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Abstract. A method for the calculation of the luminosity for the protoucleus collisions based
on the quasi-free proton-proton scattering is presenteémexample of application the integrated
luminosity for the scattering of protons off the deuteromyéd is determined for the experiment of
the quasi-fregon — pnn reaction performed by means of the COSY-11 facility.
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INTRODUCTION

Due to the lack of the pure neutron targets a meson produititiee proton-neutron
reactions is usually realised e.g. via the proton scatjesththe deuteron. This method
takes advantage of the fact that the neutron’s binding gniesgide the deuteron is
negligible relative to the kinetic energy of proton beamsdesl to produce the meson in
the nucleon-nucleon collisions [1, 2]. In the analysis aftsteactions it is assumed that
the proton is acting only as a spectator and that it is on itssnsell at the moment of
the collision.

In this contribution we present the evaluation of the lumsiboin such kind of
experiments by means of the measurement of the quasi-feterpproton scattering.
This method permits to take into account automatically thedswing effects of the
spectator nucleon, and allows for the determination of timeimosity with a relatively
small normalization uncertainty thanks to the availapitif the precise cross sections
for the proton-proton elastic scattering determined byEB®A collaboration|[3] up to
the beam momentum of 3.5 GeV/c.

LUMINOSITY

In order to determine the luminosity for the quasi-free preheutron reaction we mea-
sured quasi-fre@p — pp reaction by detecting in coincidence both scattered psoton
Here we will describe the measurement performed by mearseof€OSY-11 appara-
tus [4,15, 6/ 7] shown schematically in Figure 1 (left). Theaié proton gives signal
in the scintillator detector S4 and subsequently reachegthnulated silicon detector
Simon, While the forward scattered proton is registered by thekstd drift chambers
D1 and D2 and scintillator array S1. For triggering of thesétascattered events the
coincidence between signals from the S1 and S4 scintiatas required.
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FIGURE 1. (left) Schematic view of the COSY-11 detection setup. Ohly tetectors used for the
measurements of the quasi-free proton-proton scatterenghiown. D1 and D2 denotes the stack of two
drift chambers. Sionis the granulated silicon detector. S1 and S4 stand for thélktor detectors. (right)
Relation between the center-of-mass scattering anglenenplasition in the S1 detector for the quasi-free
proton-proton scattering abgum= 2.075 GeV/c as has been obtained in the Monte-Carlo simukation

In the case of free proton-proton scattering the luminosityld be determined as a
normalization constant between the measured angulaibditm of the cross section
and the corresponding spectrum known from the previousrarpats. For the quasi-
free reaction the evaluation becomes more complicated @ubket Fermi motion of
nucleons inside the nucleus (Fig. 2 (left)). Since the dioacand momentum of the
bound nucleon may vary from event to event this implies that direction of the
center-of-mass velocity of the colliding nucleons as wsltlze total available energy
for the reaction may also vary from event to event. Thereforetons registered in the
laboratory under a given scattering angle or at a given pfatthe detection system,
correspond to the finite range of scattering angles in theopfproton center-of-mass
frame (see Fid.l1 (right)). This implies that the experinaéahgular distributions cannot
be directly compared to the literature values, and insteaglaluation of the luminosity
requires simulations taking into account the Fermi motiérihe nucleons, and the
variations of differential cross sections for the elastattering as a function of the
scattering angle and energy.

For each simulated event we know the generated Fermi momesftthe nucleon, as
well as the scattering angle of protons in their center-aésnsystem. This permits us
to assign to each event a weight corresponding to the diffiédlecross section, which is
uniquely determined by the scattering angle and the tothsiom energys.

For the intuitive illustration of the size of the momentunregd caused by the
Fermi motion instead of the total center-of-mass energy \&g aguivalently consider
the effective beam momentum as it is seen from the nucleadertbe nucleus. The
distribution of the effective beam momentum depends on &heevof the proton beam
momentum and as an example in Figlie 2 (middle) we presemt ithke value of
2075 MeV/c as which used for the measurement of the quaspfiee pnn reaction[3,
9]. Itis important to note that the distribution of the ecalent beam momentum ranges
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FIGURE 2. (left panel) Nucleon momentum distribution inside the @eom according to the Paris [10]
(full line) and CDBONN [11] (dotted line) potentials. (milddpanel) Distribution of the beam mo-
mentum as seen by the proton bounded inside a deuteron hiteblpetam proton with momentum of
Poeam= 2.075 GeV/c. (right) Bilinear interpolation of the difeartial cross sectioﬁ%(pbeam 6%).

from about 1.5 GeV/c up to circa 2.5 GeV/c. In this momentungeathe cross sections
for the proton-proton elastic scattering vary significari] and therefore this effect
cannot be neglected.

