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Optimizing Jet Energy Resolution with Jets Simu-
lated from Test-Beam Data |

John P. Borders

Reatrictions introduced in the optimization of the energy response of the DB calorimeter to
hadrons worsen hadron energy resolution by a total of about 6% for the sampling term S over that
found using an unrestricted optimization. 1l The worst degradation occurs when the weights for
the electromagnetic lavers are fixed to values that provide the best resolution for single electrons,
Ancther restriction that produces a clear loss in resolution is when the weights are required to ba
independent of the energy of the incident particie. These restrictions can produce similar or per-
haps even more detrimental effects on jef reselution. Finally, the somewhat intuitive prediction
that the Default Set of weights would be best for jet resolution leads to a loss in single hadron reso-
lution of about 3-11% in the sampling term §. Without a detailed knowiedge of the composition of
jets, it is difficult to prediet the impact of such restrictions. Unfortunately, jeta of precise energy
cannot be produced in teat beams, and consequently cannot be studied in a calorimeter.

However, production of jets can be modeled using Monte Carlo generation based on QCD
theory. The individual hadronic fragments of such jets can he taken from a library of data obtained
in the test beam, summed to form a jet, and then propagated through the detector to simulate the
reaponse of the D@ calorimeter to jets. In this analysis, we use such simulations to study the ef-
fecta that the reatrictions placed on single-hadron cptimization produce on jet resojution. In par-
ticular, we study the effects on jet response using the defauit weights from previous analysis_.m
and investigate posaible alternate schemes for improving jet resclution.

1 Generating Test Beam Jets

The Particle Library, based on data from the test beam, was formed to provide the indi-
vidual particles needed for generating jets.m The Particle Library contains both electron
and hadron data over the full range of energies studied at the test beam, but only at the
position corresponding to 1=0.05 and ¢=3.16 in the D@ calorimeter. Extrapolations, also de-
scribed in Appendixz B, are performed to shift the scales and locations of particles to the ap-
propriate energies and positions of specified jet constituents. These particles are then su-
perimposed to form compiete jet events which mimic D@ events on a cell-by-cell level.

To specify the structure of the jets to be built by the Particle Library, partons were gen-
erated at minimum transverse energies of 20, 30, 40, 53, 63, 80, 100, 120, 150, 175, and 200
GeV, using the Isajet program. After fragmentation and radiation, the jet with the highest
ppfrom the collision was selected and stored in a file specifying the energy, type, and the n



and ¢ for each constituent. For each specified minimum energy, this process produced a
group of jets distributed around the minimum energy. The specified set of minirmuam ener-
gies had been selected so that, taken all together, the Isajet events had a broad range of
energies with essentially uniform distribution between about 15 and 225 GeV. We will re-
fer to these seed events as "Isajet events”, to distinguish them from the test-beam jet events
("T'B jets"), which are constructed using the Isajet events.

For each Isajet event, the Particle Library was used create TB jets that are similar to
jets seen in the D@ detector. Because the library is limited to particles at n=0.05, only cen-
trai jets could be simulated accurately (see Appendix B for a discussion of the differences
between the assembled jets and D@ jets). For each specified Isajet event, 200 TB jets were
constructed from data randomly selected from the Particle Library).[21

2 Parameters of Jet Response

Because a non-linearity in the energy response of calorimeters to jets can, in principle,
be easily corrected, we will concentrate on issues relevant to the resclution of the D@ calo-
rimeters in optimizing TB jets. The jet resolution was fitted to the same generic equation
that was used for parametrizing the energy resoluticn of single particles.m However, be-
cause the noise term in the jet cannot be simply the sum over the noise of individual
hadrons, the NV parameter must be handled differently for TB jets.

For the resclution of hadrons in singie-particle test beam data, the noise term N was
equated to the expected standard deviation of an appropriate pedestal distribution, and
thereby the number of degrees of freedom in the fit was reduced.!) When the contributions
from individual particles are added together to form TB jets, the magnitude of the noise in a
typical TB jet will usually be far greater than for a single particle, and will increase with
the multiplicity of the jet. Since the multipli;:ity of a jet also depends upon jet energy, the
noise in TB jets will have a dependence upon incident jet energy. This is an artificial fea-
ture of building jets from individual particles, and does not reflect the true noise of the calo-
rimeter.

