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The electromagnetic sampling calorimeters of the SPD experiment (NICA collider) are being investigated by
Monte Carlo method. The simulation is used to study in detail the influence of energy leakages from the module on
its energy resolution. The values of the stochastic and constant terms are obtained for the SPD calorimeter proto-

types.
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INTRODUCTION

The Spin Physics Detector (SPD [1], NICA, JINR)
experiment is designed to study spin-dependent parton
distributions and correlations in nuclei at the NICA col-
lider in beams of intense polarized relativistic ions.

One of the main detecting systems of the facility is
an electromagnetic (EM) calorimeter (SPD ECal). The
design is based on the KOPIO [2] prototype sampling
calorimeter. Lead was chosen as an absorber, and a
plastic scintillator was chosen as an active medium. The
expected energy resolution in the energy range from
50 MeV to 16 GeV should be as good as possible, but

not worse ~ 5% /+/E(GeV). However, subsequent re-

finements and discussion of the installation design [3]
showed that the length of the entire module structure
should not exceed 50 cm. Both requirements are diffi-
cult to reconcile. Therefore, a careful analysis of the
factors affecting resolution is required.

The main optimization of the design of the calorime-
ter module is carried out in terms of energy resolution
parameters. Usually the function of energy resolution
versus energy is parameterized by the quadratic summa-
tion of two terms — stochastic term and constant term:

o, a

The coefficient a have a statistical nature and repre-
sents a combination of Poisson-type effects — sampling,
photostatistics fluctuations and electronic noise. The
coefficient b dominates at high energies and is associ-
ated with the design features of the calorimeter module,
inhomogeneity of sensitive elements, module dimen-
sions, energy leakage, different calibrations of modules,
inhomogeneities of light collection and light attenuation
length in fibers, inaccuracies in the manufacture of ab-
sorbers, passive materials, etc.

In this work, we will consider the so-called ideal
calorimeter, when all effects, except for sampling and
energy leakage from the module, are artificially turned
off. The task is to study the effect of energy leakage
from the SPD calorimeter module which has a limited
size. It has long been noticed and discussed many times
that parameterization (1) is “fundamentally incorrect”
[4, p. 48]. The energy resolution is fitted with function
of several types. The ultimate goal is to obtain the pa-
rameters of several possible prototype calorimeters.
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As will be seen from the results of our detailed
simulations, the specific shape of the energy resolution
terms will depend from shower energy leakage from the
calorimeter, which is almost always present even in
small amounts. The EM leakages may not be strongly
affected on the shape and parameters of the total absorp-
tion peak. But the energy resolution is determined by
the entire set of energy points and the deviation from the
form of (1) already can be significant.

The approach is based on careful selection the en-
ergy spectra according to the Chi-square test. Next, we
use a new energy resolution approximation function that
explicitly takes into account energy leakages from a
module of real dimensions and has good convergence to
2 /ndf ~1.

Specifically, the task was solved by studying the to-
tal energy resolution of the prototypes tower ECal SPD
calorimeter depending on the number of layers and ab-
sorber thickness.

1. MONTE CARLO SIMULATION
1.1. IDEAL CASE

The influence of the effects of longitudinal and
transverse EM energy leakages on the resolution of the
electromagnetic sampling of the tile calorimeter is con-
sidered. Only the sampling of the shower EM fluctua-
tions and the leakage of the shower energy from the
module are taken into account. It’s so-called ideal case.
The effect hadronic interactions (nuclear excitations
etc.) and nuclear produce particles (neutron, neutrinos
etc.) is small.

For SPD purposes, the module is selected, which is a
lead-scintillator sandwich structure with L pairs of
plates (100, 120, 140, 160, 180, 200, 220, 240, 260, 280,
300, 500, 1000). The module L=2000 (denote as
L =) represents a “benchmark”. In this case, longitu-
dinal and lateral leakages are guaranteed to be absent,
and the beam spreads from the center of the module.
Transverse dimension of the calorimeter module SPD is
equal H,.=110 mm [1]. The absorber thickness was cho-
sen to be Dp,=0.3, 0.4, 0.5 mm. Scintillator thickness
Dgs=1.5 mm did not change because due to the manufac-
turing technology tiles for SPD ECal.

