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ABSTRACT. 

It is probable that LEP detectors will often include 4TT calori­
meters. Since this is a novel technique, not much expertise exists yet 
in the field of pattern recognition for large calorimeter systems. A 
fast method to simulate calorimeter signals, based on an analytical 
parametrization of electromagnetic and hadronic showers, developped by 
the UAI software group on calorimetry, is presented. Some reconstruc­
tion problems are discussed, in particular the question of disentangling 
individual showers within an energetic jet. 
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1 . INTRODUCTION. 

Recent developments on jet physics in existing e + e~ colli­

ders (Spear, Doris, Petra) and speculations on jet physics 

both in hadron-hadron colliders (ISR, pp colliders, ISABELLE) 

and in future e + e~ colliders (LEP) have put the emphasis 

on the need for "477" calorimetry to detect both electroma­

gnetic and hadronic showers. 

Besides jet physics, in a LEP detector "4TT" calorime­

ters are useful for YY physics, u detection, in which case 

they act as hadron filters, detection of energetic neutri­

nos by missing energy, etc... 

Since this is a novel technique, not much expertise 

exists yet in the field of pattern recognition for large 

calorimeter systems. In particular it is still debatable 

whether or not one can disentangle closeby showers inside 

an energetic, col lima ted jet. In any case, to study such a 

problem and in general to design software reconstruction 

programs in calorimeters, one has to follow the same strate­

gy as the one usually adopted to tune reconstruction pro­

grams in track chamber spectrometers : 

(i) Simulation of (calorimeter) signals associated 

Co complex multiparticle events. 

(ii) Comparison with test data. 

(iii) Try various reconstruction methods. 

Such a strategy was followed by Che people in charge 

of the calorimeter software [1] in the UA1 experiment at 

the CERN SPS proton-antiproton collider [2]. In the central 

region (5 a < 9 < 175°) the UAl calorimeter system consists 



of fine grained lead-scintillator sandwiches located inside 

the coil of a "calorimetrized" magnet (iron-scintillator 

sandwich) [3]. This calorineter set-up was primarily desi­

gned to detect : 

(i) The electronic decay of the Z°, Z° -»• e +e~. 

(ii) Large p jets iù fht range 

20 GeV/c < p c < 60 GeV/c. 

Hence the physics objectives are very similar to those of 

a LEP experiment. 

It is then probably a useful exercise to describe in 

some detail, to future LEP physicists, the status and goals 

of Lhe UA1 calorimeter software. However,one should keep 

in mind that the work is not final and that all the presen­

ted results, in particular those on shower parametrieation 

should be considerjd as preliminary. 

2. SIMULATION OF CALORIMETER SIGNALS. 

Monte-Carlo programs exist, which simulate in full detail 

the development of electromagnetic showers and of hadronic 

showers [A] ; however, they are not very useful to study "ATT" 

calorimetry problems because : 

(i) They are time consuming. 

(ii) They are not easy to adapt to a complicated "4ÏÏ" 

calorimeter geometry. 

Our aim was then to develop a fast method to simulate calo­

rimeter signals based on an analytical parametrization of 

electromagnetic and hadronic showers. 

