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What is a Heavy Photon?

Consider a theory in which nature contains an additional Abelian gauge symmetry, U’(1)
Holdom, Phys. Lett. B166, 1986
1

€ =Y, uv Iy 7! VIR,
EZESM +[§F H Fp,!/]+ ZF“ F#U—I—mAfA”A#

This gives rise to a kinetic mixing term where the photon mixes with a new gauge boson (“dark/heavy photon” or
A’) through the interactions of massive fields — induces a weak coupling to electric charge
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Searching for a Heavy Photon

Since dark photons couple to electric charge, they will be produced through a process analogous to bremsstrahlung
off heavy targets subsequently decaying to I/~

target (%)3’{2 I+ Kinematics are very different from bremsstrahlung
E ) (narrow) ¢ Production is sharply peaked atx=1 — A’
e AN e ma takes most of the beam energy

v/ A'decay products opening angle, mA,/EIoeam
A

e
?) (wide) ..or other decays

e
The HPS experiment was designed to make use of such a production mechanism to search for a heavy photon using
two methods:

Resonance Search (Bump Hunt) Displaced Vertex + Bump Hunt

Look for a excess above the large QED background — Long lived A'will have a displaced vertex — Will
Large signal required so B 1 e help cut down prompt backgrounds but limited to
limited to small coupling. w s ; high coupling
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HPS Design Considerations

The A’ decay products opening angle is small
v Needto be detected in the very forward region

Maximizing the acceptance to low mass A’ decays requires placement of the detector close to the beam plane
v Need small beam size with minimal halo

Bump Hunt: Requires good mass resolution to fight high backgrounds

Displaced Vertex: Distinguishing A” decay vertices as Non-prompt requires good vertex resolution

v/ Both require a tracking system and magnet that are placed as close to the target as possible
v/ Mass and vertex resolution will be dominated by multiple scattering so tracker material needs to be
minimized
Small coupling — small cross-section

v/ Requires high intensity beam
v/ High occupancy will require fast readout and trigger system
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The HPS Apparatus

~10° X Tungsten Target
Thin target to reduce multiple
scattering

Linear Shift Motion System
Allows adjustment of deadzone
between SVT volumes

]
High intesity e beamk> (f

Courtesy of CEBAF @ JLab_
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Silicon Vertex Tracker (SVT)
Split into two volumes to avoid intense
flux of scattered beam electrons. Used for
precise momentum and vertex
determination

Electromagnetic Calorimeter
Used for triggering and particle ID

SVT Vacuum Chamber
Si tracker placed in vacuum in
order to avoid backgrounds
SVT + ECal DAQ capable of 50 kHz due to beam-gas interactions
Installed within the Hall B alcove at Jefferson Lab
upstream of the CLAS12 detector
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HPS Engineering Runs

HPS has successfully completed two engineering runs at JLab
v/ First took place in the Spring of 2015 using a 50 nA, 1.056 GeV electron beam
v/ Second took place in the Spring of 2016 using a 200 nA, 2.3 GeV electron beam

Goal: Understand the performance of the detector and take physics data.
v/ Forthe 2015 run, data was taken with the Silicon Vertex Tracker (SVT) in two configurations: active edge at
1.5 mm and 0.5 mm from the beam plane
v/ 2015: 10 mC with the SVT at 1.5 mm and 10 mC at 0.5 mm
v 2016: 92.5 mC with the SVT at 0.5 mm S016

2015

SVT @ 0.5 mm

10000

lifetime (mC)
(SUOIIIIINI) S3UBAT

| charge (mQ) | | Events (Millions) —|
2 3 4 5 6 7 a 9 10 11 12 13 14 15 16 17 18
May 2015

= Charge (mC) Events (Millions)

21 26 1 6 1 16 2 26 n 6 1 16 2
February 2016 March 2016 April 2016

Integrated current x

The results shown in this talk used the unblinded portion (500 uC or ~74 nb! ) data taken at 0.5 mm.
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Physics Backgrounds
Bethe-Heitler

Dominant, but most lies beIOW\Q’D-_
the A’ signal region.

Radiative

¥

sk

Backgrounds

The search for an A’ involves looking for a narrow resonance in the e*e” invariant mass spectrum on top of a large,
continuous background composed of several components

1.0
Bethe-Heitler
. A’ Signal

g 0.

