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Introduction

o Interest growing in thermal light (sub-GeV) dark matter candidates, which require new light gauge boson
o The Heavy Photon Search (HPS) is a fixed target experiment at Jefferson Lab focused on detecting the
heavy photon (A’), a finite-lifetime mediator connecting SM—Dark-Sector

o HPS utilizes a mass resonance search and a displaced vertex search

o After 2015+2016 Engineering Runs, analysis driven upgrades have been implemented for 2019 Data Run,
showing expected improvements to the A’ displaced vertex search

~ 10 KeV MeV~ m, GeV~ m,, m ~ 10s of TeV
Z.h
warm | AN.g 2, > Qpm
(14 = 2
too hot CMB/BBN Light DM WIMP DM too much
L - 7’

Production rates in MeV-GeV range
are large in fixed target experiments!

2015 published Search for a Dark Photon_in Electro-Produced e+e- Pairs
results P “with the Heavy Photon Search Experiment at JLab



https://arxiv.org/abs/1807.11530
https://arxiv.org/abs/1807.11530

Search for Dark Matter — Dark Photons

Assume an additional U (1) gauge symmetry gives
rise to a new gauge boson (A’)

Kinetic mixing leads to coupling of A’ to SM photon

Induces weak effective coupling of €e to SM fermions

€9dp sz —4 9
1672 %9 A

€

Assume M, < 2Mx & M, < 2Mu
A’ decay = e* ¢

Kinetic mixing

1 1
Egauge == _ZFﬁyFYuLW T ZF!MVFFZV



Search for Dark Matter — Dark Photons

« A’ production via fixed target dark bremm, sharply peaked at E,. = E__

o Electron beam provided by Jefferson Lab CEBAF Lifetime
« A’—e'e narrow opening angle m,/E__ o 1
« Short, but finite lifetime motivates displaced vertex search O(mm) €m

o Small production cross-section + large prompt QED background

o Requires sensitive, forward acceptance detector 0.5 mm from beam

“Dark Bremm?”

HPS Apparatus

PbwO , Electromagnetic Calorimeter

* Used for triggering and particle ID
* Requires fast readout electronics

Thin Tungsten
Foil Target
(4-8 pm) ~_

Pair Spectrometer
upto1.5T ¢

High intensity e beam
CEBAF accelerator

Sensitive to:

« g2> 1010 « Charged particle trajectory/
20 MeVfce<m,

g X ; ) &/—”"_) momentum reconsktruction
< 220 MeV/c?

~| meter * Requires very small angle
acceptance
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A’ Signal and Backgrounds

/ Heavy Photons \ Only distinguishable through / Radiative Tridents \
mass resonance or displaced . o=
vertex Irreducible Bkg -

>

Radiative Tridents used to
calculate expected A’
production rate in MC

/ Bethe—Hc?itl_er Tridents \ / Wide-Angle Bremsstrahlung \

e € e e

Reducible Bkg [-:43¢

Backgrounds 1;\1\
reducible through _> Reducible Bkg—-— et
kinematic cuts Largest Y
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2016 Preliminary Displaced Vertex Search Results
Reconstructed Z for 105 MeV + 4.7 M‘:‘YQMFSS Slice ‘ ] A SIgnal ls dlsplaced decay vertex in z
ﬁ ﬂ D
g \“ Entries = 1479876
| \m Mean -4.661 l k
10
e i Signal region = Vtx, w/< 0.5 bkg events
1 04 Amplitude  3.264e+05 + 3.911e+02
Mean 4,668 +0.002
Sigma 1758 £ 0,002
10° Tail 2 1,583 +0.006
—+— Data
: —— 105 MeV A'
10 - - - Gaussian Core Fit
—— Exponential Tail Fit
10 — 7, @ 1/2Background |, |
1 k|
5 Slgnal Reglon :
PO 1/ S T L |\ W Uit [, 2
-30 -20 -10 0 10 20 30 40 50 60
Reconstructed z (mm)

LIFORNIA

dN/dz [1/mm]

-

3
Relative' Efficiency

LLUBRRRILL BRI B B R R L

i
o—l
=)




2016 Preliminary Displaced Vertex Search Results
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Z vertex distribution shows large
background from tridents in signal region

Background reduced through series of cuts
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2016 Preliminary Displaced Vertex Search Results

Reconstructed Z for 105 MeV + 4.7 MeY.Mass Slice
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A’ signal is displaced decay vertex in z

Signal region = Vtx, w/< 0.5 bkg events
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Z vertex distribution shows large
background from tridents in signal region

Background reduced through series of cuts

Reconstructed z vs Mass
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Prelim 2016 results shows larger than
expected background (not observed in MC)
in signal region for M,, < 70 MeV
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2016 Preliminary Displaced Vertex Search Results

