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RECONSTRUCTION OF THE �0 KINEMATICSFROM 

 DECAY�Katarzyna Korze
ka and Tomasz Matulewi
zInstitute of Experimental Physi
s, Warsaw UniversityHo»a 69, 00-681 Warsaw, Poland(Re
eived November 12, 1999)The paper raises the problem of the re
onstru
tion quality of �0 kine-mati
s from the dete
tion of both de
ay photons in a ele
tromagneti
 seg-mented 
alorimeter. The standard method of photon energy-s
aling is 
om-pared with the kinemati
ally-
onstrained �t pro
edure. The �2 value froma �t to a given event was a subje
t of quantitative 
on�den
e level analysis.This analysis reje
ts only a negligible fra
tion of events in the 
ase of thekinemati
 �t pro
edure, while a large fra
tion of events are dis
arded usingthe energy-s
aling method. The width of the re
onstru
ted pion energy dis-tribution from the kinemati
 �t is redu
ed by 14% 
ompared to the resultsof the energy s
aling method. Applying the kinemati
al �t method to theexperimental data, the re
onstru
ted pion energy spe
trum does not vio-late the kinemati
al limit imposed by the energy 
onservation, in 
ontrastto the energy-s
aling method.PACS numbers: 29.40.M
, 29.40.Gx, 25.40.Qa1. Introdu
tionThe identi�
ation of neutral pions (and other neutral mesons) is usu-ally based on the invariant mass analysis of two-photon events dete
ted inan ele
tromagneti
 
alorimeter. In this paper we address the question ofthe quality of the re
onstru
tion of the kinemati
s of �0 , question impor-tant when the goal of the measurement is not only the �0 yield but theirkinemati
al properties. We dis
uss the properties of the 
onstrained �t-ting pro
edure (kinemati
al �t), whi
h is ne
essary to a

ount for the e�e
tof �nite angular resolution of the dete
tor. The method is applied to theresults of Monte-Carlo simulation of monoenergeti
 neutral pions and tothe experimental data obtained with the TAPS spe
trometer in 190 MeVproton-indu
ed �0 produ
tion on nu
lei.� Presented at the NATO Advan
ed Resear
h Workshop, Krzy»e, Poland2�4 September 1999. (71)
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z2. �0 identi�
ation and simulationsThe observables needed for the identi�
ation of �0 through the invariantmass m

 =p2E
1E
2(1� 
os �

) analysis are two photon energies (E
1 ,E
2) and the opening angle �

 between them. In heavy-ion 
ollisions at in-termediate energies, the dete
tion of photons following neutral pion de
ay isnow done with BaF2 s
intillation dete
tors. The response of the BaF2 baseddete
tors are very well reprodu
ed in Monte-Carlo simulations of the ele
tro-magneti
 showers with the GEANT 
ode. Therefore, the simulations 
an betreated very reliably for the detailed study of response fun
tion to parti
les,like e.g., monoenergeti
 neutral pions. The geometry used in the simulationswas the geometry of the TAPS spe
trometer [1℄ during the experiments per-formed at the AGOR 
y
lotron of KVI Groningen, the Netherlands. 384BaF2 hexagonal 
rystals of 5.9 
m inner diameter pla
ed at a distan
e of 66
m from the target 
overed about 20% of the full solid angle. The angulardistribution of monoenergeti
 �0 was isotropi
 in the laboratory. The 
al
u-lations were done in 5 MeV energy steps up to 55 MeV pion kineti
 energy(roughly the maximum �0 energy available in this experiment) and also forpions of 100 MeV kineti
 energy.3. Re
onstru
tion of �0 kinemati
sThe angular resolution depends on the granularity of the dete
tors andthe distan
e from the target. In a segmented ele
tromagneti
 
alorimeter theele
tromagneti
 shower indu
ed by an energeti
 photon usually spreads overseveral modules, allowing then to determine the �rst intera
tion point with apre
ision better than the size of a single module [2℄. When the dete
tors arepla
ed far away from the target, the angular resolution is mu
h better 
om-pared to the energy resolution of a s
intillation dete
tor. Let us 
onsider the
ase a two-photon event, that was a

