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The milliQan experiment will search for particles with a fraction of the charge of an electron during
Run 3 of the Large Hadron Collider (LHC). There are two components of the detector design: the
bar detector and the slab detector. In order to increase the charge sensitivity of the slab detector,
we have designed a summing amplifier that will allow us to double the number of photomultiplier
tubes (PMTs) per slab without increasing the number of output signals. The development of the
summing amplifier and plans for future work are described here.

I. INTRODUCTION

Everything in the universe that can currently be ob-
served is described by the Standard Model (SM) of parti-
cle physics. Comprehensive as it may seem, the SM only
accounts for 5% of the mass-energy in the universe. A
much larger portion—more than one quarter—is made of
dark matter (DM), which does not interact electromag-
netically but does have observable gravitational effects
[1].

A growing number of theoretical and experimental
searches for DM are looking to the conjectured dark sec-
tor, a collection of particles beyond the SM that are neu-
tral to electromagnetism as well as the strong and weak
forces. Experimental interest lies predominantly in the
case of the dark photon, the dark sector counterpart of
the SM photon. Through the process of kinetic mixing,
a dark photon could interact with an SM photon. This
interaction would physically manifest as an effective elec-
tric charge that could be one thousand times smaller than
that of the electron. This is called a millicharged particle
(mCP) [2].
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FIG. 1. mCP phase space, where € is charge per eV and m is
mass. milliQan will target the boxed region.

In the mass-charge parameter space of mCPs (see FIG.
1), the region of mass on the MeV-GeV border remains
broadly unexplored at the time of writing [3]. The
milliQan experiment will target this area.

II. DETECTOR

The milliQan detector includes both a bar and a slab
detector. Pictured in FIG. 2, the bar detector consists
of scintillator bars arranged into four layers. A PMT is
connected to one end of each bar, and there are sixteen
bars per layer. The bar detector is sensitive to particles
with low mass and low charge. It will therefore be capable
of detecting a high mCP flux limited by the low mass
acceptance [4].

FIG. 2. A model of the milliQan bar detector. The arrow
indicates the direction of particle travel.

The low mass limit of the bar detector inspired the
design of a second detector with a higher mass accep-
tance. This is accomplished by utilizing scintillator slabs
with a much greater surface area than that of the bars
[4]. The slab detector design has four layers, with twelve
slabs per layer and two PMTs per slab (see FIG. 3). This
design is much more flexible than the bar detector, and
the number of layers, slabs per layer, and PMTs per slab
can easily be modified.
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FIG. 3. Design for the milliQan slab detector [4]. The arrow
indicates the direction of particle travel.

III. SUMMING AMPLIFIER

The improved mass coverage of the slab detector comes
at the cost of charge sensitivity, but the design flexibility
provides avenues to improve this. Increasing the number
of PMTs per slab from two to four will increase the charge
sensitivity, and the introduction of a summing amplifier
will keep the number of output signals per slab at two.

A. Design

The printed circuit board (PCB), pictured in FIG. 4,
was designed to be mounted along the edge of a scintil-
lator slab between two PMTs. Signal from the PMTs is
input by the SMA connectors located on either side of the
board, and the output signal is sent via a third SMA con-
nector. The board receives a +5V and -5V power supply
through an 8 wire ribbon cable. A full schematic diagram
of the summing amplifier can be found in Appendix A.

FIG. 4. The summing amplifier PCB.

B. Testing

Initial testing of the PCB was conducted remotely due
to the COVID-19 pandemic. Instead of PMTs, the input
signals were produced from cosmic rays detected by scin-
tillator bars and Silicon photo-multipliers (SiPMs) [5].

The board received the signals via breadboard wires
and was examined with the two-channel OpenScope MZ
oscilloscope. Probing the board revealed noise being
picked up by the breadboard wires and interfering with
the cosmic ray signal.

To combat this issue, a direct connection between the
cosmic ray readout board and the summing amplifier was
established with an intermediate PCB that connected di-
rectly to the cosmic ray readout board and delivered sig-
nals to the summing amplifier via coaxial cables that are
far better insulated from noise than breadboard wires.
This setup used a four-channel oscilloscope, the DRS4
Evaluation Board, in order to examine both of the input
signals and the output. Power was supplied to the con-
nector and summing amplifier PCBs using a 5V Power-
BRICK from Digilent. The modified testing setup is
shown in FIG. 5.

FIG. 5. Modified testing setup. From top to bottom: scin-
tillator bars, power supply, cosmic ray readout and connector
PCBs, DRS4 Evaluation Board, and summing amplifier PCB.

