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Darklight

5 mA, 100 MeV e- on  
few×1019/cm2 H2 gas target:

e�
e��

A�

Z Z

e+

e–

p p

complete reconstruction of final state
allows sensitivity to invisible decays also

Be8



Phase 1A (2016):  Explored operation of 
LERF with experiment in place.  
Currently upgrading and testing gas/
vacuum system for future running
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Phase 1C:  Proof-of-principle detector 
focused on low A' mass
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The Heavy Photon Search Experiment

HPS is a fixed-target search for visibly decaying hidden photons  
using ~1019 e- of CEBAF (1.1–6.6 GeV) beam in Hall B at JLab.

e�

~1 meter
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The Heavy Photon Search Experiment

HPS is a fixed-target search for visibly decaying hidden photons  
using ~1019 e- of CEBAF (1.1–6.6 GeV) beam in Hall B at JLab.

dark bremsstrahlung in thin (0.125% - 0.25% X0) tungsten foil

dipole magnet spreads out e+e- pairs, enables momentum measurement
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Mechanical Structure

• Solution to crane 
issue

– Install lifting 
devices on the  
mounting 
system directly

• System rigidity 
has been 
reinforced

• ECal Mobility

– Necessary to 
access the PA 
and LMS

PbWO4 ECal
Built by JLab/Orsay/INFN

ECal provides e+e- trigger with precision 
timing to reject single e- backgrounds.
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2015 and 2016 Engineering Runs

HPS is approved for 180 days of beam time: HPS is just getting started.
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HPS Signal Sensitivities

Large signal, huge SM background “bump hunt”

HPS Physics Reach & Run Plan
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�c⌧ / 1
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500 A’ at 80MeV
α~5×10−8toy MC for example only...

does not reflect  reality

4000 bkg events
(50-100MeV)

10M bkg 
events

50 A’ at 80MeV
α~5×10−8

(after vertex cut) (after mass cut) 

2D search in mass & vertex position (z)
→ small coupling region (α~10−8 − 10−10)
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Leads to two separate analyses, “resonance search” and “vertexing search”
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HPS Analysis Status

2015 Resonance Search analysis is largely complete.

Fully unblinded results were presented for the first time at JLab on 5/3.

I will summarize those results.
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Fully unblinded results were presented for the first time at JLab on 5/3.

I will summarize those results.

2015 Vertexing analysis is ongoing.

Might have interesting physics sensitivity…

…but not for the minimal A′ model

I will present status of the analysis based on a small subset of the data.

Analysis of 2016 data is waiting while we learn from the 2015 run.



Virtual photon tridents have identical 
kinematics for given m(e+e-) ⇒ irreducible 

Bethe-Heitler tridents are kinematically 
different but still dominant in signal region 
(normalization here is arbitrary)
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2015 @ 1.06 GeV:  
Trident Backgrounds

4.3 Minimizing Wide-Angle BremsstrahlungHeavy Photon Search Collaboration Note #XXX4 E+E� SELECTION

Figure 6: Scatter plot of the positron momentum versus the electron momentum of pairs from
Bethe-Heitler background (blue) and 50 MeV A0 signal events (red). The kinematics of the
irreducible radiative background are indistinguishable from A0 signal events within an invariant
mass window, �m, centered at m

A

0 and can be used to analyze the rate of A0 signal production.

Another variable that can be used to discriminate WAB’s is the distance of closet approach.238

In the case that the WAB conversion occurs in the SVT, the positron track will not extrapolate239

back to the target. Instead, it will extrapolate to one side resulting in a skewed distribution. This240

can be seen on Fig. 9 which shows the d0 of positron tracks associated with trident and wab241

events. Requiring the d0 of positrons to be less than 1.1 mm eliminates the WAB tail.242

Finally, the p
t

asymmetry of the e+e� pair can be used to suppress WAB’s even further. This243

can be seen in Fig. 10, which shows the p
t

asymmetry of WAB’s is skewed opposite to pure244

trident events. As a consequence, requiring the p
t

asymmetry to be less than 0.47 further cuts245

down the number of WAB’s from the final event sample.246

The cuts used to suppress WAB’s along are summarized in Table 3. After applying all cuts,247

> 80% of WAB’s were cut from the final event sample.248
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2015 @ 1.06 GeV:  
Trident Backgrounds
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Figure 4