In the following we will be more specific and will describe tkerivation of the
luminosity in terms of formulae exploited in the analysi®r R free proton-proton
scattering we could measure the number of everi® {0, @) scattered into the solid
angleAQ(6, @) around the polar and azimuthal angandg, respectively. In this case
the angles in laboratory and in the center-of-mass systeensavocally related to each
other. With the known differential cross section [3] for fme-proton scattering into that
particular solid angle, and having known the value of thelsamhgleAQ(6, @) from the
Monte-Carlo simulations the luminosity can be calculatecbading to the formula:

___ AN(8,9)
NQ(6,9)53(6,9)

In the case of quasi-free proton-proton scattering the raunab elastically scat-
tered proton€\N into a solid angleAQ (6 ap, @ap) iS proportional toL — the integrated
luminosity over the time of measurement, and also to theripmeduct of the dif-
ferential cross section for scattering into the solid aregleund6* and ¢* angles —
g—g(e*, ©*, Pr, 6, @) — and the probability density of the distribution of the Femuo-
mentumf (pr, 6F, @ ):

1)

ANexp(AQ(Glab7 (ﬂab)) =
do

L/ — (0%, 0", pr, 6, @) f(Pr, B, @ )dprdcoBrd@g-dp*dcod*.  (2)
AQ(Blab; Pab) dQ

The angles8* and ¢@* are expressed in the proton-proton center-of-mass system,
while the angleg);p and @4 are considered in the laboratory system. In the case of
the complex detection geometry with a magnetic field a salglecorresponding to a
given part of the detector cannot in general be expressedciasad analytical form.



Therefore, integral in Equatidi 2 must be computed usindvtbete-Carlo simulation
programme, containing the exact geometry of the detectystesn and taking into
account bending of particles trajectories in the magneid fas well as detection and
reconstruction efficiencies. For the evaluation of a giveane by the Monte-Carlo
programme first we choose randomly a momentum of a nucleadeires deuteron
according to the Fermi distribution [10] (Figl 2 (left)). Mehe total energys for the
proton-proton scattering and the vector of the center-aésrvelocity are determined.
Then, we generate isotropically a momentum of protons inptimeon-proton center-
of-mass frame. Further on, according to the generated amglehe total-energg (or
equivalently an effective beam momentum seen by the struclean) we assign to the
event a probability equal to the differential cross sectiext, the momenta of protons
are transformed to the laboratory frame and are used as animihe simulation of the
detectors signals with the use of the GEANT computing pagkag

The differential cross sectior%(@*,(p*,s), with s being dependent opr, 6, @,
and ppeam and with 8* and ¢* denoting the scattering angles in the proton-proton
center-of-mass system were calculated using the croseselzta base for thpp —
pp reaction [3][. For this purpose we have applied a bilinear interpolatiorthie
momentum-scattering angle plane and calculated diffiecrtoss section according
to the formula:

do do do

4G (Poeam 87) = (1= )(1 = U) < (Pbeam 8™1) +1(1— U) S~ (Pheam 671) +
do . do .
tu@(ljgeame ’2)+(1—t)uE(p%eam9 ’2), (3)

where variable$ andu are defined in Figurel 2 (right). These cross sections werg use
as the weights of the elastically scattered events in theté4@arlo calculations.
ANexpfrom Equationi 2 can be determined as a number of elasticzdiyesed protons
registered in a given part of the detector system. In ordexatoulate the integral on
the right hand side of this equation we simuladgdevents according to the procedure
described above. Due to the weights assigned to the eventg#gral is not dimension-
less and its units correspond to the units of the cross sectised for the calculations.
The number obtained from the Monte-Carlo simulations maghien normalized such
that the integral over the full solid angle equals to theltotass section for the elastic
scattering averaged over the distribution of the totaltteaenergys resulting from the
Fermi distribution of the target nucleon. In the absencehefEermi motion it should
be simply equal to a total elastic cross section for a givembmomentum. This means
that we need to divide the resultant integral by the numbeyeokerated eventsy and
multiply it by the factor of 2t. A factor 2T comes from the normalization of the differ-
ential cross sectioﬂ%(pbeam 6%, ¢*), regarding the fact that protons taking part in the
scattering are indistinguishable. Hence, the formulaHerdalculation of the integrated

