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1 Aim of this document

We have two candidate calorimeter options. The aim of this document is to establish the desired
performance characteristics independently of the choice, although we will point out advantages in
comparison if there are particular distinctions or implications to other systems. We are not using
costs to define any KPPs. This should be considered to be a “living document” as improved studies
might impact our statements below.

2 The Basics: Generic Calorimetry for PIONEER

The calorimeter positron energy/time spectrum is used to determine the ratio 7 — e to 7 — p.
In Fig. 1,right we display a very idealistic one, that ignores radiative tails, pileup and so on, but
it is here to serve the purpose of a reminder of the relationshp of the muon decay and pion decay
branches. There will be various projections of this type of plot employing ATAR subsample cuts,
and analyzing this spectrum versus time with respect to the pion stop, but it is suggestive of the
main data set. The high-statistics positron spectrum will also be analyzed to search for any exotic
decays in the form of resonances. Finally, in a different configuration of the beam, target, and
trigger, the calorimeter is used to identify and trigger on the 2 gammas in the pion beta decay
channel at very high pion stop rates.

The PIONEER spectrometer is sketched in Fig. 1,left and is presently described in detail within
our advanced GEANT4 simulation tools for a LYSO and LXe calorimeter option. A beam of positive
pions at 65 MeV /c from the PSI PiE5 beam line will be stopped at a rate ~ 3 x 10°/s in ATAR, the
active target. ATAR is a highly segmented imaging device that will provide 5D tracking (z,y, z,t, E)
to record the topology of the pion decay event and the direction and energy deposition of the emitted
positron. ATAR will be surrounded by a high-resolution, fast, and dense electromagnetic calorimeter
(CALO) optimized for positrons with energies from 0 to 100 MeV. That is the subject of this KPP
report. A tracker will be positioned between ATAR and CALO. Obtaining the necessary statistics
at high rates will require pipeline digitization and online trigger processing.

The nominal pion stopping rate is roughly 300 kHz, and the net beam rate is roughly 350 kHz,
assuming about 50 kHz of mixed mpue events that bypass ATAR. A unique and critical aspect of the
T — ev measurement is determining the low-energy tail of the 70 MeV response function, which lies
below the ordinary and dominant Michel spectrum. The precision of this determination requires an
uncertainty on the tail event fraction below 10~%. The factors that matter include:

e minimizing the low-energy tail in the first place, by lateral and longitudinal depth optimization

(see KPPs), and minimizing dead regions (such as entrance windows and detectors that do
not measure energy loss).
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Figure 1: Left: Schematic showing all elements of the PIONEER, detector. The pion beam converges from the left,
is degraded by the DTAR, and stops in the highly segmented ATAR. Positrons from pion or muon decays are seen
first in ATAR, then pass through a Tracker, and finally initiate a shower in the Calorimeter where their energy is
measured. Right: An idealistic positron energy spectra in a time window 5-55ns following a pion stop for 7 — ev
(red) and m — p — e decay channels (purple), employing a number of cuts from ATAR. Here, subdominant processes,
pileup, radiative tails, etc. are not shown.

e a direct measurement using 70 MeV (and below) positrons into the calorimeter with and
without passing through various ATAR-equivalent masses. It is likely that this can only be
accomplished accurately at very near-forward angles, and extrapolations will be required for
larger polar angles.

e a Monte Carlo calibration response function to sub-percent precision, matched to various
special data sets.

e a direct measure in the actual experiment by an ATAR-based removal of Michel decays, in-
flight pion decays, and muon decay in flight. This task is a critical function of the ATAR team
and should serve to confirm that the above methods will directly reveal the tail.

Toward KPP Specifications. The calorimeter measures the positron energies, hit times, and
positions for the at-rest 7 — ev and # — p — e channels in the R/, ratio. Excellent energy
resolution aids in differentiating the channels, and is also critical to the parasitic exotic search
program. Because of the high rate needed for the statistical precision, segmentation is beneficial to
reduce pileup from long-lived, undecayed muons and time-coincident beam particles. It also allows
for a natural and critical calibration mechanism using a charge-exchange reaction to produce 7°
samples for reconstruction. If the same Calorimeter is used without modification for the Phase Il
measurement of pion beta decay channel 77 — 7Ve*v(y), it must be segmented and capable of
such triggering. In the absence of segmentation, a convincing demonstration through simulation of
the analysis of overlapping events in reconstruction is imperative.