4.2 Radiative Selection205

As discussed in Section 1, the kinematics of the irreducible radiative trident background are206

indistinguishable from A0 signal events within an invariant mass window, �m, centered at m
A

0 .207

Specifically, the A0 production cross-section is related to the production cross-section of radiatives208

as209

d�(e�Z ! e � Z(A0 ! l+l�))

d�(e�Z ! e � Z(�⇤ ! l+l�))
=

3⇡✏2

2N
eff

↵

m
A

0

�m
(5)

where N
e↵

is the number of decay channels available. Therefore, radiatives can be used to analyze210

both the rate of the A0 signal production and the sensitivity of an experiment to A0 signals.211

Although the rate of the Bethe-Heitler process dominates among the two processes, its dif-212

ferent kinematics can be used to reduce its contributions to the final event sample. Specifically,213

the A0 decay products are highly boosted while the recoiling electron is soft and scatters at large214

angles. In contrast, at higher pair energies, the Bethe-Heitler process is not enhanced. Further-215

more, only one of the leptons in the pair will be highly boosted, while the other will be much216

softer. These kinematic di↵erences are illustrated in Figure 6 which shows the energy of the217

positron versus the electron energy for both A0 (maroon) and Bethe-Heitler (blue) events. As218

can be seen from the figure, the signal distribution is concentrated in the region where the sum219

of the energy of the electron and positron (“p-sum”) is approximately equal to E
beam

. Therefore,220
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Radiative trident background provides an absolute reference for expected signal yields. 
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2015 @ 1.06 GeV:  
Wide Angle Bremsstrahlung Background

recoil e-  
in bottom

WAB e-  
in top

WAB e+  
in top

beam e- 

SVT L1
target

𝛾

Converted bremsstrahlung in SVT (esp. Layer 1) are 
common, but pairs are in same hemisphere.

Recoils are often too soft, wide for acceptance

Occasionally recoil makes a candidate with a conversion 
positron in opposite hemisphere: rate is similar to tridents. 

EGS5 does not simulate angular distribution of recoils.

Simple cuts eliminate ~80% with minimal loss of signal.

e+ has Layer 1 hit e+ distance of closest approach
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2015 @ 1.06 GeV:  
Mass Resolution

Normalize mass resolution using  Møller pairs

m(e+e-) (GeV)

ev
en

ts
/1

25
 K

eV

Preli
mina

ry

ECM =
p

2meEbeam

apply 10% 
correction
at all masses
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2015 @ 1.06 GeV:  
Resonance Search

Scan mass spectrum in search windows between 17-90 MeV

Perform likelihood fit in each window with Gaussian signal and polynomial background.

Preli
mina

ry
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2015 @ 1.06 GeV:  
Resonance Search Fit Results

no significant excess observed.

2σ global

1σ global

Preli
mina

ry

1	MeV	Steps
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2015 @ 1.06 GeV:  
Resonance Search Fit Results

no significant excess observed.

2σ global

1σ global

Preli
mina

ry

1	MeV	Steps
Mass	hypothesis	=	88	MeV

Preli
mina

ry
Search	window	width

p-value	=	0.0079
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2015 @ 1.06 GeV:  
Resonance Search Results

Preli
mina

ry

radiative fraction 2015 Search Results (1.7 days)

Preli
mina

ry
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6.4% 2015 @ 1.06 GeV:  
Vertexing Search

First analysis of 2015 data for thesis, 
using 6.4% (2.6 hours) of data, 
required hits in SVT Layer 1 for both 
tracks: only part of acceptance. 

5-hit acceptances by first e+/e- hit location

mA′ = 35 MeV

re
la

tiv
e 

ac
ce

pt
an

ce

z position of  A′ decay vertex (mm)
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spurious large decay length vertices, are in excellent agreement with Monte Carlo simulation. The

same cuts were used as those which had been used in the proposal, and they have the desired e↵ect.

Remember that the analysis proceeds by counting the number of vertices beyond a cut where the

background is at the level of 0.5 events. Long-lived A0 events will survive the cut. For tridents,

the e�ciency of the tracking and vertexing cuts in the data matches that in the Monte Carlo, and

this e�ciency for A’s (in full Monte Carlo) and hence the vertexing reach per PAC day in the 2015

data is consistent with that of the proposal.