0.8 1.0

" ple) (GeV)

Irreducible. Kinematically
identical to A’ but can be used to
understand expected A’ rates.

do(e~Z = e— Z(A' = I117)) 3re® ma

do(e-Z = e— Z(y = IH17))  2Npa om

Accidental

-3
S

ECal Cluster Time (ns)

True e+e- pairs will
,» have time-coincident
clusters in the
- calorimeter. Can be
suppressed using time
cuts and cuts used to
remove scattered
beam electrons.

ECal Cluster Time (ns) *Floion Line

Wide Angle Bremsstrahlung (WAB)  peun -

Conversions of photons
produced in the target and first
few layers of the SVT can mimic

a trident e+e- pair

ECal Hole
L

et from pair produ

™~

e~ from pair production
escaped detection
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Suppressing Wide Angle

Missing Layer 1 Hit
A majority of conversions will occur in layer 1 of the Silicon Vertex
Tracker — positron will be missing a layer 1 hit

Bremsstrahlung
Dqgs Positron Track Have a Layer 1 Hit?

— WAB

25— Trident

3y NO | YES

Layer 1 requirement removes 68% of WABS from final
event sample! After all cuts, > 80% of WABs are

.
>

—01.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0

rejected.
Positron Track Distance of Closest Approach P, Asymmetry
If a conversion occurs in the silicon, the positron track Because the conversion electron is missing there will
be a p, imbalance.

will extrapolate to the side of the nominal target 40

30 position.
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—— Trident MC 35
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2015 Engineering Run Performance

The 2015 engineering run has demonstrated that HPS is ready to do a meaningful search for heavy photons
¢ Hall B beamline was capable of delivering a small beam spot , low beam halo with high stability —
allowed placing tracker 0.5 mm from the beam
v/ Excellent Ecal time and energy resolution allows for the efficient selection of true e+e- pairs
v/ Vertex resolution was as expected and sufficient to conduct a search for a displaced A’

Beam Position Stability

250 Ecal time resolution vs Energy
E 200F X - position L %2 / ndf 3620/19
€ 150F Y - position  ® Vertex Resolution vs Mass r- PO 0.07485+0.000135
Emé_ Y . Eost iy C ® pi 0.1124 +0.001021
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e+e- MaSS Resolution Data Mg@ller invariant mass is

Determined the resolution as a function of mass
using A” and Mg@ller Monte Carlo

From data, use the Md@ller invariant mass
distribution to measure the mass resolution
Scale the MC mass resolution parameterization
to match the data observation.

Events / ( 0.000125)
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cb o.=-1.4746 £ 0.014

cb u= 0.0332364 + 0.0000046
cb o= 0.0014028 + 0.0000061
gauss p = 0.030000 + 0.000065
gauss ¢ = 0.003528 + 0.000058
n= 2.454+0.038

nbkg = 5879 + 514

nsig = 204054 + 681
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Scale MC to match Data
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Bump Hunt Event Selection

Apply kinematic and goodness of track and vertex fit cuts to clean up
accidentals. Reduces contamination from accidentals to < 1%

10° &
Bethe-Heitler r
) -
i / Signal 102
0.6 -
10! o)
= 10
0.4 © ;
102 L
1 =
167 E
R A 1 B | E—Y E
10255 5 (] 1§0 p(e ) (Gev)
e
Top cluster time - Bottom cluster time (ns) 10 e R
0

Requiring the sum of the e+e- pair momentum to be greater than 0.8 GeV greatly
reduces the number of Bethe-Heitler background in our final sample.
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Resonance Search Overview

Search for a resonance in the mass range

between 17 MeV and 90 MeV by scanning the 1000
e*e invariant mass spectrum

v Pseudo-experiments are used to set the

optimal search window size

Maximize the Poisson likelihood within the range
using a composite model with the signal 600
described as a Gaussian and a 7th order
Chebyshev polynomial to model the

background 400 poee

Use Likelihood ratio to quantify significance of

any excess i.e. “bump” 200 Lovovn
Determine the 20 signal upper limit at each mass

hypothesis by inverting the likelihood ratio

Translate the signal upper limit into the 866--~--~ :

coupling-mass phase space

800

Sear¢h windoWs

R reREE SRR e e R S R R B

Invariant Mass M(e"e™) (GeV)

0.02  0.04 0.06 008 0.10
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Establishing whether the signal+background
model is significantly different from the
background-only model is typically done using
the profile likelihood ratio and test statistic g,

—21In L(O’é)

g = cad) M7 0 .

