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The Heavy Photon Search experiment (HPS) is a fixed-target, electron beam experiment designed
to search for eTe™ mass resonances and displaced decays using a forward acceptance spectrometer.
This article details the search for naturally long-lived “dark” vector mesons (Vp) arising from a dark
sector of beyond-Standard-Model strongly interacting massive particles (SIMPs), characterized by
a QCD-like SU(3)p symmetry and coupled to the Standard Model photon via a new U(1)p gauge
interaction mediated by the “heavy photon”, or A’. The results are based on an integrated luminosity
of 10608 nb~ " collected during the 2016 HPS Engineering Run. The displaced vertex search for
Vp — ete™ in the eTe™ invariant mass range 39 MeV-179 MeV showed no statistically significant
evidence for signal above the QED background.
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I. INTRODUCTION Z:
96
In recent years, a number of extensions to the Standard o
Model (SM) have been proposed which include new gauge s
symmetries that allow for so-called dark sectors with in- o
direct coupling to the SM to account for the dark mat-iop
ter [I—1]. In the simplest of these, a new U(1)p gaugein
field is introduced in the dark sector, giving rise to a po-io
tentially massive spin-1 vector gauge boson referred toos
as the “dark photon”, or A’ [5—7]. The dark photon ki-10
netically mixes with the SM photon through a massiveos
charged fermion loop, a process that is often simplifiedios
to an effective coupling with strength e. This couplingior
enables the electro-production of dark photons throughuoes
a bremsstrahlung-like process on a nuclear target [3]. 100
The final state signatures from the dark photon decayo
depend on the structure of the dark sector. Our previousm
analyses [9, 10] were optimized to search for an A’ in then:
simplest case where the A’, being light compared to otherus
dark states, can only decay back into SM leptons. Thereus
are a number of other models in the literature, some ofus
which will give different signatures in the Heavy Pho-1s
ton Search experiment (HPS) detector. In this work, weur
present a search for particles predicted by the Stronglyus
Interacting Massive Particles (SIMP) model [11, 12]. Inno
Section II, this paper discusses the SIMPmodel, high-12
lighting both theoretical and experimental constraints.iz
This is followed by brief descriptions of the HPS exper-i2
iment in Section III, and the data collection and recon-izs
struction in Section IV. Section V and Section VI detail
the event selection and data analysis, respectively. Sec-"**
tion VII summarizes the findings and suggests possiblers

improvements for future analyses. 126

127

II. SIMP MODEL AND PARAMETER 128
CONSTRAINTS 129
130
131
v et 132
o - u<l
" 1% p \ Vi \ e 134
w displaced

— g

—— 7D e~ N missing energy 135

136

137
FIG. 1. Production of e"e™ from the decay of a dark vector

meson Vp via a virtual dark photon A’. .

140

In contrast to the minimal dark photon model, whereia
thermal freeze-out is achieved through 2 — 2 annihilationis
into SM particles, extended dark sector models permit al-143
ternative freeze-out mechanisms. Introducing QCD-likeis
SU(3)p gauge symmetries in the hidden sector gives riseus

to strongly interacting massive particles, namely dark pi-
ons (7p) and dark vector mesons (Vp), where the lightest
states, the dark pions, serve as dark matter candidates.

While these models still require kinetic equilibration
with the SM to produce the relic abundance, dark pion
self-interactions allow for an additional 37p — 27 p anni-
hilation process that depletes the dark matter relic den-
sity even after decoupling from the SM [11]. The inclu-
sion of Vp further enables a semi-annihilation channel,
mpmp — wpVp, followed by the decay Vp — SM par-
ticles through a virtual A’. This decay can produce a
displaced ete™ pair (Figure 1), a signature well matched
to the capabilities of the HPS detector [13].

The SIMP model considered in this paper involves six
parameters: the dark photon, dark pion, and dark vector
masses, mas, My, and my, , respectively; the A’ kinetic
mixing strength € with the SM photon; the hidden sec-
tor U(1)p gauge coupling constant «p; and finally, the
ratio of the dark pion mass to the dark pion decay con-
stant my,/fr,. These parameters are constrained by
both theoretical consistency and experimental require-
ments. Perturbativity demands ap < 1 and in this work
ap is fixed at 1072, This implies my, /fr, < 4, since
Map/frp ~ gp ~ 4map. The kinetic mixing param-
eter must fall within 107% < ¢ < 1072 [3]. Values of
€ > 102 suppress semi-annihilation, while € < 1076 fail
to maintain kinetic equilibrium between the dark and
visible sectors in the early universe [13].

We search the parameter space for decays that are vis-
ible and reconstructible in the HPS detector; this yields
constraints on the search:

e my > 2m,, to suppress 7m — A'm
e myr > My, +my, toallow A" = wpVp

e my < 2m, and mus < 2my,, to favor decays with
good acceptance in the detector

e my, < 2mg, to prevent Vp — mpmp and ensure
visible decay

To manage the complexity of the parameter space, a
benchmark model with fixed mass ratios used in refer-
ence [13] is adopted. The search is then performed as
a function of my, and e, for the representative value of

Myp [ frp = 47

III. THE HPS EXPERIMENT

This section provides an overview of the Continuous
Electron Beam Accelerator Facility (CEBAF) accelera-
tor and the HPS detector. The key components of the
HPS apparatus are shown in Figure 2. More detailed
motivations and detector specifications are discussed in

HPS uses the electron beam from the CEBAF [14] at
Thomas Jefferson National Accelerator Facility in New-
port News, Virginia. CEBAF’s ability to provide a
high-repetition-rate, multi-GeV electron beam with low
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FIG. 2. A cutaway view of the HPS detector showing theis
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magnet and the downstream ECal. The positions of the target,,,
and the front portions of the SVT are controlled by a set of,

linear positioning motors upstream of the detector. o
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203
per-bunch charge is essential to HPS, allowing for high-
luminosity operation with minimal pile-up and manage-
able detector occupancies[15].

