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The Standard Model

...and beyond
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The Standard Model

...and beyond

Dark matter
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γ γ*
Photon Dark photon

Detecting dark matter
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γ γ*
Photon Dark photon

Detecting dark matter

Messenger
fermion

Photon and dark photon can 
interact via kinetic mixing, 
where they are connected by 
a messenger fermion

What does this look like 
physically?
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γ γ*

Detecting dark matter

Dark sector

Small electric charge

When the photon and dark photon are 
connected, we can see a small electric charge 
coming from the dark sector. This is a milli-
charged particle (mCP)!
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The milliQan detector

arXiv:2005.06518

Demonstrator

Current design
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The milliQan detector

Bar detector
✔ Low charge
✔ Low mass

Slab detector
✔ Higher charge
✔ Higher massarXiv:2104.07151
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Increasing slab charge sensitivity

Double the number of photomultiplier tubes (PMTs) on each slab

Slab

PMT

PMT

(simplified models)
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Increasing slab charge sensitivity

Double the number of photomultiplier tubes (PMTs) on each slab

Design a summing amplifier to add PMT outputs

(simplified model)

PMT PMT

Slab (side view)

Summing
amplifier
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Increasing slab charge sensitivity

Double the number of photomultiplier tubes (PMTs) on each slab

Design a summing amplifier to add PMT outputs
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PMT PMT

Slab (side view)

1st PMT output
Summing
amplifier 2nd PMT output
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Increasing slab charge sensitivity

Double the number of photomultiplier tubes (PMTs) on each slab

Design a summing amplifier to add PMT outputs

(simplified model)

PMT PMT

Slab (side view)

1st PMT output

Combined PMT output

Summing
amplifier 2nd PMT output
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Designing the summing amplifier

Step 1: Draw the circuit

2 inputs
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Designing the summing amplifier

2 inputs Amplifier

(Current flow)

Step 1: Draw the circuit
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Designing the summing amplifier

2 inputs Amplifier

(Current flow)

Output

Step 1: Draw the circuit
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Designing the summing amplifier

Step 1: Draw the circuit

Step 2: Simulation
Does the circuit do what it’s 
supposed to do?

In

In

OutAmplifier

Probe input voltage 

Probe output voltage 

17



Designing the summing amplifier

Step 1: Draw the circuit

Step 2: Simulation
Does the circuit do what it’s 
supposed to do?
✔ Amplifies signal
✔ Inverts signal

In

In

OutAmplifier Output voltage

Input voltage
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Designing the summing amplifier

Step 1: Draw the circuit

Step 2: Simulation

Step 3: Printed circuit board (PCB)
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Designing the summing amplifier

Step 1: Draw the circuit

Step 2: Simulation

Step 3: Printed circuit board (PCB) 

Next step: physical testing!
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Testing the board: setup

21

Scintillator bars

Readout board for 
scintillator bars

Summing 
amp

Oscilloscope



Testing the board
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1. Cosmic ray hits bars



Testing the board
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1. Cosmic ray hits bars

2. Signals sent to readout board



Testing the board
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1. Cosmic ray hits bars

2. Signals sent to readout board
3. Summing amp receives the 2 

signals as inputs



Breadboard wires pick up too much noise
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Modified testing setup
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Summing amp

Scintillator bars

Readout board for 
scintillator bars



Modified testing setup
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Summing amp

Scintillator bars

Readout board for 
scintillator bars

Connector board



Modified testing setup
28

Summing amp

Scintillator bars

Readout board for 
scintillator bars

Connector board

4-channel 
oscilloscope



Modified testing setup
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Summing amp

Scintillator bars

Readout board for 
scintillator bars

Connector board

4-channel 
oscilloscope

Power supply
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50 ns

100 mV Inputs

Output



Next Steps

● Test summing amplifier with PMTs

● Calibration

● Look into uses of summing amplifier on other parts of detector
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What does this mean for milliQan?
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● 4 PMTs per slab instead of 2



What does this mean for milliQan?
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● 4 PMTs per slab instead of 2
● Slab detector should see 

significant increase in charge 
sensitivity 
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What does this mean for milliQan?
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● Slab detector should see 

significant increase in charge 
sensitivity 
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Backup slides
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mCP phase space
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mCP phase space
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Photomultiplier Tubes 101

Incoming 
photon

Dynodes

Output current pulse
(convert to voltage 

with resistor)

Photoelectron (PE)
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PMT output

Pulse height (mV)

N
um

be
r o

f p
ul

se
s

Single photoelectron (SPE)

42



Pulse height (mV)
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PMT output

SPE Fit:
Mean:  51.1 mV
χ2:        3.25
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