In a first step one has to follow in the magnetic field 

± + ± + — 
each charged (e , g7» T » K", p, p, etc..) and neutral 



(YI Û, Kft, etc...) particle produced in a complex event 

through the various segments of the calorimeter system, in 

order to compute for the center of each shower how much 

material, passive (absorbers) or active (scintillators), 

has been traversed. In order to perform efficiently this 

geometrical tracking, it is of prime importance to have a 

computer representation of the caiorime'~r detector well 

matched to the chosen tracking algorithm. We found very 

useful to optimize the decomposition of our calorimeter 

detector system into various data banks linked together 

into a calorimeter data structure, in the framework of 

the Hydra System [5]. Fig.I shows the finally adopted data 

structure to represent the full UA1 calorimeter system, 

including the forward calorimeter arms and the wire pla­

nes of position detectors located in some of the forward 

calorimeters. The whole system is decomposed into 25 Calo­

rimeter Modules, banks CM, corresponding to simple geometri­

cal boxes in space ; to each CM bank is linked a Calori­

meter Stack bank, CST describing the longitudinal segmentation 

of the calorimeter and a CELL bank, CEL, describing the 

lateral segmentation. From this decomposition follows a 

logical numbering of the 'x* 5000 ADC readings representing 

the raw signals of the calorimeters which one wants to simu­

late. Fig.2 shows a computer display of a full event tracked 

in the central part of the UA1 detector. The lines shown to 

represent the calorimeter detector indicates the geometrical 

limits of the calorimeter modules (CM) and limiting surfaces 

of the longitudinal segments (CST), the limits corresponding 
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to lateral segmentation (CEL) are not shown. A particle 
coming from the interaction point sees at normal incidence 
4 segments of lead-scintillator sandwiches (24 to 30 radia­
tion lengths depending on the angle of incidence), followed 
by 2 iron-scintillator segments (return yoke of the magnet, 
^ 5 absorption lengths). When departing from normal incidence, 
the number and the length of the traversed segments may change. 
This is a general problem for 4TT calorimeters. 

Intersections with the surfaces defining the longitudi­
nal segments are kept into a track bank. 

A fine stepping through each scintillator and absorber 
plate of a given segment, defined by two successive points 
of the track bank, is then performed to accumulate L the 
length of scintillator traversed, L the length of absor­
ber traversed and to deposit accordingly energy in the 
scintillator plates and distribute it into the various 
adjacent cells (lateral segmentation). In order to do that 
a parametrization of the shower development is necessary. 
First one needs a parametrization of the mean longitudinal 
profile of a shower, i.e a distribution of.the deposited 
energy E as a function of depth s : 

H -*(.), (2.0 
normalized in such a way that a fully contained shower 
should deposit all of its inciden L energy E : 

J°°f(s)ds - E (2.2) 
It is well known [6] that, when expressing the depth s in 
terms of number of radiation lengths s/X one can para­
metrize the longitudinal development of an electromagnetic 
shower, independently of the absorber composition, with a 
formula of the type : 



a-1 -x, 
d E - E X v(h ( 2- 3 ) 

where : 

.E is the incident energy 

.x = BT=~* is the number of radiation lengths multi-
o 

plied by a dimensionless coefficient 3 
.a and 2 are diraensionless coefficients containing 

the energy dependence of the shape of the 
shower : 

a » cto + oti log E 
6 - So + Bi log E 

The» log E dependence is dictated by the observation that 
the shower maximum and the length of the showers increase 
like log E. The shower maximum is given by : 

max p o 
•T(a) is th^ gamma function insuring the normalisa 

tion (2.2) 

T(a) - P x a - 1e" xdx 

A good fit to the UAl data on electromagnetic showers up to 
E - 92 Gev is obtained with : 

a - 2.284 + 0 7136 log E 
6 - 0.5607 + 0.0093 log E 

It was suggested to us by T.Hansl, on the basis of the WA1 
data on hadronic showers [7], that after removal of the 
fluctuation due to the start of the shower s , longitudi-

o ° 

nal profiles of hadronic showers could be parametrized by 
a two component expression of the form : 
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dE + n-c>2 e "> 
r<aH) 

(2.4) 

.E is the incident energy. 

s-s 
.x ~ $_ „--- is the number of radiation lengths 

b A 
O 

accumulated since the start s of 
o 

the shower multiplied by a dimension-

less coefficient B- -

s-s 

*^ * ^H ~~5—~ *"9 t h e n u m ^ e r °* absorption lengths 

accumulated since the start of the 

shower multiplied by a dimensionless 

coefficienc (3„ (A is the absorption 

length). 

•c represents the fraction of the electromagnetic 

component of the hadronic shower. 

.<*_,, g_, a„, $„ are dimensionless coefficients 

containing the Log £ dependence. 

.T(a E), T(a„) are the gamma functions ensuring the 

normalisât ion (2.2). 

The physical meaning of the two components of expres­

sion (2.4) is clear : the first one, which scales like the 

radiation length, represents the electromagnetic hard core 

of the shower, the second one, scaling like the absorption 

length, represents pure hadronic interactions. 