Although the HPS detector was designed to search for
prompt and displaced A’, it is also sensitive to a subset,,
of SIMP decays, that produce similar e*e™ final states, .
but with different kinematics. HPS targets rare ete™,
decays while rejecting large QED backgrounds. This re-,
quires a precise measurement of the invariant mass and,,
the position of the decay vertex. The overall geometry of,
the detector is optimized for forward-going ete™ pairs, a,,
characteristic shared by many potential signals, including
both A" and SIMP decays. In the nominal A’ scenario,,,
the signal (and hence the eTe™ pair) carries nearly all,
the beam energy, peaking at © = Ea//Epcam — 1 [3].,,
In contrast, for the SIMP model, the A" decays to dark-,
sector particles. The channel of interest for this study,
A" — wpVp, the Vp decays to eTe™ while the 7p escapes
the detector and leads to missing momentum. This re-
sults in lower z for the pair and a less boosted decay with
wider opening angles [13]. Although HPS has limited ac-,
ceptance for such events, it remains sensitive in regions
where the SIMP decay products fall within the detector’s
forward coverage.

204

212

8

224
To produce forward ete™ pairs, HPS places a thin,,

(4pm) tungsten foil target and Silicon Vertex Tracker,
(SVT) inside a dipole magnet. The magnetic field, with,,,
a magnitude of 0.5T for the 2016 run, bends charged,,
particles in the horizontal “beam plane”. This separates,,
electron from positron tracks and lower momentum sig-,;,
nal tracks from beam-related backgrounds, mostly full-,,
energy electrons or very low-momentum charged particles,,,
from the target. 253

The SVT is split into upper and lower halves, posi-»:.
tioned just above and below the beam plane, to maximizezss
acceptance near the beam while avoiding the large rateass
of scattered beam electrons. The SVT halves are placedas

at a vertical angle of approximately +15mrad from the
beam plane. Each SVT half includes six modules of ax-
ial/stereo sensor pairs, arranged from 10 to 90 cm down-
stream of the target leading to a maximum number of
measurements on a track of 12. Each sensor has a 60 pm
readout strip pitch. Strips are read out using APV25[10]
ASICs which records 6 samples of the signal development,
allowing reconstruction of hit time with & 2 ns resolution.

The Electromagnetic Calorimeter (ECal)[17] sits
downstream of the SVT. It is composed of 442 PbWOy4
crystals arranged in two identical arrays above and be-
low the beam plane. The ECal serves two roles in the
HPS experiment. First, it is used in the fast eTe™ trig-
ger system, selecting events that have two clusters in op-
posite quadrants of the ECal, i.e. in the top right and
bottom left of the ECal or vice versa. A detailed descrip-
tion of this trigger setup, referred to as Pairl trigger, is
given in [9]. Second, it is used in particle reconstruction
where we match the SVT track to an ECal cluster help-
ing to reduce background events from mis-reconstructed
and out-of-time tracks.

IV. DATA AND RECONSTRUCTION

The results presented here use data collected during
the 2016 Engineering Run. All data used for analysis
were collected at a beam energy of 2.3 GeV with a current
of 200nA on a tungsten foil target 4 pm (20.125% X))
thick. The total luminosity of this dataset is 10608 nb™*,
comprising 7.2 billion triggered events from a total charge
on target of 67.2mC. In addition to physics runs, a num-
ber of special runs were taken, such as magnetic field-off
runs and runs with a trigger dedicated to collecting scat-
tered single electrons over a wide range of scattering an-
gles. Data from these runs were used to calibrate and
align the ECal and SVT detectors.

In addition to experimental data, the analysis pre-
sented here makes use of Monte Carlo (MC) simulations
to understand some attributes of the signal and back-
ground. MadGraph5 [18] is used to generate signal sam-
ples at a range of masses, as well as background sam-
ples. There are two sources of background that pro-
duce ete™ pairs in the detector: trident interactions in
the target and wide-angle Bremsstrahlung (wide-angle
Bremsstrahlung (WAB)) events. Trident interactions are
simulated with both the Bethe-Heitler and radiative di-
agrams (see Figure 3) including their interference terms.
The WAB interactions can give a reconstructed e*e™ pair
in the detectors when the photon pair produces either the
target or the first few layers of silicon.

The beam backgrounds, predominantly scattered sin-
gle electrons, are simulated using EGS5 [19] and over-
laid on all MC samples, distributed according to the
time structure of the beam to account for pileup effects.
The simulation of generated samples uses GEANT4 [20]
to model interactions with the detector, after which the
detector response simulation and reconstruction are per-
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FIG. 3. Radiative (left) and Bethe-Heitler tridents (right)
have the same final state particles as the e"e™ production
from a dark vector decay shown in Figure 1.

The event reconstruction follows the procedure de-
tailed in [9]. Briefly, energy deposits in the ECal are
grouped into clusters, with per-crystal energy corrections
applied using calibration tables. These clusters are con-
structed by grouping high amplitude seed hits nearest
and next-to-nearest neighbors. The cluster energy is then
defined as the sum of energies of its constituent hits.