Reconstructed Z for 105 MeV + 4.7 MeV.Mass Slice
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A’ signal is displaced decay vertex in z

Signal region = Vtx, w/< 0.5 bkg events

Z vertex distribution shows large
background from tridents in signal region

Background reduced through series of cuts

Reconstructed z vs Mass
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Prelim 2016 results shows larger than
expected background (not observed in MC)
in signal region for M,, < 70 MeV

Reconstructed z [mm] Data L1L1 Inclusive

Background in signal region likely
attributed to mis-tracking

Large scattering and hit mis-association
cause false displaced vertex at high z
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2016 Preliminary Displaced Vertex Search Results

Reconstructed Z for 105 MeV + 4.7 MeV.Mass Slice — A’ signal is displaced decay vertex in z Reconstructed z [mm] Data L1L1 Inclusive
s Data
e 0 "\IE%rij 1479876 [ -
;E F ‘@@% Mean -4.661 - - 10°— Preselection ':7:'10% Data a‘{gw
N = K = E -t " v
§‘°§ hrad e Signal region = Vtx, w/< 0.5 bkg events S———— . ;{\@
Al Amplitude ~ 3.264e+05 + 3.911e+02 10°E F. e ‘( € 5
10 Me:n ~4.668 +0.002 EF VO Projecton 2o o o @\
F Sigma 1.758 + 0,002 - VO momentum » 1,85 G@‘& Goal iigate high
43 ai .583 + 0.l . . . 4 Pl £ :
e e LE A Z vertex distribution shows large " toltoncut S Ve oab mll i dlg
B 55 . . - . - st z backgrounds
10k = background from tridents in signal region (Pl e el Due g
E —— Exponential Tail Fit Iy g
hE —2,,@1/2Background | ; § -
E 12 . 10%
£ i Background reduced through series of cuts EF'N-- ‘
1 11072 H
%-‘ Signal Region : 10f- \ 'y
100" 3R s 0 & Ewnl L TRl
R tructed . -60 40 -20 0 20
sl ) Prelim 2016 results shows larger than
Reconstructed z vs Mass —] expected background (not observed in MC)
70¢ @5&% » in signal region for M,, < 70 MeV - %
= ° 11
IR X Data ; -
Esb @ ) . - -
N g‘@ﬁ@ Signal Region 10 Background in signal region likely i s
T 40— . . . P
% E attributed to mls—tracklng Target < Larger Scatter #1 Target " Track picks up
% 305— l backgromd 10° ,, wrong hit
c 20— e g — . . R .. 5
g E b - Large scattering and hit mis-association
o 10 T, 102 . . N
x cause false displaced vertex at high z LargeScater 2 (g Sttt
o
~10F- 10
- Motivates improving tracking detector and
e attern recognition for 2019 Data Run o g
80553 0.1 XTSEXCRRRE! L P gat \
Reconstructed m(e+e-)pkissald
See Matt Solt’s talk on July 13 at 16:45 for more 2016 details I . UNIVERSITY OF CALIFORNIA
SHNTH CRU/ 0



https://indico.cern.ch/event/1034469/contributions/4427076/

HPS 2019 Detector Upgrade

o 2019 upgraded Silicon Vertex Tracker to
improve acceptance and z vertex
resolution

o N Tracking Layers increased from 6—7

(not slim)

L1 (slim)
I Active area

Non-slim inactive

region

2019 HPS Front

New slim-edge
inactive region

«— Old non-slim inactive

e
3 i 0.5 mm}
; E Beamline '
Replaced original L1 with two - >§ HPS published slim-edge sensor paper
new “slim-edge” sensor layers 10 cm : “Design and performance of silicon

strip sensors with slim edges for
HPS experiment” V. Fadeyev et al.
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HPS 2019 Detector Upgrade

e 2019 upgraded Silicon Vertex Tracker to

improve acceptance and z vertex

resolution

o N Tracking Layers increased from 6—7

o New slim-edge LO placed closer to
Target and beamline than possible in

2016

« MC and prelim data show z vertex
resolution improved by factor ~2
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3.5 HPS Preliminary =
3 E_ = . - 2019 Tridents MC _E
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£ . E
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L2 (not slim)

“Slim-Edge” sensors have
reduced inactive material region

Ll (slim)

LO (slim)

Reduced inactive sensor

material allows closer

placement to target and
beamline

Target

S5cm downstream, half

Closest sensor now .t

Active area

Non-slim inactive
region

« New slim-edge
1nact1ve region

«— Old non-slim inactive

of original 10 cm

10 cm

Beamline

HPS published slim-edge sensor paper
“Design and performance of silicon

strip sensors with slim edges for
HPS experiment” V. Fadeyev et al.
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2019 Track

ing Upgrade

o 2019 also upgraded tracking software

e Pre-2019 (Legacy) Track finding algorithm only uses 3D hits

(clustered 2D hits)

