidentals and Coulomb modified by (9)) of background. The routine is used by a
single call:

CALL BCKGRND(XYZ1,PXYZ1,TIME1,XYZ2,PXYZ2,TIME2)



3 ATOMIC PAIRS GENERATOR 5

where we obtain the position in the target (XYZ1(3) and XYZ2(3)) in 
m, momentum
(PXYZ1(3) and PXYZ2(3)) inGeV=
 and time (TIME1 and TIME2) inns for the
two pions. In the case that both pions are generated in the same vertex (real events)
XYZ1=XYZ2 and TIME1=TIME2=0. Moreover, for Prompt Accidentals TIME1=TIME2=0.

3 Atomic Pairs Generator

The atomic events generator is a completely different routine since the physics of this
system is more complicated. The atoms are created in a certain point of the target (uni-
formly distributed in the target thickness) and suffer in its evolution several collisions
with subsequent target atoms. In these collisions the atom might undergo a transition
between two discrete states or break-up. The topic is deeplytreated in [2]. A last ma-
jor change in this last version of the generator is that the different break-up spectra of
pionium have been considered up to the discrete state withn = 7. For higher excited
states an approximation has been followed. The spectra havebeen brilliantly calculated
by T.Heim [10].

As we did for the Coulomb correlated background events a correction due to the
Check group to the original yield of1=n3 in theS states is included as an option in the
code. This deviation is mathematically expressed as [8]:Pn = (1 + 0:003=n)=n3 (10)

To use the generator of atomic pairs we need to call the initializing routine:

CALL INITGENE(TG,ISEED,IATOM,IBEM,NTAR,WTAR)

where the variables are the same as for the initialization ofthe backgroundgenerator ex-
cept IATOM which stands for whether we are using the standard1=n3 law (IATOM=0)
or the modified (10) one (IATOM=1).

The atomic pairs are generated after a single call to this routine by subsequent calls
to:

CALL GENE(XYZ,PXYZ1,PXYZ2)

where XYZ(3) is the break-up position of the atom and PXYZ1(3) and PXYZ2(3) the
momenta of the two pions from the break-up. The units are, of course, the same as for
the case of background.

4 A useful main program

In the routines set a useful main program (called main) can befound. The executable
will be produced by typingmake and is prepared to produce input files for thegeant�dira
 [1] program by making the appropriate selection in the cardsfile.

In general the output will be compatible with the one single vertex format ofgeant�dira
 program which can be chosen by selecting SWIT(3)=3 in the jobcrds.dat
file. This is true for atomic, Coulomb and Non-Coulomb pairs,with or without finite-
size corrections. The only exceptions are Accidentals and Prompt Accidentals which
are produced in a format that must be read with the SWIT(3)=4 option.
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5 Ionization spectra corrections

The major new feature of this generator version from previous ones is that we have
used the calculated dipole spectrum at break-up of pionic atoms up to states with n=7.
This work was made by T.Heim et al [10] and now included in the evolution Monte
Carlo [2]. The spectra for states with largel value has also been obtained by overcom-
ing a problem with the numerical precision of the form factorevaluation. In figure 1
theQ and� distributions are shown for several father bound states. Remember that� is the angle between the laboratory momentum and the center of mass relative mo-
mentum~Q. In the previous version of the generator the spectra of the 1S and 2S states
calculated by L. Afanasyev and A. Tarasov [11] were considered for the n=1 and n=2
states while for higher excited states an approximation based on the 1S state was used.
However, this improvement is not really important in the final shape of the spectrum
after reconstruction due to the multiple scattering in the target.

References

[1] GEANT version 3.21 adapted to the DIRAC experiment in itscurrent version
2.61.http://zrelov.home.cern.ch/zrelov/dirac/montecarlo/
instruction/instruct26.html

[2] C. Santamarina, PhD thesis: Detection and lifetime measurement of Pionium in
the DIRAC experiment (2001); C. Santamarina et al., J. Phys.B 36 4273 (2003).

[3] C. Santamarina and C. Schuetz, Determination of the experimental k-factor,
DIRAC internal note 2003-09, (2003).

[4] Afanasyev L Get al. Phys. At. Nucl. 60 938 (1997).

[5] A. Benelli, D. Goldin, C. Santamarina, Ch. P. Schuetz, L.Tauscher and S. Vla-
chos, Systematic errors in the DIRAC experiment, DIRAC internal note 03-01
(2003).

[6] D. Drijard, M. Hansroul and V. Yazkov,
http://dirac.web.cern.ch/DIRAC/Userguide.html.

[7] B. Adeva, et al. DIRAC: A high resolution spectrometer for pionium detection,
NIM (2003).

[8] R. Lednicky and J. Smolik, private communication to the DIRAC collaboration
mail list.

[9] A. Kuptsov and V. Kruglov, private communication.

[10] T. Heim et al. Proceedings of the workshop HadAtom01 on hadronic atoms,
http://arxiv.org/ps/hep-ph/0112293.

[11] L. Afanasyev, Observation of�+�� atoms, PhD thesis, JINR, Dubna (1997)



REFERENCES 7

0

0.025

0.05

0.075

0.1

0.125

0.15

0.175

0.2

0.225

0.25

x 10
-20

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5

l=0

Q (MeV/c)

dσ
/d

Q
 (

ba
rn

/M
eV

/c
)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

x 10
-20

0 10 20 30 40 50 60 70 80 90

l=0

θ (deg.)
dσ

/d
θ 

(b
ar

n/
de

g.
)

0

0.02

0.04

0.06

0.08

0.1

x 10
-19

0 0.2 0.4 0.6 0.8 1 1.2 1.4

l=0
l=1

Q (MeV/c)

dσ
/d

Q
 (

ba
rn

/M
eV

/c
)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

x 10
-19

0 10 20 30 40 50 60 70 80 90

l=0
l=1

θ (deg.)

dσ
/d

θ 
(b

ar
n/

de
g.

)

0

0.025

0.05

0.075

0.1

0.125

0.15

0.175

0.2

0.225

0.25

x 10
-19

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

l=0
l=1
l=2

Q (MeV/c)

dσ
/d

Q
 (

ba
rn

/M
eV

/c
)

0

0.05

0.1

0.15

0.2

0.25

0.3

x 10
-19

0 10 20 30 40 50 60 70 80 90

l=0
l=1
l=2

θ (deg.)

dσ
/d

θ 
(b

ar
n/

de
g.

)

Figure 1: Relative momentum magnitude spectra of theS states withn = 1, n = 2 andn = 3. On the right hand side the angular distribution, with respect to the laboratory
momentum is shown. The spectra are averaged over the evenz parity (l � m even)
states of the corresponding subshell.
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Figure 2: Relative momentum magnitude spectra of theS states withn = 4, n = 5 andn = 6. On the right hand side the angular distribution, with respect to the laboratory
momentum is shown. The spectra are averaged over the evenz parity (l � m even)
states of the corresponding subshell.