In the SVT, tracks are reconstructed using a combina-
torial Kalman filter [21] for both track finding and fitting™*
and incorporates multiple scattering. Each track is then®
propagated to the ECal and matched to an ECal cluster.?®
A matched track-cluster pair is referred to as a recon-**
structed particle. 8

Pairs of oppositely charged reconstructed particles are®
combined to form vertex candidates. The vertex posi-**°
tion is calculated using a global x? minimization algo-**
rithm [22]. Only pairs with tracks in opposite (top and

bottom) halves of the detector volume are considered.
292

V. EVENT SELECTION 203

294

After the data samples go through reconstruction, fur-2es

ther event selection is required to remove backgroundzss

Standard Model processes and isolate potential signalzs
events. This additional event selection was performed
in two stages: preselection and tight and tight selection,

as described in the sections below. 208

299
A. Preselection .

301
The preselection cuts are designed to remove poorly re-,,
constructed tracks and vertices as well as accidental eTe ™5,
pairs from the data sample, leaving pairs from trident and,,,
WAB events. In addition to the presence of a pair trigger,
the best handle on accidental vertices are strict require-ss
ments on the differences in times between the two clus-
ters and between track and cluster of the reconstructedsos
particles. There are requirements on the electron energyso
and the eTe™ energy sum to remove pairs where the elec-s0s
tron is the scattered beam electron. Additionally, well-300
reconstructed tracks and vertices are selected by cuts onswo
their fit x2s and the number of measurements on track.su
The preselection cuts are summarized in Table I. 312

Each reconstructed event is then required to have ex-
actly one of these preselected vertices. This requirement
mostly removes events in which no high-quality vertex
was reconstructed; however, this selection also eliminates
pileup backgrounds and the statistical overlap of the two
hit-content categories defined later for tight selections.

Cut Description Requirement
Trigger Pairl
Track Time Relative to Trigger [terk| < 61s

Cluster Time Difference
Track-Cluster Time Difference
Track Quality

Beam Electron Cut

Minimum Hits on Track
Unconstrained Vertex Quality
eTe”™ Momentum Sum

A(tclu,e* ’ tclu,e+) S 1.45ns
A(ttrk7tclu) S 4.0ns

Yo /n.d.f. < 20.0

P.- < 1.75GeV

Nhits > 7

Xotx < 20.0

Psum < 2.4 GeV

TABLE 1. Preselection requirements for eTe™ vertex candi-
dates.

The preselected data sample is used to optimize
the displaced vertex selection cuts, described in Sec-
tion VB 3. The preselected MC sample is also used to
estimate the fraction of radiative events in the data sam-
ple as a function of ete™ invariant mass, providing a
reference for the expected signal yield that reduces the
dependence on MC modeling of experimental efficiencies
as described in Section VI.

B. Tight Selection

Following the preselection to produce a sample of
cleanly reconstructed events with ete™ vertices mini-
mally impacted by pileup, a set of tight selections aimed
specifically at sensitivity to the SIMPs signature is used
to define the final event sample for the search.

1. Signal Kinematics Selection

In the SIMP model, the A’ decays to a stable, unob-
served light dark meson wp and a heavier vector meson
Vp. This shifts the signal region total momentum from
near beam energy, as in the case of the nominal A’ search,
to significantly lower values; thus, a selection on the sum
of the momentum magnitudes is applied:

(1)

Specifically, the signal region (SR) used for the SIMP
search requires 1.0GeV < pgum < 1.9GeV and the
control region (CR) used for determining the trident dif-
ferential production rate and fraction of radiative tridents
is 1.9 GeV < pgum < 2.4GeV. For the SIMP! (SIMP!)
model considered in this work the contribution of signal
events in this control region is negligible

Psum = |ﬁe*| + |ﬁe+ |
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2. Displaced Vertexr Categories 348

349

The sources and characteristics of falsely displaced ver-3®
tices depend upon the hit content of the tracks, and es-3
pecially on the presence or absence of hits in the layers3?
closest to the target. To enable the optimization of se-3
lections according to these attributes, the data is split®*
into two mutually exclusive categories according to the3*

hit content of the tracks. 356
357
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FIG. 4. Diagram showing the two mutually exclusive cate-3s
gories based on the track hit content within a vertex “L1L1" 3,
(black) and “L1L2” (blue).

371

372

The first analysis category is called “L1L1”, which con-*7
sists of vertices where both tracks leave hits in both ax-3
ial and stereo sensors in the first two tracking layers (L1%7
and L2). These events have the best vertex resolution,
although signal acceptance is limited to decays well up->"°
stream of L1, as depicted in Figure 4. Hits in L2 are,
required to minimize pattern recognition errors and mul—378
tiple scattering contributions in projecting tracks to the379
vertex.

The second analysis category is called “L1L2” and in-,
cludes events where one track misses .1 due to a hit in-
efficiency or reduced acceptance due to longer lifetimes.
Just as “L1” tracks must also have hits in L2, tracks
that miss L1 are required to have hits in both L2 and L3.
The L1L2 category has ~ 50% worse vertex resolution
and introduces more complicated backgrounds, such as
an increased rate of WAB conversions coming from the
L1 material.

8. Displaced Vertex Selection

The following section describes the selection procedure
used to search for the displaced vertices expected in signal
events. All relevant cuts are summarized in Table II. 38

Signal eTe™ pairs should be reconstructed at a dis-
tance displaced from the target but consistent with ass
parent particle originating from the beamspot on the tar-sss
get. This is verified by projecting a vertex candidate backss
towards the target at ziarges, using the reconstructed ver-ses

tex momentum. The target-projected vertex has new co-
ordinates Ttarget aNd Yrarget Which can then be used to
calculate a significance using the beamspot mean, pg ,
and standard deviations, o, ,. The shape, size, and posi-
tion of the beamspot on the target depend on the beam
conditions for a given run and are therefore character-
ized on a run-by-run basis. The average characteristics
of the beamspot are also modeled in MC, without run
dependence. The vertex projection significance (VPS),
as defined in Equation (2), is then required to be be-
low an optimized threshold in order to keep the vertex
candidate:

2 2
VPS — \/(l’target - Mm) + (ytarget - My) ) (2)
Oy Oy

Since the strip sensors of the axial (stereo) layers of
the SVT are oriented with the measurement coordinate
in (near) the vertical direction, the vertical impact pa-
rameter at the target, yg, has higher resolution compared
to the horizontal impact parameter and can be used to
discriminate against falsely displaced vertices. For truly
displaced signal vertices, both tracks creating the ver-
tex typically have yo far from zero. In contrast, back-
ground vertices often have one prompt track correctly
reconstructed with yg near zero, and the second track
with a significant gy due to multiple scattering or mis-
reconstruction. These scenarios are depicted in Figure 5.
This motivates selecting vertices based on requiring the
minimum of the two absolute yo values to be above an
mass-dependent threshold,

3)

Finally, placing an upper limit on oy, for both tracks
within a vertex removes some highly-displaced vertices
arising from imprecisely measured tracks:

Yo,min = min(|y0,e* ‘7 ‘yO,eJr |) .

