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Heavy Photon

Heavy Photon is a hypothetical particle
that can have kinematic mixing with
photons. Lagrangian is modified to
include interaction of heavy photon with
electromagnetic current with a coupling
constant &:

M M M tu M
AN — (AM+ cAM)JY

There are cosmological implications for
the Heavy Photon existence, e.g. Dark
Matter scattering.
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Phase Space

There are several constraints on the
allowed properties of the Heavy Photon
from other experiments. The allowed
phase space :

e Mass >~10 MeV/c?
e £g<~1073

The collider search method is to use
electron beam impingent on the target.
The final state includes additional e+e-
pair, possibly with a displacement. Some
of the backgrounds are prompt 3-track
final states.

=> need good tracking and vertexing
resolution.

Note that yct is proportional to 1/(em)?
HSTD12, Hiroshima, 2019-Dec

HPS sensors

107 =

E WG

1072=

10-% =

10-% =
107 =

IU_IU -

10 10'-1 100
A’ Mass (GeV)

001 0.1 1
4 weeks @ 4.4 GeV 107" ggmn-- 1072
1.7 PAC days of 107! - 107
2015 Engineering run 107, & -0t
L 107 hZ}';}‘;}-n- \\\\\ 107°
1070F ™ meny N O YT 1070
1077 - e J107
107 NI
10775 N L 4107°

001 0. 1
my (GeV)  [RouvefEssig]



HPS Silicon Vertex Tracker (SVT)

Linear shifts for Hall B pair spectrometer
tracker/target motion vacuum chamber

The experiment has relatively few
subsystems: tracker, calorimeter, DAQ
and trigger.

readout outside
tracking volume

The tracker operates in ~1 T field (not

shown). It’s placed in the beam vacuum,
with front sensors physical edge 0.5 mm
from the beam (1.5 mm for active edge).

sensors on low
mass supports

Vacuum feedthroughs for
power, data, cooling

It’s original design included 6 layers:

- =

Layer number 12 3 4 5 6 , ,\/ﬁg’v‘(l j
nominal z, from target (cm) C10) 20 30 50 70 90 e . {
Stereo Angle (mrad) 100 100 100 50 50 50 ?
Bend-plane resolution (um) ~60 ~60 =~60 =120 =120 =120
* Non-bend resolution (um) ~6 =6 =6 ~6 ~6 ~6 "
Number of sensors 4 4 4 8 8 8
Nominal dead zone in y (mm) @ +3.0 +45 +75 +105 +135 7 >
Module powerconsumption(W) 69 69 69 13.8 13.8 13.8
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Module design

The original module design used HPK sensors made for DO Run-2b and APV25 chips
designed for CMS tracker. The front modules have 1 sensor and hybrid per side. The

back ones have 2 sensors and 2 hybrids. ~50 of each type was produced in 2012 and
2014.

This is fixed-target experiment, where track scattering is important:
O The active region contains only sensor and CaF support =>only 0.7 % X0

O The hybrids and cables are not in the active region => conventional PCB and cable
materials

Front layers Back layers
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Experiment upgrade

Had original runs in 2015-2016 with limited
accelerator availability. This demonstrated the
experiments’ design and capability. First physics
paper published with “bump-hunt” method:

Phys. Rev. D98 (2018) no. 9, 091101

After accelerator upgrade, HPS got ~2 months of
beam time in summery 2019.

Tracker was modified to increase the acceptance
to displaced vertices:

O Additional “LO” layer at 5 cm from the target,

with thinner sensors and slim edges to be
closer to the beam.

Replaced L1 with LO-type modules.
Moved L2-3 closer to the beam.

decay length resolution vs. mass

o O

—x— 1.05 GeV nominal
—s— 2.3 GeV nominal
—=— 4.4 GeV nominal
—+— 6.6 GeV nominal
——1.05 GeV LO
—+—2.3GeV LO

—a— 4.4 GeV LO

—— 6.6 GeV LO

z-vertex resolution (mm)
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1
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2015 Engineering Run
50 nA @ 1.06 GeV
1.7 days (10 mC) of

201 6 Engineering Run
200 nA @ 2.3 GeV
5.4 days (92.5 mC) of

commissioning with SVT @1.5 mm SVT@ 0.5 mm

livetime (mC)

Integrated current x
’

SVT@1.5 mm SVT@ 0.5 mm

unplanned CEBAF down

livetime {mC)
g 8 &8 €8

Integrated current x livetime
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Sensor Edges

The new layer location required smaller inactive edge
to avoid the beam scattering.

The technology chosen for implementing slim edge is
Scribe-Cleave-Passivate (SCP):

O Scribing the surface (etch, laser, or diamond scribe)
0 Cleaving off peripheral region
O (optional for n type) passivating the cleaved edge

This leads to instrumented sidewall that can tolerate
voltage gradient.