Noise in TB jets was estimated by merging data for inspill pedestal events on a cell-by-
cell basis, using the same correction algorithms that were applied to the cells occupied by



the particles in a TB jet, using the following procedure. First, an inspill-pedestal library
was created in parallel with the Particle Library: this contained inspill pedestal events
from the test beam. For each initial Isajet event that had been used to create TB jets, we
then created a jet-pedestal event by adding events from the pedestal library for all individ-
ual particles in the Isajet event. Essentially, a TB jet was built, but with cells containing
only pedestal signals, rather than ionizatim; energy. This procedure overestimates the
noise seen in a D@ jet-pedestal event by an amount equivalent to that in a TB jet relative to
a real (D@) jet, providing a dependence of the standard deviation of a jet-pedestal event on
incident jet energy. The mean value of the jet-pedestal events is, of course, still zero. A plot
of the N parameter (i.e., the average width of the jet-pedestals) vs. incident jet energy, in 5
GeV intervals, is shown in Fig. 1. A fit to the energy dependence is also shown in the fig-

ure, and is given by:

NE) = P, + P, In(E) 1)

, P, = -2.656+0.001
20¢ P, = 2.10540.002
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Figure 1 Standard deviation of "artificial" inspiil pedestais (jet-pedestal events) as a function of
incident jet energy

Due to the way the data in the Particle Library are scaled for low incident energies (see
Appendix B), the noise for a single particle (=1.9 GeV) does not have to correspond exactly
to the noise at smallest jet energy in Fig. 1. Also, the same scaling techniques cause the



above fit to become non-physical at energies less than. about 10 GeV (for example, N{(5 GeV)

= 0). Since the particle library is only used down to 15 GeV, this will not present a problem.

(1

Using Eq. 1 in the standard expression for resolution,'™ we obtain a modified form that

we can use to extract the other parameters of the fractional resolution:
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Single hadron analysis indicated that the default weights should be used for building

[11 Figure 2(a)

jets. Here we will examine the jet properties found using these weights.
gives a plot of the reconstructed jet energy vs. the incident jet energy, including a linear fit
through the data, and the parameters for the fit (the statistical errors on these are very

small). In Fig. 2(b) we show the result of the linear fit compared to the fractional energy

difference.
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Figure 2 Reconstrucied energies obtained using default weights at n=0.45

A3 seen in_Fig. 2, the response of the calorimeter to energy is not completely linear, and
has both a large offset and a slope that differs significantly from 1.0. In order to correct for
these effects, a simple secoﬁd-order polynomial can be fitted to the response, and the recon-
structed energy can be corrected using the resulting function. In this chapter we correct all

energies in this manner. The corrected energy for the defauit weights, in terms of the plot
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of fractional energy differences, is given in Fig. 3(a), and the relative resclution is shown in

Fig. 3(b).
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Figure 3 {a) Relative differences and (b} relative resclution for corrected reconstructed jet energies
The fit that corresponds to the corrected data in Fig. 3 is:

Erf::rr = Pl + PzErec + P3Erzec 3

with P, = 2.42 GeV, P, = 1.13, and P, = -3x10 GeV', and where E__, is the uncorrected
reconstructed energy shown in Fig 2.

Figure 3 shows that the data at the lower end of the energy range have more scatter
than at the central region. This is due to the fact that the simulation of D@ jets becomes
less accurate at the lowest energies. This breakdown of the simulatioh i8 mainly due to the
scaling of the lowest energy particles, and an arbitrary cutoff of low-energy jet constituents
used when building the TB jeta.[zl

The Isajet jets in this analysis were required to be in the central region of the calorime-
ter at the Isaje£ generation stage. However, due to the way the particle library produces
the coordinates of TB jets by shifting the particles at n=0.05 to the appropriate coordinates,
TB jets will not vary in structure, regardless of pseudo-rapidity of the Isajet jet.



3 Optimization of Jet Resolution

All results in the following optimizations will be presented in terms of sampling factors,
relative to the defauit weights. (The default weights correspond to dE/dx weights for the
hadronic layers, and EM-layer weights chosen to optimize the response tg electron).

Five different optimization schemes (OS) were implemented to try to improve the en-
ergy resolution of TB jets. 0OS-1 simply varies the relative scales between the EM and
hadronic layers, and otherwise uses the default weights. 0S-2 allows all weights to vary,
and provides a single constant offset § for the simultaneous optimization of all jet energies.
05-3 admits weights that depend on the reconstructed jet energy, and 0S-4 allows weights
that depend on the fraction of total reconstructed jet energy deposited in the electromag-
netic layers (EM fraction). Finally, OS-5 implements a sequential optimization of energy-
dependent and EM fraction-dependent variations. A summary of the various optimization

schems is included in Table 1, and the details of the separate optimizations are given below.