(4)

Jyo,max = max(o—yﬂve_ ’ Jy07e+) :

Selection L1L1 L1L2

Missing momentum 1.0 GeV < psum < 1.9 GeV
From Beamspot VPS <2 VPS <4
Lower yo Error — Oyo,max < 0.4mm
Highly Displaced Yo,min > Y6 min (Mreco)

TABLE II. Summary of the final tight selection depending on
hit-content category. All selection variables are explained in
Section V.

4. Selection Optimization

The selections for both L1L1 and L1L2 categories are
optimized independently on simulated signal samples and
a 10 % subsample of the collected data, representing the
population of background events since no sensitivity is
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expected at this sample size. As described previously, the,s
minimal vertical impact parameter yo min Of each vertexy,
provides high discrimination power between signal and,s,
falsely displaced background events. The Y min is highly..
correlated to the reconstructed vertex position in z and,
after optimization removes all pairs reconstructed near,,
the target.

The final analysis is performed in yg min as a function of
reconstructed vertex mass, Myeco. In this (Yo min, Mreco)-*°
space, a signal would appear as an excess of high o min
events in a given mass window. Note that this differsaa
from the approach used in [9] where the reconstructedas

z-vertex position was used as the dependent variable.

Except for 9o min, all of the selections are optimized
by keeping the signal efficiency high (at least 80 %) while
removing background events with relatively high values
of Yo,min. While the oy, max parameter was not found to
be powerful for the L1L1 category, it is helpful in remov-
ing highly-displaced background events within the L1L2
category.

Finally, the yo,min parameter is optimized by maximiz-
ing the binomial significance of the signal yield [23] above
the remaining background. The signal yield calculation,
described in Section VIB1, is scaled up by a factor of
0.1/e. This is done to achieve a comparable number of
signal events to the background in this subsample, which
is necessary in order for the optimization algorithm to
work correctly. In order to be less sensitive to statistical
fluctuations and to get a smooth distribution of y§'y;, as
a function of mass, the selections chosen from this opti-
mization were fit with a second (first) order polynomial
for the L1L1 (L1L2) category. For the L1L2 category, the
first order polynomial is only used between 40-120 MeV
and is taken as a contant below and above these masses.

Figure 6 shows the distributions of yg min as a function
of Myeco for the L1L1 and L1L2 hit-content categories
in data after all selections have been applied. The final
Yo,min cut is illustrated by the solid red line for L1L1 and
L1L2 events, respectively.

VI. DATA ANALYSIS

This analysis searches for an excess of events in an
ete™ mass window where both tracks have large values
of Yo, min, indicative of highly displaced vertices. Addi-
tionally, the invariant mass of the reconstructed ete™
pair, Myeco, 1S expected to be within a certain range of
the search mass, my,. Given that the resolution of the
invariant mass peak is dominated by the detector reso-
lution ¢,,, the signal is expected to be concentrated in a
region defined by:

_ |mreco - mVD‘
Om ’

Pm (5)
Applying an upper limit on p,, defines a mass window
since it requires that myeco resides within a small range
around my,,. This analysis requires p,, < 1.5. The mass
resolution dependence on invariant mass is shown in Fig-
ure 7. The mass resolution is obtained from signal MC
and validated by comparing the resolution of the Mgller
scattering peak between MC and data. More details on
how the mass resolution was obtained and verified can
be found in [9].

A. Search Procedure

Before applying the final selection on Yo min, a back-
ground estimation is performed via an ABCD-like
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FIG. 6. The yo,min distribution as a function of reconstructed*”
invariant mass Mmreco With the final selection yg'fntﬂn drawn in
red for the L1L1 (L1L2) hit-content category on top (bottom).
Here, a SIMP-like signal would appear as an excess of high
Yo,min €vents — beyond yg'}zin — within a certain mass window.
The total number of events that pass the yo,min cut, Npass, is

noted on the plot for each category.

technique[24, 25] in the (Yo, min, Mreco)-sSpace and com-
pare this estimate to the observed data events to check
for a signal-like excess. The ABCD method uses side-
bands to estimate the background rate in a SR. Choos-
ing ranges in Myeco over which the width of the yo min
distribution varies in a roughly linear fashion, the search
space is separated into signal regions and sidebands in
Mreco ANd Yo min. Along the myeq, axis, there are two
sidebands — one below and one above the signal region —
while there is one lower sideband along the 3o min axis.
Table IIT gives the definition of these regions and Fig-
ure 8 shows an example of these regions along with the
calculation described below for the L1L1 channel.

The sidebands are projected into region F to obtain

HPS SIMP Sim
> T ——]e
% [« L1L1 1
=6 LiL2 e ]
o [ sreesse ]
4; oooo'..... ;
of ageisese™ ]
0’ L Ll Ll Ll Ll ]
20 40 60 80 100 120

u/ MeV

FIG. 7. The invariant mass resolution as estimated from
Monte Carlo at various masses of A’. The line is the result of
a polynomial fit to the points and is used in the analysis.