FIG. 9: A sample of the vertex distribution for events with invariant mass between 38.5 MeV and 42.9 MeV

from the unblinded sample of the 2015 engineering Run data. Other mass bins are similar. The observed

vertex distribution (black) is in good agreement with the Monte Carlo prediction (red), even in the extreme

tails. The slight o↵set of the data with respect to the Monte Carlo reflects the need for further tuning of

the actual target location in the data, but does not a↵ect the conclusion.

These vertex distributions can be fit with a Gaussian core and exponential tail. The fits are

used to predict the cut in vertex z position beyond which we expect just 0.5 background event

for one PAC week of data. This so-called z-cut distribution is shown in Fig.10. The distribution

is in very good agreement with that used in the proposal to estimate the reach. So, modulo an

e�ciency factor, the reach of the present data will coincide with that projected from the proposal.

To reiterate, the trident yield and invariant mass resolution observed give HPS the reach that

was projected in the proposals. Present vertex cuts reduce the far tails of the vertex distributions

Prel
im

ina
ry

MC

data

vertex z (mm)

ar
bi

tr
ar

y 
un

its
 / 

m
m

16

6.4% 2015 @ 1.06 GeV:  
Vertexing Search

First analysis of 2015 data for thesis, 
using 6.4% (2.6 hours) of data, 
required hits in SVT Layer 1 for both 
tracks: only part of acceptance. 

Plot vz in mass slices and verify 
data/MC agreement in single slice.
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6.4% 2015 @ 1.06 GeV:  
Vertexing Search

First analysis of 2015 data for thesis, 
using 6.4% (2.6 hours) of data, 
required hits in SVT Layer 1 for both 
tracks: only part of acceptance. 

Plot vz in mass slices and verify 
data/MC agreement in single slice.

Use MC to fit background as 
gaussian+exponential tail at each 
mass, determine zcut to expect 0.5 
events background for z>zcut.

m(e+e-) (GeV)

z 
cu

t 
(m

m
)

CHAPTER 5. SEARCH FOR DISPLACED VERTICES 48

mass [GeV]
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Figure 5.3: The value of the cut z > zcut, as a function of the center of the mass slice.
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6.4% 2015 @ 1.06 GeV:  
Vertexing Search Status

A few unexpected background-like events were 
observed above the z cut.   
These have obvious tracking anomalies and similar 
events can be eliminated in the full sample.



mass (GeV)
𝜖2

expected A′ yield, 6.4% 2015, L1L1 only
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6.4% 2015 @ 1.06 GeV:  
Vertexing Search Status

A few unexpected background-like events were 
observed above the z cut.   
These have obvious tracking anomalies and similar 
events can be eliminated in the full sample.

Yield is much less than predicted and much less 
than required for sensitivity with 2015 dataset. 
Traced to errors in proposal reach:
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than required for sensitivity with 2015 dataset. 
Traced to errors in proposal reach:

• Incorrect acceptance for ECal from removal 
of high-occupancy crystals

ECal background rates
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6.4% 2015 @ 1.06 GeV:  
Vertexing Search Status

A few unexpected background-like events were 
observed above the z cut.   
These have obvious tracking anomalies and similar 
events can be eliminated in the full sample.

Yield is much less than predicted and much less 
than required for sensitivity with 2015 dataset. 
Traced to errors in proposal reach:

• Incorrect acceptance for ECal from removal 
of high-occupancy crystals

• Incorrect acceptance for tracking long-lived 
decay daughters

ECal background rates

vz = 0 ⟹15 mrad

vz = 10 cm  
⟹ 30 mrad 
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6.4% 2015 @ 1.06 GeV:  
Vertexing Search Status

A few unexpected background-like events were 
observed above the z cut.   
These have obvious tracking anomalies and similar 
events can be eliminated in the full sample.

Yield is much less than predicted and much less 
than required for sensitivity with 2015 dataset. 
Traced to errors in proposal reach:

• Incorrect acceptance for ECal from removal 
of high-occupancy crystals

• Incorrect acceptance for tracking long-lived 
decay daughters

These primarily affect low-mass tail of HPS 
acceptance, more important for vertex search 
than the resonance search.

ECal background rates

vz = 0 ⟹15 mrad

vz = 10 cm  
⟹ 30 mrad 

10cm 10cm

0
1.