Table 1 Summary of optimization schemes (0S8)

0s Parameters allowed to vary # constant offset &
parameters
1 scale factors describing relative set to zero
contributions of EM and hadronic 2
sections
2 energy-independent weights varies
describing the relative 8
contributions of all layers
3 parameters describing the set to zero
energy-dependence of 8 layer 16
weights
4 parameters describing the EM varies
fraction-dependence of 8 layers 18
" weights and a constant offset §
5 parameters describing the EM varies for EM
fraction-dependence and 8 dependence
energy-dependence of 8 layer get to zero for
weights and a constant offset § energy-dependence

3.1 Optimization of Relative Electromagnetic and Hadronic Seales (Scheme



08-1)
Just as in the case of single hadrons, the relative scales of the signals from the electro-
magnetic and hadronic sections were varied, keeping the default weights for the individual

layers in the two sections. The reconstructed jet energy (E"’r o’ 18 found from:

Ef, = aumEE + a, EX @

where Ekm is the reconsiructed energy for TB jet event &, Ekem and Ekhad are the sums of
the energies found in the electromagnetic and hadronic layers, respectively (calculated us-
ing the default weights), and «,,, and a, _; are parameters that are varied using our stan-
dard cptimization routine for all TB jet events (all energies). The resuitant values of
and o, are given in Table 2. Uncertainties on these values are not included: since the
scales are found through the optimization procedure used to find sampling weights, the un-

certainties are of little use in evaluating the results, due to the correlations between them.

Table 2 Optimized relative scales (0S-1)

Com 1.25
0.98

Ohad

3.2 Full Optimization Without Energy Dependence (Scheme 08-2)
The TB jet resolution was optimized simultaneously over the full range of energies, re-
sulting in the set of 8 sampling factors and the constant offset §, given in Table 3. This

scheme assumes that the weights are independent of jet energy.



Table 3 Fully optimized, energy-independent sampling factors (08-2)

Calorimeter Sampling
Layer Factors
EM1 2.443
EM2 1.163
EM3 (.856
EM4 1.335
FH1 1.006
FH2 0.895
FH3 0.839
CH T 0758
3 (GeV) 3.325




3.3 Sampling Factors as a Function of Reconstructed Jet Energy (Scheme 08-3)

The energy-dependent weights were found as fellows:

1

2.
3.
4

The default reconstructed energy (Edef) was calculated nsing the defanlt
weights in Eq. 5.9. )

The events were divided into 5 GeV bands of £

A set of sampling factors were obtained for each band E

The sampling factors were fitted to a linear function of Edef.

A constant offset § is not allowed in this optimization, since such an offset is not auit-

able for optimizations over small energy ranges. The calculated sampling weights, along

with the linear fits to £ dep BT shown as a function of reconstructed energy in Fig. 4. All

eight fits are superimposed in Fig. 4(i) to demonstrate the correlations between the weights

ag a function of energy, along with a line at unity. The parameters for these functions,

along with the statistical uncertainties on them, are given in Table 4.
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Figure 4 Sampling factors as a function of reconstructed energy (08-3). The fits are to linear functions of
the form P, Py E, . (see Table 4).

As can be seen in Fig. 4, the sampling factors at the extreme ranges of the energy scales
do not seem to follow the trend chserved in the center regions. By changing the ranges for
the fits, we have determined that restricting the fits to the trend established by the central
energy regions results in the best overall resclutions. The functions in the figures are plot-
ted only over the energy ranges used in the fits.
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It can also be seen from Fig. 4 that some of the sampling factors do not seem to depend
linearly on energy. We have tried to fit the sampling factors with a more complex energy
dependence, but found that using a linear fit provides similar overall resolution, and pro-
duces a more linear energy response. We have consequently chosen the simplest parame-

terization for this study.

Table 4 Parameters describing energy-dependence of sampling factors (0S-3)

P, P, x107) (GeV')
EM1 2.571+0.003 -1.69+0.02
EM2 1.195+0.003 -0.5120.02
EM3 0.96320.004 -0.33+0.03
EM4 1.57920.004 -1.88+0.03
FH1 1.1040.004 -0.56+0.03
FH2 0.870+0.004 0.49:0.03
FH3 0.714+0.004 1.56+0.03
CH 0.652+0.004 1.28+0.03

It is interesting that all weights appear to approach unity at highest energies, as shown
in Fig. 4i). This would suggest that these weights should provide the greatest improve-

ment in reconstructed energy resolution at lowest energies.