The simulation of the calorimeter module was per-
formed using the Geant4.10.6 Monte Carlo simulation
package [5]. The statistical error was at the level 1%.
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Physics Lists: emstandard opt3, E.,= 100 um. The
assembly of modules has the nonet structure (3x3) to
better approximate the actual plant structure. The gun
particle is directed to the central tower along X axis.
Geometric parameters were varied to better identify the
effects of leakages or to test a number of assumptions
about energy leakages.

The total deposited EM energy was determined from
the absorbed energy summation in the active medium
from the L plates of the module scintillator. A large
number ( E,(i)[i =1-60] points) was chosen of the in-

put beam energy in the energy range 50 MeV...16 GeV
to ensure high accuracy of energy resolution approxima-
tion. A pair of quantities (Eg,04) was extracted from

the energy spectra — the mean value of the energy of the
EM shower and the variance of its distribution. The en-
ergy resolution of the module was determined as the
ratio of the standard deviation to the mean value of en-
ergy distribution. The S index refers to the active part of
the calorimeter, to the scintillator.

Parameters of the studied modules in units of radia-
tion length H/X,/, total module length H,, cm, the sam-
pling fraction F,,,,h =(Eg+Ep,) presented in the Ta-

samp
bles 1 - 4.
Table 1

The sampling fraction Fyq,

for different Dpy, thicknesses
Dp,, mm | Xyp, g/cm2 Xy, cm Faamp
0.3 8.75 3.15 0.39
0.4 8.18 2.53 0.32
0.5 7.84 2.16 0.27

Due to energy leakages from the calorimeter mod-
ule, the deposit energy distribution differs from the
Gaussian distribution. Our major challenge in the
mathematical processing of simulated data is the correct
extraction parameters from the fitting procedure.

The choice of function with the best approximation
converge has received considerable attention. Previ-
ously, for asymmetric total absorption detector peaks,
the Crystal Ball function (CBF) was used [6, 7]. But as
shown in [8], this function has poor convergence and
the obtained parameter values are highly dependent on
statistics. Therefore, we used Das approximation [8],
devoid of these shortcomings. This made it possible to
use with great efficiency almost all the modeled input
energy points in the maximal possible fit range, where
the 5 per degree of freedom is about one.

The procedure for extracting data from simulated
EM showers was carried out using ROOT6 Data Analy-
sis Framework [9] with options Minimizer (“Minuit2”,
“Migrad”) in the entire energy range.

1.2. INCLUSION OF THE ENERGY LEAKAGE
FROM CALORIMETER
TO THE HIS RESPONSE

It is generally assumed that the shower is totally
contained in a single tower. Coefficients ¢ and b are
found as a result of the approximation procedure sets of
pairs of quantities (Es, os) according to the (1). In turn,
the pair of quantities is obtained as a result of approxi-
mation the energy distribution of the calorimeter re-
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sponse to the input beam energy E,. In general, the
situation is more complicated. If part of the energy
leaves in the form of leakages, then the energy balance
Ey # Eg+Ep, is disturbed.

Therefore, there is no linear correspondence between
the input beam energy E, and absorbed energy in the
module (Fig. 1). The longitudinal parameters of the
module are shown in Fig. 1 as the number of pairs of
plates L, and in centimeters and radiation lengths (see
Tables 2 - 4).
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Fig. 1. The central module response

in 3x3 assembly on the electron beam energy.
Hy,=110 mm, Dp,=0.3 mm

It is clearly seen that the nonlinearity of the response
is significantly manifested when significant energy leak-
ages from the module. But even with small leakages,
this will affect the shape of the energy resolution. The
width of the absorption peak increases and the average
energy of the electromagnetic shower decreases.

At large leakages, the asymmetry of the total shower
absorption peak is already noticeable in the form of the
left tail of the distribution (Fig. 2). Energy leakages are
also energy dependent. For any real length of the mod-
ule, leakages can be quite large at high energies. Longi-
tudinal leakages from the module can also be from the
front end of the module, since the beam always enters
the module from the outside. They are insignificant, but
there is always as albedo.

In 3x3 module assembly lateral leakages exist even
for typical sizes Hy,~110 mm’ module KOPIO [1 - 3]
with different amounts L. The spectra in the lead ab-
sorber, scintillator and EM leakages for modules of dif-
ferent transverse sizes (see Fig.2). For instance, at
Ey=1.0 GeV one can see, about 15% of the energy of
the EM shower is absorbed by the module with
Hy~110mm and about three times less with
Hy7=300 mm. Accordingly, the energy resolution will
also be different.