5m
m

3m
m

vertexing acceptance
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6.4% 2015 @ 1.06 GeV:  
Vertexing Search Status

A few unexpected background-like events were 
observed above the z cut.   
These have obvious tracking anomalies and similar 
events can be eliminated in the full sample.

Yield is much less than predicted and much less 
than required for sensitivity with 2015 dataset. 
Traced to errors in proposal reach:

• Incorrect acceptance for ECal from removal 
of high-occupancy crystals

• Incorrect acceptance for tracking long-lived 
decay daughters

These primarily affect low-mass tail of HPS 
acceptance, more important for vertex search 
than the resonance search.

Models with strong dynamics in dark sector 
(SIMPs) decouple the 𝛼𝜖2 production rate 
from expectation of long-lived decays.  
Assessing sensitivity with 2015 data.



0 10 20 30 40 50 60 70 80 90 1000

1000

2000

3000

4000

5000

6000

7000

8000

9000

triEndZ {triP>0.8*1.056&&bscP>0.8*1.056}
hnew

Entries  91288
Mean    17.08
Std Dev      15.2

triEndZ {triP>0.8*1.056&&bscP>0.8*1.056}

0 10 20 30 40 50 60 70 80 90 1000

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

triEndZ {triP>0.8*1.056&&bscP>0.8*1.056}
eff

Entries  24034
Mean    36.03
Std Dev     23.23

 / ndf 2χ  36.01 / 45
p0        0.013±1.936 − 
p1        0.0035060± 0.0005314 
p2       04− 2.179e±06 − 2.103e
p3       06− 4.519e±06 −1.144e− 
p4       08− 2.899e±08 −1.993e− 

triEndZ {triP>0.8*1.056&&bscP>0.8*1.056}zcut

vertexing
acceptanceac

ce
pt

an
ce

z-vertex position (mm)

  

Charged particle rate on Ecal Surface

Positron side

Electron side

Main process in pair1 trigger comes from WAB
Positron side of the Ecal is quite quiet 

Stepan’s question: can we trigger only on positron?

Placing a hodoscope in front of the ECal will
reduce the large WAB photon backhround

Study positron rate distribution on the
ECal face

Single0 trigger is used, since it has the 
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HPS Upgrades
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HPS Upgrades

Previously planned:  
Add a thinned, slim-edge SVT 
“Layer 0” at z=5 cm 
⟹ large factor increase in yields 
     for (exponentially decaying) A′

Layer 0
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HPS Upgrades

Previously planned:  
Add a thinned, slim-edge SVT 
“Layer 0” at z=5 cm 
⟹ large factor increase in yields 
     for (exponentially decaying) A′

In response to acceptance issues:  
Move SVT L2,L3 slightly inwards 
⟹ increased yields for  
     longer-lived A′

Move L2-L3Layer 0
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HPS Upgrades

Previously planned:  
Add a thinned, slim-edge SVT 
“Layer 0” at z=5 cm 
⟹ large factor increase in yields 
     for (exponentially decaying) A′

In response to acceptance issues:  
Move SVT L2,L3 slightly inwards 
⟹ increased yields for  
     longer-lived A′

Add positron hodoscope inside 
vacuum chamber 
⟹ positron-only trigger eliminates  
     losses in ECal hole
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HPS Summary and Outlook

HPS has first results from the resonance 
search with 2015 Engineering Run (1.7 days).

Vertexing search is ongoing but will not have 
sensitivity for minimal A′ with 2015 data. 

Assessing vertex reach for upgraded 
detector: initial results are very encouraging 
but reach studies are not yet completed.   
Hope to match or exceed proposal reach.

Upgrade is very small project:  
Plan to have it in place for next run.

HPS will run periodically at JLab from  
2018-2020 as beam time is available:  
a long run is expected in 2018. 

95% of data taking is yet to come!

2015 Search Results (1.7 days)

?
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JLab Summary and Outlook

JLab has had a pioneering role in the development of the 
experimental program in dark sector physics

Together, APEX, Darklight, and HPS together will have broad 
sensitivity to visibly-decaying dark photons by ~2020.

All three experiments will make further progress in the coming 
year, with significant physics runs expected for APEX and HPS.

With the possibility of BDX and LDMX at JLab, JLab may be the 
center for dark sector physics in the USA for years to come.



Extra Slides



Beam Backgrounds

Detector split above/below beam plane with acceptance down to +/- 15 mrad.