3.4 Sampling Factors that Depend on Jet EM Fraction (0S-4)

The weights that depend on EM fraction were found as follows. Starting out with the
default £ def values, as discussed in Section 3.3, we defined Fgy, as the fraction of the energy
in a TB jet that was reconstructed in the EM section. The Fg,, values for all events were
divided in banda of 0.04 width, to obtain a set of sampling factors (and a constant offset 3)
for all events (independent of energy) within each band of EM fraction. These factors were
then fitted as a function of Fp,,.

The sampliﬁg factors as a function of EM fraction in a TR jet are shown in Fig. 5, along
with the linear functions used in the fit. The parameters for these functions, along with

their statistical errors, are given in Table 5.
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Figure 5 Sampling factors as a function of the fraction of the reconatructed energy in a TB jet that is
deposited in the EM section. The fita are to linear functions of the form P, + P, Fg,, (see Table 5)

As seen in Fig. 5, the sampling factors for Fg,, < 0.2 and Fg,, 2 0.8, (especiaily for 8)
show marked deviations from the trend established in the rest of the range. This is caused
primarily by the characteristic patterns of energy deposition for jets in these regions. For
example, a jet with more than 90% of its energy in the electromagnetic section, will have
little energy in CH that could be used to sharpen the CH sampling factor. Also, it should be
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recognized that jets usually deposif = 0.5 of their energy in the EM section, so the low inci-
dence of jets with > 0.9 of the totai energy in either section makes the optimizations in
these regions statistically inadequate (the statistical uncertainties on these points are con-
nected to the correlations between weights, so these uncertainties are not shown in the
plots).

Table 5 Energy-independent sampling factors (0S-4) obtained from linear fits to the
EM energy fraction in TB jets (with statistical uncertainties from the fits)

P, P, (x10"! GeV?)
EM1 1.788+0.004 8.37+0.07
EM2 | 1.870£0.007  -4.47:0.1
EM3 | 1016x0.006  -2.110.09
EM4 | 1.26320.005  0.96x0.08
FH1 _0.886+0.005 3.34+0.09

FH2 0.977x0.005 -1.99x+0.1
FH3 1.247+0.006 -8.40+0.1
CH 1.011=0.005 -6.60x0.1

5 -0.057+0.001 56.9+0.1

3.5 Sampling Factors that Depend on both EM Fraction and Reconstructed
Energy (Scheme OS-5)

In order to exploit information about both the energy of the TB jet and its EM fraction,
optimizations were carried out that included both dependences. First, the factors found in
Sec. 3.4 (for OS-4) were applied to data, and then sampling factors were recalculated as a
function of reconstructed energy as was done in Sec. 3.3. However, the reconstructed en-
ergy for this optimization was taken as the corrected energy Ep,, found using the parame-
ters discussed in Sec. 3.4, rather than Ed.ef‘

Plots of the final factors as a function of Ep,, are shown Fig. 6, and the parameters for
fita to a linear d_ependence on Eg,, are shown in Table 6. We see in Fig. 6 that after correct-
ing for the EM fraction, the sampling factors are all close to unity over our entire energy
range, indicating that applying both energy-dependent and EM fraction-dependent correc-
tions is not significantly more usefil than using only one of these corrections.
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Figure 6 Sampling factors as a function of EM-fraction corrected reconstructed epergy (0S-5). The fits are
to linear functions of the form P, + P, & {see Table 6).

We also see in Fig. 6 that the sampling weights for the lowest energies show a marked
difference from those for the higher energies: This indicates that using both EM fraction

and energy-dependent corrections should have a negative impact on lowest-energy jets.



Table 8 Energy dependent sampling factors obtained from linear fits to the energy
after EM-fraction corrections (08-5) (with statistical uncertainties from the fits)

3.6 Corrections to Reconstructed Energies

P, P, (x107* GeV'H
EM1  [0.9270.003  7.66:0.02
EM2  |0.898x0.003  7.29:0.02
EM3  [(0.998£0.003  -1.75x0.02
EM4 | 1.042£0.004  -4.170.03
FH1  |1.09420.003  -6.0720.02
FH2  [0.957+0.004  4.5720.03
FH3 |0.869£0.004  9.710.03
CH 0.927+0.004  6.900.03
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Asg stated in Sec. 2, all reconstructed TB jet energies for the default as well as for the

optimized parameters were corrected using a second-order polynomial in E_. (Eq. 3). The

plots of the nominal parton energies vs. reconstructed energies are given in Fip. 7, and the

parameters for the fits indicated are given in Table 7.

