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Heavy Photon/A’ 

•  Conjectured new U(1) vector boson 
–  Extra U(1)’s appear in many BSM 

models 
–  Couples weakly (e×ε) to electric  

charge 
–  GeV-scale mass “inherited” from  

electro-weak scale 
•  Electrically charged ordinary  

matter acquire milli-charge  
under the A’ 

•  What makes it interesting now? 

Photon Mixing with New Vector Boson
New vector bosons couple to the Standard Model by 

mixing with the photon

GUT or Planck scale quantum corrections
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Sundrum; Morrissey, Poland, Zurek]
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FIG. 21: (color). Cosmic-ray electron spectrum as measured
by Fermi LAT for 1 yr of observations - shown by filled circles,
along with other recent high-energy results. The le spectrum is
used to extend the he analysis at low energy. Systematic errors
are shown by the gray band. The range of the spectrum rigid
shift implied by a shift of the absolute energy is shown by the
arrow in the upper right corner. Dashed line shows the model
based on pre-Fermi results [32]. Data from other experiments
are: Kobayashi [45], CAPRICE [33], HEAT [46], BETS [47],
AMS [19], ATIC [7], PPB-BETS [8], and HESS [9, 10]. Note
that the AMS and CAPRICE data are for e− only.

FIG. 22: (color). The e+ + e− spectrum computed with the
conventional GALPROP model [36] (shown by solid black line)
is compared with the Fermi LAT (red filled circles) and other
experimental data. This model adopts an injection spectral
index Γ = 1.6/2.5 below/above 4 GeV, and a steepening Γ = 5
above 2 TeV. Blue lines show e− spectrum only. The solar mod-
ulation was treated using the force-field approximation with
Φ = 550 MV. The dashed/solid lines show the before mod-
ulation/modulated spectra. Secondary e+ (red lines) and e−

(orange lines) are calculated using the formalism from [12].

FIG. 23: (color). The e+ + e− spectrum (solid line) computed
with the conventional GALPROP model [36] but with a dif-
ferent injection spectrum: an injection index Γ = 1.6/2.7 be-
low/above 4 GeV (dotted line). An additional component with
an injection index Γ = 1.5 and exponential cutoff is shown by
the dashed line. Blue line shows e− spectrum only. Secondary
e+ and e− are treated as in Fig. 22. Fermi-LAT data points
are shown by red filled circles.

matter particles (see e.g. [14] for a comprehensive list of
references). The features may also be explained by other
astrophysical effects ([43, 44] and others). Further discus-
sion of these many models, as well as an interpretation of
low-energy data with more realistic models for heliospheric
propagation, is beyond the scope of this paper.
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A’, Dark Matter & Muon g-2 

•  Excess flux of cosmic e+ and e- 
at high energy 
–  Dark matter annihilation through 

GeV-scale A’? 
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1. Comparable e+ and e– fluxes at high E
This is the easy part for DM – symmetric 
annihilation

2. No similar rise in anti-protons (nor 
gamma-ray signals)
Kinematically constrained decays to 
charged particles lighter than mA"/2 

3. Rate is a few hundred times larger than 
expected for annihilation of a 100-1000 
TeV thermal WIMP 
Long-range attractive force mediated by  
A" ⇒ Sommerfeld enhancement to 
annihilation rate

WIMP annihilation through dark forces

Qualitative features

[Arkani-Hamed, Finkbeiner, Slatyer, Weiner; Pospelov and Ritz]

[Slatyer 2009]
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mA ' <1GeV ⇒ A '→ l+ + l−
FERMI/HESS e++e- Flux 

•  Muon anomalous magnetic 
moment (g-2) 
–  >3σ deviation from Standard 

Model 
–  GeV-scale A’ could play a role 

estimates. Also note that these predictions of ahad, l−by−l
µ are below the estimated upper bound

ahad, l−by−l
µ < 15.9 · 10−10 based on parton hadron duality [53]. For our prediction of aSMµ we

will use the result from [50], which has been obtained as a ‘best estimate’ for ahad, l−by−l
µ after

reviewing different approaches. In the future it may well be possible to obtain independent con-
straints on, or hopefully even a full prediction of, the light-by-light contributions from lattice

gauge field theory. Such first principles simulations of the required four-current correlator are
very difficult, but work by two groups is underway [54, 55] and the first steps are encouraging.17