epted as a neutral pion de
ay on thebasis of invariant mass analysis. Sin
e its invariant mass is not exa
tly equalto the known pion mass, the two experimentally-measured photon energieshave to be appropriately s
aled in order to reprodu
e parti
le mass. Basingon the 
orre
ted photon energies and �xed angular information, the kine-mati
al properties of the de
aying parti
le 
an be 
al
ulated. This method,des
ribed in Ref. [3℄, will be 
alled energy-s
aling method.When the dete
tors are pla
ed 
lose to the target, the redu
ed pre
isionof angular mesurements might in�uen
e the pro
edure of re
onstru
tion ofpion kinemati
s. In that 
ase, not only the photon energies have to be 
or-re
ted, but also their emission angles, to make an event 
ompatible withthe known meson mass. This is realised through a 
onstrained �t, 
alledthe kinemati
al �t. While satisfying the kinemati
al 
riteria of reprodu
ingthe meson mass, the 
orre
ted photon momenta are determined by minimiz-



Re
onstru
tion of the �0 Kinemati
s from 

 De
ay 73ingthe �2-value�2 = 3Xi1;i2=1 2Xj1;j2=1(qi1j1 � pi1j1)Gi1i2j1j2(qi2j2 � pi2j2) ; (1)where pij is the measured i-th momentum 
omponent of j-th photon andqij its 
orre
ted value. Sin
e the momenta are not measured dire
tly, but
al
ulated from the photon energy and angle, the �2 
al
ulations takes intoa

ount the error propagation through the matrix Gi1i2j1j2 (more details inRef. [4℄). The invariant mass 
al
ulated from the re
onstru
ted momentahas to be equal to �0 mass, so only 5 of the 6 
omponents of Eq. (1) arefree parameters of minimization. The last parameter, for example pz of these
ond photon, 
an be expressed analyti
ally by the 5 other parameters.This expression, whi
h mimi
s the 
onstraint of the proper meson mass,allowed to develop a fast �tting pro
edure with the minimization libraryMINUIT.The aim of this analysis is the 
omparison of the quality of the re
on-stru
tion pro
edures and their resolutions. In order to answer this question,the quantity to be 
ompared is the �2 value. The quantitative interpre-tation of �2 values requires an insight in the properties of measurementerrors. The error distributions of three 
omponents of photon momenta isnon-gaussian when all 

 pairs from �0 de
ay are taken, regardless of theirinvariant mass value. As expe
ted, redu
tion of the sample of events tothose of higher value of m

 improves the shape of error distributions. Aminimum of the �2/NDF value of the gaussian �t to this distribution is at112 MeV. This value is signi�
antly higher than the values of the low-mass
ut 
ommonly used for neutral pion identi�
ation (for example 90 MeV inRef. [5℄). We 
laim that su
h a strong 
ondition (whi
h depends of 
ourseon the experimental set-up) is ne
essary when the data are to be used forthe re
onstru
tion of pion kinemati
s. The gaussian shape of the error dis-tributions of quantities adjusted in the kinemati
al �t pro
edure as well asin the energy-s
aling method allows now to make a quantitative 
omparisonof the re
onstru
tion quality.Assuming a �2 
on�den
e level of 10%, we obtain a 
ondition allowingto reje
t those re
onstru
ted events, for whi
h the �2 value is above theone determined by the 
on�den
e level. Appli
ation of this 
ondition shows(Fig. 1) dramati
ally di�erent in�uen
e on the e�
ien
y of the 
omparedmethods. The re
onstru
ted pion total energy for both analyses are well
entered around the known energy that was used as input to the simula-tions. The shape of the total re
onstru
ted energy distribution (Fig. 1),when no 
onditions are applied, are 
hara
terized by signi�
ant long tails onboth sides of the peak. The introdu
tion of the m

