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Dark Sectors at JLab

JLab has a broad program in dark sector physics.



Dark Sectors at JLab

JLab has a broad program in dark sector physics.

Continuous Electron Beam Accelerator Facility

Visibly decaying A’ searches:
* APEX (A-prime Experiment) in Hall A

* HPS (Heavy Photon Search) in Hall B

o v
= e - >

nA ~ 100 LA

| -

4 0 = =S¥ H N
[-1] GeV e, |0



Dark Sectors at JLab

JLab has a broad program in dark sector physics.

Visibly decaying A’ searches:
JLab FEL

* APEX (A-prime Experiment) in Hall A Continuous Wave
Energy-Recovering Linac

* HPS (Heavy Photon Search) in Hall B
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Dark Sectors at JLab

JLab has a broad program in dark sector physics.

Visibly decaying A" searches:

* APEX (A-prime Experiment) in Hall A

* HPS (Heavy Photon Search) in Hall B

» Darklight using ERL of the JLab FEL
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Dark Sectors at JLab

JLab has a broad program in dark sector physics.

Visibly decaying A" searches: "
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Dark Sectors at JLab

JLab has a broad program in dark sector physics.

Visibly decaying A" searches:

* APEX (A-prime Experiment) in Hall A

* HPS (Heavy Photon Search) in Hall B

» Darklight using ERL of the JLab FEL

1074

107

1076

1078

1077

1071

11
10770~

A
e
A BaBa ML N %
. NA4 g“‘% A (R ;|
V| ‘\H‘.:“)‘h”wq‘ﬁ N AINS w"‘m \ Al \(‘r
VR | AL - lM;( Ul l\
Ty MW“'\““
N ! i
= Darklight ™~ N\ __/~ APEX
I \\ I
,,,,,, » _ _HPSVertex )} ||
- A
4 WWeeks @ 2.2 GeV
w4 Weeks @ 4.4 GeV ! \
=== 1.1, 2.2 and 4.4 GeV Vertex Reach i N i 1
-3 1072 1071 10°

A’ mass (GeV)



APEX

A’ search using Hall A
high-resolution spectrometers (HRS)
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APEX

A’ search using Hall A
high-resolution spectrometers (HRS)
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Test run (2010):
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weekend run achieved; new sensitivity.
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APEX

A’ search using Hall A
high-resolution spectrometers (HRS)
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Test run (2010):

concept & technical demonstration;
weekend run achieved; new sensitivity.
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APEX

A’ search using Hall A
high-resolution spectrometers (HRS)

Physics Process
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Test run (2010):

concept & technical demonstration;

weekend run achieved; new sensitivity.
Sensitivity of Proposed Run Plan
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PAC approved and prioritized, funded,
projected to run ~2018. Optimized septa
magnet constructed. Smaller beam line
items funded and HRS detectors ready.
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Darklight

5 mA, 100 MeV e on
fewx10'°/cm? H; gas target:

complete reconstruction of final state
allows sensitivity to invisible decays also

= 4 Weeks @ 2.2 GeV
= 4 Weeks @ 4.4 GeV
=== 1.1, 2.2 and 4.4 GeV Vertex Reach

—— 2015 Engineering Run - 1.7 PAC Days
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Phase 1 A aggressive pumping up- and
downstream maintains beam

Darkl Ight vacuum outside target

0.5 T solenoid contains
Moller e- and used for pr

measurement

5 mA, 100 MeV e on
fewx10'°/cm? H; gas target:

Phase | A (2016): Explored operation of
LERF with experiment in place.

Small prototype

Currently upgrading and testing gas/ " narrow-aperture detector package to
vacuum system for future running baffles for windowless ~ test performance in
beam environment

entrance to taraet
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Darklight

5 mA, 100 MeV e on
fewx10'°/cm? H; gas target:

Phase | A (2016): Explored operation of
LERF with experiment in place.
Currently upgrading and testing gas/
vacuum system for future running

Phase IB (2017): Measures radiative
Mgller rates. Initial test/run at MIT's
HVRL, Summer 2017

Phase | C: Proof-of-principle detector
focused on low A' mass

Phase 1A aggressive pumping up- and
downstream maintains beam

vacuum outside target
0.5 T solenoid contains
Moller e- and used for pr
measurement

Small prototype

baffles for windowless test performance in
entrance to taraet beam environment

Phase 1B &

Fixed spectrometer

arm¢ for ep elastic e

k for luminosity
monitor

Carbon foil gt ; i e spectrometer
targets - : for e in Moller
nd radiative tail




The Heavy Photon Search Experiment

HPS is a fixed-target search for visibly decaying hidden photons
using ~10'? ¢~ of CEBAF (I.1-6.6 GeV) beam in Hall B at JLab.