Table 7 Parameters from fits of second-order polynomial in reconstructed TB jet
energy to the incident parton energy (with statistical errors from the fits)

08-# P, (GeV) P, P, (x10™ GeV' D)
Defaunlt 2.41+0.02 1.1320.01 -3.12£0.03
1 2.22+0.02 1.02z0.01 -2.16+£0.02
2 -1.96+0.02 1.04x0.01 -3.96+0.02
8 1.37£0.02  0.97z0.01 1.70+0.02
4 -2.07+0.02 1,05x0.01 1.53+0.02
5 -1.97+0.02 1.04+0.01 -1.03x0.02
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Figure 7 Nominai parton energy as a function of reconstructed TB jet energy for various optimizations. The

fits are to second-order poiynomiat functions of E,,,..

These plots give little indication of the differences between the different response distri-
butions. The parameters in Tabie 7 give greater detail about the differences between the

various optimizations.

4 Judging the Success of the Optimization Schemes on

Resolution

To investigate the effect of the optimization schemes on reconstructed TB jet energy
resolution, a séparate set of data, consisting of 218,500 events, was generated from the Par-

ticle Library. The corrections obtained from the optimization schemes were then applied as

follows:

1, For each event, we calculated the default reconstructed TB jet energy
E def using the defauit weights.
2. Choosing some optimization scheme, the appropnate sampling factors
were determined for any given Edef‘
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3. These factors were then applied to the layer energies to find the opti-
mized reconstructed energies &', for any given optimization scheme :.

4. Finally, the corrections to the reconstructed TB jet energy, based on Ta-
ble 7, were applied to determine the final energies & .

These corrected and optimized energies were then compared with the parton energies
to determine the jei: resolution as a function of incident energy, as explained here. The re-
constructed energies Eicarr were separated into bands of 5 GeV. In parallei with the rescal-
ing of energies of singles hadrons that was based on the measurements using PWCs, we
also rescaled all the values of J!i"‘,_w_]P to the mean parton energy in the band. This eliminated
any smearing in E"w” due to the spread in parton energies. We then calculated the stan-
dard deviation o(E) and mean w(E) for each band of E‘;wr energies. The parameters of the
resolution were then extracted by fitting Eq. (2) to the values of o/i. The parameters § and
C from the fits, and their statistical uncertainties, are given in Table 8, and the corrected
data for the various schemes with the fitted functions are shown in Fig, 8.

Table 8 Parameters describing resolution of reconstructed and corrected TB jet

energies

QS-# S (%AE) C (%)
Defanlit 71.15+£0.004 0.002+0.003
1 58.18+0.01 1.98x0.002

48.19+0.01  2.32x0.002

43.42+0.01 2.76+0.001
37.03:0.01 3.3220.002
35.18+0.01  3.40+0.001

[~ LI NV I V)
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Figure 8 Fractional resolutions for TB jets as a function of incident energy for the various optimization
schemes. Fits of the data are to Eq. 2

To show a simple example of the improvement in resoluticn given by the optimization,
we include a plot of the distribution of a single jet energy peak (E=150 GeV) for both the
default weights and the 0S-5 weights in Fig. 9.
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Figure 8 150 GeV Jet Response Distribution for Default Weights and Q8- Weights

Because of the similarity of the piots in Fig. 8, and the fact that an increase in C can be
compensated by a decrease in S in Table 8, if is difficult to gauge any improvement in jet
energy resolution from the different optimization schemes. We therefore provide in Fig. 10
a comparison of the resolutions for the various schemes relative to the case using the de-

fault parameters.
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Figure 10 Ratio of optimized TB jet resolutions to the default values as a function of jet parton energy.

From Fig. 10, we see that while OS-1 improves the resolution over the default scheme,
it i3 not as marked an improvement as those using the other schemés. The improvements
for 03-2 toa OS-5 are only slight at the highest energies, but more apparent at the lower en-
ergies. The OS-4 and OS-5 schemes appear to provide the best overall resolution.
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Figure 11 Fractional differences hetween the corrected reconstructed TB jet energies and incident parton
energies, for different optimization schemes,

Fractional energy differences for the various optimization schemes are shown in Fig.
11. As can be seen in the figure, the fractional differences are all very similar, as expected,
since all energy responses were corrected using a second-order polynomial in E_ , (see Sec.
3.6)., Nevertheless, these plots verify that the corrections are reasonable. (Az we mentioned
previcusly, when the sampling factors in Secticns 3.3, 3.4, and 3.5 were fitted to third or
fourth-order polynomials in £ _ , these fractionai differences were not as well-behaved.)

From the results of this analysia, we see that the energies of TB jets more closely reflect
the original parton characteristics (as shown.by jet energy resolution) when we implement
our cptimization schemes. Thus, the weights suggested by single-particle optimization can
be improved upon by applying a more detailed knowiedge of jet structure to test beam data.
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