Fits of the above expression weve tried on various 

available data on hadronic showers by R.Bock. He soon reco­

gnized that data with different ratios X /X were necessary 
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to differentiate the two components of expression (2.4). 
Under his suggestion, data were taken in the UA1 calo­

rimeter test facility on hadronic shower development in a 
pure lead calorimeter. A simultaneous fit to data in pure 
iron and pure lead was obtained with the following parame­
ters (fig.3) : 

c - 0.4634 
a H - 0.6165 + 0.3183 log E, a £ - a f l 

& H - 0.9099 - 0.0237 log E, B £ - 0.2198 

The data on fig.3 are measurements from the shower origin. 
One can then use expression 2.4, fold it with a distribution 

-s / A of the shower origin of the form e and integrate it 
over longitudinal segments. The result is shown on fig.4 
and compared to WAI data from the beginning of the calorime­
ter and to UA1 data in a mixed calorimeter consisting of 3 
lead segments and 4 iron segments. The agreement is good. 

Having a reliable model for the mean deposited energy 
as a function of depth a, one can then proceed to the depo­
sition in the calorimeter cells. 

First the energy AE. deposited in a given segment 
(fig.5b), si < s < S2, is computed using the parametrization 
(2.2) or (2.4) (fig.5a), then the energy deposited into the 
scintillators, AE , ̂ , is given by the expression : scint 6 r 

(P> L dx' s 
-(^) L + (P) L vdx s vdx a 

(2.5) 

where : 



. b is the fraction of visible energy, of the order 
of 70 % for hadronic showers and 90 % for electro­
magnetic showers ; b varies slowly with E. and 

° inc 
the type of absorbers, since it is related to 
nuclear effects. 

. L is the length of scintillator seen by the center 
of the shower for this segment. 

. L is the corresponding length of absorber. 

. (-=—) is the mean energy loss per unit length in 
the scintillator. 

. (-j— ) is the mean energy loss per unit length in 
the absorber. 

A discussion of formula (2.5) can be found in [9], 
AE . _ is then distributed laterally into adjacent cells scint 
(fig.5c) using for the lateral profile of the shower a 
2-dimensional gaussian distribution characterized by a va­
riance O increasing linearly with the depth s. After atte­
nuation of the light into the scintillator, the ADC signals 
are then calculated and summed over the showers of the same 
event going into the same cell. A full simulation of the 
calorimeter signals is then obtained. 

3. COMPARED WITH TEST DATA. 
Some comparison with data was already done on fig.3 and 4 
in order to justify our parametrization. In the previous 
section a model was gi', en to simulate the mean deposited 
energy into calorimeter cells, howe^ur in many applications 



this is not enough, since hadronic showers encounter very 
large fluctuations. 

It was already necessary to introduce the fluctuation 
on the start of the shower ; other fluctuations need to be 
introduced, if one wants to reproduce in detail the energy 
sharing between longitudinal segments and the correlations 
between the signals. 

A very recent attempt was done by T.P.Shah to simulât e 
fully the fluctuations of a hadronic shower in a prototype 
iron UAI calorimeter cell consisting of two longitudinal 
segments, 2.4 absorption length each. More details on the 
experimental set-up can be found in [8]. 

He finds that 3 independent fluctuations are suffi­
cient to reproduce the data : 

(i) fluctuate the shower origin so according to 
^ • i i - s / X an exponential law : e 

(ii) fluctuate the incident energy to simulate the 
energy resolution of the calorimeter, according 
to a gaussian law 
mean : y = E. _ 

variance: cr 

(iii) fluctuate the length of the shower {95 % con­
tainment) L(E. >, which depends on the incident 

m c 
energy, according to a gaussian law : 
mean : u =* L(E. ) 
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Fig.6 shows for a 10 GeV incident ff beam a plot of the 

visible reconstructed energy in the back segment, £..„„, 

as a function of the visible reconstructed energy in the 

front segment, E F R O N T * l a r S e fluctuations are observed 

together with the expected correlation 

E _ n n w n , + E_.-_, = b 10 GeV, b being the fraction of visible 
r KON I JJAOK. 

energy already discussed (formula 2.5). 

