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Abstract

M.Yu. Bogolyubsky et al. Correction of the Energy Scale Nonlinearity in Electromagnetic

Calorimeters with the π0 two-photon Decays: IHEP Preprint 2010-15. – Protvino, 2010. – p. 8,

figs. 4, refs.: 4.

The method to calculate the non-linearity correction of the electromagnetic calorimeter

response, based on minimisation of the deviation of the measured neutral meson mass on the

energies of it decay photons, is described in this paper. This method was developed for the

electromagnetic calorimeter LGD2 in the Hyperon-M experiment at U70 accelerator of IHEP.

The found correction allowed to reduce significantly variations of the reconstructed π0 and η
masses on the minimal energy of the mesons.ÀííîòàöèÿÌ.Þ. Áîãîëþáñêèé è äð. Êîððåêöèÿ íåëèíåéíîñòè ýíåðãåòè÷åñêîé øêàëû ýëåêòðîìàã-íèòíîãî êàëîðèìåòðà ïî äâóõ�îòîííûì ðàñïàäàì π0-ìåçîíà.: Ïðåïðèíò ÈÔÂÝ 2010-15. �Ïðîòâèíî, 2010. � 8 ñ., 4 ðèñ., áèáëèîãð.: 4.Â ðàáîòå ïðåäñòàâëåí ìåòîä âû÷èñëåíèÿ êîððåêöèè íåëèíåéíîñòè îòêëèêà ýëåêòðîìàã-íèòíîãî êàëîðèìåòðà, îñíîâàííûé íà ìèíèìèçàöèè îòêëîíåíèÿ èçìåðåííîé ìàññû íåé-òðàëüíîãî ìåçîíà, ðàñïàäàþùåãîñÿ â êîíå÷íîì ñ÷åòå íà �îòîíû, â çàâèñèìîñòè ýíåðãèéïîñëåäíèõ. Ìåòîä áûë ðàçðàáîòàí è ïðèìåí¼í äëÿ ýëåêòðîìàãíèòíîãî êàëîðèìåòðà LGD2â ýêñïåðèìåíòå �èïåðîí-Ì íà óñêîðèòåëå Ó70 �ÍÖ ÈÔÂÝ. Íàéäåííàÿ êîððåêöèÿ ïîçâîëèëàñóùåñòâåííî óìåíüøèòü âàðèàöèè ðåêîíñòðóèðîâàííûõ ìàññ π0 è η ìåçîíîâ â çàâèñèìîñòèîò èõ ìèíèìàëüíîé ýíåðãèè.
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Introdu
tionPhotons and ele
trons due to intera
tion with a medium of the 
ell-type ele
tromag-neti
 
alorimeter produ
e ele
tromagneti
 showers whi
h spreads over several 
alorimeter
ells 
alled a shower 
luster, i.e. the group of a�e
ted 
ells with 
ommon edges. The read-out ele
troni
s for su
h kind of 
alorimeters reads the signal amplitudes from 
alorimeter
ells. These amplitudes are used to estimate the real energy deposition of ele
tromagneti
shower in the 
alorimeter 
ells by using the independent on energy 
alibration 
oe�
ients.The sum of the deposited energies in the 
luster 
ells de�nes the energy of the in
identphoton or ele
tron. This dire
t energy estimation of ele
tromagneti
 showers might besatisfa
tory in the energy range used for the 
alorimeter 
alibration but 
ould lead toenergy shifts at di�erent energies whi
h results in the 
alorimeter response nonlinearities
aused by the physi
al pro
esses, read-out ele
troni
s and shower re
onstru
tion program.The longitudinal ele
tromagneti
 shower pro�le (ele
tromagneti
 