This is due to the fact that the wide module collects
almost all the energy of the shower. Therefore, leakages
can be considered as a kind of sampling fluctuations
that occur at the border of the calorimeter module and
the external environment. Longitudinal leakages occur
at the module-air border and lateral leakages at the
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module and the adjacent module border. The approxi-
mation function will differ from the function (1), and
the constant term should already depend on energy. We
note an important detail, which is usually omitted, that
the coefficients @ and b are obtained as a result of ap-
proximation of the entire data set. These points are a
collection of all responses to the input energy in the
entire studied energy range. Therefore, even small leak-
ages will affect the shape of the energy resolution func-

tion.
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Fig. 2. Calorimeter response at Ey = 1 GeV
for the module: L=220 (Hy=17X,), Dpy=0.3 mm.
Hy;=300 mm (a); Hy;=110 mm (b)

In a real experiment the electron energy reconstruc-
tion is determined in a fixed number of calorimeter cells
are added together (“cluster”). Then the total absorption
energy of the shower can be corrected.

2. METHOD AND ANALYSIS
When approximating the simulated data, we kept the

form of the function (1), since the two terms in it have a
generally accepted physical interpretation. Then still,
the coefficient a determined by sampling of the calo-
rimeter, and the coefficient b determined by EM leak-
ages from the sandwich module structure. But the col-
lection of the deposit energy in the module will be in-

78

complete due to leakages and will naturally affect the
coefficient a.

The authors of [10] tried to apply an approximation
(2) for electromagnetic showers with leakages:

o, a

== ﬁ®b®(p1~f(E)+p2~f2(E)+p3~f3(E)), @)
where f(E)=In(E/E,) — energy dependent function

and E_ — effective critical energy. The dependence of

the constant term from the energy is represented by the
first terms of the logarithmic series with parameters
p1 - p3. These terms are determined from Grindhammer-
Peter’s parameterization [11] for description fluctua-
tions due to energy leakage.

It is important to note here that in this approach the
constant part b is explicitly allocated from the function.
This part b will really not depend from energy even in
the case of an ideal calorimeter. The other part deter-
mines the degree of influence of leakage on the energy
resolution curve.

The data obtained from Monte Carlo simulation are
presented as a family of energy resolution curves
(Flg 3, pr:O.3 mm)
£ oo
25] é- Te
Lo
oo

a0
1
+2nu

o /E [%

20

4220
4240
4260
fe0
4300
+snu
Fo00
420000

.
5 4 45
1VE [GeV'? a

L1

+1OD
+120
+MD

\ -
20 |

1
T 180

+2on
©-220
+2w
+zsn
-|-zsn
+300
+5un
N
oy +mna

+2ODOD
35 4 45
1VE [GeV'?] b

G JE [%]

25

B

LI e

- ‘:‘ng-‘p

15

T T

>
—

10

-
k.

o
=

(A

0.5 1 15 2

[ N

25 3

o o
ST TTT

Fig. 3. Energy resolution of calorimeters for the module
Dpy=0.3 mm. Hy;=300 mm (a); Hy;=110 mm (b)

The upper Fig. 3 shows the curves for a transverse
width module Hy,=110 mm, and on the bottom — with
transverse width Hy;=300 mm. From the analysis of the
figures, two areas of leakage are clearly visible. The
first area is roughly 0...250 MeV (in Fig. 3:

~2..4.5GeV™"?). This is the area of parallel rise of
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curves in the area of the main influence of the stochastic
term relative to the reference line (L =) for the
unlimited size module.

In this way, because of the limited lateral size of the
calorimeter module, an incomplete collection of EM
shower occurs and the resolution deteriorates. Physi-
cally, this means that energy fluctuations in a wide
modulus (Hyz=300 mm) less, than in narrow module
(Hyz=110 mm). The second area is located approxi-
mately in range 250MeV...16 GeV (in Fig. 3:
~0.24..2GeV™"?). Here's the main influence have

longitudinal leakage due to the release of shower energy
from the module and albedo from the front end.
Approximation (2) has satisfactory convergence up
to y’/NDF~1. The continuous curves in the figures ex-
tend up to about 4 GeV.
When fitting into the region of high energies,
’/NDF value deteriorates. It is required to involve addi-

We also used a new approximation function which is
similar to (1). This fitting function explicitly takes into
account energy leakage over the entire energy range:

o a
e 2 3)
E

where the coefficients ¢, d > 0. In contrast with func-

b-E?,

tion (2), this function has good convergence for all ver-
sions of the ideal calorimeter prototypes we have con-
sidered. Minor differences from y°/NDF~1, in our opin-
ion, associated with an increase in systematic errors by
algorithms ROOT6 Minimizer, which are difficult to
control for all energy spectra. Formula (3) coincides
with formula (1) in the limiting case (¢ = 1/2, d = 0),
when leakages can be neglected.