Fig.7 shows the same plot obtained with simulated 

data, applying the above 3 independent fluctuations. 

On fig.S the simulated data are superimposed to the 

real data on various projections of the same plot, £_..„., 
EBACK' EFR0NT + E B A C K ' C h e a S r e e m e n c i s 8 o o d - A similar 

agreement is obtained for 60 GeV data. The aim is now to 

reproduced measurements on mixed calorimetry (lead + iron) 

at various angles of incidence. Results should be obtained 

soon, 

The next step in the strategy woul:l be now to go in 

reverse order : start from the simulated calorimeter signals 

and try to reconstruct full events, i.e,built a reconstruc­

tion program. 

4. RECONSTRUCTION PROBLEMS IN CALORIMETERS. 

Since a complete reconstruction program does not exist yet 

for the UA1 calorimeters, I cannot base my discussion on 

quantitative results. I will mention two problems and illus­

trate them on two concrete extreme examples : 

(i) The UAI end cap electromagnetic calorimeter called 

"Bouchon" : a lead/scintillator sandwich, comple­

mented by a position detector made of proportionna 

tubes of 2 x 2 cm 2 section. 
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<ii) The liquid argon TASSO electromagnetic calori­

meter, finely subdivided into towers and 2 cm 

wide strips. 

The first problem is the reconstruction of individual 

electromagnetic showers. It is clear that this problem 

depends strongly on the type of calorimeter ; however all 

reconstruction techniques.rely on the relatively well fixed 

shape of the electromagnetic shower (small fluctuations). 

In particular the transverse size of the electromagne­

tic shower when expressed in radiation lengths is indepen­

dent of the absorber and of the energy of the shower and 

does depend only on the depth expressed in radiation lengths 

(approximative 1inear dependence). For example the Bouchon 

position detector after 11 X measures that the transver­

se profile of an electromagnetic shower is well represented 

by a gaussian of variance a = 2 cm independent of the 

energy [10]. 

It is clear that at a given depth where the r.m.s. 

transverse size of the shower is a : 

(i) The optimum lateral segmentation should be of 

order a. 

(ii) Close by showers of comparable energies can be 

disentangle up to a distance JD > 2 cr. 

(iii) The center of gravity of an energetic shower 

can be reconstructed with a precision of the 

order of few millimeters. 

Fig.9 shows a computer display of a reconstructed 

electromagnetic shower in a half Bouchon exposed recently 

to a test electron beam (40 GeV e ) . 



Fig.9a and 9b show the reconstructed cluster in the 
position detector : two planes of orthogonal proportional 
tubes placed at a depth of I I X . The deposited charge is 
read on both ends of the wire of each tube, so that each 
plane measures independently the position of the shower 
(barycenter of tube coordinate and barycenter of the cur­
rent division, coordinate) and the total deposited charge 
by the shower at this depth. On fig.9, a tube measurement 
is represented by a rectangle centered on the position 
given by current division. The width of the rectangle is 
2 cm (tube width), the length of the rectangle is propor­
tional to the total deposited charge in the tube. Fig. 9c 
3hows the correlated measurements in the Bouchon lead/scin-
tillator sandwich divided lateraly inCo (6 azirauthal sectors 
or "petals" and longitudinally into 4 segments (3.5 A , 7 X 

8,4 X . 7 X ). Each segment of each "pe^al" is s~2n by a pho-
o o J 

tomultiplier. The position detector shows that petal II has 
been hit ; the 4 longitudinal readings of this petal are 
indicated on the figure. It is important to notice here that 
longitudinal segmentation is also a powerful way to recognize 
the "pattern" of an electromagnetic shower. In particular one 
can play with the fact that the longitudinal profile of an 
electromagnetic shower is different from the longitudinal pro 
file of a hadronic shower to achieve a rejection ir/e of 1 0 * 3 

in the Bouchon, when combining with momentum measurement in 
the central detector and asking p/E = I. 
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Similarly fig.ïO shows the pattern of a single elec­

