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1 Introduction

Medium-induced modification of jet fragmentation (“jet quenching”) is a sensi-
tive and far-reaching probe of the matter created in high energy nuclear collisions
at RHIC [1]. Jet studies will play a central role in the LHC heavy ion program,
but the baseline ALICE detector has limited capability in this direction. It has
long been recognized that an electromagnetic calorimeter (EMCal) would add
significant physics capabilities to ALICE, in particular for jet triggering and
measurement, and an EMCal proposal is under development (for a recent up-
date see [2]). The proposed EMCal has a sampling Pb/scintillator structure (1.5
mm/1.5 mm, ~ 80 layers, ~ 22 radiation lengths) with shashlik-type wavelength
shifting fiber geometry. The fibers are read out by Avalanche Photodiodes.
The nominal resolution for this choice of absorber and scintillator thicknesses
is 0p/E ~ 8%/vE. The nominal acceptance is 0 < A¢ < 27/3,|An| < 0.7,
comprising ~15k n-projective towers.

Full exploitation jets as a probe of dense matter at the LHC will require the
study of the evolution of jet fragmentation over a broad jet energy range, from
the moderate energy jets studied at RHIC where quenching effects are seen to
be strong, to jets with energies well beyond 100 GeV where quenching effects are
expected to be negligible. Annual yields for various hard processes in ALICE
for minimum bias Pb+Pb at nominal luminosity (L = 5 x 1026cm=2 s~! x 10%s
= 0.5 nb~!) are shown in Fig. 1. Within the EMCal acceptance the annual jet
yields are large: 107 per year for Er> 50 GeV (~ 10 Hz) and 4 x 10° per year
for Er> 100 GeV. Due to the finite EMCal acceptance the yield is reduced by a
factor ~ 2 for a jet patch trigger of dimensions Anx A¢ = 0.4 x 0.4 (see vertical
arrows on Fig. 1), dimensions which are on the large side for a jet definition in
heavy ion collisions.

Minimum bias events at nominal luminosity occur at 4-8 kHz but can be
recorded by ALICE only at ~100 Hz. A Level 1 (L1) trigger is therefore re-
quired in Pb+Pb collisions to take advantage of the large jet yields. The EMCal
provides such a jet trigger on the L1 time scale of ~ 6us, though with a po-
tential bias since it is sensitive largely to the electromagnetic energy in the jet.
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Integrated hard process rates in ALICE

=y
=

e— Ggebm | Pb+Pb_m|nb|as
< O binary scaling from p+p

L=0.5/mb/s; 1 year:106 S
EMCAL: AnxA¢p=1.4x2m/3

oL P, >P,")
=1 IIIIII|
dh
Q

=

o
T
S

cut
T |
=
BRURALE een

~TF AT

444444444444444444444444444444444444444444444444444444

=
<

=
Q,

LI et

Annual Yield (E >E

=
<
|

10°

10*

10°

102 o

0O 20 40 60 80 100 120 140 160 180 200
EX (GeV) or p2" (GeV/c)
T

Figure 1: Hard process annual yields (10% seconds) in ALICE acceptance for
minbias Pb+Pb at nominal luminosity. Calculations derived from [3, 4, 5, 6].
Vertical arrows indicate yield reduction due to EMCal acceptance for various
jet trigger patch sizes.
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Figure 2: Energy distribution vs. n and ¢ in EMCal acceptance. One cell corre-
ponds to 5x5 EMCal towers (Anx A¢ ~ 0.070 x 0.070). Left: 55 GeV PYTHIA
generated jet; center: HIJING event with b~ 5 fm.; right: superposition of the
two events. Note variation of vertical scale.

The least-biased jet trigger in ALICE would combine the EMCal energy mea-
surement with charged particle tracking in the High Level Trigger (HLT), which
has input bandwidth ~15 GB/s [7]. Taking into account the minbias data rate
20 MB/evtx4 kHz~80 GB/s, a possible approach to jet triggering in Pb+Pb
requires EMCal rejection of about a factor 10 at L1 (compatible with the max-
imum TPC gating rate of 1 kHz), with further rejection provided by the HLT
using both EMCal and tracking detector measurements.

In this note we present the first exploratory studies of the L1 EMCal jet trig-
ger performance for 5.5 TeV Pb+Pb collisions, using PYTHIA-generated jets,
HIJING-generated background events [8] and a simple parameterized model of
the EMCal response. We show that, within this model calculation, the re-
quired background rejection can be achieved while maintaining good efficiency
for moderately high energy jets. Efficient and unbiased triggering may however
be difficult to achieve in the intermediate Er = 50 GeV region, where the jet
signal can be significantly distorted by background fluctuations.