as
ade in the 
alorime-ter radiators) [1℄ allows to determine the shower energy deposition in the 
alorimeterradiators for the 
ase of its �nite longitudinal thi
kness. The position of the energy max-imum moves further into the 
alorimeter with the logarithm of the photon energy, thatin
reases the shower energy leakage out of the 
alorimeter. Another phenomenon of themeasured shower energy loss is related to the �nite attenuation length for Cherenkov ors
intillation light in the 
alorimeter 
ells. The average light path from a radiation pointto a photo-dete
tor depends on the energy of the in
ident photon and reveals itself also asthe nonlinear dependen
e with energy of the light pulse produ
ed by shower. The showerenergy leakage is possible in the transversal dire
tions as well, for instan
e, due to energyloss in gaps between 
alorimeter 
ells.Chosen 
alorimeter design 
ould bring the nonlinearity e�e
ts as well. For instan
e,the used photo-dete
tors 
ould have a nonlinear s
ale. The read-out ele
troni
s (in
lud-ing the analog to digit 
onverters, ADC) 
ould be too noisy, and the noise has to besuppressed by applying the relevant threshold on re
orded amplitudes in the 
alorimeter
ells. This threshold leads sometimes to a signi�
ant distortion of measured amplitudesof the in
ident photons at low energies. The enumeration 
ould be 
ontinued. But it is
1



important to note that all these e�e
ts are unlikely possible to take into a

ount with ahigh a

ura
y using Monte Carlo simulations only. Anyway this is su�
iently di�
ult.The typi
al task solving by ele
tromagneti
 
alorimeters in high energy physi
s ex-periments is the mass spe
tra measurement of neutral mesons de
aying into photons, forinstan
e, π0 → γγ, η → γγ, ω → π0γ and so on. The 
alorimeter energy s
ale non-linearity have an impa
t on dependen
e of the measured neutral meson masses on theirenergies whi
h leads, in turn, to systemati
 un
ertainties in the meson spe
tra measure-ment. Therefore the 
orre
tion of the 
alorimeter non-linearity response is relevant in the
ase.At the same time the possibility of solving this problem dire
tly is no means alwaysthe 
ase, i.e. the experimental study of the 
alorimeter response to photons or ele
trons atdi�erent energies 
annot be 
arried out, for example, at 
ollider experiments or for otherreasons. However the 
orre
tion fa
tor of energy s
ale of ele
tromagneti
 
alorimeters
ould be found as the result of inverse problem solution, i.e. by using experimentallymeasured mass dependen
e of neutral mesons on the energy of de
ay photons.In the present paper the mathemati
ally stri
t algorithm of nonlinearity 
orre
tionof the 
alorimeter energy s
ale based on the minimum squared deviation method is pro-posed. This algorithm has been developed and applied for the data pro
essing from theele
tromagneti
 
alorimeter LGD2 of the experiment Hyperon-M at the U-70 a

eleratorof IHEP, Protvino [2℄. The two photon de
ays of neutral pions re
orded in the experimenthave been used for the energy 
orre
tion pro
edure. The performed 
orre
tion allows toredu
e signi�
antly the nonlinearity of the LGD2 energy s
ale and to de
rease systemati
un
ertainties in parti
le mass measurement in several times. It opens up the possibilityto obtain the interesting physi
s results as well.It is worth to note also that the events of two photon de
ays of neutral mesons areused for a 
alibration purpose of the relevant ele
tromagneti
 
alorimeters in severalexperiments. And thus the des
ribed below pro
edure of the energy s
ale 
orre
tion
ould be interesting for the data treatment in these experiments as well.1. Experiment Hyperon-ÌIt is appropriate at �rst to give a short des
ription of the Hyperon-M setup beforedis
ussing the ele
tromagneti
 
alorimeter LGD2 energy s
ale in the experiment. Thelayout of experiment is presented in Fig.1. The setup 
omprises the beam teles
ope ofs
intillation 
ounters S1, S2, S4, Cherenkov 
ounters C1−3, nu
lear target T , s
intillationanti 
ounter SA and ele
tromagneti
 Cherenkov lead glass 
alorimeter LGD2 lo
ated ata distan
e of 3.7 m after the target. The measurements were 
arried out on the 7 GeV/
beam of positive parti
les with intensity of ∼ 106 parti
les per burst on di�erent nu
leartargets, in
luding the Be target. The requirement of a beam parti
le signal from thebeam teles
ope and the absen
e of a signal from anti 
ounter SA generates the triggersignal:
Tr = S1 · S2 · S4 · S̄A.2
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Figure 1. The Hyperon-M experimental setup layout: S1, S2, S4 � beam s
intillation 
oun-ters, C1−3 � Cherenkov 
ounters, T � nu
lear target, SA � trigger s
intillation anti
ounter SA, PCi � proportional 
hambers, LGD2 � Cherenkov ele
tromagneti