More information: PoS(Vertex 2012)020, NIM A 731
(2013) 260

GR, delta(V)

Active
Region

HV

Instrumented
Sidewall,
delta(V)
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Target

Sensors for LO Sensors for L1

‘I 0.5 mm

Beamline

10 em

XeF, "scribe” with depth ~5 um

Stage at X = 52 881 mm EHT = 1000 kv Date 128 Sep 2011
Stage 1Y = 13503 MM SiageatR= 1523+ WD= 95mm Time 65658
Aperture Size = 3000 pm _ Stage alZ= 28737 mm Stage atT= 00°  Signal A = LensPhoto No. = 4094



Sensor design

The sensor design, fabrication, and characterization was done at CNM-Barcelona.

SCP is a post-processing step, however, design features were implemented to make
it more reliable: special structures for wafer alignment, scribe guide lines, extra
space around the target dimensions.

The sensor thickness was reduced to minimize scattering. The reduced signal level
was compensated by smaller strip length (-> capacitance -> noise)

. |HPKfor DORun2b | CNM for HPS

o
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Ry ™
RN ) \\
" s\\\\\
3 3
R

Dimensions 4.0cm x 10.0cm 1.6cmx3.4cm »
Thickness 300 pm 200 pm

Number of 1 2

strip rows

Strip length 9.8 cm 1.5cm

Strip pitch 30 um (physical) 55 um
60 um (readout)

Edge width 1.0 mm 0.25 mm
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Cleaving

The edge Cleaving turned out to be Detector Deviation Deviation on the | Distance of the

harder than indicated in previous o the 1st 2|nd clégzi)ng zgﬁs ;;orr:athe

studies | | p o

O With the planned diamond scribe R11620W0154 | 027 0.26° 326 um
and cleave there was a significant
edge width variance along the R11622WOLS6 | -O1% 024 320 um
strip length, even though cleaving R11622W0252 0,167 0,43° 375 pm
along the orthogonal direction R11622W0351 -0,16° 0,43° 375 um
worked better. R11622W0352 -0,16° 0,43° 375 um

O The shallow etch along the scribe R11622W04S2 -0,18° 0,36° 355 um
line did not work. R11622W0454 -0,16° 0,51° 400 pm

O Deep laser scribe worked better R11622W04S5 0,2° 212 um

(next slide).

= The lead hypothesis is
extra surface stress due to
the guard ring structures
affecting the cleave line
propagation
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Laser scribes

Deep enough laser scribes were sufficient to guide the scribe
line position.

MRL CLeaved pre vs post bake with CNM Reference

Scribe Edge |
Depth center = ot
[um] [um] EI.DE-OS

WO07-S4 27 265 246 222

W08-S1 50 184 208 219

0.0E+00

0 50 100 150 200 250 300 350 400 450 500
Sensor Bias [V]
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Sensor performance

The total of 72 devices were produced. Expected some losses, wanted
~20 devices total. Reality:

O Early breakdowns (expected) — partially mitigated by “baking” the
sensors at 170 C for > 20 hours.

O Slim edge variance (described before): edge width between 244 and
442 um

Relatively high pinhole rate (next slide)

One case of shipment damage — could be related to Si3N4 coating for
first samples, which perhaps made gelpack adhesion worse.

O O

20190307 Pre vs Post Baked Sensors
2.0E-05

' = = «W07-52 Baked
I'I —W07-52
|I = = W07-55 Baked
’ ——W07-55
W09-52 Baked
! W09-52
: = = -W07-56 Baked
' —W07-56
! = = -W04-55 Baked

| — '
\ i = N | —wosss
{ - '

1.5E-05

1.0E-05

Leakage Current [A]

5.06-06 [:. .-

0.0E+00 &
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RMS [ADC units]

Selection for Modules

The pinhole occurrences were puzzling. They show up as low-noise channels on
modules. But the list only partially overlapped with DC measurements at CNM

= used CNM data as guidance, tested the built modules, removed bonds for
pinhole channels. Prioritized modules with low number of pinholes near edge.