Tables 2 -4 show the final results for option
Dp,=0.3 mm. For comparison, the EM leakage Lk, % at
Ey, =1 GeV is also given.

: X . ) X Similar results were obtained for options
tlongl terms of hlgher orders, which complicates their Dpy=0.4 mm and Dp,=0.5 mm.
physical interpretation.
Table 2
The final results for «cluster», only central module (H,.=110)
L 100 120 140 160 180 200 220 240 260 280 300 500 | 1000 o0
H,, cm 18.0 | 21.6 | 252 | 288 | 324 | 36.0 | 39.6 | 43.2 | 46.8 | 504 | 54.0 | 90.0 | 180.0] =
H,, X, 5.7 6.9 8.0 9.1 103 | 114 | 12.6 | 13.7 | 148 | 16.0 | 17.1 | 28.5 | 57.1 o0
a,%,GeV® | 0.05 | 1.02 | 229 | 3.19 | 3.59 | 404 | 414 | 411 | 401 | 4.04 | 401 | 397 | 3.96 | 2.39
c 1.67 | 0.82 | 0.63 | 0.53 | 0.50 | 046 | 045 | 046 | 047 | 0.46 | 047 | 047 | 0.47 | 0.50
b, %, GeVY | 18.65| 11.88] 6.89 | 3.77 | 2.13 | 0.99 | 0.47 | 0.26 | 0.19 | 0.08 | 0.04 0.0 0.0 0.0
d 0.16 | 0.23 | 0.31 | 0.38 | 0.43 | 0.53 | 0.63 | 0.64 | 0.59 | 0.73 | 0.79 - - -
Lk, %, 1 GeV| 42.9 325 252 | 203 | 17.5 | 156 | 144 | 13.7 | 13.3 | 13.1 129 | 12.5 | 12.5 0.0
Table 3
The final results for «cluster», only central module (H,. =300)
L 100 120 140 160 180 200 220 240 260 280 300 500 | 1000 o0
H,, cm 18.0 | 21.6 | 252 | 28.8 | 324 | 36.0 | 39.6 | 43.2 | 46.8 | 50.4 | 54.0 | 90.0 | 180.0| o
H,, X, 5.7 6.9 8.0 9.1 103 | 114 | 12.6 | 13.7 | 148 | 16.0 | 17.1 | 28.5 | 57.1 o0
a, %-GeV* 00 | 032 | 1.33 | 2.11 | 2.44 | 2.60 | 2.60 | 2.65 | 2.57 | 247 | 240 | 2.38 | 2.38 | 2.39
c 253 | 1.06 | 0.68 | 0.56 | 0.52 | 0.51 | 0.51 | 0.50 | 0.51 | 0.52 | 0.54 | 0.54 | 0.54 | 0.50
b, %GeV? | 18.86| 12.77] 7.79 | 4.53 | 2.74 | 1.61 1.02 | 0.61 | 0.45 | 039 | 0.34 | 0.15 | 0.15 0.0
d 0.16 | 0.21 | 0.27 | 034 | 0.38 | 0.43 | 0.44 | 0.47 | 0.42 | 0.33 | 0.26 | 0.01 0.0 -
Lk, %, 1 GeV| 40.1 | 28.5 | 19.7 | 13.7 9.5 6.6 4.8 3.4 2.6 2.0 1.7 0.8 0.8 0.0
Table 4
The final results for «global cluster» (H,.=600)
L 100 120 140 160 180 200 220 240 260 280 300 500 | 1000 o0
H,, cm 18.0 | 21.6 | 252 | 28.8 | 324 | 36.0 | 39.6 | 43.2 | 46.8 | 504 | 54.0 | 90.0 | 180.0] =
H,, X, 5.7 6.9 8.0 9.1 103 | 114 | 12.6 | 13.7 | 148 | 16.0 | 17.1 | 28.5 | 57.1 o0
a, %-GeV* 0.0 036 | 1.26 | 2.01 | 2.52 | 2.64 | 2.67 | 2.65 | 2.56 | 2.53 | 2.46 | 239 | 2.40 | 2.33
c 239 | 1.00 | 0.68 | 0.55 | 0.49 | 048 | 0.47 | 047 | 0.48 | 0.49 | 0.50 | 0.50 | 0.50 | 0.50
b, %GeV? [ 19.00 | 1276 | 7.84 | 450 | 254 | 1.50 | 0.85 | 0.52 | 0.37 | 0.23 | 0.19 | 0.02 | 0.01 | 0.06
d 0.17 | 0.21 | 0.28 | 0.35 | 0.42 | 046 | 0.51 | 0.51 | 0.47 | 0.49 | 041 0.0 0.0 0.0
Lk, %, 1 GeV| 40.2 | 28.4 | 19.8 13.6 | 9.35 6.4 4.5 3.1 2.3 1.6 1.2 0.4 0.4 0.0
CONCLUSIONS The basis of the applied approach is a rigorous selec-