Region‘ Mreco Range Yo,min Range
A |(mvy —4.50m, mvp — LBowm) (Y5 min, 00)
B | (mvy, = 4.50m,mvp — 1.50m) (Y0 5mins Yo min)
C (mVD — 1.50m, mv, + 1'50'7”) (y(f)l,(;girmyg‘,lx;in)
D (mVD + 1'50—7’"«’ mVD + 45Um) (yg,oncl)irna yg‘,llf’un)
E (mvy + 1.50m, mv, + 4.50m) (ygf’r;in, 00)
F (mvy — 1.50m, mvpy + 1.50m) (Y5 min, 00)

TABLE III. Region definitions used in the background and
signal estimation. Region F is the signal region.

the expected number of events Fey, according to:

max(A + E, 0.4)

Feoxp = )
p=Cx B+ D

(6)
where x stands for the number of events within each re-
gion. The limiting value of 0.4 was chosen because a
Poisson mean of 0.4 is the highest possible mean with

HPS 10.7pb™
g 40— IR 2
E [ Myue =120 MeV 18 o
z35f0 A=14E=3B=7958D=590C =1058 i
ET Fexp = C x (max(A + E, 0.4)/(B + D)) = 2.1
T a0f Fobs=6 1
r P Value = 3.0e-02 1
2.5(- ] 103
2.0 {
i ] 102
1.5j 1
1.0F —
r 10°
0.5F E i b
r : R ,
009 150 200 250 10
Myeco / MeV

FIG. 8. Example search calculation within the L1L1 channel
showing the six regions and how the calculation is performed.
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zero observed counts being the most probable outcome.

The statistical test for excess is performed using 10 000
toy counting experiments. The distribution of Feyp, is
constructed by sampling C and B+D from normal distri-
butions and A+E from a Poisson distribution, where the
means of the distributions are given by the data. This
null distribution is then integrated from the observed
number of events in region F up to infinity to obtain
an approximate probability that the observed number
aligns with the background prediction, which is used as
the local p-value.

This procedure is repeated for each mass my,, in our
search range, producing Figure 9 showing the compari-
son between expected and observed event yields in re-
gion F and their corresponding p-values derived from
these toy experiments. The lowest observed p-value at
Mreco = 97 MeV achieves less than 30 global significance,
where the global significance is estimated by dividing the
local significance by an approximate number of indepen-
dent mass bins in which the search was performed. The
excess only exists within the L1L2 category, supporting
the conclusion that this is a normal (although rare) sta-
tistical fluctuation.

B. Exclusion Procedure

Without statistically significant evidence for a SIMP-
like signal excess an upper limit is set on the maximum
allowed signal yield at 90% confidence level and compared
to the expectation from the model as for range of ¢ and
invariant mass. The maximum allowed signal yield at
90% confidence level is calculated using the Optimum
Interval Method (OIM) [26]. The limit-setting procedure
on the signal yield and how that maps into exclusions in
parameter space is described in the section below.

1. Expected Signal Yield

The calculation for the number of ete™ events from
Vp decays observed in the detector is a product of of
the number of A’s produced in the target, the branching
fraction of A’ — Vpmp, and the detection efficiency of
Vp — ete™. These calculations are detailed below.

The A’ production cross-section a dark photon with
mass my is related to the radiative trident production,
cross-section by [8]

3rm/ye?  dos 519
A Y (7)

520

gar= 2Neff:1a dmlﬂ—

Myt —=mar
Here, Neg is the number of available decay products (with®
Negg = 1 since m/y < 2m,,), a is the fine structure con-
stant (o &~ 1/137), and the differential cross-section iss»
evaluated at the particular mass m4 . Multiplying both
sides of Equation (7) by the integrated luminosity givesses
the A’ production yield given the differential radiativesa
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FIG. 9. Search results for the L1L1 (L1L2) hit-content cate-
gory on top (bottom). The gray (red) dotted lines in the lower
panels are 1o, 20, and 3o local (global) significance lines.

trident rate,

3mm/, € dN.,-

N ’ ’ =
4 (mA ’6) 2Neff=1a dmA/

(8)

The differential radiative trident rate in Equation (8) is
broken into three components as

dN _ dN,x cr dNcg dN,« [dN,x cr\ dNcr
dm 4/ dm 4/ dmyreco dm 4/ dm 4/ dmyeco

The first term in Equation (9) is the radiative fraction
(fraa(mas)), which measures the expected contribution

9)
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of radiative tridents to the measured yield of eTe™ pairs
in the control region. The radiative fraction has a slight
dependence on invariant mass as shown in the top of Fig-
ure 10. The second term is the inverse of the radiative
trident acceptance X efficiency, again in the control re-
gion, referred to as the radiative acceptance (Ayaq(mar))
shown in the bottom of Figure 10. The third term, -S¥cr

? dMmreco
is the measured rate of eTe™ pairs in the control region

and provides a means to scale the production rate to a
given dataset, whether in simulation or data.

In the decay A’ — Vpmp the Vp represents one of
either of neutral dark vectors, pp and ¢p, each with
their production branching ratio, BR(A" — npVp), and
lifetime, T'(Vp — eTe™), that are a function of €[13]. The
mass difference between the pp and ¢p is assumed to be
small in this model so a search window would contain
a mixture of these two dark vectors, following [13]. To
account for this, the BR-weighted combined acceptance x
efficiency for both pp — eTe™ and ¢p — ete™ decays is
calculated as a function of the z-position of the Vp decay.

With E(z) being the efficiency of detecting the eTe™
pair from a Vp decay and summing over the contributing
dark vector mesons, the expected number of signal events
can be estimated as:

oo
Naw— N / > Dy, (2)E(z)dz  (10)
Zrarget Vi c{pp,¢p}
where
e,(zfzmrgot)/('ycTVD)
Dy, (z) = BR(A" = npVp) -

YCTvp

The branching ratio BR(A" — npVp) and lifetime 7y,
are taken from [13] where the lifetime explicitly depends
on ma: and €2. The Vp energy (and thus the relativistic
v) used in Dy, (z) is only distributed over a small range
(within O(100MeV)) so it is replaced with the mean (v)
as a simplifying assumption.