2 EMCal response simulation

Particles generated by HIJING and PYTHIA are projected onto a two dimen-
sional histogram representing the EMCal acceptance, with limits |n| < 0.7 and
7/3 < ¢ < m and bin size An x A¢ = 0.014 x 0.014. All strong, weak and
electromagnetic decays occur at the primary vertex, located at the origin (i.e.
no vertex smearing). Charged particle trajectories are bent in a uniform 0.5T
field over the 4.6 m radial distance from the beamline to the EMCal front sur-
face. Photons and electrons deposit 100% of their energy while hadrons deposit
25% [9]. The deposited energy is assigned to the tower onto which the track
is projected, i.e. the spatial extent of the shower is ignored. Fig. 2 shows the
EMCal response to a PYTHIA-generated 55 GeV jet, a background HIJING
event with b~ 5 fm, and the superposition of the two.
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Figure 3: Comparison of L1 trigger algorithm and PYTHIA internal jet finder
for PYTHIA events containing 100 < Ep < 120 jets and L1 patch size 0.21 x
0.21. Plot shows ratio of Et vs. difference in angle for the two algorithms.

3 Level 1 jet trigger algorithm

The L1 jet trigger algorithm sweeps a square patch of dimensions An x A¢
over the EMCal and finds the location of the patch with the highest integrated
EMCal energy (E}?%). For computational efficiency the patch is moved in steps
of size An/3 and A¢/3, which generates negligible irresolution in EM8*. In this
note we only consider jets that are nominally within the EMCal acceptance,
defined as jets whose centroid from the PYTHIA jet finder falls within the
EMCal excluding an boundary region of width 0.2 in both 1 and ¢.

Three patch sizes are considered in this note: Anp x A¢ = (0.14x0.14),
(0.21x0.21), and (0.35%0.35). CDF measurements of charged jet profiles in
P + p collisions show that for ~50-100 GeV jets about 80% of the jet energy is
contained within R < 0.15 [10], which sets the rough size scale for the core of
the jet. Studies with isolated PYTHIA jets indicate that patch sizes as small as
(0.05x0.05) may have jet trigger efficiency comparable to that of larger patches
[11]. However, such small patches are especially susceptible to variations in
fragmentation, which is the physics we are after: the medium-induced modifi-
cation of jets. A trigger should match as closely as possible the offline physics
analysis algorithms that are applied to the datasets biased by it. We think it
unlikely that the optimized jet algorithms for offline analysis will converge on
jet definitions having R < 0.1. Our prefered strategy is rather to maximize the
patch size in order to reduce trigger bias, though the size is limited from above
by signal/background. We therefore do not consider patch sizes smaller than
~ 0.1 x 0.1 in this note.

4 Trigger response to PYTHIA-generated jets

Fig. 3 compares the response of the L1 trigger algorithm (trigger patch An x
A¢ = 0.21 x 0.21) and the internal PYTHIA jet finder, for PYTHIA events
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Figure 4: PYTHIA. E}2* for 50-60 GeV jets, different patch sizes as indicated.

containing jets with 100 < Et < 120 GeV. The vertical axis shows the ratio
of EX®* from the trigger to the total jet energy from the PYTHIA jet finder.
The ratio peaks at 20-30%, as expected since the EMCal is sensitive primarily
to the EM fraction of the signal. The horizontal axis shows the difference in
azimuthal angle between patch center and the jet centroid from the PYTHIA
jet finder. The trigger appears to point correctly (d¢ < 0.1) except for cases
in which significantly less than 20% of the jet energy is found. We speculate
that small energy fraction correlated with poor pointing resolution results from
the combined effects of fluctuations in fragmentation and limited acceptance.
Understanding of such acceptance effects requires detailed physics study and is
beyond the scope of this note.

Fig. 4 shows the E}2* distribution for jet energy 50-60 GeV and for three
different, patch sizes. The relative fluctuations are smallest for the largest patch
size, as expected. Fig. 5 shows the E}l\«/[a" distribution for varying jet energy and
fixed patch sizes 0.21 x 0.21 and 0.35 x 0.35. The response is seen to be broad
in all cases. Fig. 6 shows the distribution of jet cross section for various lower
bounds on EY*. Cutting harder than E}®* > 10 GeV evidently generates
significant trigger biases for E%?t > 100 GeV.
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Figure 5: PYTHIA. EMa* distribution for different jet energies, for patches
0.21x0.21 (upper) and 0.35x0.35 (lower).
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Figure 6: PYTHIA: trigger bias for various cuts on EX2%; jet patch 0.21x0.21.
Features at Et < 50 GeV are due to thresholds in event generation and should
be disregarded.
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Figure 7: PYTHIA+HIJING, b=0-2 fm (central collisions), jet patch 0.21x0.21.
Left: EMax differential cross section for background (dash-dot) and for back-
ground plus 50-60 GeV jets (solid). Filled area shows 80% of embedded jet
yield. Right: EMa* distribution for the background events weighted by charged
multiplicity in TPC, which is proportional to data volume. Filled area shows
fraction of data volume that contains 80% of jet yield.