0 <0 '_E

Q.

> T

p= f(0[0)dgo 8
q0,0bs

Use toy MC to determine the look-elsewhere
correction

10 global @ ~1.5x107

Fit Results

No significant bump was found!

0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

A" mass hypothesis (GeV)
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Most Significant Bumps

The two bumps with the smallest p-values

Mass hypothesis = 27.525 MeV

p-value = 0.0493

200F

8.018 0.02 0.0220.024 0.026 0.028 0.03 0.0320.0340.036
Invariant Mass (GeV)

Mass hypothesis = 36.525 MeV

05025 0.03 0.035 0.04 0.045
Invariant Mass (GeV)
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Use power constrained
limits — Require that the
experiment has enough
sensitivity to a signal yield
before excluding

Power Constrained 20 Limits

Unconstrained Limit
Observed Signal Yield

: ; : ] : Median Limit

3000 - - _______________ _______ T . Power Consl,trained Limitl_

20000+ f AL O T L\

Signal Upper Limit
[
8
2

—10004. } -\

0.04 0.05 0.06 0.07 0.08 0.09

A" mass hypothesis (GeV) -
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1073

No new territory is expected to be covered using the
Engineering run data — Review of full result is

10°

underway and will be released this Spring

Upper Limit on Coupling Strength

10

Projected 20

10°

A" mass hypothesis (GeV)
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Status of Displaced Vertex Search

Vertex search using 2015 data is still ongoing
¢ One thesis has been completed, another
one will be completed soon.
Reach is worse than we had projected — No
vertex reach expected using 1.5 days of data
v/ Vertex decay efficiency assumed constant
outto 10 cm
v MC used to make initial projections did not
use the correct acceptance
Modest upgrades will allow recovery of reach for
future runs
v/ The layers of the SVT will be moved closer
to the beam — Increase acceptance
¢/ Add an additional thin layer to the SVT at 5
cm — Improves vertex resolution and
vertex efficiency
v Implement a positron only trigger — Will
allow recovery of some of the reach lost due
to the ECal hole.

Resolution [mm]
(=2

7

—*— Nominal Detector

—*— L0 Detector

002 0025 003 0035

108

10°

10*

10°
Negative

10° Positive

10

LRALL I IR R R R RL

Tot. charged

’..LHWW...W

Entries
Mean
Std Dev

-300 200 100 0

100 200 300 40

tr[mm]

v v Py Ly
0.04 0.045 0.05 0.055 0.06
mass [GeV]
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Bump Hunt Experimental Reach

HPS has been approved for its full time of running (180
Days)!

First extended run is planned for the summer of 2018

2015 Engineering Run
1.5 days @ 1.05 GeV

2018-2020 Physics Run
12 Weeks @ 2.2 GeV
12 Weeks @ 4.4 GeV

10"

107

10 107
A" mass hypothesis (GeV)
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Summary and Outlook

The Heavy Photon Search has successfully completed engineering runs in 2015 and 2016
v/ Detector performance was found to be as expected

¢/ An additional source of background (WAB’s) was found and mitigated

v/ HPSis now fully approved for its full time

Several analyses are ongoing
¢/ 2015 Bump hunt analysis is currently under review and will be unblinded

¢/ 2016 Bump hunt analysis and 2015/16 Vertex analysis are ongoing

Upgrades are being proposed that will help HPS extend its reach

19
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[ [
Silicon Vertex Tracker
Layer 1 2 3 n 5 6 R -— s :
z position from target (cm) 10 20 30 50 70 an 3
Stereo angle (mrad) 100 100 100 50 50 50
Bend plane resolution (pm}) =6 =6 =0 =6 =6 =6

Non-bend plane resolution (pm) =60 =60 =60 =120 =120 =120
Nominal dead zone in y {mm) +15H £30 £45 £7¥H X106 +£135
Material budget % % 7% 7% % %

Six layers of pairs of Si microstrip
sensors — One axial and the
other at small angle stereo (50 &
100)