.as happened in 2019

— Inefficient when hardware fails..

o For 2019 analysis, developed new track finding that uses 2D hits

Silicon Vertex Tracker




measurements

<)
o

ing Upgrade

2019 Track

o Axial and stereo sensor silicon strips intersect

e 2D strip hits are clustered at intersection to form 3D hit

o Legacy track finding uses 3D hits to form seed tracks via global chi2 fit



2019 Tracking Upgrade Azial Senace

- s Dimeasuremenis
=12k axiall measurement. (L

Axial and stereo sensor silicon strips intersect

2D strip hits are clustered at intersection to form 3D hit

Legacy track finding uses 3D hits to form seed tracks via global chi2 fit

Seed tracks extended to find full track candidates

Track candidates refit with General Broken Lines

— Treats multiple scattering

¢ prediction Uint 2 Uint,3
L]

|

e fit parameter ujux Uz U4 us us




2019 Tracking Upgrade Senor

=D axial measurement, e

o If one sensor in pair fails, lose 3D hit reconstruction on layer
o Legacy track reconstruction then loses that layer

o Recover hits from dead layers with new pattern recognition that
uses 2D hits

Track seeding ignores entire layer
if one sensor dies



2019 Tracking Upgrade

“axial SmEASUTemenits =t

o HPS replaced Legacy tracking with combinatorial pattern
recognition that uses Kalman Fitting

— treats multiple scattering and non-uniform field
o Tracks seeded with 5 2D hits (3 axial+2 stereo) for

parabola+line fit simultaneously

— Generally faster than Legacy pattern recognition
o Allows recovery of live sensor in live+dead pair



Kalman Filter vs Legacy Tracking

MC Simulation Truth Studies compare New
(Kalman Filter) to Legacy (Seed Tracker + GBL)
tracking

“Track Probability” indicates quality of hits on
MC reconstructed track

TrackP = 1 tracks have perfect hit content

KF tracking shows large expected improvement in
selecting hits on tracks | (25% more Perfect
Tracks)

Improved hit selection expected to reduce
mis-tracking background in signal region

Perfect Tracks
Comparing Track Probability
Legacy vs KF

10° ¢ I T e == "3 850k Tracks

5 = 1 3 680k Tracks
10° = st =
10 §_ —— 1 —_— O _§
£ 10° JEEE . e 1
© 20 Tracks i ]
= 107 ' =
H HPS Work In Progress =
lo EE ——e— Seed Tracker+GgBL ?
= _t_—?— —Ie— Kalman Filter 3
1§ , Monte Carlo =
H | =

10—1 P I —— | |, |, |, L
0.2 04 0.6 0.8 1 2
Track Probability

)

Track Probability = (N

truth_| hlts hits_on_track)

N = N hits from generated particle

truth_hits




Kalman Filter vs Legacy Tracking _ Tracking Efficiency

—
!
|

- 1 New

o
o)

IlI\III

Old

Electron Tracking Efficiency
o
)}

_ Monte Carlo

. . 0.4j . HPS Work In Progress ]

« How many “reconstructable” tracks found? (Tracking Efficiency) - O —— .
o Restricted to “high-quality” Tracks (TrackP >= 0.8) 0.2 -~ Electrons o E
Y123 4 5

KF Efficiency: >85% (>95%) for e-(e+)
Legacy Effiency: 70-75% (~85%) for e-(e+)
New tracking shows improved tracking efficiency beyond ~1 GeV

Generated Electron Momentum [GeV]

oy LI AL T ™7
e oot e et e e s g e eeeneeeeen ]
£ 0.6F + -
Tracking Efficiency & . ]
— 04,_ | HPS Work In Progress ]
recoTrack = r S vl + =
e(p, 1) = Nyaiched Piruih) S o 2;T s x::nn::,, e .
truth) — = = 1 |
" NirackablemcP(Prrum) n%_’ 00+ | PCI’SltronSI . Monte Carlo-
1 2 3 4 5

Generated Positron Momentum [GeV]
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Kalman Filter vs Legacy Tracking

« How many reconstructed tracks are fakes?

—  Tracks w/TrackP < 0.8
« “Fake Rate” = Binned ratio of N “fake” tracks to N
reconstructed tracks
o OId Tracking shows large fake rate below 1 GeV
o New Tracking has very low fake rate across range

These MC studies suggest that new
track reconstruction algorithm is more
robust to mis-tracking

Electron Fake Rate

8 B 9
NS o))

Positron Fake Rate

Tracking “Fake Rate”

o —_
[0 O \V)
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HPS Work In Progress
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Conclusions

HPS A’ Expected
Sensitivity 2019+2021

o HPS is designed to search for heavy photons, well motivated LDM-
LDM and LDM-SM mediators 107

e 2016 Engineering Run analysis motivated detector and software upgrades
for the 2019 Data analysis 10-5