HPS
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The Heavy Photon Search Experiment

HPS is a fixed-target search for visibly decaying hidden photons
using ~10'? ¢~ of CEBAF (I.1-6.6 GeV) beam in Hall B at JLab. o

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

dipole magnet spreads out e*e” pairs, enables momentum measurement

HPS




Key Components of HPS




Key Components of HPS

Silicon Vertex Tracker
Built at SLAC

W target

%0

sensor planes
and DAQ

SVT measures trajectories of electrons to
reconstruct e"e- mass and vertex position.




Key Components of HPS

Silicon Vertex Tracker PbWO4 ECal
Built at SLAC Built by JLab/Orsay/INFN
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sensor planes
W target  and DAQ

SVT measures trajectories of electrons to ECal provides e*e" trigger with precision
reconstruct e"e- mass and vertex position. timing to reject single e~ backgrounds.



2015 and 2016 Engineering Runs

2015 Engineering Run

50 nA @ 1.06 GeV

|.7 days (10 mC) of
physics data

Integrated current X livetime (mC)
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commissioning with SVT @ 1.5 mm

- Charge (mQ)
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May 2015

SVT @ 0.5 mm
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2015 and 2016 Engineering Runs

2015 Engineering Run

50 nA @ 1.06 GeV

|.7 days (10 mC) of
physics data

2016 Engineering Run
200 nA @ 2.3 GeV

5.4 days (92.5 mC) of
physics data

commissioning with SVT @ 1.5 mm

20

- Charge (mQ)

Integrated current X livetime (mC)
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May 2015

SVT @ 0.5 mm
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2015 and 2016 Engineering Runs

commissioning with SVT @ 1.5 mm SVT @ 0.5 mm
2015 Engineering Run [

50 nA @ 1.06 GeV
|.7 days (10 mC) of

20 10000

5000

Integrated current X livetime (mC)

physics data e e —
SVT@I1.5 mm SVT @ 0.5 mm

2016 Engineering Run

200 nA @ 2.3 GeV )

54 days (925 mC) Of o = unplanned CEBAF down

physics data

-m- Charge (mC) Events (Millions) —

Integrated current X livetime (mC)

21 26 1 6 11 16 21 26 311 6 1 16 21
February 2016 March 2016 April 2016

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



HPS Signal Sensitivities

Large signal, huge SM background “bump hunt”
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HPS Signal Sensitivities

Large signal, huge SM background “bump hunt” 1074
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HPS Signal Sensitivities

Large signal, huge SM background “bump hunt”

Small signal, no background “vertexing”

:
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Leads to two separate analyses, “resonance search” and “vertexing search”



HPS Analysis Status

2015 Resonance Search analysis is largely complete.
Fully unblinded results were presented for the first time at JLab on 5/3.

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

| will summarize those results.

2015 Vertexing analysis is ongoing.
Might have interesting physics sensitivity. ..

...but not for the minimal A" model

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



HPS Analysis Status

2015 Resonance Search analysis is largely complete.
Fully unblinded results were presented for the first time at JLab on 5/3.

| will summarize those results.

2015 Vertexing analysis is ongoing.
Might have interesting physics sensitivity. ..

...but not for the minimal A" model

| 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.



2015 @ 1.06 GeV:
Trident Backgrounds

Virtual photon tridents have identical
kinematics for given m(e*e’) = irreducible

1.0

0.8

.06 GeV Monte Carlo

Bethe-Heitler tridents are kinematically
different but still dominant in signal region
(normalization here is arbitrary)

Nucleus &

Bethe-Heitler
A.’
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2015 @ 1.06 GeV:
Trident Backgrounds

Virtual photon tridents have identical
kinematics for given m(e*e’) = irreducible

.06 GeV Monte Carlo
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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

/
ce A

Nucleus &) Nucleus &

Radiative trident background provides an absolute reference for expected signal yields.

do(e=Z - e—Z(A'—=1T17))  3me® ma
do(e=Z — e — Z(y* = 1t17))  2Nra om
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2015 @ 1.06 GeV:

Wide Angle Bremsstrahlung Background

Converted bremsstrahlung in SVT (esp. Layer |) 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.

EGSS5 does not simulate angular distribution of recoils.

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

e has Layer | hit

— WAB
—— Trident

20 —

Y6 —05 00 05 10 15
Positron has Layer 1 Hit

2.0
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25
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— WAB
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DO (mm)
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2015 @ 1.06 GeV:
Mass Resolution

events/ 125 KeV

Normalize mass resolution
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2015 @ 1.06 GeV:
Resonance Search

; Entries 2.078804e+07
10* =
- /
i i
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0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
m(e*e’) (GeV)

Scan mass spectrum in search windows between 17-90 MeV

Perform likelihood fit in each window with Gaussian signal and polynomial background.
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2015 @ 1.06 GeV:
Resonance Search Fit Results

Local p-value

no significant excess observed.

