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ABSTRACT

In order to investigate the performance as a function of calorimeter charac

teristics, events were simulated in the SDC detector for Z and Z' (mz' = ITell)

production at two different PT values (50GeV[c and 500GeVIc). This initial study

concentrated on the effects of clustering (including jet fragmentation fluctuations

and contributions from underlying events), segmenta.tion and calorimeter energy

resolution. These studies were intended to explore the capabilities of the SDC

detector for reconstruction of hadronic decays of massive particles (Z mass or

", .



1. Contributions to Mass Resolution

Many contributions to reconstructed mass resolution derive from the physics

processes and are independent of the detector parameters. The energy and angular

resolutions of jets from Z's and Z"s depend on the production process, which

determines the distribution of transverse momenta. Furthermore, the dijet mass

resolution depends on the Lorentz boost of the Z's and Z"s. At low PT we form

the invariant mass of the two jets, whereas for highly boosted Z's the invariant

mass of the coalesced jet provides the best estimate of the mass. At low PT, jets are

broad, with substantial tails of particles escaping from any reasonable clustering

region, while, at high PT, jets form tighter clusters, and clustering losses are smaller,

but still not negligible. For this reason the optimal size for the clustering region

depends on the PT of the jet.

Another dependence on the production process comes from the inevitable in

clusion in the clustering region of particles that arise from the underlying event

and not from the actual Z or Z'. Fluctuations in this underlying event degrade the

energy and angular resolutions. The effect of particles lost from the clustering cone

can be reduced by increasing the cone size, but this leads to increased fluctuations

in the contribution of the underlying event and other events from the same bunch

crossing.

A further contribution to the detector-independent resolution effects arises

from fluctuations in the energy fraction carried away by undetected neutrinos from

semileptonic decays of heavy quarks inside the jet. These losses produce a long

tail of low invariant masses of the dijet system. Finally, gluon radiation also leads

to losses out of the clustering cone.



• nonlinearity of the hadron calorimeter

2. Event Generation

Event samples for two Pr ranges of Z and Z' (mass=1000GeV/c2) were gen

erated. The low Pr sample extended from 50 to 60GeV/ c and the high range

extended from 500 to 600GeV/c. Events were simulated in the SDC detector as

described in the Letter of Intent(1) •

Z events were generated using Pythia 4.9 to allow comparison with a previous

study done using this same generator for Higgs events. Z's were generated with

the Pythia defaults for Z plus jet production, except for the choice of top mass

(taken as 100GeV/ c2) and QT cuts. The events were presampled to insure that the

Z had PT within the prescribed limits (50 to 60 GeV for one sample and 500 to 600

GeV for the other), and decayed non-Ieptonically. For most of the study central

rapidity (1171 < 1) was also required to avoid getting only forward production for

the low PT case).

Z' events were zenerated with similar conditions. The tOD mass (more imnor-,., .. , ....

tant in this case) was set to 150GeV/c2 and the rapidity cut on the initial Z' was

relaxed to 1171 < 2.5 since the decay kinematics of the Z' would dominate the jet

rapidities of the events.

For both Z and Z' events, the bosons were generated with unique masses, in

order to allow study of detector resolution effects with maximum sensitivity. The Z

intrinsic width is considerably smaller than than the detector-independent effects

studied here. For the Z', the width is model-dependent but with typical values of

0.2-1.4% is also smaller than detector-independent efi'ects(2).
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tiuctuations and ciustenng, etc. were tnen srmuiated using tms same sample 01

events with different detector configurations and clustering conditions by imposing

the fluctuations and non-linearities on the unfiuetuated tower depositions.

The event generation was performed on Silicon Graphics systems at Fermilab

and sse lab and on Crays at Florida State and Argonne. The event generation

and simulation took about 6 minutes on the Silicon Graphics and 1 to 2 minutes on

the Cray's. Typical data samples consisted of 1200 events for Z"s and 600 events

for Z's.

3. Clustering Method

Events were clustered using a simple algorithm that selected seed towers in

descending order of their energy. Energy within a fixed radius R (in 1] - rIJ) of the

seed tower is gathered for those towers with energy above a single tower threshold

and not already associated with a previous cluster. In most cases the value of R was
• 'I '" .... 'I. 'I. • 'I A A., n n~ rrn. .• 'I.taken as u. ( ana tne tower SIze usea was ~TJ = ~({J = u.uo .J.ms process ~ontmuea

with all available seeds (those not already a part of a cluster) until the energy of

the seed candidates fell below a fixed energy minimum. The plots appearing here

used a single tower threshold of 0.1 GeV and a seed threshold of 2.0 GeV. Clusters

were not saved unless they had more than 5GeV in ET. The clustering constructed

The final clusters formed in this way are identified as jets. The jet 4-momentum

vector is then calculated by summing all calorimetric cells above the tower threshold

within the cone, treating each cell a..c; a ma..c;sless particle. The invariant mass of
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4. Jet Selection for Mass Reconstruction.