The output signal is expected to be the inverted sum
of the two input signals. FIG. 6 shows that the out-
put signal is inverted as expected. The DRS4 has
an intrinsic impedance of 502, and as the board is
impedance matched the output signal is driven through
an impedance of 100€2, which sags the signal and is the
reason the output amplitude for this testing setup is
smaller than originally expected. The time lag between
the input waveforms (see FIG. 6) is due to a time lag
between operational amplifiers, and the ringing pattern
present in the waveforms is due to signal reflections as the
analog signals from the SiPMs are not well terminated.
This ringing will not be present when using PMTs.
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FIG. 6. Signal seen from the modified testing setup. The pos-
itive red and blue waveforms are the input cosmic ray signals,
and the negative yellow waveform is the output signal.

C. Modifications

After the original PCB was tested, the design was mod-
ified accordingly. These updates included an additional
unity gain buffer preceding the output signal, changing
resistor values to obtain a positive DC offset, adding po-
tentiometers to adjust that offset, and some superficial
adjustments to the general layout. The modified board
was sent to UCSB to be tested with PMT inputs.

Tests of the modified PCB with PMT inputs confirmed
that the summing amplifier works and inspired a few
more small modifications to make to the final design.
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FIG. 7. Summing amp test using PMT inputs. The red line is
signal from one PMT, and the black line is the output signal.

The black line in FIG. 7 shows oscillations in the out-
put signal. Shielding the PCB with aluminum foil did
not remove the oscillations, indicating they came from
the board itself. The most likely cause was one or more
of the unity gain buffer amplifiers (AMP1, AMP2, and
AMP4 in Appendix A) responding to a resonant fre-
quency. These amplifiers had a gain of two instead of one
in the final design to avoid this issue. The final schematic

can be found in Appendix A. The final PCB performed
well on initial tests at UCSB (FIG. 8) and is now being
sent to milliQan collaborators at New York University
and the University of Nebraska to be tested with the
slabs.

2D RN

| I'_}AMP\_ (g

g Amp
Emily Potteboum
= egpott®ias

borg et phrses b b

FIG. 8. Final PCB design.

D. PMT Characterization

Along with analyzing the output from the board, it
was important to characterize signals from the PMTs in
order to understand what the board was receiving as in-
put. An incoming photon will produce a single photo-
electron (SPE) inside the PMT (due to the photoelec-
tric effect), which in turn will produce a large current
of photoelectrons, which is converted to a voltage pulse
after being output from the PMT. A histogram of volt-
age pulses for a given PMT can then be used to identify
the SPE peak, which gives the characteristic output volt-
age for the PMT. An example output of the peak finding
and fitting algorithm we have written is shown in FIG.
9. Beyond the testing and calibration of the summing
amplifier, the characteristic SPE voltage for each PMT
in the detector will need to be determined. This fitting
algorithm will aid in the efficiency of this process.
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FIG. 9. A histogram of PMT output voltage pulses. The
SPE peak has a Gaussian fit with parameters indicated in
the figure.



IV. CONCLUSIONS AND FUTURE WORK

The final summing amplifier board works as expected,
and the slab detector design has been updated to in-
clude four PMTs per slab instead of two. This means the
milliQan slab detector will cover a broader region of the
mCP charge-mass phase space, doubling the light sensi-
tivity and therefore increasing the charge sensitivity by a
factor of v/2. FIG. 10 shows the projected detector sen-
sitivity of the slab detector with two PMTs per slab [4].
With four PMTs per slab we expect the solid blue line to
expand down to reach lower charges for mCPs of higher
mass.
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FIG. 10. milliQan detector sensitivity compared with that
of other experiments. The slab detector is represented by the
solid blue line. The dashed lines are the projected sensitivities
for the upcoming high-luminosity LHC [4].

The immediate next step will be to test the summing
amplifier with the slabs and ensure it works as expected
with the intended setup. Going forward, the summing
amplifier introduces extra calibration for the slab detec-
tor. The summed PMT signal should be understood and
accounted for along with individual PMT calibration. We
must also consider how four PMTs and two summing am-

plifier PCBs will be placed on each slab to optimize de-
tection and readout efficiency. A mount for the PCBs
can be 3D-printed and taped to the slabs (see FIG. 11
for the mount design).

FIG. 11. 3D model of the PCB mount. The PCB will be
screwed into the indent in the middle, and the mount will be
taped along the edge of a slab.

The addition of the summing amplifier described in
this paper will significantly improve the charge sensitiv-
ity of the slab detector. milliQan will be up and running
for Run 3 of the LHC, expanding the horizons of experi-
mental particle physics in search of millicharged particles.
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Appendix A: Schematics
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FIG. 12

Schematic for the original summing amplifier design.
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FIG. 13. Schematic for the final summing amplifier design.
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