tromagnetic shower in the TASSO liquid argon calorimeter 

[11] at PETRA. It comes from a Bhabba scattering (e e -»-e e ) 

at a c.m.s. energy of 35.5 GeV. Starting from the vertex, 

the electron deposits its energy into the beam tube and 

the coil (1.3 X ) , then into front towers 7x7 cm 2 (6 X Q ) 

and finally into back towers , 14*14 cm a (8 X ) so that two 

longitudinal readings of the shower development are avai­

lable. The lateral development of the shower, only roughly 

measured by the towers, is given by 6 planes of orthogonal 

Z and $ strips, 2 cm wide, placed at 3 different depchs 

(1.3 X Q , 2.7 XQ,V . 4.1 X Q ) . One can follow on fig. 10b, the 

increase of the lateral width of the shower in the 3 suc­

cessive planes of Z-strips : 1 strip after 1.3 X , 
o 

2 strips after 2.7 X Q , 4 strips after 4.1 X . Although 

for this electron most of its energy is contained into one 

tower (̂  90 %) the cluster extends into several adjacent 

towers, > ing that it will be difficult to divide the 

energy int/ two close by electromagnetic showers. 

The question of separating close by showers within an 

energetic jet is the second problem I want to discuss using 

the same two calorimeters. Fig.11 shows the deposition of 

a hadronic jet (E. * 17.75 GeV) into the liquid argon 

TASSO calorimeter. In a square of 5*5 front towers, one 

can see that a certain number of photons deposit their 

energy together with three charged hadrons ; looking at 

figure lib, one sees that even with the help of the <# and 

Z strips it will be extremely difficult, if not impossible, 
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to disentangle individual showers within the jet. Of 
course it would be nice to have a hadronic calorimeter in 
the back, which, in conjunction with the measurements of 
the central detector, would help to trace tack the hadro­
nic showers in the electromagnetic calorimeter and even­
tually subtract them. However it is clear that measurements 
of the electromagnetic part of the jet will always be 
somewhat obscured by the presence of a hadronic background. 
At LEP energies it will be even the main problem to solve 
for jet measurement 

One way to attack this problem is to simulate jet 
deposition into calorimeters and see how much of the j L c 
one can reconstruct : 

Fig.12a shows the deposition of a simulated 70 GeV 
jet in. the petals of the UAl Bouchon, assuming no magnetic 
field (B • 0). Most of the jet energy is concentrated into 
the two adjacent petals 2 and 3. Since this is a simula­
tion, one can superimpose the points of impact of the 
individual particles within the jet : there are 5 charged 
particles ( + ) and 7 y' s (0), other slow particles be lon­
ging to the same jet miss the Bouchon ; 9 particles depo­
sit energy in petals 2 and 3. Turning on the magnetic f ield 
to its nominal value, B » 0.7 Tesla, does not help much 
to separate charged particles from neutrals, as can be seen 
on fig.12b. Fig.12c shows that at most three energetic 
clusters can be separated within the jet by using the posi­
tion detector ! 
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Fig.l3a shows another 70 GeV jet in the Bouchon, this 
time with a large electromagnetic component : a cluster 
of 6 Y'S is going into petal 2, which receives most of 
the jet energy. Fig.!3b shows that there is no hope to 
separate the 6 Y's, they give only one cluster in the 
position detector ! 

It is not necessary to perform further study, to 
conclude that, in the Bouchon, only the following jet 
measurements will be available : 

(i) Total jet energy, wl.en complementing the bouchon 
by the end-cap hadronic calorimeter. 

(ii) Center of gravity of the jet (first moment). I 
How fai is it from the true jet axis ? I 

(iii) r.m.s. lateral spread of the jet (second moment) 
To what extent does this spread measure the ef­
fective/mass of the jet ? 

(iv) Electromagnetic energy of the jet. This measu­
rement necessitates a subtraction of the deposi­
ted energy by charged particles in the Bouchon. 
To which precision can one do that ? How much do 
we gain by having 6 longitudinal readings (4 lead 
+ 2 iron) of the hadronic showers ? 