Histograms of reconstructed "masses from the above procedure are shown in

Figures la through Id. In these plots all clusters are used, with no attempt to

select likely Z or Z' jets. The two-jet mass distribution is plotted for all samples

except the PI' = 500 GeV Z sample where the single jet mass distribution is used.

The only limitation is that for the Z sample, clusters are required to have at least

15 GeV in Er and for the Z' plots the jets must have at least 250 GeV of Er.
It is clear that combinatorics play a significant role in determining the shape of

these distributions and that in many cases the effective mass resolution will be

determined by the presence of "wrong" combinations.

To minimize the influence of the combinatorics and cluster selection, and to

allow a better indication of the importance of calorimetry, we have used the event

generation information to help in the cluster selection. Several methods were in

vestigated to associate 'clusters' with Z(Z') 'jets', in order to allow a comparison.

One method took the information about the initial q and q directions and found

the closest cluster in direction. If the q and qwere unresolved (i.e. within a cluster

radius of each other) then only one cluster was sought with the resultant direction,

otherwise two were chosen. A second method allowed more than one cluster to

be associated with the decay products of the Z(Z'). It found all (or any) clusters

whose momentum vector (see above) fell within a cluster radius of the quarks.

Finally a modification of the clustering was made to allow the seed to be the

'true' direction of the quarks to facilitate comparisons with this simpler approach.

This is an approach used by an independent study at Fermilab which obtains

similar results to those quoted here14) •
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Fig. 1. Reconstructed mass plots for all combina.tions of clusters. a) Low PI' Zj

b) High PT z: c) Low PT Z'j d) High PI' Z'.



5. Results .

The mass distributions calculated for any of these methods consists of a Gaus

sian peak with long asymmetric tails. The tails favor the low mass side with losses

arising primarily from undetected neutrinos and from gluon radiation. Contribu

tions to the less populated high mass side come from additional particles from

the underlying event falling in the clustering cone. A simple fit to a Gaussian

tim: function that could be zenerallv used with satisfactory results consisted of av _... -

Gaussian plus a fourth order polynomial. Even this method needed to be guided

to a good region of parameters for fitting in order to avoid finding a poor fit in a

local minimum of X2 • The polynomial fit was first performed on the region on the

two sides of the peak and then a Gaussian was fit to the distribution that remained

after subtracting the polynomial from the peak data.

Figures 2a through 2d show distributions obtained from the clusters closest

figures, the nominal calorimeter parameters have been used (hadronic resolution

given by 0.5/VE El1 0.03 and electromagnetic resolution given by 0.15/JE with

segmentation ~TJ =~~ = 0.05).

Table 1 presents the results of fits to the mass distributions for all four data

samples and for a number of detector configurations. The form of the fit was:

In order to compare resolutions obtained with different conditions, we use the value
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Fig. 2. Same as Fig. 1 but for use of the "correct" choice of clusters only as

described in the text.
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Table 1

Summary of fitted resolutions. The columns give the particle type (P), either Z or Z', the

transverse momentum (pr), the calorimeter segmentation (8), the hadron calorimeter stochas-

tic coefficient (h,), and constant term (he), the electromagnetic stochastic coefficient (e,), the

clustering radius R, the clustering algorithm C, elh,fitted peak mass M, and fractional width

with fitting error (uMIM). The value of C is 'Pythia' for use of particles generated by Pythia
\

for clustering with no calorimeter simulation; 'Quarks' for use of the Pythia quark directions

as seeds for clusters of simulated calorimeter towers; or 'Seed' for use of simulated calorimeter

towers themselves as seeds for clusters.)

P PT s h~ he e~ R G e/h M uM/M
(GeV/c) (GeV)

Z 50 . No Cal. Simulation 0.7 Pythia 89.6 0.0289 ± 0.0032
Z 50 .05 0.00 .00 .00 0.7 Quarks 1.0 78.4 0.0830 ± 0.0090
Z 50 .05 0.30 .02 .15 0.7 Seed 1.0 78.6 0.0957 ± 0.0098
Z 50 .05 0.50 .03 .15 0.7 Seed 1.0 78.2 0.1000 ± 0.0073
Z 50 .05 0.70 .04 .15 0.7 Seed 1.0 81.2· 0.0970 ± 0.0085
Z 50 .05 1.00 .05 .15 0.7 Seed 1.0 83.6 0.1204 ± 0.0122
Z 50 .05 0.50 .03 .25 0.7 Seed 1.0 -. 78.3 0.0910 ± 0.0073
Z 50 .05 0.50 .03 .15 0.7 Seed 1.3 70.0 0.1034 . ± 0.0080
Z 50 .10 0.50 .03 .15 0.7 Seed 1.0 79.3 0.0982 ± 0.0078
Z 50 .15 0.50 .03 .15 0.7 Seed 1.0 80.5 0.0929 ± 0.0073