Challenges for occupancies, data rate, radiation tolerance, detector safety (edge of SVT L1 500 𝜇m from beam axis)

ECal trigger for e+e- in opposite hemispheres with ~ns time resolution and similar time resolution in SVT are 
critical to reduce rates and occupancies in combination with CEBAF 2 ns bunch timing.
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Signal kinematics demand acceptance close to beam  
                                                                  …where scattering in target creates extreme background.



SVT, target
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DAQ
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HPS Detector

HPS Collaboration meeting, JLab June 2014

 

8

Connection board

SVT
• 6 layers, 0.7% X0/layer, in beam vacuum
• 𝜎y = 6 𝜇m, 𝜎x= 60(120) 𝜇m in L1-3 (L4-6)
• 𝜎t = 2 ns (offline) 
• 50 kHz max trigger rate
• >100 gb/sec max data rate
• L1-3 vertically retractable from beam

ECal
• 442 PbWO4 crystals w/ LAAPD readout

•                 

• 𝜎t = 8 ns (trigger), <1 ns (offline) 

• >100 kHz max trigger rate

�E = 4%p
E

@ 1 GeV
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The HPS Collaboration

SLAC (15)
JLab (15)
ODU (4)
UNH (4)
UCSC (3)
William & Mary (2)
Stony Brook (1)
Idaho U. (1)
FNAL (1)

INFN Catania (4)
INFN Genova (4)
INFN Rome (2)
INFN Sassari (2)
INFN Torino (2)
INFN Padova (1) 

Orsay (7)
Saclay (1)

Yerevan (3)

Glasgow (2)

HPS has become increasingly diverse, 
but ATLAS/CMS it’s not!
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SVT DAQ

APV25 Amp ADC
ADC 
RX

Sample
Framing

Event
Building

Data
Buffer

Data
Reduction

ROC
Application

ECal
TDAQ

Timing &
Trigger

Clocking & Control

18 

SLAC GEN3 RCE Platform 

DPM 
(2 x RCE) 

DPM 
(2 x RCE) RTM 

Fulcrum 
Ethernet 
Switch 

DTM  
(1 x RCE) 

ATCA 
Back 
Plane 

IPMB 

Ethernet 

Clock & 
Trigger 

Clock / Trigger 

10Gbps 

DPM 
(2 x RCE) 

10Gbps DPM 
(2 x RCE) 

• Developed by SLAC under generic DAQ R&D 
program (Huffer, Haller, Herbst) 
• Core software and firmware with hooks for 

experiment specific software and firmware  
• Strong internal support for base platform as 

well as assistance with custom development 
• COB (Cluster On Board)  

• Carries 1 DTM (Data Transport Module) 
• Single RCE for switch management & 

timing distribution 
• Carries 4 DPM (Data processing module) 

daughter boards 
• Each DPM supports 2 RCE 

(Reconfigurable Cluster Element) 

• RCE is Xilinx ZYNQ based FPGA 
with embedded ARM processor 

• Provides data processing firmware 
and software 

• High rate DAQ engine targeted 
towards > 100Khz trigger rates 

• Supports RTEMs & Linux 
 

Hybrid
(36)

Front End Board
(10)

RCE Platform

High density vacuum
penetration
@200 Gbps

Based upon SLAC RCE platform 
(ATLAS upgrade, DUNE, LSST…)

Some unique challenges too…

• CMS APV25 multi-peak readout 
for 2 ns time resolution

• In-vacuum ADC, voltage 
generation and power 
distribution/control on very 
dense Front End Boards

• Vacuum penetration for digital 
signals via high-density PCB 
through flange w/ external 
optical conversion.

• Supports trigger rates up to 50 
kHz, raw data rates in excess of 
100 gbit/sec.
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SVT Amplitude and Time Reconstruction
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FIG. 46: Track time distribution (left) and cluster time residual (right). The track time is measured
relative to the APV25 clock. The width of the distribution is due to trigger jitter (24 ns jitter in
the tracker readout clock, plus 16 ns jitter in the trigger system). The cluster time residual is for
a representative sensor relative to the track time.

chips out of 100 total) a known noisy half-module, and a couple of known noisy readout

chips. These issues will be resolved for future running.

This resulted in occupancies and data rates that were higher than what were expected

from simulation; the maximum data rate observed in the SVT was 4.1 MB/s. However, after

masking out all known noisy channels found during the commissioning of the SVT, good

agreement between simulation and test run occupancies was achieved as shown on Figure 47.