2. Systematic Errors

All systematic errors arising from the experiment and
this analysis have been quantified individually for the two
hit-content categories. The systematic errors were found
to be within ~ 1% of each other for both categories. The
larger error of the two is used for both categories andss
their combination. Note that some systematic effects,s
which would have extended reach, were not incorporateds?~
for the purpose of obtaining a conservative estimate. Ta-57
ble IV summarizes the systematic uncertainties which ares»
described in this section. 580

The systematic error of the radiative fraction of 7% isss
estimated from the uncertainty on the total cross sectionsss
of the different trident processes. A detailed descriptionsss
of this is given in [9]. 584

Both preselection and final cuts have systematic er-sss
rors that are found to be negligible. The difference insss

HPS
5 [——————————r———————————] o
£ 0.10F Fit 4 Simulation ] é
0.08f 3
INWtate 1
0.06F " H M\ + =
I Voeead 1
oodl N .ro.ww““:‘&:“‘#*ﬁwﬂw&#ﬁ#%*M‘M‘H ! M\‘MM LJF
i t T W+ﬂ¥ﬁ#ﬁ“ﬁ +H I
0.02f
ooc:\ PRI ISR NI S | L |
3 L L T T T
< 0.125; "’4.‘&&-4\. =
F o, "‘\
0.100F 7 e, E
F s L
[ s e
0.075} / R E
g A
0.0501 ! )
F 4 Fotha, + ]
r F ’*W,‘(ﬂw ]
0.025 / A :Wa’;
E
% ol b b b \3
0.000 50 75 100 125 150 175 200
Mass / MeV

FIG. 10. The fraction (top) and acceptancexefficiency (bot-
tom) of radiative events in our sample versus invariant mass
as estimated from Monte Carlo. The lines on the plot are
from polynomial fits to the points and are what are used in
the analysis.

Systematic Value
radiative fraction 7%
preselection cuts neglected
final selection cuts neglected
radiative acceptance

from pre-selection neglected

from target uncertainty ~ 5%
signal yield

from target uncertainty 2%

from mass resolution 0.5%
beamspot neglected
Psum shape ~ 3%
total ~10%

TABLE IV. Summary of systematic errors considered and the
values determined. Values marked preceded by ~ are mass-
dependent and the maximum value within the most-sensitive
mass range is what is listed.

efficiency between data and simulated trident samples is
less than a few percent for the selection variables used
and is lower in the simulated background than in data,
so it is not corrected this shift or include this systematic
error. The radiative acceptance is influenced most by
smearing of the pre-selection cut variables and appears
to be underestimated by ~ 12 %. No correction is made
for this systematic shift as this would artificially improve
the sensitivity since the signal yield (and therefore the
sensitivity) is inversely proportional to the radiative ac-
ceptance.

The uncertainty on the target position affects both the
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radiative acceptance and the signal yield. To determine
the resulting systematic errors, two simulated samples
with the target position offset by +5mm were created.
This value is a conservative estimate of the uncertainty
in the position of the target. From these samples, the
radiative acceptance was found to be overestimated by
~ 5% and the signal yield was found to be overestimated
by 2% due to selections on target position-dependent
variables.

The width of the beamspot and the mass resolution
of the detector are underestimated within the simulation
relative to the data. In order to account for this under-
estimate, the resulting analysis variables were smeared
accordingly. This was found to have only a small effect.
Due to a higher efficiency of events passing the VPS cut,
the beamspot smearing improves the signal yield, this ef-
fect is neglected in order to keep this exclusion estimate
conservative. The mass smearing, however, was found to
decrease the signal yield by 0.5 % which is included in
the total systematic uncertainty.

Finally, the shape of the Py, distribution is different
between data and simulated background. The effect of
this systematic was determined by re-weighting events
according to the ratio of the data and simulation Piym,
distributions and then re-estimating the signal yield with
these new weights. This led to a decrease in signal yield of
~ 3% for the most sensitive mass range, rising to ~ 15 %
in the lower masses.

These systematic uncertainties were summed in
quadrature leading to a total of < 10% for all but the
lowest mass points evaluated (rising up to ~ 18 %).

3. Combined Exclusion Estimates

Figure 11 shows the sensitivity for both hit-content
categories for my, /fz, = 4m. The 90 % confidence level
exclusion contours are drawn where the sensitivity equals
one after being suppressed by potential systematic errors
described in the previous section. The combined sensitiv-ess
ity of the two categories is calculated by adding the two
expected yields together and estimating the maximum,
allowed using the “Minimum Limit” combination tech-
nique for OIM results [27]. Figure 12 shows the resulting
sensitivity along with the combined exclusion contour,
including systematic errors. Compared to the individual
sensitivities of the two hit-content categories, the com-
bined result continuously covers a broader range in in-
variant mass and extends to €2 < 107% which neither,
category reaches by itself.

4

647

The contours for m,, /fr, = 3, a value where the de-ss
cay A" — wpmp is roughly the same as A" — Vpmp[13],60
were also calculated but found no exclusion at 90 % con-eso
fidence level. 651
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FIG. 11. The ratio of the number of signal events expected to
the maximum allowed at 90% CL exclusion as a function of
eTe™ invariant mass and e for L1L1 (top) and L1L2 (bottom)
hit-content categories. The contours outlined in red show the
regions of mass-e space excluded at 90% CL.

VII. CONCLUSION

In the investigated region of the SIMP parameter
space, couplings above €2 = 1076 have been excluded
by a reinterpretation [13] of BaBar [28] results. Our re-
sult, given in Figure 13, contributes to this effort by con-
firming the BaBar results and probing a small portion
of previously unexplored SIMP parameter space. Note
that the lines shown in Figure 13 yield the current relic
abundance of DM for a given mass hierarchy; the chosen
value of m,,, / fx, yields the highest BR of visible decays
[13], implying that the exclusion region for lower values
will shrink.

