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Current interests

• CMS run 2 SUSY searches
• inclusive/gluino jets+MET
• stop jets+MET
• inclusive + rare objects (disappearing tracks, Higgs, etc)

• CMS hadron calorimeter barrel/endcap (HB/HE) phase I upgrade:
• brass+scintillator sampling calorimeter
• replacing hybrid photodiodes + QIE8 with silicon photomultipliers (SiPMs) + 

QIE11
• I lead upgrade with contributions to

• overall system design (readout chain, SiPM control/monitoring, calibration 
system, power/cooling, etc)

• design, production, characterization of QIE10/11 charge integrating 
ASICs

• MilliQan
• trying to determine how best to fit in …

• Wilson Fellow at Fermilab since 2013.
• I work with two postdocs (Andrew Whitbeck and Nadja Strobbe) on:
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Gain monitoring in CMS forward 
calorimeter PMTs in 2011

• In CMS HF, we observed decrease in response to calibration LED over 2011.
• Used low intensity LED data taken in 2011 to determine R7225HA PMT gain 

via position of single photoelectron (SPE) peak.
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Single PE sample fit

31/10/11  3

SPE Measurement Basics

SPE Value

Photocathode change

Gain Change

QIE Units

QIE unit ~ 1fC
QIE8 
pedestal
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Compare to expectation
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SPE values compred

1250V runs w/ and w/o field

2009
2011

1350 V

-Clear drop in SPE gain between 
2009 and 2011.  

-Magnetic field has negligible 
effect on PMT gain.

SPE~16 fC
gain~100k
aging since ~2005

R7525HA datasheet

    

PHOTOMULTIPLIER TUBE R7525

Figure 1: Typical Spectral Response

TPMH1244E02
OCT. 2000 IP

TPMHB0585EA

Figure 2: Typical Gain
TPMHB0589EA

Figure 3: Dimensional Outline and Basing Diagram (Unit: mm)

TPMHA0450EA

TACCA0004EB

Socket
(E678-14C)

BOTTOM VIEW
(BASING DIAGRAM)
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gain ~ 150k
at 1350V
no aging

HV=1350V

CMS SPE measurements
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Cross checks
• SPE position depends on HV
• SPE gain change b/w 2009 and 

2011 correlates with LED 
response change over 2011.
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Example Fits

● 1250 V

● 1350 V
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SPE ratio vs. LED ratio
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Thoughts on applicability of CMS 
phase I HCAL readout for MilliQan
• Not attempting to convince anyone that SiPM or QIE readout is preferred 

— I’m not convinced, myself!
• At least potentially useful for answering review questions on alternatives



HCAL barrel/endcap: SiPM+QIE
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PDE gain Vop B-field
performance size

HPD 12% 2k 8 kV good (18 channels)/5°
SiPM 35% 350k 70 V excellent (64 channels)/5°

• SiPMs allow mitigation of radiation damage to HCAL scintillator
• High photo-detection efficiency (PDE) and gain of SiPM for low light levels.
• Small size allows more channels ➔  longitudinal segmentation for calibration 

of depth-dependent effects.
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• Readout with QIE11 on QIE card.



QIE10/11 overview
• Deadtimeless gated charge integration at 40 MHz (25ns integration period)
• 8-bit pseudo-logarithmic ADC with 3fC LSB and 17-bit dynamic range.

• 4-range, logarithmically weighted current splitter
• piecewise-linear, exponential 6-bit ADC

• 6-bit TDC with 500 ps binning
• QIE10 appropriate for PMT use, QIE11 for SiPM use.

QIE10 Front-End ASIC – 2013 TWEPP Conference, Perugia, Italy – Sept. 26, 2013 – G. Drake
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Overview of the QIE (Cont.)
� Reconstructed�Response

– Use�LookͲUp�Tables�in�DAQ to�“Linearize” QIE Data
– Each�code�(ADC,�Range,�CapID)�has�an�assigned�charge�value�(or�MeV)�

• CMS:�Carry�calibration�constants�from�checkout�to�the�experiment
• ATLAS:�Use�inͲsitu�calibration�techniques

Ideal Response – One set of CapIDs shown

QIE Dynamic Response
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Compare 3fC LSB and ~1.5fC noise to ~1pC expected SPE charge.