Similarly, the hit e�ciency was measured to be above 98% for known good layers, see

Figure 48.

The spatial resolution of similar microstrip sensors is well established by test beam data,

against which the charge deposition model in the lcsim Monte Carlo is validated. This

resolution can be parameterized as a function of the total signal to single-strip noise (S/N)

and the crossing angle of tracks through the sensor. The single-hit resolution for charged

particles with S/N > 20, as demonstrated here, is relatively constant at approximately 6

µm for tracks that are close to normal to the sensors as in HPS.

The SVT was aligned using a combination of optical, laser and touch probe surveys at

SLAC and JLab. The optical survey of individual modules with precision of a few microns

are combined with a touch-prove survey of the overall SVT support structure, with 25-

Hit Time Reconstruction
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FIG. 45: The six pedestal subtracted samples associated with a hit on a track are shown on the
left plot along with a distribution of the cluster charge exhibiting the characteristic Landau shape
on the right.

peak readout mode discussed in Sec. 4.4. The six samples of the APV25 pulse shaper output

are fitted to an ideal CR�RC function to extract the amplitude and the t0 of the hit. The

typical pulse shape obtained is shown in Figure 45 also demonstrates that the SVT was well

timed in to the trigger with the rise of the pulse at the 3rd sampling point. After clustering

hits on a sensor, the hit time for each cluster is computed as the amplitude-weighted average

of the fitted t0 channel times. The t0-resolution is studied by comparing the cluster hit time

with the average of all cluster hit times, the “track time”. Figure 46 shows the track time,

with the expected jitter due to clock phase and trigger, and the residual to the individual

cluster times. After correcting for o↵sets from each sensor (time-of-flight, clock phase)

the extracted t0 resolution is 2.6 ns. This is somewhat worse than the ⇡ 2 ns resolution

expected in Section 6 which we attribute to the true pulse shape di↵ering from our idealized

fit function; work is in progress to use the true pulse shape in the fit. Reducing the APV25

pulse shaping time will also improve time resolution. In short, these results show that we

can achieve time resolution adequate for pileup rejection during electron running.

Throughout the duration of the test run, approximately 97% of the 12,780 SVT channels

were found to be operating normally. The fraction of dead or noisy channels varied from

2.4% to 4.7%; most of these were due to misconfigured readout chips (2–4 misconfigured

Cluster Charge Reconstruction

S/N = 24

again for the next N number of 4 ns clock cycles, where
N 2 [0, 7]. This is useful to deal with skew and jitter
that develop from the detector, cabling, and electronics.
As described above, the CTP only selects the 3x3 win-
dow with the highest energy sum of its neighbors. This
filtering is applied to deal with overlapping clusters and
cases where the cluster is larger than a 3x3 window.

The final trigger decision is made by CTPs and the
SSP is passed to the Trigger Supervisor (TS). The TS
generates all necessary signals and controls the entire
DAQ system readout through the Trigger Interface (TI)
units. The TI units are installed in every crate that par-
ticipate in the readout process.

The trigger system is free-running and driven by the
250 MHz global clock and has essentially zero dead
time at the occupancies expected for HPS. The Trigger
Supervisor can apply dead time if necessary, for exam-
ple on a ‘busy’ or ‘full’ condition from the front-end
electronics. The system is designed to handle trigger
rates above 50 kHz and has a latency set to ⇡ 3 µs to
match that required by the SVT APV25 chip.

During the test run, for the most part the trigger sys-
tem required only a single cluster in either the top or
bottom Ecal module. It was tested to work up to 20 kHz
trigger rates.

6.2. Data Acquisition and Online Computing

For the ECal, every VXS crate contains a Readout
Controller (ROC) that collects digitized information,
processes it, and sends it on to the Event Builder (EB).
The ROC is a single blade Intel-based CPU module run-
ning DAQ software under CentOS Linux OS. For the
SVT ATCA system, the ROC application runs on an
embedded processor situated on the ATCA main board.
The EB assembles information from the SVT and ECal
ROCs into a single event which is passed to the Event
Recorder (ER) that writes it to a RAID5-based data stor-
age system capable of handling up to 100 MB/s. The EB
and other critical components run on multicore Intel-
based multi-CPU servers. The DAQ network system is
a network router providing high-speed connections be-
tween the DAQ components and the JLab computing fa-
cility. The SVT ROC, which must handle large data vol-
umes, has a 10 Gbit/s link to the network router, while
a 1 Gbit/s link is adequate for the ECal. A 10 Gbit/s up-
link to the JLab computing facility is used for long-term
storage.