Optimization through simulation has led to the following nominal Key Performance Parameters.
When appropriate, we indicate stretch parameters or minimal parameters.

¢ Energy resolution: Here we need to define what we mean by resolution. Two definitions
exist. The intrinsic resolution is the energy measured from a struck positron in the absence
of any upstream material effects. The effective resolution is worse owing to the angular-



dependent smearing owing to materials such as ATAR, Cables, and Tracker. The effective
resolution matters for physics, but can only be fully evaluated once the materials upstream
are fully modeled. In the current simulation, Fig. 2 shows how an ideal ~ 1.85%¢ resolution
calorimeter at 70 MeV and 56 MeV's measured for LYSO at PSI with clustering desegregation
included as it would result in the tapered PIONEER array; the MEGII LXe detector is
roughly similar. evolves when one includes systematically ATAR, Tracker, Cables, DTAR,
Supports. It is clearly angular dependent with only Cables and Supports as having any
major consequence. Note that the slightly improved resolution with ATAR + Calo only is a
consequence of ATAR makes 25 or more on average 10% measurements of energy deposition
there and adding this well-measured value back in. We aim for an effective resolution of
2.2% at 56 MeV. Very importantly, simulations consistently show that energy resolution is a
relatively soft parameter. A stretch parameter might reach 1.8% and a minimal parameter
can likely rise to 2.5%.

Timing resolution: Nominally 200 ps should be adequate, with 100 ps as a stretch goal and
500 ps as a minimal goal. These are defined at 56 MeV. Much better has no advantage unless
ATAR is equally better; worse than 1ns needs to be evaluated for possible impact. Both
LYSO and LXe have intrinsic scintillator decay time less than 45 ns, from which good timing
can be obtained from digitized responses of the photo-sensors.

Depth, Inner Radius, and Polar coverage: a nearly closed spherical geometry with a
depth of 19 X(; and inner radius of 15 cm, and a beam-region opening cone of < 40° is presently
used and appears to be an optimum based on optimization studies shown in Appendix A. A
deeper calorimeter has little impact on the tail fraction, but increases costs significantly. A
smaller inner radius makes angular separation of events more challenging. Ideally, one would
increase the inner radius, keeping the depth constant, subject to budgetary constraints.

Pileup rejection: Uncorrected pileup greatly impact the high-energy bin. Rejection by
simple timing and two-pulse resolution assumed to be effective for pulses more than 10ns
time separated. In the 0-10ns range, these methods are insufficient based on present studies.
Segmentation or other methods are required to reach a KPP performance metric at least 10
x better than simple timing. We need to define this metric in the simulations as it impacts
the pienu measurement. (work in progress).

Identification of radiative decays: This requires coincident event separation and identifi-
cation of a charged and neutral event by folding in the Tracker.

Interface to other systems: Signal path must be streamlined to digtizers and processors for
online, pipeline triggering of total energy, and multiplicity. Digitization must be compatible
with overall DAQ Group concept for dc operation at given rates.

Calibration It is imperative when summing data over long data taking periods and from
hundreds of photosensors, that a very precise relative gain calibration system be included to
establish gain stability and timing stability. Further, an absolute calibration concept must be
developed vs impact polar and azimuthal impact angle in order to maximize the net energy
resolution while the relative calibration system maintains the individual sensor gains.

Practical factors: radiation hard, non-hygroscopic, relative temperature insensitivity, com-
pact to minimized distance from last triplet to the target, must be able to craned in and out
of the area for other users of the beamline.
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Figure 2: Resolution vs polar angle from an intrinsic bare Calorimeter to one that has materials in front as listed.
Here, LYSO is used in the simulation but can as well be LXe, apart from the clustering and segmentation aspects of
the simulation, which are different.