QIE10/11 precision

QIE10 Front-End ASIC – 2013 TWEPP Conference, Perugia, Italy – Sept. 26, 2013 – G. Drake
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Overview of the QIE (Cont.)
� Quantization�Error�&�Resolution

Ideal Response

Resolution of QIE10 from Quantization Error
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• Better than 2% digitization precision at high charge.
• QIE10/11 have same response.



QIE11 readout concept
LHC$CMS$
Detector$
Upgrade$
Project$

J."Di'mann,"14"October"2015" Annual"Review"–"HE"TesBng,"IntegraBon,"and"InstallaBon" 3"

QIE Card 

!  12 QIE11 ASICs (6 on each side) 
 

!  Igloo2 FPGA serializes and 
formats the data and sends it to 
the Versatile Twin-Transmitter 
module (VTTx) 
 

!  VTTx transmits optical data to 
backend electronics 
 

!  ProASIC3 FPGA provides access 
for fast and slow controls from 
readout box (RBX) backplane 

QIE"Card"

• 16-channel board is ~$1000.
• In HCAL design, SiPMs sit close to QIE electronics, which complicates for MilliQan



SiPMs

• ~5k pixels / mm2 for 15 um APDs

• Fast response and recharge time (~5ns) 
increases effective pixel count by factor ~3.

• gain = CGAPD x (Vop-Vbd) 
           = ~100 fF (~1V) = 106 
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Introduction to the SPM
TECHNICAL NOTE

SensL © 2011 2

(i.e. no active circuitry), this is achieved through the means of a series resistor R
Q
 which limits the current drawn by the diode 

during break down, and hence lowers the reverse voltage seen by the diode to a value below its breakdown voltage. This cycle 

of breakdown, avalanche, quench and subsequent reset of the bias to a value above the breakdown voltage is illustrated in 
Figure 3a.

In this way, a single photodiode device operated in Geiger-mode functions as a photon-triggered switch, in either an ‘on’ or ‘off’ 
state, and therefore cannot provide proportional information regarding the magnitude of an instantaneous photon flux. A ‘binary’ 
output such as that in Figure 3b would be the result. Regardless of the number of photons interacting within a diode at the same 

time, it will produce a signal of ‘1’ photon.

The Silicon Photomultiplier

To overcome this lack of proportionality, the Silicon Photomultiplier 

integrates a dense array of small, electrically and optically isolated Geiger-
mode photodiodes. Each photodiode element in the array is referred to as 

a “microcell”. Typically numbering between 100 and 1000 per mm2, each 

microcell has its own quenching resistor. The signals of all microcells are then 
summed to form the output of the SPM. A simplified electric circuit to illustrate 
the concept is shown in Figure 4. Each microcell detects photons identically 

and independently. The sum of the discharge currents from each of these 

individual binary detectors combines to form a quasi-anlog output, and is thus 
capable of giving information on the magnitude of an incident photon flux. The 
response to low-level light pulses is shown in Figure 5, and a spectrum of the 

same pulse is shown in Figure 6.

Figure 6  Photoelectron spectrum of the 
SPM, achieved using brief, low-level light 

pulses

Figure 5  Oscilloscope shot showing the discrete 
nature of the SPM output when illuminated by 

brief pulses of low-level light.

Figure 2  schematic of the Geiger 
mode as used in SPM operation

Figure 4   An array of microcells (photodiode 
plus quench resistor) with summed output

Figure 3b) “digital” pulse output from a 
photodiode working in the Geiger mode

Figure 3a) Breakdown, quench and reset cycle 
of a photodiode working in the Geiger mode.

• array of avalanche photodiodes operating in geiger mode (15 um pixels)
• each pixel is binary, but array of 30k has proportional response



13

Photon counting with SiPM+QIE
Single Photoelectron Charge in One Channel: Pedestal 

18 

Pedestal 
1 Photo-electron peak 
2 Photo-electron peak 
3 Photo-electron peak 

Sum of charge over 4 
TS 
 
Gain is independently 
adjustable for each 
channel: 
 
20mV step in setting of 
SiPM BV 
<4mV BV stability 
~3V overvoltage 
~1% is target channel to 
channel deviation for 
single photoelectron 
charge 

14 October 2016  Danila Tlisov, HE Phase 1 Upgrade, ICR 
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Single Photoelectron Charge in One Channel: low LED 
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Sum of charge 
over 4 TS 
 
Use LED pulse 1-2 
ns width from CU. 
 