alorimeter with lead glass radiators.This trigger allows to sele
t e�e
tively the in
lusive produ
tion of neutral mesons M0de
aying into photons within the LGD2 
alorimeter solid angle:
π+(K+, p) + Az → M0 + X, M0 → nγ. (1)A typi
al value of the trigger sele
tivity rea
hed the value of ∼ 1-3 · 10−2 depending onthe type and thi
kness of the irradiated target and the beam intensity. More detaileddes
ription of the Hyperon-M setup, ele
troni
s, trigger and data a
quisition system 
anbe found elsewhere [3℄.The LGD2 
alibration was performed on the physi
s two-photon events 
olle
ted onthe Be target. The sample of 
alibration events 
omprises of 2 millions events (1) withthe re
onstru
ted photon multipli
ity n = 2 and the photon pair energy Eγγ > 1.5 GeV.Determination of the 
alibration 
oe�
ients was performed by means of the iterative
orre
tions of the π0-peak position with a smooth ba
kground in ea
h 
alorimeter 
ell onthe subset of two photon events where one of two photons hits this 
ell, details see in [4℄.We note here only that the e�e
tive mass of photon pair was evaluated with the formula:

m2γ =
√

2ε1ε2(1 − cos θ12), (2)where εi is the measured energy of the i-th photon and θ12 is the opening angle of photonpair in the laboratory frame. The e�e
tive mass spe
trum of photon pairs in rea
tion (1)after 15 iterations is illustrated by Fig. 2. The obtained mass resolution for the π0-mesonis equal to 11.4 MeV.
3



2. The 
alorimeter energy s
ale 
orre
tion pro
edureLet's de�ne the nonlinear 
orre
tion to the 
alorimeter LGD2 energy s
ale ∆ε as thedi�eren
e between the �true� photon energy ε̃ and its measured value ε:
∆ε = ε̃ − ε. (3)This 
orre
tion 
an be expanded in a power series over some variable x depending on thephoton energy

∆ε =
i=k∑

i=0

αi · xi (4)taking into a

ount that the 
orre
tion ∆ε should be 
omparatively small with respe
t tothe measured photon energy. To avoid the 
omputational pre
ision limitations at largeenergy values related to the fa
torisation order k in expression (4), it is natural to takefor the x variable the logarithm of measured photon energy:
x = x(ε) = ln(ε/ε0), (5)where ε0 = 1 MeV. As a 
onsequen
e the 
orre
ted photon energy ε̃ 
an be written as:

ε̃(ε) = ε + ∆ε = ε (1 +
i=k∑

i=0

αi

ε
xi), (6)where it is natural to assume that the parameters αi/ε are su�
iently small due to asmall nonlinearity of the 
alorimeter energy s
ale. The expression for the e�e
tive massof a photon pair (2) 
an be rewritten then in terms of the 
orre
ted energies of photonsas follows:

m̃2γ =
√

2ε̃1ε̃2(1 − cos θ12) =
√

ε̃1ε̃2 · c12, (7)where ε̃i = ε̃(εi) are linear fun
tions (6) of small parameters αi/ε and c12 =
√

1 − cos θ12is the geometri
al fa
tor whi
h is a
tually independent on these parameters.The parameters αi in equation (6) 
an be determined by minimisation of the deviationof e�e
tive mass of the photon pair in representation (7) from the PDG π0-meson mass onthe sample of π0 events used in the dis
ussed pro
edure and shown for our 
ase in Fig.2(left) as hat
hed area. In other words, the parameters αi 
an be determined by means ofthe fun
tional minimisation
χ2 =