Z 500 No Cal. Simulation 0.7 Pythia 91.1 0.0192 ± 0.0017
Z 500 .05 0.00 .00 .00 0.7 Quarks 1.0 90.4 0.0515 ± 0.0055
Z 500 .05 0.00 .00 .00 0.7 Seed 1.0 88.9 0.0509 ± 0.0053
Z 500 .05 0.30 .02 .15 0.7 Seed 1.0 89.4 0.0493 ± 0.0055
Z 500 .05 0.50 .03 .15 0.7 Seed 1.0 90.1 0.0558 ± 0.0044
Z 500 .05 0.70 .04 .15 0.7 Seed 1.0 ,90.8 0.0596 ± 0.0044
Z 500 .05 1.00 .05 .15 0.7 Seed 1.0 92.3 0.0635 ± 0.0050
Z 500 .05 0.50 .03 .25 0.7 Seed 1.0 89.7 0.0662 ± 0.0047
Z 500 .05 0.50 .03 .15 0.7 Seed 1.3 82.1 0.0653 ± 0.0053
Z 500 .10 0.50 .03 .15 0.7 Seed 1.0 91.9 0.0745 ± 0.0082
Z 500 .05 0.50 .03 .15 0.4 Seed 1.0 86.4 0.0514 ± 0.0095
Z 500 .05 0.50 .03 .15 1.0 Seed 1.0 91.7 0.0663 ± 0.0062

Z' 50 No Cal. Simulation 0.7 Pythia 1001 0.0136 ± 0.0007
7.' !'n n!' nnn .00 .00 0.7 Ouarks 1.0 975.0 0.02:lR -+- 0.001 R



Table 1 (Continued)

P PI' s h. he e. R C elh M uMIM
I'" .TTI \ ~,." '1'1"

~o e vIe) ~liev )

Z' 500 No Cal. Simulation 0.7 Pythia 1008 0.0114 ± 0.0007
Z' 500 .05 0.00 .00 .00 0.7 Quarks 1.0 972.9 0.0375 ± 0.0027
Z' 500 .05 0.00 .00 .00 0.7 Seed 1.0 96904 0.0395 ± 0.0033
Z' 500 .05 0.30 .02 ..15 0.7 Seed 1.0 970.5 0.0399 ± 0.0026
Z' 500 .05 0.50 .03 .15 0.7 Seed 1.0 975.6 0.0370 ± 0.0023
Z' 500 .05 0.70 .04 .15 0.7 Seed 1.0 978.5 0.0382 ± 0.0027
Z' 500 .05 0.50 .03 .25 0.7 Seed 1.0 975.7 0.0358 ± 0.0022
Z' 500 .05 0.50 .03 .15 0.7 Seed 1.3 890.3 0.0506 ± 0.0033
Z' 500 .10 0.50 .03 .15 0.7 Seed 1.0 977.7 0.0369 ± 0.0024
Z' 500 .15 0.50 .03 .15 0.7 Seed 1.0 978.9 0.0356 ± 0.0029
'7' ~nn n~ n ~n n'l , ~ n A

,, __ .:I , n n.,~ A n n'lal:: ....L n nnA'l
u \JUU .U\J V.iJV .VV • .Lv V.~ ..,~u .L.V ~Iv.~ V.V<JVV ~ v.vv~v

Magnetic field off:
0.7 Seed 88.3 0.0606 ± 0.0036Z 500 .05 0.00 .00 .00 1.0

Z 500 .05 0.50 .03 .15 0.7 Seed 1.0 88.9 0.0613 ± 0.0042
Z 500 .05 0.70 .04 .15 0.7 Seed 1.0 89.7 0.0666 ± 0.0045
Z 500 .05 1.00 .05 .15 0.7 Seed 1.0 91.1 0.0678 ± 0.0047
Z 500 .05 0.50 .03 .25 0.7 Seed 1.0 89.2 0.0616 ± 0.0039
Z 500 .05 0.50 .03 .15 0.7 Seed 1.3 8004 0.0641 ± 0.0049

,

Z' 50 .05 0.30 .02 .15 .7 Seed 1.0 . 962.9 0.0263 ± 0.0043
Z' 50 .05 0.50 .03 .15 .7 Seed 1.0 972.2 0.0286 ± 0.0027

1.0 < 1771 < 2.5:
SeedZ 500 .05 0.50 .03 .15 0.7 1.0 94.6 0.0641 ± 0.0052



6. Resolution Studies

In Fig. 3 and Fig. 4, we present results from Table 1 on calculations of the

dijet mass resolution for a number of assumptions about the detector-independent

contributions and about the calorimeter parameters for the Z and Z; at both high

and lowPT. The different effects are invoked sequentially in successive points on the

graphs in order to demonstrate the different contributions to the dijet resolution.