In the end built 22 modules, selected 10: 4 for LO, 4 for L1, and 2 spares.
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Slim Edge sides
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Pbd i

<«—Channels

PR I
500

|-

Low

noise —

(HV off)7

L l L 1 L 1 l
600 700
Physical Channel #

Edge width N(pinholes for first

Sensor Module Location Vfd [V] Vbd [V] [um] 50 strips)

Strip row Strip row

A B
W11S2 221L0TS 32 420 337 (358) 0 2
W10S1 19L0TA 30 270 298 (338) 3 0
W11S1 16 LOBS 32 330 352 (398) 0 0
W11S3 17LOBA 32 340 318 0 2
W11S6 18L1TS 32 370 377 (425) 1 0
\W09S2 7L1TA 30 300 360 (399) 2 0
W10S3 15L1BS 30 290 395 (442) 0 0
\W10S4 3L1BA 30 200 366 0 1
\W4S3 9Spare 1 25 370 349 1 2
\W10S6 20Spare 2 30 340 274 3 0
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New Modules

A single hybrid providing FE chips and
ASICs to both sides of the sensor:

O NO back side sensor support => 0.4
% X0 per layer (with 2 sensors)

O S/N~ 22, similar to the other layers

4

Updated iét Iayeré of tracker
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Operations

In operations the detectors were cooled to about -9 C.
The currents were rather low, and the operational bias >~
was set to 60 V, well above the Vfd ~30 V. R

—e— L1t H1

SVT HV channels for new layers

20607 4 | TETHR-O

—8—11b_H1

Saw significant current rise during runs, by x2 for 1 hour
of running. This was more than for HPK sensors in
previous runs (~10% effect).

=> First shut off beam and HV for 10 min every few hour s ¢
Then replaced the target from 4 um W to 20 um W, to 400

1.5E-07 +

Leakage Current [A]

1.0E-07 +

suppress the X-ray production. 0 50 100 150 200

Sensor Bias [V]

Had a tracker position shift due to magnet loss of power
during outage. This lead to (unrecognized) uncertainty in Active area
the position by ~1 cm. The final confirmation of relative
beam/tracker position was done with wire scans, with
wires fixed relative to the tracker. During one of the scans :
moved the bottom L1 layer into 50 nA beam for ~10 20 pm steps of beam with 25
seconds. Exposed length of the edge region is ~80 um. pm x 167 pm

For these spots, @ = 3.6e14 neq/cm? with nominal NIEL
factors. TID = 119 Mrad.

One of the HV channels increased current at 200 V by x7,
to 0.60 pA.
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Operations (Cont)

The currents went up to 2-5 uA by the end of

FEB 0 Hybrid 0

hybOccO_0_h

45000 —

the operations. There should be radiation e 3
damage, but the sources are not trivial: i3

1. Physics occupancy (mostly electrons,
non-uniform fluence)

2. Neutron showers from beam hitting A

e b e Ly l.
1

Entries 4247025
Mean 248

RMS 174.3

collimators during beam tuning (mostly
n, uniform fluence)

There are indications of lowered breakdown
voltage, so the non-uniform irradiation
component may be significant.

The bias scans at the end of the run indicated
the signal level at operational voltage

remained within ~10% of the initial values.
HSTD12, Hiroshima, 2019-Dec HPS sensors
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Further work

Analysis of the current state of the modules is to be
performed.

There is an anticipation of an additional run time in 2021. In
which case the LO-type modules would need to be remade:

O A different technology for AC capacitors yielded less than
1% pinholes in a test run. Will use the new process in the
future.

O Re-fabrication of the sensors

O A possible option is to introduce etching step to guide
the cleave line better

O Building and installing new modules (same design)



Conclusions

New sensors have been produced by CNM for HPS experiment, which
required a sub-mm proximity of the sensor edges to the beam line. The SCP
slim edges technology was utilized to implement the slim edges.

There were several construction challenges, including slim edge control and
pinhole presence. They will be addressed in the next round.

The plan to over-produce the modules (in order to select the best) helped to
yield 8 modules used for installation of new LO layer and replacement of L1
layer, as well as 2 spare units.

The experiment successfully took data during summer 2019 run.
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Timing

To reduce the coincidence background from
CEBAF nearly-continuous beam, the
readout chips (APV25) are configured in
deconvolution mode, with multiple samples
taken for each hit.

The resultant time resolution is under 2 ns.

arXiv:1511.07844v1
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Trident process example
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Previous modules

Front (single-hybrid) module type

HPS sensors
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Assembled tracker layers
Open top and

Closed top and
bottom halves
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Collected data

B #evtfor4umw
600M B #evtfor8umWw
B #evtfor20umW
= Tot Charge * targ thick/8 pm
Charge on 8 pm W

500M Charge on 20 pm W
150nA on 8um W 508 up
len, Thunder storm,
wn 400M Dl:l?o‘:\";t:;'n followed by retune
e beam restore issues, 1oHowed by DAQ issues.
4 Hall-A Wien Flip,
i ¢ Beam Halo,
‘g difficulty restoring beam. i bt
& 300M
2
E
=
=
200M

100M |
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Calibration run

Target replacement during beam studies

SVT motor issues.
CHL Event and Beam Tuning

SVT motor issues

HPS sensors

Scheduled down

then beam tuning

=

Aug 25
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Accumulated Charge (mC)
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