N∑

n=1

(m̃2γ − mπ0)2

σ2(m2γ)
, (8)where N is the number of two-photon events in the indi
ated π0-peak region in Fig.2, m̃2γis the e�e
tive mass of a photon pair in the representation (7), mπ0 is the PDG value ofthe π0-meson mass and σ(m2γ) is the expe
ted un
ertainty of the e�e
tive pair mass asde�ned in expression (2).
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The un
ertainties on the invariant mass of photon pair in
lude the photon energyun
ertainty and the un
ertainty of the photon pair opening angle, see (2). The openingangle error is de�ned by the Hyperon-M setup geometry and the re
onstru
tion programof LGD2 
alorimeter. This error is su�
iently small in our 
ase, and we will negle
t itbelow.The relative un
ertainty of the photon energy measurement in ele
tromagneti
 
alorime-ter is de�ned a

ording to the formula:
σε/ε = a/

√
ε ⊕ b ⊕ c/ε,where parameters a, b and c are de�ned by the 
alorimeter design, see for example [1℄.The last summand 
ontribution in the energy resolution of LGD2 
alorimeter is smalland we will ignore it below. Thus the expe
ted mass resolution for photon pairs 
an beexpress using the error propagation te
hniques as:

σ2(m2γ) = A(c2

12(ε1 + ε2) + B), (9)where the energies of photons are measured in GeV, and A and B are the empiri
al param-eters equal to 2.5 · 10−3 GeV and 1.4 · 10−3 GeV respe
tively for the LGD2 spe
trometer.The ne
essary 
onditions for fun
tional (8) minimisation
∂χ2/∂αi = 0with the a

ura
y up to the se
ond order smallness αiαj/ε

2 result in the system of linearequations relatively to the parameters αj :
k∑

j=0

αj

N∑

n=1

c2
12

2ε1ε2σ2(m2γ)
(ε1x

i
2 + ε2x

i
1)(ε1x

j
2 + ε2x

j
1) = (10)

=
N∑

n=1

(
m0

π√
ε1ε2

− c12)
c12

σ2(m2γ)
(ε1x

i
2 + ε2x

i
1),where xl = x(εl), l = 1, 2, see equation (6). The iteration pro
edure based on equations(6) and (10), allows one to �nd out the fun
tional minimum (8) with a reasonably gooda

ura
y after 2 − 3 iterations.The �rst 9 terms of the series (6), i.e up to the order of k = 8, were taken into a

ountfor the Hyperon-M data treatment. The next values for the 
orre
tion 
oe�
ients havebeen obtained after the �rst iteration: α0−8/GeV = 0.00399, -0.0505, -0.0392, -0.0209, -0.00537, 0.0165, 0.0104, -0.00313, -0.00235. The 
oe�
ients of the se
onditeration were found to be about three times less 
ompared with the �rst iteration values.The energy 
orre
tion fun
tion for the LGD2 
alorimeter

εcorr/ε = ε̃(ε)/ε = 1 +
i=k∑

i=0

αi

ε
xi (11)
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Figure 2. Left: the e�e
tive mass spe
trum of two-photon events with the sum energy of photonslarger than 1.5 GeV. Right: the energy s
ale 
orre
tion fun
tion for LGD2 
alorimeterde�ned on the π0 event sample and shown as hat
hed area in pi
ture on left.is presented in Fig.2 in the right plot. As one 
an see from the �gure the relative 
orre
-tion doesn't ex
eed 10% level virtually in the whole energy range of photons and this isin a good agreement with our initial assumption 
on
erning the smallness of an expe
tedenergy s
ale nonlinearity of the LGD2 
alorimeter. This is an important statement be-
ause it is used in the ground of the method. For the sake of 
ompleteness it would beuseful also to present the values of χ2 (8) before and after the 
orre
tion: in our 
ase thevalue of χ2 per degree of freedom before the 
orre
tion and after it are equal to 1.073 and
1.044 respe
tively for approximately 106 degrees of freedom.3. Results and dis
ussionPerforman
e of the above dis
ussed pro
edure is illustrated in Fig.3, where the s
atterplots of the e�e
tive two photon mass versus the logarithm of the energy of ea
h photonin a pair (two points per event) for the re
onstru
ted two-photon events (1) is shown for
Be-target before the energy s
ale 
orre
tion on the left panel and after it on the rightpanel of the �gure. A 
lear 
orrelation of the two-photon mass and the photon energiesfor events in the π0-meson region is seen on the left pi
ture and it is 
ompletely absenton the right one. The numeri
al values of the 
orrelation 
oe�
ients for events withoutthe energy s
ale 
orre
tion and with it are equal to 0.13 and 0.05 respe
tively.Another illustration of the nonlinearity 
orre
tion method is represented by Fig. 4.The dependen
e of the measured mass of the π0- and η-mesons on the minimal photonpair energy (εsum = ε1 + ε2) is shown before applying the nonlinearity 
orre
tion andafter it. These plots demonstrate as well that the systemati
 deviation of the neutral pion