The conditions in the points on the graph are as follows:

(a) The original quark direction is used as the center of a clustering cone of radius

0.7, within which the energy from all detectable tracks in the generated event

is combined as a jet. Extra tracks from the underlying event are included. No

simulation of showers is performed. This shows the contribution to the mass

resolution of basic physics processes, including fluctuations in fragmentation

energy outside the cone, effects of the underlying event, missing neutrinos,

and gluon radiation.

(b) Our detector simulation distributes the shower energy with a realistic shape,

but perfect energy resolution is assumed. Clustering is now done with seed

towers as described above. This point represents a minimum resolution for

a perfect detector with a reasonable tower geometry.

(c) Same as (b) with the addition of energy resolution in the calorimeter cells of

0.3/nw0.02 for individual hadrons and 0.15/..fE e 0.01 for photons and

electrons.

(d) Same as (c) with a hadronic c~lorimeter re..QQlution of 0.5/..[fi e 0.03.

(e) Same as (c) with a ha~ronic calorimeter resolution of 0.7/-IEe 0.04.

, " . . .. . r=
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nonlinear response of the hadron calorimeter due to imperfect compensation

is simulated using an ansatz of Groom l~l.

In Figs. 3 and 4, the first two points can be understood as successively adding

effects that arise from the physics process and the irreducible parts of the measure

ment process, and do not reflect the specific capabilities of the SDC calorimeter.

The remaining points illustrate the effect of calorimeter parameters that span the

range of calorimeter performance being considered by the SDC. The dominant

contribution to the mass resolution does not come from the detector but from

clustering and other effects. In the case of low PT Z's the mass resolution is dom

inated by clustering, the fluctuation of energy outside the R = 0.7 cone and by

fluctuations of the underlying event...J". perfect detector can measure the Z mass

with a resolution of about 8%. Detector induced effects worsen this resolution by

at most a factor of 1.25. In the high vr Z case, most particles are well contained

in the cone and the minimal resolution is about 5%. Detector induced effects may

worsen the resolution by about a factor of 1.2. In the case of the Z', the detector-
. -

dependent contributions are negligible for high PT and small for low PT except for

the effect of the extreme e]h value introduced in (g) above, which worsens the

resolution by about a factor of 1.5. The Z"s have worse resolution at high PI than

at low PI' because of the larger role played by angular resolution effects.

The effect of hadronic calorimeter resolution is summarized in Fig. 5 fOf two

of the data sets. The horizontal axis of the graph shows the coefficient of the

stochastic term in the hadronic resolution with values up to 100%. The constant

term is varied along with the stochastic term as shown in Table 1. Over the region

of parameters that fall within SDC specifications (30% to 70%) the mass resolution
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in Fig. 6 for the two Z' data sets. In the range up to AT] = .l!i.tJ> = 0.15, no effect

is seen on the mass resolution.

The results presented in the gr~phs above include the effects of the solenoid

field. The magnetic field acts to spread jets, removing some energy from the

clustering cone, and also changes the direction of the energy flow within the cone.

In order to assess the magnitude of these effects, we have simulated points from

two of the data sets with no magnetic field, choosing the better resolution cases

for Z and Z'. Approximately a 10% degradation of the mass resolution is seen in

each of these cases.

Finally, we have checked the effect of concentrating our calculations in the

central 1771 region, by finding the resolution for high PT Z's for values of 1111 from

1.0 to 2.5. Degradation by a factor of 1.15 is seen.

7. Conclusions

We conclude from the results presented here that physics rather than the de

tector parameters dominates the jet mass resolution over the range considered for

SDC. Contributing effects include jet clustering, jet fragmentation uncertainties,

and fluctuations in the underlying event. For the best resolutions as limited by

physics (those for the Z', the extreme case of elh = 1.3 added to another constant

resolution term noticeably degrades the resolution. For calorimeters built with

reasonably achievable performance as indicated by recent collider detectors, the
• . , .• -1' 1 1 ~, , • "'I •.. ..Jet mass resonmon WIll De as gOOQ as tne pnysics aJlOWS It to De.
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