3 Appendix A: Calorimeter Depth, Inner Radius and Polar Coverage Opti-
mization

The calorimeter size, shape and coverage contribute to the following important parameters that are
central to the sensitivity of the PIONEER experiment:

e Tail Fraction: The m — e tail correction has dominated systematic uncertainty in previous
R/, measurements and uncertainty in this correction scales linearly with the tail fraction.
Approximately half of all tail events are driven by losses in energy from the calorimeter — it is
therefore important to minimize this contribution from the calorimeter while also remaining
cognizant that the tail fraction is not exclusively driven by the calorimeter. Calorimeter
contributions to the tail fraction primarily come in the following forms:

— Photonuclear Effects and Albedo: In both cases, the geometric properties of the calorime-
ter have a small effect on our ability to reconstruct events with photonuclear reactions
or albedo. Photonuclear events would require an impossible reconstruction time window.
Albedo events have more potential for reconstruction using time-of-flight calculations
of hit positions that would depend on calorimeter geometry, but such a reconstruction
strategy has not yet been adequately studied.

— Depth Leakage: Leakage from the back of the calorimeter is almost exclusively dependent
on the depth of the calorimeter. This can be seen in Figure 3, where the tail fraction
magnitude is decreased with additional calorimeter, while the overall dependence of tail
fraction on polar angle is unchanged. Marginal improvements in tail fraction are minimal
for calorimeter depths higher than 20 radiation lengths.

— Lateral Leakage: Due to the polar dependence of the calorimeter volume, lateral leakage
is highest near the edge of the calorimeter. For this reason, a fiducial volume is defined in
the region where the tail fraction is relatively constant with polar angle and lateral leakage
is subdominant to other leakage types. Lateral leakage and fiducial volume definition are
therefore dependent on the calorimeter inner radius and polar coverage. This can be seen
in Figure 4, where tail fraction is plotted versus polar angle for different inner radii and
constant calorimeter depth. In this case, hits near the edge of the calorimeter have a
large tail fraction due to lateral leakage. This lateral leakage can be reduced by using a
larger calorimeter inner radius, though cables and support structures for inner detectors
contribute exclusively at larger polar angles so it is not possible to fully eliminate polar
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Figure 3: Here, the tail fractions of different calorimeter depths are displayed as a function of polar angle for a fixed
inner radius of 16 cm. The calorimeter polar coverage is 140 degrees.

angle dependence.

For a fixed polar coverage of 140 degrees, we can then map the tail fraction of the calorimeter
in a phase space of variable inner radius and calorimeter depth. Due to the cubic scaling of
calorimeter volume (and therefore calorimeter cost) with calorimeter depth and inner radius,
we are interested in the smallest calorimeter with a tail fraction and tail fraction stability
suitable for the PIONEER experiment. In Figure 5, the phase space is shown for three
different polar angle regions: the downstream region, the region just inside of the fiducial
volume, and the region just outside of the fiducial volume. An inner radius of 15 cm and a
depth of 19 radiation lengths has an acceptable tail fraction of 0.35 with minimal dependence
on polar angle.

e Rate Capability: The rate capability of the calorimeter is crucial for the PIONEER ex-
periment which intends to stop 102 pions on target. For this reason, the polar coverage is
largely determined by the convergence of the beam and the maximal coverage acceptable for
the beam of 140 degrees is selected. Additionally, higher beam rates (especially in the Pi-Beta
phase) result in larger amounts of pileup for which the calorimeter should have some sepa-
ration power. The relative fraction of the calorimeter occupied by an event is quadratically
dependent on the intrinsic material Moilere radius and the inner radius of the calorimeter. A
larger inner radius is therefore desirable, but due to budgetary constraints and technological
limitations (crystal size and window thickness), an inner radius of 15 cm has been selected.
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Figure 4: Here, the tail fractions of different calorimeter inner radii are displayed as a function of polar angle for a
fixed calorimeter depth of 19 radiation lengths. The calorimeter polar coverage is 140 degrees.
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Figure 5: Plots of the tail fraction for different combinations of calorimeter depth and inner radius. Left shows the

downstream region, middle shows the region just inside the fiducial volume and right shows the region just outside
of the fiducial volume.
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