5 Trigger response to 50-60 GeV jets in Pb+Pb
collisions

In this section we study the trigger response to PYTHIA jets embedded into
HIJING events for 5.5 TeV Pb+Pb collisions. The presence of background
fluctuations will contaminate the trigger response shown in the previous section
for pure PYTHIA jets. We look in detail at the response of the trigger to 50-60
GeV jets, which turn out to be at the lower end of the triggerable jet spectrum
in heavy ion events if background fluctuations are well described by HIJING.

Figs. 7 and 8, left panels, show the E}2* cross section (jet patch 0.21x0.21)
for central (b=0-2 fm) and peripheral (b=8-10 fm) Pb+PDb collisions and for the
same events with 50-60 GeV jets superimposed. Cross-sections are calculated
by taking into account the jet cross section from PYTHIA and the equivalent
number of binary collisions for each event class.

The plots are generated using ~200 PYTHIA-generated jets within the EM-
Cal acceptance (PYTHIA jet finder) embedded into ~100 HIJING events for
each event class. We assume that this sample provides sufficient statistical vari-
ation to study the gross features of the trigger response addressed by this note.
Since we require background data rate reduction of only a factor 10 or so, it is
not necessary to simulate fully the background tail at high E}3* and thus large
numbers of background events are not required.

The filled area in each figure shows 80% of the jet yield, i.e. its lower bound
indicates the EY* cut necessary for 80% jet efficiency. Background fluctuations
are significant relative to the instrinsic fluctuations of the jet, both for central
and for peripheral collisions. The overall level of background is seen to be
strongly centrality-dependent, as expected, meaning that the EMa* threshold
must vary with centrality for centrality-independent jet trigger efficiency.

The goal of the L1 jet trigger is to reduce the background data rate to
match the HLT input bandwidth while maintaining good efficiency to accept
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Figure 8: Same as Fig. 7 but for peripheral HIJING events with b=8-10 fm.
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Figure 9: PYTHIA+HIJING, jet patch 0.21 x 0.21, jet Er=50-60 GeV. Left:
impact parameter dependence of E}#* cut required for 80% jet efficiency. Right:
impact parameter dependence of L1 input (upper histogram) and output (lower
filled histogram) data rate using cuts in left panel. Insert shows their ratio.

events containing high pr jets. We thus use reduction in data rate (in GB/s)
rather than event rejection as the metric of the trigger rejection. The data rate
is estimated using the TPC multiplicity, which dominates the ALICE event
size [12]:

event size [MB] = 0.009 x N, + 2.0,

where Ny, is the number of charged tracks in the TPC acceptance (|n| < 0.9
and full azimuthal coverage). Figs. 7 and 8, right panels, show the N,-weighted
distribution of E}#* for background events, with the filled area showing the
fraction of the background data rate corresponding to 80% jet efficiency. Data
rate is calculated using 4 kHz for minimum bias and taking into account the
fraction of the minimum bias cross section containing each event class.

Fig. 9, left panel, shows the centrality dependence of the E}?* cut for a
0.21 x 0.21 patch that is required to maintain 80% efficiency for 50-60 GeV jets.
The right panel shows the centrality dependence of the L1 input and output
data rates. We note in passing that, except for the most central collisions,
the cross section and multiplicity offset each other and input data rate is to
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Figure 10: PYTHIA+HIJING: jet trigger efficiency as a function of jet energy
for central and peripheral collisions, for a 0.21 x 0.21 patch with data rate
reduction of 1/10 and 1/30.

good approximation independent of centrality. The figure shows that, roughly
speaking, a factor ~ 10 reduction in data rate can be achieved while maintaining
80% trigger efficiency for moderate energy jets. This should be taken only as
a qualitative indication that the required L1 performance is achievable. The
specific numbers are dependent upon the models of signal and background, and
the patch size and cuts have not been optimized. Better trigger efficiency will
result if the relative background fluctuations are in reality smaller (as may be
the case if there is strong jet quenching at the LHC), while poorer efficiency
would result if medium-induced broadening transfers significant jet energy out
of the patch.

6 Trigger efficiencies in Pb+Pb

We now discuss trigger efficiencies for Pb+Pb collisions more generally, deter-
mining the trigger efficiency for L1 data rate reduction of factors 10 and 30. This
differs from the approach in the previous section, where the data rate reduction
factor was determined to achieve fixed jet trigger efficiency of 80%.

Fig. 10 shows jet trigger efficiency vs. jet energy for the 0.21 x 0.21 patch for
central and peripheral collisions. Efficiency is poor below ~ 50 GeV especially
for central collisions, and the 1/30 reduction generates a large additional loss in
efficiency over a broad range.