6



0

100

200

300

400

500

600

700

5 7.5

ln(ε/ε0)

m
2γ

, M
eV

0

100

200

300

400

500

600

700

5 7.5

ln(ε/ε0)

m
2γ

, M
eV

Figure 3. Distributions of the two-photon e�e
tive mass versus the logarithm of photon energyof ea
h photon in pair (two points per event) for the re
onstru
ted two-photon eventson Be-target. The 
on
entration of events at lower area 
orresponds to the dete
tionof π0-mesons, upper one � to the η-mesons. The event distributions before the energys
ale 
orre
tion are shown on left and after the 
orre
tion � on right.
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e of π0-meson (on left) and η-meson (on right) versus the minimalphoton pair energy εsum = ε1 + ε2. The dependen
e before the LGD2 energy s
ale
orre
tion is shown by bla
k 
olour and one after 
orre
tion is shown by red 
olour.The dashed line shows the PDG values of these mesons.7



mass from the PDG value in dependen
e on the photon pair energy de
reases from 1.17%to 0.19%, i.e. in 6 times, and the same deviation for η-meson de
reases from 2.98% to0.23%, i.e. in 13 times, and this is demonstration of the high performan
e of the proposedmethod as a whole. Con
lusionThis paper des
ribes the pro
edure of the energy s
ale 
orre
tion for ele
tromagneti

alorimeters. The pro
edure is based on the minimization of mass resolution for two-photon de
ays of neutral pion dete
ted in the 
alorimeter. The linear parametrisation ofthe 
orre
tion fun
tion as the power series in logarithm of the photon energy allows toprovide a simple and e�e
tive energy s
ale 
orre
tion in a very wide energy range. Possi-bility to use the physi
s statisti
s of the experiment for the energy 
orre
tion pro
edureresults in the high a

ura
y and sensitivity of the method. For instan
e, in the Hyperon-M experiment the rea
hed mass s
ale nonlinearity for two-photon events is equal to 0.2%,that hardly 
an be obtained in 
al
ulations of similar 
orre
tions by Monte-Carlo methodsdue to restri
tions pe
uliar to the transport 
ode. Anyway the signi�
ant Monte-Carlodi�
ulties appear in 
al
ulations at the a

ura
y level of 10−3.Eventually, it is signi�
ant that the des
ribed pro
edure 
ould be applied pra
ti
allyfor any hodos
opi
 ele
tromagneti
 
alorimeter if the physi
s statisti
s of experimentpossesses the needed amount of two-photon or, let's say, three-photon de
ays of knownmesons be
ause this pro
edure 
ould be easy generalised for multi-photon de
ays as well.Referen
es[1℄ Review of Parti
le Physi
s, C.Amsler, et al., Physi
s Letters B 667, 1 (2008).[2℄ A.V.Artamonov et al., Instr.Exp.Te
hn. 2001, Vol.44, No.1, pp.12-27.[3℄ M.Yu.Bogolyubsky et al., Instr.Exp.Te
hn. 2007, Vol.50, No.5, pp.666-672.[4℄ S.A.Akimenko et al., IHEP preprint 82-149, Protvino;S.A.Akimenko et al., Instrum.Exp.Te
h. 27:63-68, 1984;A.M.Blik and I.P.Liba, Instrum.Exp.Te
h.38:308-313,1995.Re
eived De
ember 22, 2010.
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