1 EDDA group has gathered the data for the excitation funsti%(e*, Pbeam for the elasticpp —

pp process at 108 different proton kinetic energies, rangiognf240 MeV up to 2577 MeV. In the
measurements the center-of-mass scattering angles ohgrt) from 30° up to 90 have been covered.
Both the kinetic and angular ranges are sufficient to covemeeds in calculating the corresponding
differential cross sections.



luminosity for the quasi-free reaction reads:

— No ANexp
27 [po(Bp.0as) 35 (67 @ PF, 66, @& ) T (P, B, ¢ )d prdcoBrd g dprdcod*
(4)

where the normalization constaig/2mis subject to the Monte-Carlo method used for
the integral computation.

EXAMPLE OF APPLICATION

We have applied the above described method for the evatuattitne luminosity for the
measurement of then — pnn reaction with the COSY-11 facility [8) 9, 13].

Events corresponding to the elastically scattered prot@we been identified on
the basis of the momentum distributions. The momentum ofabkescattered proton,
whose trajectory has been registered in the drift chamloarsbe reconstructed, and
the transversal versus the parallel momentum componenbmalotted as it is done in
left panel of Figuré13. The signal from the elastic scattgmextons appears as an clear
enhancement around the expected kinematical ellipse.
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FIGURE 3. Parallel versus transversal momentum component of thexséreted fast proton momen-

tum as obtained in the experiment (left) and in the simutetigight). Superimposed lines correspond to
the expected kinematical ellipses.

For the calculations of the integrated luminosity, the pathe S1 detector available
for the elastically scattered protons was divided into fsranges. In order to separate
the background from the multi particle reactions for eadbrange, the distribution of
the distance of the points to the kinematical ellipse wasrd@hed. The result obtained
for different sections of the S1 detector are presentedgnorei4.

A linear background ct has been performed and subsequently the true scattering
yields into a given range of the S1 detector have been caézlila

For the determination of the integral of Equatidn 2 an=N10’ quasi freepp — pp
events have been simulated, and the response of the dsthatobeen generated using

2 The main source of the background are the accidental caincigb originating from the production and
scattering processess.
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FIGURE 4. Projection along the expected kinematical ellipse of theeeixmental event distribution
from Figure(3 (left) for four subranges of the S1 detector.
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FIGURE 5. Projection along the expected kinematical ellipse of theusated event distribution from
Figurel3 (right) for four subranges of the S1 detector.

the GEANT-3 code based simulation programme, maintairfiegekperimental condi-
tions of beam and target [14]. Subsequently, the simulatedte have been analyzed in
the same way as the experimental data. Figure 5 shows théasatspectra analogous
to the experimental distributions of Figure 4. As descrilvetthe previous sections each
entry in the shown histograms was weighted according toifferehtial cross sections
and hence the integral of these spectra normalized to nuaflsmulated events and
multiplied by a factor of 2r can be substituted for an integral in Equafion 2. Thus the in-
tegrals of experimental (Figl 4) and simulated histogrdfits.[8) applied in Equatioln 2
permitted to determine the luminosity for each of the subeant S1 detector separately.
The weighted average over the four quoted values of theratted luminosity equals to
L = (2.08+ 0.03)10%° cm™2.

One source of the systematic error may be attached to thgmokd misidentifica-
tion. Since the line describing the background can be wéihdéd on both: the left and
the right side of the scattering peaks, we assumed, corisgtlyathat the systematic
error due to the assumption of the linearity of the backgdauarthe way as presented in
Figurel4 is less than 20%. The background events constitated 15% of all events,
hence the overall systematic error due to the backgrounuasation is not greater than
3%.

Another source of the systematic error originates from #simption of the bilinear
approximation of the cross section shown in Figure 2 (righd)estimate this systematic
uncertainty we made the zeroth-order assumption in whistead of the interpolation
we took the cross section value from the closest data potitieieffective proton beam
momentum-—scattering angle plane. Higher order approxamswof the differential cross



section given by Equatidn 3 should be not greater than tifierdifce between the zeroth
order approximation explained above and the bilinear appration. The performed
calculations shows that this difference is smaller tha®®.2

Taking into account the normalisation error of the EDDA elifintial cross sections
(equal to circa 4% |3, 15]), the systematical error origimgatfrom the assumption of
the potential model of the nucleon bound inside the deutérqoal to about 2%), and
the two abovementioned sources of the systematical em@sestimated the overall
systematical error of the integrated luminosity to be netggr than 9.2%.
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