N W CIO~Des-

X X X XXX

) 10 global

1 MeV Steps
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| 20 global

10.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
A’ mass hypothesis (GeV)
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2015 @ 1.06 GeV:
Resonance Search Fit Results

no significant excess observed.

Mass hypothesis = 88 MeV

1 MeV Steps 8 40000
$ =
3 35000 p-value = 0.0079
[ =
@ 30000—

Search window width

ﬁc global

: . : : : 1 Ll T R P T T N Bt e o — " P —"
sl : 5 g : : § L 0.05 0.06 0.07 0.08 0.09 0.1
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2015 @ 1.06 GeV:
Resonance Search Results

2015 Search Results (1.7 days)
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6.4% 2015 @ 1.06 GeV:
Vertexing Search

5-hit acceptances by first e*/e” hit location

First analysis of 2015 data for thesis,

. - ma' = 35 MeV

using 6.4% (2.6 hours) of data, g T

required hits in SVT Layer | for both ‘§OB~
tracks: only part of acceptance. §

%0.6

0.47

0.2h

|

0 20 40 60 80 100
z position of A’ decay vertex (mm)
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6. 4% 2 o I 5 @ I ) 0 6 G ev: Radiative vertex Z, mass [0.0385, 0.0429] Ge\;ice_se_Copy

S

Ve I’teXi N g S earc h CI ata ;f”:‘—i Mean ~0.539

Std Dev 4.039

e b

E |0‘2;— MC § "

;m i— 5 %
First analysis of 2015 data for thesis, £ - I{ *ﬂ
using 6.4% (2.6 hours) of data, 5ok ‘* *ﬂ*
required hits in SVT Layer | for both 10_ HM W k

|
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Y
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N
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tracks: only part of acceptance.

vertex z (mm)

Plot v; in mass slices and verify
data/MC agreement in single slice.
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6. 4% 2 o I 5 @ I ) 0 6 G ev: Radiative vertex Z, mass [0.0385, 0.0429] Ge\;ice_se_copy

Entries 77098

Vertexing Search  F de B tepe tom
E L MC !
First analysis of 2015 data for thesis, § lo_ #f ﬂﬁ
using 6.4% (2.6 hours) of data, S oc ‘* i
required hits in SVT Layer | for both ol HM H*H k
tracks: only part of acceptance. S5 e e | 3";”;'32(;:”1)
Plot v; in mass slices and verify W
data/MC agreement in single slice. £ «-
o *r
Use MC to fit background as ) zj: '
gaussiantexponential tail at each oo
mass, determine zcut to expect 0.5 202—
events background for z>zcut. 1::
T 3107 m107 5107 6xtor

m(e*e) (GeV)



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.
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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. expected A’ yield, 6.4% 2015,LILI only

- ! 107
Yield is much less than predicted and much less v [ — ]
10\ A ((0 : |
than required for sensitivity with 2015 dataset. : = |
C — 10°
Traced to errors in proposal reach: - 'i
10° 1
- — 10°
Ow—o- - 1 - 1 - — .‘71_’l I - 104
2x10° 3x10° 4x10° 5x<10° _Bx10°
mass (GeV
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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

ECal background rates

13.0 MHz

15.1 MHz
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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

13.0 MHz

15.1 MHz

vertexing acceptance

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

13.0 MHz

15.1 MHz

vertexing acceptance

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.

The SIMP Miracle

J'IZ\/JT
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(heat dumped into SM)
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long-lived

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

Zcut

vertexing
acceptance
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HPS Upgrades

Zcut
Previously planned: 016 =
0.14 — S £
: o o E -
Add a thinned, slim-edge SVT 8ok |
“Layer 0” at z=5 cm 8 “ELayer 0
: o Qe <«—1 vertexin
— large factor increase in yields S oo 8
. _ . S E acceptance
for (exponentially decaying) A E —]

L
100

z-vertex position (mm)
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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’

acceptance

<«—1 vertexing

acceptance

Move L2-L3

18




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

Positron side

18



HPS Summary and Outlook

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

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

Assessing vertex reach for upgraded r
detector: initial results are very encouraging 107
but reach studies are not yet completed. |
Hope to match or exceed proposal reach. 10%,

Upgrade is very small project: 107
Plan to have it in place for next run. |

~ i » DarkLight
-10
10 ] = 4 Weeks @ 2.2 GeV

D . ;PS Vertex
|| === 4 Weeks @ 4.4 GeV

HPS will run periodically at JLab from | I

2018-2020 as beam time is available: 107 10° 10° 10°
A" mass (GeV)

a long run is expected in 2018.

95% of data taking is yet to come! 19



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.

20



Extra Slides



Beam Backgrounds

Signal kinematics demand acceptance close to beam
...where scattering in target creates extreme background.