A possible extension to our analysis is given by a third
hit category “L2L2” where both tracks miss the first
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tracking layer. This category also suffers from complex
backgrounds and significantly worse vertex resolution,
but it does have acceptance to longer lifetimes where
both tracks decay without hitting L1. The L2L2 cate-
gory is particularly interesting in the context of the SIMP
search because there is greater acceptance for longer de-
cay lengths. Future analyses based on the ~ 10 times
larger 2019 and 2021 data samples could include this ad-
ditional hit category.

VIII. ACKNOWLEDGEMENTS

The authors are grateful for the outstanding efforts
of the Jefferson Laboratory Accelerator Division, the
Hall B engineering group, and Forest McKinney of UC
Santa Cruz in support of HPS. The research reported
here is supported by the U.S. Department of Energy Of-
fice of Science, Office of Nuclear Physics; Stanford Uni-
versity under Contract No. DE-AC02-76SF00515 with
the U.S. Department of Energy, Office of Science, Of-
fice of High Energy Physics; the French Centre National
de la Recherche Scientifique; United Kingdom’s Science
and Technology Facilities Council (STFC); the Sesame
project HPS@JLab funded by the French region Ile-de-
France; and the Italian Istituto Nazionale di Fisica Nu-
cleare. Jefferson Science Associates, LLC, operates the
Thomas Jefferson National Accelerator Facility for the
United States Department of Energy under Contract No.
DE-AC05-060R23177.

[1] Fundamental Physics at the Intensity Frontier (2012)ess
arXiv:1205.2671 [hep-ex]. 685
[2] R. Essig et al., Working Group Report: New Lightess
Weakly Coupled Particles, in Community Summerss
Study 2013:  Snowmass on the Mississippi (2013)ess

arXiv:1311.0029 [hep-ph].

[3] J. Alexander et al., Dark Sectors 2016 Workshop: Com-
munity Report (2016) arXiv:1608.08632 [hep-ph].

[4] M. Battaglieri et al., US Cosmic Visions: New Ideas
in Dark Matter 2017: Community Report, in U.S.


https://doi.org/10.2172/1042577
https://arxiv.org/abs/1205.2671
https://arxiv.org/abs/1311.0029
https://arxiv.org/abs/1608.08632

689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728

Cosmic Visions: New Ideas in Dark Matter (2017)72

arXiv:1707.04591 [hep-ph]. 730
[5] B. Holdom, Two U(1)’s and Epsilon Charge Shifts, Phys.7a:
Lett. B 166, 196 (1986). -
[6] P. Galison and A. Manohar, Two z’s or not two z’s?,7:
Phys. Lett. B 136, 279 (1984). 734
[7] P. Fayet, Extra U(1)’s and New Forces, Nucl. Phys. Brss
347, 743 (1990). 716

[8] J. D. Bjorken, R. Essig, P. Schuster, and N. Toro, Newrsy
fixed-target experiments to search for dark gauge forces,ss
Phys. Rev. D 80, 075018 (2009). 730

[9] P. H. Adrian et al., Searching for prompt and long-livedrao
dark photons in electroproduced e4e- pairs with thera
heavy photon search experiment at JLab, Phys. Rev. Dra
108, 012015 (2023), arXiv:2212.10629 [hep-ex]. 743

[10] P. H. Adrian et al. (HPS), Search for a dark photon7s
in electroproduced ete™ pairs with the Heavy Photonzs
Search experiment at JLab, Phys. Rev. D 98, 0911017
(2018), arXiv:1807.11530 [hep-ex]. w7

[11] Y. Hochberg, E. Kuflik, T. Volansky, and J. G. Wacker,7s
Mechanism for thermal relic dark matter of strongly in-7
teracting massive particles, Phys. Rev. Lett. 113, 1713017s0
(2014). 751

[12] Y. Hochberg, E. Kuflik, H. Murayama, T. Volansky, andrs2
J. G. Wacker, Model for thermal relic dark matter ofrss
strongly interacting massive particles, Phys. Rev. Lett.rss
115, 021301 (2015). 755

[13] A. Berlin, N. Blinov, S. Gori, P. Schuster, and N. Toro,7ss
Cosmology and accelerator tests of strongly interact-7sz
ing dark matter, Physical Review D 97, 10.1103/phys-7ss
revd.97.055033 (2018). 759

[14] C. Leemann, D. Douglas, and G. Krafft, The Continu-7e
ous Electron Beam Accelerator Facility: CEBAF at thers:
Jefferson Laboratory, Ann. Rev. Nucl. Part. Sci. 51, 4137:
(2001). 763

[15] N. Baltzell et al. (HPS), The Heavy Photon Search beam-7es
line and its performance, Nucl. Instrum. Meth. A 859,75
69 (2017), arXiv:1612.07821 [physics.ins-det]. 766

[16] M. J. French et al., Design and results from the APV25,767
a deep sub-micron CMOS front-end chip for the CMSres

12

tracker, Nucl. Instrum. Meth. A 466, 359 (2001).

[17] 1. Balossino et al. (HPS), The HPS electromagnetic
calorimeter, Nucl. Instrum. Meth. A 854, 89 (2017),
arXiv:1610.04319 [physics.ins-det].

[18] J. Alwall et al., The automated computation of tree-level
and next-to-leading order differential cross sections, and
their matching to parton shower simulations, Journal of
High Energy Physics 2014, 79 (2014).

[19] H. Hirayama, Y. Namito, A. F. Bielajew, S. J. Wilder-
man, and W. R. Nelson, The EGS5 code system, SLAC-
R-730, KEK-2005-8, KEK-REPORT-2005-8 (2005).

[20] S. Agostinelli et al. (GEANT4), GEANT4-a simulation
toolkit, Nucl. Instrum. Meth. A 506, 250 (2003).