Layer 1-3: single sensor

Layer 4-6: double width

coverage to better match

Ecal acceptance

36 sensors

180 APV25 chips

23,004 channels

0. Moreno (SL/s@
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Silicon Microstrip Sensors

Developed for DO Runllb upgrade

¢/ Radiation tolerant: expect fluence of

4.8x10'° e in 6 months of running
v/ Breakdown voltage: ~1000 V

v <1%X, perlayer

Cut dimensions (LxW)
Active area (LxW)
Readout (Sense) pitch

# Readout (Sense) strips
Breakdown voltage
Depletion voltage

Bias Resistor Value

AC Coupling Capacitance
Total Interstrip Capacitance
Defective Channels

100 mm x 40.34 mm
08.33 mm x 38.34 mm

60 (30) pm
639 (1277)

> 1000 V

> 130V

0.8 £0.3 MQ
> 12 pF/cm
< 1.2 pF/cm
<1%

Leakage Current [A]

2.0E-07

1.5e-07

1.0e-07

5.0E-08 .

0.0E+00

200

400

600
Bias Voltage [V]

800

1000

1200

—_—132
—136
—139
—_—141
—143
—145
—147
—152
—155
—157
——563
——565
——567

597

———603

—_134
—138
— 140
—_—142
—144
—146
—150
—153
— 156
—158
—564
566
—— 568
—601

604
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Readout Electronics: APV25

# Readout Channels || 128
Input Pitch 444
. . Shaping Time 50 ns nom. (adjustable)
Orlgma”y developed for CMS Output Format multiplexed analog
Radiation tolerant Noise Performance 270 + 36 x C(pF) e~
Power Consumption 345 mW

Low noise (S/N>25)
40 MHz “Multi-peak” 6 sample readout ‘ 8.055mm

. ‘ um <
allows for shaper output reconstruction . Hi
. [c]
2 ns resolution ] = -
24 ns : ,
— 35 2
£ 8500 ' 5
5 o
g 30 :
g : :
<, 8000 25 £ g
o E o
h= =] ©
= 20 = §
g 7500 %
15 .
7000 - | | = »
10 i '
| | I | | R TR == = 85um x 95u
_-20_ Ll _D__L A in__ I 140 i i J.Bu ..__B.n 11 _1,60 b 1120 0 EEEEEECERRZED -IIE-B--M— —ll; Ewﬁ
Time [ns] —— 1950um — Jg\-—wesum —Jg"‘f
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SVT Support, Cooling and Services

Cooled support channels for L1 - L3

L1-L3 movable using linear shifts

Cooled support channels for L4 - L6

DAQ/power inside chamber and on cooling plate

24
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SVT DAQ

Front End Board

RCE Platform

i N | ADC || [ | Sample | | Data ,| Data
APJ\\QS > Amp [—> A?C “| RX [Jf|"| Framing| |Reduction| |Buffer
/ !

: Timing & Event
locki I < >

Clocking & Contro / Trigger Building
High density vacuum [Te o) ROC

penetration TDAQ | Application

25



0. Moreno (SLAC National Accelerator Laboratory) U.S. Cosmic Visions: New Ideas in Dark Matter, March 23-25 2017

Bl -1

(W

Electromagnetic Calorimeter

i T

Comprised of 442 PbWO04 crystals coupled to avalanche
photodiode readout

FADC readout at 250 MHz — allows for a narrow trigger
window (8ns)

Trigger and DAQ capable of a rate > 50 kHz

Support
e frame

y wrapped stainless
with VM200 steel APD Mother board
/ foil wires
S
\ Preamplifier J
Opfical fiber 7
connector {;1,

PbW 04 crystal

Avalanche Photo Diode

Connection board —

Preamplifier
+themal screen E

T T T T T Y

Q=079

Sample # (4 ns)

support rails & Flat cable
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T ri g g er Crate Trigger Processor

Contains cluster finding algorithm.
Searches for clusters in every 3x3

array of crystals. If sum exceeds

threshold and is isolated,
amplitude, position, time and hit
are reported to SSP.
Trigger Supervisor

Generates trigger signal

N\ )

HPS Calorimeter (442 Channels):

FADC ||| cTp

221 Channels

55P 1('; TS
JI{

\

>
221 Channels
AN J

Sub-System Processor
Searches for pairs that within an 8
ns window and applies a
topological selection

Flash ADC
Samples Ecal crystal APD’s
@ 250 MHz. If signal crosses
threshold, integrated amplitude
and crossing time is sent to CTP

27
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X, Y and 45 degree beam profiles from