A’ signal
o ob Kinematics very Scattered Beam Background
de 1w om2-x different from massless e’/lem?/month, SVT LI (z=10 cm)
© photon bremsstrahlung 10'>
EA
Xr = —
E .
ma \3/2
~ [— [t
B W target ( E ) ( 10
€ A’ & L
| ~ oA ~Iio-loo mrad
Energy = £ ...or other decays
! 10!3

A’ takes most of beam energy

0.2 0.4 0.6 0.8

x(cm)

-0.8  -06 -04f -0.2 0

4 MHz/mm?
Detector split above/below beam plane with acceptance down to +/- |5 mrad.

Challenges for occupancies, data rate, radiation tolerance, detector safety (edge of SVT LI 500 um 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. 9



HPS Detector

LED mother

board PbWO, crystal ~ Preamplifier
—|— (;” wrapped with support
(& = in VM2002 rails

Mother board

FE ASICs sensors

=4 ——— ~
— )
LED
with holder

Large area APD

SVT, target
movers

1 e
SVT
* 6 layers, 0.7% Xo/layer, in beam vacuum ECal
* 0y=6um, o= 60(120) um in L1-3 (L4-6) * 442 PbWO; crystals w/ LAAPD readout

* ot=2ns (offlm.e) . op= 4_\/(7% @1 QeV
* 50 kHz max trigger rate

« >100 gb/sec max data rate * ov=38ns (trigger), <I ns (offline)

* LI-3 vertically retractable from beam e >]00 kHz max trigger rate 23



The HPS Collaboration

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

SLAC (15)
JLab (15)
ODU (4)
UNH (4)
UCSC (3)
William & Mary (2)
Stony Brook (1)
|daho 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)

)| L
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SVT DAQ

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

Some unique challenges too...

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

Front End Board

RCE Platform

(10)
* In-vacuum ADC, voltage
] 8 APV25 s Am > ADC —> ADC .| Sample Data .| Data
generation and power R i P = "I RX | Jf|”] Framing " Reduction "| Buffer
distribution/control on very

dense Front End Boards . ¥
Clocking & Control < T'"?'"g &, E\'/er.1t
/ Trigger Building

* Vacuum penetration for digital

S

signals via high-density PCB
through flange w/ external

optical conversion. penetration

@200 Gbps
* Supports trigger rates up to 50

kHz, raw data rates in excess of
100 gbit/sec.

High density vacuum

ECal
TDAQ

/

N/

ROC

Application

25




SVT Amplitude and Time Reconstruction

Entries

Cluster Charge Reconstruction
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o o
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1

Hit Time Reconstruction
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:H\\w ol b b lwuh.ux:
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Hall B at JLab CEBAF

Simultaneous beam to multiple halls >

recirculating
arcs

with 2 ns bunch separation

* Epbeam = n%2.2 GeV,n=<5 (I | GeV Max)

* lpeam < 500 nA (Hall B) ~ 10000 e/bunch

CLAS12 in Hall B

Polarimeters
Beam monitors,
Raster system, ..

27



Radiative Fraction

~10% of total yield are radiative tridents

7 o
E % . —— trident+wab
—— trident
—— radiative
wab

o(p b)
=
2

0.04 0.06
m(e e ) (GeV)

0.02

Radiative fraction

0.25 o — S —
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HPS SVT
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HPS SVT
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ECal Performance

cluster energy resolution single-crystal time resolution
1600F 8 oF 3
1400 fit @ 1.06 GeV < fitted pulse
1200- “F shape |
1000 1705—
8001 1605_
600F :
400" "t
200;, . 1402—
8506707 08 09 1 11 12 13
E[GeV] i |||||ll|||||||||||||l||||l||||||||||||||i||||
0 5 10 15 20 25 30 S:E;npltleo# AZZ ns)
Ly 0.08
2 N op 162 2.87 T 4
Lt 925 s %
0.07E z 7 @ Vi ® 2.5% ot
0.06 (E in GeV) 3
0.05 3
0.04F *
0.03F i 50
0.02t % 0204 06 08 1 12 14 16

s b b b b b b b b by g Ly
040608 1 12141618 2 2224 Hit Energy [GeV]
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SVT Performance

events/ |25 KeV

> momentumrresolution at 1.06 GeV

(0] C
S 24000 — bkg = 1.0718 £0.0022
o2 Op _ (7 ) bkg 6= 0.1629 +0.0023
< 20000 - — 68 0 nbkg = 11062 + 533
~, 2000 p S nsig= 100193 £ 611
] 18000 — sig i = 1.04003 +0.00027
S 16000 sigo = 0.07120 +0.00033
© w00F % _ 6.8%+ 0.04%
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= Signal + Bkg Fit

r - Signal Fit
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Dark Photons in 2021?
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