Fig. 11 shows jet trigger efficiency vs. centrality for the 0.21 x 0.21 patch
for two jet energies. For 100 GeV jets the efficiency is arbitrarily good, whereas
for 50-60 GeV jets it varies strongly with data reduction factor and has a weak
centrality dependence.

Fig. 12 shows jet trigger efficiency vs. jet energy for data rate reduction 1/10,
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Figure 11: PYTHIA+HIJING: jet trigger efficiency as a function of impact
parameter for two jet energies, for a 0.21 x 0.21 patch with data rate reduction
of 1/10 and 1/30.

for various patch sizes in central and peripheral collisions. There is no significant
difference in performance between patches 0.14 x 0.14 and 0.21 x 0.21, indicating
that the gain in jet energy resolution for the latter relative to the former is offset
by the increased contribution of background fluctuations. The 0.3 x 0.3 patch
has systematically lower efficiency at fixed data rate reduction factor, indicating
that it is somewhat larger than optimum for the PYTHIA+HIJING model of
signal+background. Jet quenching effects could both broaden the jet and lessen
the background fluctuations, in which case the optimum would shift to larger
patch sizes.

We assess the effects of jet quenching on the trigger efficiency using the Par-
ton Quenching Model (PQM) by Lozides et al. [13, 14] and the event generator
PYQUEN by Lokhtin et al. [15]. Fig. 13 shows trigger efficiency vs. energy for
central collisions for the various fragmentation models and for various trigger
patch sizes. The quenching models introduce large and model-dependent reduc-
tions in efficiency up to Et ~ 100 GeV, though with no large distinction between
the 0.14 x 0.14 and 0.21 x 0.21 patches. PYQUEN is known to generate very
broad fragmentation, generating correspondingly low trigger efficiencies relative
to PQM. The response of the 0.3 x 0.3 patch is uniformly worse than that of the
smaller patches though with smaller differences between the quenching models,
presumably due to the overall smaller signal/background.

The quenching models used in Fig. 13 are somewhat crude, with modifi-
cation of the angular distribution of jet fragments that is not well motivated
theoretically. The figure should only be regarded as a qualitative indication that
quenching could have significant influence on the trigger efficiencies.
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Figure 12: PYTHIA+HIJING: jet trigger efficiency vs. energy for 1/10 reduc-
tion in data rate, for various patch sizes and central and peripheral collisions.

7 Discussion

The calculations presented here are first, rough estimates of the L1 trigger per-
formance of the EMCal. A number of improvements could be made in a straight-
forward way, including a more sophisticated model of EMCal response, simula-
tion of the effects of intervening detector material, and a model of the trigger
hardware architecture including granularity and digitization effects. However,
we do not expect that such effects will alter qualitatively the results presented
here.

A more serious limitation is due to the physics input to the simulations.
While PYTHIA is a well calibrated model of vacuum jet fragmentation, HI-
JING is likely a poor estimate of background fluctuations. Most signficantly,
there are no Monte Carlo event generators available at present that incorpo-
rate theoretically well-motivated medium effects on the fragmentation of jets.
Progress in this area is on the horizon through the incorporation of medium
effects in the MLLA parton splitting functions [16, 17], which could lead to a
PYTHIA-type event generator with a theoretically well controlled model of jet
quenching.

Despite these uncertainties, some qualitative conclusions about EMCal trig-
ger hardware design can be drawn from this study:

e The L1 rejection needed to match the HLT input bandwidth can likely be
achieved while maintaining reasonable jet trigger efficiency over a broad
energy range.

e Uniform jet trigger efficiency as a function of centrality in nuclear col-
lisions requires a centrality-dependent trigger threshold. The centrality
measurement should be supplied by an independent, azimuthally uniform
device (the latter to avoid biases due to orientation of the reaction plane).

11
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Figure 13: PYTHIA+HIJING+quenching: trigger efficiency vs. jet energy for
central collisions for various jet quenching models and trigger patch sizes.
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The VO detector is the appropriate detector for this in ALICE, provid-
ing a signal proportional to multiplicity [18] on the required L1 timescale.
Technical implementation is under discussion between the EMCal and VO
groups.

e Flexibility in jet trigger patch size: patch size is driven larger by the re-
quirement of unbiased triggering in light of presently unknown and poten-
tially large quenching effects, but is limited from above by increasing back-
ground for larger patch size. Optimization will only be possible once data
come, but prudent hardware design should accomodate a range of patch
sizes. The above calculations and general considerations of jet physics
indicate that patch sizes beyond 0.1 x 0.1 should be foreseen. Note that
the PHOS TRU reads ~ 450 towers, corresponding roughly to 0.1 x 0.1,
so that the requirement to accomodate larger jet patch sizes implies the
need to integrate E over multiple adjacent TRUs.

In addition to the above considerations for L1 triggering, integration of the

EMCal into the High Level Trigger should also be looked into.
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