- Vertex z resolution improved by factor of 2
- Expect cleaner tails due to improved vertex z resolution

106 =

— Tracking upgrade expected to reduce mis-tracking background 107

- 2019 data calibration and processing (on-going) ,
« Preparing for 2021 Data Run, 3.7 GeV @ 4 weeks 0=
e 2016 performance was close to A’ sensitivity, and with the
resulting upgrades the 2019 Data Run is expected to be sensitive
to A’ discovery!

l‘ Simulation Preliminary
l()—" III()I_l [ T TTI ‘l(l)”
A’ Mass (GeV)
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Thank You!
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Expected Signal

e A’'kinematics are identical to virtual photon production, and the cross section for heavy photons of mass m, can

be related to virtual photons of the same mass by [arxiv:0906.0580]

3mm ar € do -

IN fra dmy+; m+,-=m 4 <&—— All following calculations are for mass slice m,,
e - £

o TQp —
® Number of events for both processes are given by:
° ny* — EO’W*C'T* Aﬂr* = ﬁaw‘@

. _ . Combined acceptance and
Nar = LoaeaAn = ‘EUA « efficiency into one term

* Displaced decay of A’ leads to an acceptance/efficiency dependence on lifetime

® Re-writing top equation in terms of number of A’ events:
N 3mm 40 €2 AN
Al —

€
QNeffO[ vt dmAr

2
* where Cote = é’;(f) (“efficiency vertex”) is ratio of combined detector acceptance and efficiency for
-

A’ and virtual photon decays into charged patrticles




Expected Signal (Radiative Fraction)

® Expected signal proportional to radiative trident production rate

3mm s €2 _
Nop = €vid - Not measurable in data
2N,3ffa (]
® Relate Radiative Tridents to Background:
« AN dNpkg
d??'LA! rad d Teco
dN = dNprg

» where |frada = (“radiative fraction™) is ratio of selected MC radiative trident events to MC

dm " dmyeee

background (WAB + Tridents)

® The expected signal is now related to the radiative fraction by

37rmAf 62 dkag

Ny = ———€
A QNeffa vt:cfrad dmreco




Expected Signal (Radiative Fraction)
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Opt5)

Electron Tracking Efficiency (Purity >
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A’ Parameter Space

“Bump hunts” for prompt A’ decay to
lepton pairs

Current A’ Constraints:

N 107
M,R-"\A<l+ 10-5
A’ long lived at small coupling 108
YCT X =g T 1
€“ms, o
Constrained by “beam dump 10-8
experiments” |
o o .
| SLAC EI37__ L
%u -2)( |020 e 10_10 1
é ;
e * 107753 = -1 vax
10 10 10 1

ma [GeV]

. . . . thermal targets
" Dsucam - ap = 0.5, Ms /M, = 1.5

—
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2019 Physics Run

NEW HallD  _
« JLab Continuous Electron Beam N S
Accelerator Facility delivered continuous 3.5 Weeks @ 4.4 GeV ' . é
electron beam (2 ns bunches) ~150 nA on 8um & 20um W S )
) : : : Integrated charge ~ 386 mC sy
o Tight beamspot with small tails required to Lumi = 122 pb"
accommodate close SVT layers

Injector South Linac

. NEW 5th Pass Separator
- NEW Arc 10

!( ' Experimental Halls

70 140
HPS Work in progress

—
R
o

IntegratedLuminosity [pb~!]

60 4 - —#— Target 8 pm T
-8~ Target 20 pm
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Pulsed Electron Beam Runs
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2019 Hodoscope Upgrade SRS Hodoscope

! Positrons

o Ecal triggers on (e-e+) pair in opposite halves of ECal
e 2016 found Trigger dominated by WAB events (e- y)
e 2016 data and simulation also shows large portion of

Electrons

electrons lost in Ecal hole at high P, (events lost)

sum

¥, oo}

3 8 3 8

Ecat split into 2 halves,
above and below heam
__plane, to avoid high

intensity-radiation

e 2019 added Hodoscope over positron side of Ecal
« With Hodoscope, implement positron only trigger
o Reduces WAB triggers and recovers events with lost e-

WH'HI[IH'HI‘H\lHI[H\IIH[\

2 8 8 8 o

Triggered Events Sample

30000 e in the ECal

1200 l“ e in the ECal hole

Olatan=N, 1., . 1., [ .
12 14 16 18 2 22 24 26

111 1.2
Egor + Erop [GEV] P + Prg [GeV]

25000; e’y events st} [I ‘” 5” %(Pm > 1.95GeV)=1.19
C  ee*events F H ‘
20000— ‘ \
: 8001 . J
15000% s 'I”{- [ ‘ \' i |£'1;>"
- |‘ 10 o,
10000 400 " T
5000—
3
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2019 Detector Diagram

5 S B 51




	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31