 > 112 MeV 
ondition,
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tra of the re
onstru
ted pion total energy with the energy s
alingmethod and the kinemati
al �t (left and right panels, respe
tively), obtained fromsimulated 

 de
ay of neutral pions of 100 MeV kineti
 energy (235 MeV totalenergy). The solid lines represent all 

 
oin
iden
ies' The events having m

 >112 MeV are represented by the dashed line. From these, events with �2 valuewithin 10% 
on�den
e level are shown as dotted line (not distinguishable from thedashed one for the kinemati
al �t method).whi
h 
orresponds to the request of statisti
al nature of measurement errors,removes this tail in both 
ases. Now, the 
ondition of 10% 
on�den
e level,while signi�
antly redu
ing the number of a

epted events in the energy-s
aling method, has almost no e�e
t for the kinemati
al �t pro
edure. Thisresult points that in spite of the strong reje
tion of events 
hara
terized bylow invariant-mass value, the 
orre
tions done by the energy-s
aling meth-ods to the measured photon energies are still large 
ompared to the knownresolution of the dete
tor. The kinemati
al �t pro
edure o�ers a better en-ergy resolution 
ompared to the energy-s
aling method. The resolution ofthe kinemati
al �t pro
edure is redu
ed by 14% (averaged over the energyrange of the present analysis) 
ompared to the energy-s
aling method.4. Example of appli
ationThe two dis
ussed methods for the re
onstru
tion of pion kinemati
swere applied to the experimental data of �0 produ
tion in 190 MeV proton-indu
ed rea
tions on Ni target. The measurements were done with the TAPSspe
trometer at the AGOR 
y
lotron, KVI Groningen.The total energy spe
trum of re
onstru
ted pions spans a large dynami
range from the �0 rest mass (Fig. 2). In the 
ase of the energy-s
aling methodapplied to 

 events with m

 > 90 MeV the high-energy tail of the spe
-
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trum of �0 from the 190 MeV proton-indu
ed rea
tionson Ni. The �0 energy was re
onstru
ted from the 

 de
ay applying the energy-s
aling method (open squares) and kinemati
al �t (open 
ir
les) to 

 events withm

 > 90 MeV. Pion energy re
onstru
ted for events with m

 > 112 MeV by theenergy-s
aling method are denoted as full squares. The above and the 
on�den
elevel of 10% 
onditions applied within the kinemati
al �t pro
edure result in aspe
trum denoted by full 
ir
les.trum over
omes the kinemati
al limit imposed by the energy-
onservation.It is even worse for the kinemati
al �t pro
edure. When the m

 > 112 MeV
ondition is applied, the spe
trum from the energy-s
aling method 
ontin-ues to ex
eed the kinemati
al limit (almost 100 events above 190 MeV, 60above 195 MeV). In the 
ase of the above 
ondition and the 
on�den
e-levelanalysis, the kinemati
al �t pro
edure provides us with a spe
trum whi
hdoes not e�e
tively ex
eed the energy limit (10 events above 190 MeV, singleone at 195 MeV). This property is obtained at a 
ost of redu
ed e�
ien
y(only 54% of events a

epted), due to the strong in�uen
e of the m

 > 112MeV 
ondition.
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z5. Con
lusionsThe paper raises the problem of the quality of the re
onstru
tion of�0 kinemati
s from the dete
tion of the two de
ay photons in an ele
ro-magneti
 segmented 
alorimeter. Based on GEANT simulations of the�0 ! 

 de
ay (m�0 = 135 MeV), we 
ompare the standard method of pho-ton energy s
aling with the kinemati
ally-
onstrained �t pro
edure whi
hallows for angular variations of the photon dire
tions as well. Analyzing theproperties of the measurement errors, we �nd that these errors have a sta-tisti
al 
hara
ter only for events for whi
h the invariant mass m

 is above112 MeV. This value is mu
h higher than the low-mass 
uts 
ommonly used.With the statisti
al nature of the measurement errors, the �2 value from a �tto a given event 
an be a subje
t of quantitative 
on�den
e level analysis.We demonstrate that the 
on�den
e level analysis (10% 
on�den
e level)reje
ts only a negligible fra
tion of events in the 
ase of the kinemati
 �tpro
edure, while a large fra
tion of events are dis
arded using the energy-s
aling method. The width of the re
onstru
ted pion energy distributionfrom the kinemati
 �t is redu
ed by 14% 
ompared to the results of theenergy s
aling method. Also, applying the kinemati
al �t method to theexperimental data, the re
onstru
ted pion energy spe
trum does not violatethe kinemati
al limit imposed by the energy 
onservation, while the tail ofthe spe
trum obtained with the energy-s
aling method is over that limit.With appropriate s
aling, these results 
an be appli
able to the problem ofthe re
onstru
tion of kinemati
s of other mesons de
aying via two-photon
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