[21] R. Fruhwirth, Application of Kalman filtering to track
and vertex fitting, Nucl. Instrum. Meth. A 262, 444
(1987).

[22] P. Billoir and S. Qian, Fast vertex fitting with a local
parametrization of tracks, Nucl. Inst. Methods A 311,
139 (1992).

[23] R. D. Cousins, J. T. Linnemann, and J. Tucker, Evalu-
ation of three methods for calculating statistical signifi-
cance when incorporating a systematic uncertainty into a
test of the background-only hypothesis for a poisson pro-
cess, Nuclear Instruments and Methods in Physics Re-
search Section A: Accelerators, Spectrometers, Detectors
and Associated Equipment 595, 480-501 (2008).

[24] F. Abe et al. (CDF), A Measurement of cB(W — ev)
and 0 B(Z° — eTe—) in pp collisions at /s = 1800 GeV,
Phys. Rev. D 44, 29 (1991).

[25] S. Abachi et al. (D0O), Search for high mass top quark
production in pp collisions at /s = 1.8 TeV, Phys. Rev.
Lett. 74, 2422 (1995), arXiv:hep-ex/9411001.

[26] S. Yellin, Finding an upper limit in the presence of an
unknown background, Phys. Rev. D 66, 032005 (2002).

[27] S. Yellin, Some ways of combining optimum interval up-
per limits (2011), arXiv:1105.2928 [physics.data-an].

[28] J. P. Lees et al. (BaBar), Search for Invisible De-
cays of a Dark Photon Produced in e+e- Collisions
at BaBar, Physical Review Letters 119, 10.1103/phys-
revlett.119.131804 (2017).


https://arxiv.org/abs/1707.04591
https://doi.org/10.1016/0370-2693(86)91377-8
https://doi.org/10.1016/0370-2693(86)91377-8
https://doi.org/10.1016/0370-2693(86)91377-8
https://doi.org/10.1016/0370-2693(84)91161-4
https://doi.org/10.1016/0550-3213(90)90381-M
https://doi.org/10.1016/0550-3213(90)90381-M
https://doi.org/10.1016/0550-3213(90)90381-M
https://doi.org/10.1103/PhysRevD.80.075018
https://doi.org/10.1103/PhysRevD.108.012015
https://doi.org/10.1103/PhysRevD.108.012015
https://doi.org/10.1103/PhysRevD.108.012015
https://arxiv.org/abs/2212.10629
https://doi.org/10.1103/PhysRevD.98.091101
https://doi.org/10.1103/PhysRevD.98.091101
https://doi.org/10.1103/PhysRevD.98.091101
https://arxiv.org/abs/1807.11530
https://doi.org/10.1103/PhysRevLett.113.171301
https://doi.org/10.1103/PhysRevLett.113.171301
https://doi.org/10.1103/PhysRevLett.113.171301
https://doi.org/10.1103/PhysRevLett.115.021301
https://doi.org/10.1103/PhysRevLett.115.021301
https://doi.org/10.1103/PhysRevLett.115.021301
https://doi.org/10.1103/physrevd.97.055033
https://doi.org/10.1103/physrevd.97.055033
https://doi.org/10.1103/physrevd.97.055033
https://doi.org/10.1146/annurev.nucl.51.101701.132327
https://doi.org/10.1146/annurev.nucl.51.101701.132327
https://doi.org/10.1146/annurev.nucl.51.101701.132327
https://doi.org/10.1016/j.nima.2017.03.061
https://doi.org/10.1016/j.nima.2017.03.061
https://doi.org/10.1016/j.nima.2017.03.061
https://arxiv.org/abs/1612.07821
https://doi.org/10.1016/S0168-9002(01)00589-7
https://doi.org/10.1016/j.nima.2017.02.065
https://arxiv.org/abs/1610.04319
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/0168-9002(87)90887-4
https://doi.org/10.1016/0168-9002(87)90887-4
https://doi.org/10.1016/0168-9002(87)90887-4
https://doi.org/https://doi.org/10.1016/0168-9002(92)90859-3
https://doi.org/https://doi.org/10.1016/0168-9002(92)90859-3
https://doi.org/https://doi.org/10.1016/0168-9002(92)90859-3
https://doi.org/10.1016/j.nima.2008.07.086
https://doi.org/10.1016/j.nima.2008.07.086
https://doi.org/10.1016/j.nima.2008.07.086
https://doi.org/10.1016/j.nima.2008.07.086
https://doi.org/10.1016/j.nima.2008.07.086
https://doi.org/10.1103/PhysRevD.44.29
https://doi.org/10.1103/PhysRevLett.74.2422
https://doi.org/10.1103/PhysRevLett.74.2422
https://doi.org/10.1103/PhysRevLett.74.2422
https://arxiv.org/abs/hep-ex/9411001
https://doi.org/10.1103/PhysRevD.66.032005
https://arxiv.org/abs/1105.2928
https://arxiv.org/abs/1105.2928
https://arxiv.org/abs/1105.2928
https://arxiv.org/abs/1105.2928
https://doi.org/10.1103/physrevlett.119.131804
https://doi.org/10.1103/physrevlett.119.131804
https://doi.org/10.1103/physrevlett.119.131804

	First Displaced Vertex Search for Electroproduced Dark-Sector Strongly Interacting Massive Particles by the HPS Experiment 
	Abstract
	Introduction
	SIMP Model and Parameter Constraints
	The HPS Experiment
	Data and Reconstruction
	Event Selection
	Preselection
	Tight Selection
	Signal Kinematics Selection
	Displaced Vertex Categories
	Displaced Vertex Selection
	Selection Optimization


	Data Analysis
	Search Procedure
	Exclusion Procedure
	Expected Signal Yield
	Systematic Errors
	Combined Exclusion Estimates


	Conclusion
	Acknowledgements

	References