In this paper, it is shown that the correct value of the
stochastic and constant terms in the fitting formula for
the energy resolution of an ideal sampling calorimeter
of a module of real dimensions can be obtained only
when energy leakage from the module are taken into
account. Explicit consideration of energy leakage makes
it possible to determine the constant term more ade-
quately, taking into account the selection of points ac-

cording to the criterion y*/ndf ~1.
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tion of the EM showers obtained by the Monte Carlo
simulation in the calorimeter in a narrow range of val-
ues y’/NDF. To approximate the spectra, we used the
function [8], which is much better at describing the
asymmetrical shape of the spectrum with allowance for
leakage than the CBF function. The energy resolution
function is obtained from the spectra of the average en-
ergy values calculated in this way, as well as the values
of the root-mean-square deviations. It is shown that the
constant term does not depend on energy only in the
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absence of leakages. In this case, it is zero. This can be
seen from the approximation (3) and from the simula-
tion results. A family of energy resolution curves for
possible prototypes of the ideal calorimeter of the SPD
setup for the thicknesses of the lead absorber Dp, = 0.3,
0.4, 0.5 mm was obtained.
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B/IMSAHUE YTEYEK DQHEPI'MU HA DQHEPT'ETUYECKOE PASPEHIEHUE DJIEKTPOMAT'HUTHBIX
COMIIJIMHI'-KAJIOPUMETPOB

O.I1. I'agpuwyx, B.E. Koemyn, T.B. Manvixuna

PaccmaTpuBaroTCSI TPOTOTHITBI HMCATBHOIO 3JIEKTPOMAarHUTHOTO COMILUIMHT-KAIOpHUMeTpa ycTaHoBku SPD
xomnaiinepa NICA. C nomoIipio MOEIUPOBAaHUS I€TAIBHO UCCIETyeTCsl BIMUSHUE YTeYeK dHEePruu U3 MOIYJs Ha
€ro PHepreTUUecKoe pasperieHue. [1oaydeHbl BEMTUUMHBI CTOXaCTHYECKOr0 U KOHCTAaHTHOT'O WICHOB ISl Pa3JInYHBIX
BApUAHTOB MPOTOTHIA KajopumeTpa SPD.

BILJINB BUTOKIB EHEPT'Ti HA EHEPTETUYHY PO3JLIbHY 3JIATHICTh EJIJEKTPOMATHITHUX
CEMILJIIHI'-KAJIOPUMETPIB

O.II. I'agpuwyx, B.€. Kosmyn, T.B. Manuxina

Po3rnsigaioThCs MPOTOTUIHN 11€ATFHOTO €JeKTPOMAarHiTHOTO CEMILTIHT-KanopruMeTpa yecraHoBku SPD konaiinepa
NICA. 3a m0rmoMororo MOJENIOBaHHS JETalbHO JOCTIKYEThCS BIUIMB BHUTOKIB €HEprii 3 MOIyns Ha HOro
€HepreTUYHY pO3ALIbHY 34aTHICTh. OTpHMaHO BEJIMYMHU CTOXACTHYHOTO i KOHCTAHTHOTO WIEHIB JUIsS Pi3HUX
BapiaHTiB MPOTOTHITY KasiopumeTpa SPD.

80 ISSN 1562-6016. BAHT. 2021. Ne3(133)