The SVT DAQ is described in more detail in Sec. 4.3.

7. Performance

7.1. SVT Performance
During the duration of the test run all SVT modules

and APV25 chips were configured to their nominal op-
erating points [18] with all sensors reverse-biased at
180 V. The sensors were operated within a temperature
range of 20 � 24�C throughout the test run. Throughout
the duration of the test run, approximately 97% of the
12,780 SVT channels were found to be operating nor-
mally. The fraction of dead or noisy channels varied
from 2.4% to 4.7%. Most of these were due to mis-
configured readout chips (2–4 misconfigured chips out
of 100 ), a known noisy half-module and a couple of
known noisy readout chips.

7.1.1. Cluster and Hit Reconstruction
After a trigger is received, six samples of the corre-

sponding output of the APV25 shaper circuit are digi-
tized. The samples from every channel on a sensor sur-
viving the data reduction algorithm (see Sec. 4.3) are the
basis for o✏ine hit reconstruction. The six samples of
the APV25 shaper output are fitted to an ideal CR � RC
function to extract the amplitude and the t0 of the hit.
The typical pulse shape obtained is shown in Fig. 13
also demonstrates that the SVT was well timed in to the
trigger with the rise of the pulse at the 3rd sampling
point.
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Figure 13: The six pedestal subtracted samples from individual chan-
nels associated with a hit on a track.

These hits are passed through a simple clustering
algorithm which forms clusters by grouping adjacent
strips. The position of a cluster on the sensor is de-
termined by the amplitude-weighted mean. With a lin-
ear gain up to ⇡ 3 MIPs, the cluster charge for hits as-
sociated with a track follow the characteristic Landau

12
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Hall B at JLab CEBAF

Simultaneous beam to multiple halls  
with 2 ns bunch separation

• Ebeam = n×2.2 GeV, n≤5 (11 GeV Max)

• Ibeam < 500 nA (Hall B) ~ 10000 e-/bunch
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HPS SVT
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HPS SVT
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ECal Performance
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Figure 8: Measured energy of elastically-scattered electrons after calibration and correction f

due to shower leakage, at a beam energy of 1.05 GeV. This plot sums over all seed hit crystals

except those on a calorimeter edge.

regime.290

For each WAB event, the energy sum of the two corrected clusters was

calculated as :

E

sum

⌘ E

e

�

f

e

�
+

E

�

f

�

(3)

where E

i

and f

i

are respectively the cluster energy and the shower leakage

correction for the electron or the photon. Using Eq. 3, the correction functions

f

i

were adjusted for each particle such that the sum of the two corrected clusters295

matches the incident beam energy. It was also required that the ratio f

e

�/f
�

be unchanged with respect to the simulation and that the elastically-scattered

electrons were not a↵ected. These changes to the energy correction functions

were found to be within 1%.
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SVT Performance

�p

p = 6.8%

momentum resolution at 1.06 GeV

8

FIG. 4: Distribution of measured momenta for Coulomb scattered full energy electrons.

for heavy photons. The Moller invariant mass peak, shown in Fig.5, demonstrates that tracking

resolution is already very good. The mass resolution is essentially at design and the mass scale

o↵set within 3%.

FIG. 5: The invariant mass of e�e� from Moller scattering.

All in all, the SVT is operating reliably in its design location, e�ciently taking data, and

mass resolution @ ECM =
p

2meEbeam

Figure 5.14: The mass resolution as a function of mass calculated using the in-
variant mass distributions of A0 (blue) and Møller Monte Carlo (red) as well as
Møller data (purple). The mass resolution calculated using data is within 10% of
the expected value calculated with Monte Carlo.

5.3 Trigger Performance

The performance of the trigger was studied by using a simulation of the trigger

and comparing it to the hardware trigger. First, the raw FADC hits are converted

to simulated clusters using a simulation of the hardware clustering algorithm.
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Dark Photons in 2021?
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Thermal LDM: Mediator Physics Plays a 
Central Role

Accelerator experiments leading the way exploring the possible 
mediator physics!  This is a crucial part of the physics!
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