In no way can one hope in UA1 to disentangle indivi­
dual showers within the jet. Of course one could dream of 
a much finer lateral segmentation than the one available 
in UA1. To which extent, this is useful to separate over­
lapping showers within a jet is an open question for future 
LEP detectors. 



Another relevant question is tbe use of longitudinal 
segmentation to measure th^ electromagnetic component of 
a jet ; correlations between the first 2 or 3 electromagne­
tic segments, having a large ratio X/X may Aelp ; this 

o 
is discussed in a paper written by O.Botner for the 
ECFA/LEP studies r.n calorimetry [12]. 

No doubt that the optimization of a 4ir LEP calorime­
ter will necessitate lots of Monte-Carlo studies. It was 
the purpose of t^is talk to indicate to the community that 
the UA1 approach on shower simulation could be a practical 
way to solve the problem. 
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FIGURE CAPTIONS. 

Fig.l. Computer representation of the UA1 Calorimeter 

set-up : Hydra data structure. 

Fig.2. Geometrical tracking : a full event tracked into 

the UAI calorimeter system. Straight tracks not 

extending in the central region are photons not 

seen by the central detector (track chamber). 

Fig.3. Hadronic showers. Parametrization of mean longitu­

dinal profile. The mean pulse height in each scin­

tillator plate is plotted as a function of the 

depth, expressed in radiation lengths, from the 

beginning of the shower, for various incident 

energies. Data are ft ~m WAl [7] on the left (pure 

iron) , from UAI (jure l^o.ù, unpublished data) on 

the right. The curves are the fits discussed in the 

text. 

Fig.A. Hadronic showers. Parametrization of Mean Longitu­

dinal profile. Data on the left are the same as those 

on fig.3 left, plotted this time from the beginning 

of the calorimeter. Data on the right are integrated 

calorimeter signals as measured by UA1 in a mixed 

calorimeter consisting of 3 lead segments and 4 iron 

segments (UAI - TM. 79/50). The curves are predictions 

from the previous parametrization. 

Fig.5. Deposition in scintillator cells. 

(a) Integrated of mean deposited energy between sj and 

s 2 using the longitudinal parametrization. 

(b) Longitudinal deposition. 

(c) Lateral deposition. 

Fig.6. Deposition of a 10 GeV ¥ beam in the prototype UAI 

hadronic calorimeter cell : plot of the visible de­

posited energy in the back segment versus the visible 

deposited energy in the front segment. 



Fig.7. Same as fig.6 for simulated data. 

Fig.8. Deposition of a 10 GeV IT beam in the prototype TJA I 
hadroni-2 calorimeter cell : 

(a) Distribution of the visible deposited energy in the 
front segment. 

(b) Same in the back segment. 
(c) Distrih-;ion of the total deposited energy (front 

+ bac' ; . 
The curves result from the simulation discussed 
in the text. 

Fig,9. Reconstruction of a single electromagnetic shower 
in a half-Bouchon (UA1 end cap electromagnetic 
calorimeter) exposed to 40 Cev e beam : 

(a) Horizontal tubes. 
(b) Vertical tubes. 
(c) Petals superimposed to position detector information. 

Fig.10. A single electromagnetic shower from a Bhabba event 
at /s - 35.5 GeV in the Liquid Argon TASSO calorimeter. 
(a) Side view of calorimeter. 
(b) Front view of calorimeter showing the deposition in 

the front towers and the back towers. Also showr. are 
the signals in the Z-strips and the <t>~sC*ips. 

Fig.II. A hadronic jet, E. t
 a 17.5 GeV, in the Liquid jet 

Argon TASSO calorimeter 
(a) Side view. 
(b) Front view. 

Fig.12. A simulated 70 GeV jet into the Bouchon : hits of 
charged particles are represented as : +, hits of 
photons are represented as : 0 

(a) No magnetic field : B =» 0. 
(b) With magnetic field : B - 0.7 Tesla. 
(c) Position detector information (vertical tubes only) 
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Fig. 13. A simulated 70 GeV jet, having g. large electroma­
gnetic component, into the Boushon 

(a) Petals and hits. 
(b) Position detector information (vertical tubes only). 
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