Harp scan.
Wire Wire X
Alph 11.61906
tooo | wean 29.93451 e & %00
signa 0.11982 B 004550
chiz 28.51920 .
100 Motor pos 42.33373
peak val.  7.831e+03
bor/peak  1.0408-03
10 Y 4
1 L1 1 1 1 1 1 1 1 1
28.0 285 29.0 29,5 30,0 30.5 31.0 315 32.0
Kritle
10000 |-
Wire Wire Y
hean 43.43580
1000 sigea 0.05008 harp_2H02A_05-14-15_19:11:02
chiz 45.13536 counter: HPS-T
Motor pos 61.42750
100 |- peak val.  1.742e+04
bgr/peak  4.642e-04
w0 | t
g . 1 1 1 1 1 ]
42.8 43.0 43.2 43.4 43.6 43.8 44.0
Ktitle
10000
Wire Wire 45 deg
1000 |- Zf:;‘a 73'1325 hean X 2.11854 mn
s P bean ¥ 5.29800 mn
100 |
peak val. 8.851e+03
bgr/peak  8.382e-04
T #att t
1 ] 1 ] 1 ] ] 1

77.5 78.0 785 79.0 79.5 80.0
Xrtitle

Beam Quality

Successful running of the HPS
apparatus requires a high quality
beam with very low halo.
o _~100 pm to 500 pm:
Spreads the target heat load
to avoid damage.
g, < 50 um: Required to keep
occupancies down and for
vertexing

Beam profile and position was
measured using a harp 234 cm
upstream of the target.

Fast Shut-Down was implemented in

order to stop the beam in ~ 5 ms if
halo counter rates increased above
threshold.

250
5200_ X - position
c 150F Y - position ™
8. o F
F 100E "
2 E A [ ]
o 50E W & " " i 2
2 oF N a4
® s et
ok
f-i:& Ll 1 il ] ol salg g gl
] X - width
160 ¢ Y - width B
_140F .
E 120} vy ey
=100
% 80F
R % o,
40F ) o
20¢ " o
) N RPN AU AN AN IS B I SR B
4 6 8 10 12 14 16 18

2HO02A wire scans

Date, May 2015
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Use MC to generate smooth
invariant mass distribution — create
pdf

Generated 10,000 toys and perform
a resonance search on each.

Chose the smallest p-value from
each scan, ranked them and
calculate the quantile

Look Elsewhere

1[;'{] e e e ] B S e R, D R0, T

J..I.J.I.I.Jj..-.l...l....l...L -l
10~

Global p-value

e d J.I.i......l...l..l.l.l J.LLi.......I...J..J..I.J.
103 102

. _..1(]“
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Radiative Fraction

Translating the signal upper limit into the mass-coupling phase
space requires knowledge of the fraction of radiative events in | ;
our event sample — use Monte Carlo to parametrize the | @%

0042 S

radiative fraction as a function of mass. e, IR .
| trident+wab

—— trident |

radiative

—— wab

1000

oo @W@m ]

1| TR | SUR S

Radiative fraction

o(p b)

9]0 TN | SNSRI M = (. NSRS PSR S

%-%%0 0.02 0.04 006 0.08 0.0

000  0.02 0.04 0.06 0.08 0.10 0.12 m(eTe” ) (GeV)
m(eTe” ) (GeV) 30




Design is not Final yet

Almost 100% of e* have x > 90,

i h_tr_P_xc_minx 12 h_tr_P_xc_minx2
L Enios  M7a7E ] Envies 2081
F Mean x 280 & R B Mean x 2057
o n . Meany 0378 o [ - Meany 0398
- e StdDevx 62,6 e [~ i s StdDevx 7381
L StdDevy 0.29 [ e e SdDevy 0.1701
i L - 5
r w
0.8 0.8 -
r L =
L i < 4
L 0.6— ]
06— 6 -
L L [J) 3
C o= o
0.4 s Fry A
r 0.2—
02— H 2

0

I I A I IR I
800200 =100 0 100 200 300 400

gl Lo b b i b L
—300 -200 —100 0 100 200 300 400 { t
try[mm] rx[mm]
10° Entries
Mean
Std Dev

Total charged particle
rate at x > 90 mm is less than 4KHz

-
Sn
HHH‘ T \IH\H‘ T \IIHIIl
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Nevents Zvtx > 2.5 cm

12 fFT

A’(50MeV) decay at 2.2 GeV

I

- —— constant efficiency
i T —— Move 1.0 mm

— Move 0.7 mm

T —— No move

Mo move with L1 e+ hit
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