Can see more p/e 
peaks 
 
Position of peak is 
less 
contaminated by 
tails of 
neighbouring 
peaks 

14 October 2016  Danila Tlisov, HE Phase 1 Upgrade, ICR 

44 fC 

• ~275k gain gives 44 fC/PE
• QIE noise is ~3 fC per 25ns as seen 

in width of pedestal

• Triggering on LED sharpens 
peaks because full charge is 
captured in time window.
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Dark noise : random trigger Low intensity LED

QIE pedestal
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17/11/2015 5

HPDs (sum of 12 layers) SiPM (sum of 4 layers)

SiPMs a factor 103 better signal/pedestal separation vs. HPDs!!! 

SiPM+QIE11 in HCAL beam test
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Potential SiPM use in milliQan
• Small size : critical for milliQan
• Excellent photon counting performance : critical for milliQan
• Reasonable cost : need to consider for ~6m2 milliQan area (assuming 

double sided readout)
• high gain : 1e6,high photon detection efficiency (PDE) : 35%
• No magnetic field sensitivity : NOT important for milliQan
• high dark count rate : >100 kHz (kill with coincidence)
• What about high dark rate?
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SiPM dark rate and coincidenceFIG. 3: Map of the CMS magnetic field in the r–z plane.

part of the e�ciency of the detector by hand, the small charge regime is sensitive to details

such as the reflectivity, the light attenuation length, and the shape of the scintillator. These

details, as well as the quantum e�ciency, light emission spectrum and the fast time constants

are modeled in Geant4 using the specifications provided by the manufacturers for Saint-

Gobain BC-408 plastic scintillator and Hamamatsu R329-02 PMTs [19, 20]. We defined a

new fermion of variable mass and electric charge. Its electromagnetic interactions consist of

multiple scattering, Bethe-Bloch energy loss and density e↵ects, implemented in Geant4

using the “G4WentzelVIModel” and “G4hIonisation” packages, which are documented in

the source files. Figure 6(a) shows how the e�ciency of a single scintillator bar changes as a

function of electric charge when varying the transverse dimensions and the reflectivity, for a

0.1 GeV mCP. Figure 6(b) shows the same plot for the full detector, requiring a 15 ns triple

coincidence. In both plots, we compare the Geant4 e�ciencies to the e�ciencies assumed

in the Ref. [12]. The probability of seeing one or more photoelectrons in each layer of the

detector was parametrized using Poisson statistics by

P = (1� exp [�NPE])
3 , (4)
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FIG. 4: Number of expected mCP particles per fb�1 of integrated luminosity incident at

the detector as a function of the mass of the milli-charged particle. To illustrate the

dependence of the acceptance on the charge, the Q2 production dependence has been

factored out by normalizing the cross section for all charge scenarios to that for a

milli-charged particle with Q = 0.1 e.

where NPE =
⇣

Q
⇠

⌘
2

is the average number of photoelectrons produced for a given charge.

The constant of proportionality ⇠ was estimated by finding the electric charge that gives 1

photoelectron, given the material light yield, a 10% detection e�ciency, the length of the

scintillator and typical energy deposits of a minimally ionizing particle. It was found to be

⇠ ⇡ 0.0024. Comparing this estimate to the Geant4 e�ciencies, we find good agreement,

especially for the large mass regime (not shown). The mCPs in the lower mass regime are

more relativistic, and deposit less energy.

Combining the estimated background rates discussed in Section VIII with the cross-

sections, acceptances and e�ciencies calculated for all masses and electric charges, the sen-

sitivity projections of the milliQan experiment for LHC and HL-LHC are shown in Figure 7.
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• Whole detector eff = PN-coincidence

• Efficiency drops off fast below 2ξ 
for any number of coincidences.

• Assumes 10% PDE

25ns time 
window

Background rate Signal efficiency

• Require 6tple coincidence : naively requires 2x readout electronics.
• Electrically sum SiPMs on both sides of scinitillator? Cross talk complicates this.

• 6ple coincidence 100 kHz dark with 
25ns window < 2.8e-8 Hz

• 2.8e-8 Hz is rate from LOI for 500 Hz 
rate, triple coincidence, and 15ns time 
window



17

Additional material