In addition, measurements of the meson form factors, which are needed in the modelling of the
light-by-light contributions, may become feasible at several experiments at low energy e+e−

colliders.
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Davier et al, e+e– (10)

JS (11)
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Figure 16: Standard model predictions of aµ by several groups compared to the measurement
from BNL [1, 59, 60]. The SM predictions are from HMNT (06) [6], JN (09) [44], Davier et al.
[10], JS (11) [18], HLMNT (10) [61], and HLMNT (11) is this work. Note that the value from

Jegerlehner and Szafron includes τ spectral function data, which, in their approach, are fully
consistent with and confirm the e+e− data. HLMNT (10) is a preliminary version of this work,

presented at conferences [61], but before the full updated data set was available.

Adding all the hadronic, QED and EW contributions, we finally arrive at the SM prediction

aSMµ = (11 659 182.8± 4.9) · 10−10 , (10)

where the errors have been added in quadrature. This prediction is now even slightly more

precise than the seminal experimental measurement from BNL [1]. After taking into account

17For first results obtained within an alternative approach based on Dyson-Schwinger methods see Goecke et
al. [56]. They estimate ahad, l−by−l

µ to be largely enhanced by quark loop contributions. However, see [57] for a
counter-argument.

21

theory 

experiment 

[Fermi 1008.3999; PAMELA 0810.4995] 

[Arkani-Hamed, Finkbeiner,Slatyer, Weider, Pospelov, Ritz] 

[Hagiwara et al; Bennet hep-ex/0602035] 

[Pospelov 0811.1030] 
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A’ Searches and HPS 

A’ decay in 
shield 

γcτ ~ 1
ε 2

1
mA '

σ A ' ~
ε 2

mA '
2

Too low luminosity 

Need more 
luminosity 

•  Key experimental issues 
–  Cross section relative to QED backgrounds 
–  Lifetime (the A’ can be long-lived!) 

 
Colliders 

Supernova cooling 

=ε
2 

[Bjorken, Essig, Schuster, Toro 0906.0580] 
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A’ Searches and HPS 

A’ decay in 
shield 

γcτ ~ 1
ε 2

1
mA '

σ A ' ~
ε 2

mA '
2

Too low luminosity 

Need more 
luminosity 

•  Key experimental issues 
–  Cross section relative to QED backgrounds 
–  Lifetime (the A’ can be long-lived!) 

 
Colliders 

Supernova cooling 

=ε
2 

[Bjorken, Essig, Schuster, Toro 0906.0580] 

Thin target 
γcτ~cm’s 

HPS “region of interest” 
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A’ Signal Characteristics 
•  Qualitative A’ features 

–  Very forward: EA’≈Ebeam 
–  Decay prod. opening angle: ~mA’/E 
–  Possibly displaced vertex 

 
•  Main backgrounds 

–  Bethe-Heitler suppressed by kinematic selections 
–  “Radiative” are kinematically identical to A’ 

HPS: A proposal to Search for Massive Photons at Jefferson Laboratory 
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The efficiency of the detector for detecting these A’s is discussed in Section 5. 

3.2 Radiative and Bethe‑Heitler Trident backgrounds 

The stark kinematic differences between QED trident backgrounds and the Aʹ signal can be used 

to advantage to maximize the signal to background ratio.  QED tridents dominate the final event 

sample, so we consider their properties in some detail here.  

 

Figure 3.2.1:  Sample diagrams of (a) radiative trident (γ*) and (b) Bethe-Heitler trident reactions that 
comprise the primary QED background to A' → ℓ+ℓ- search channels. 

The irreducible background rates are given by the diagrams shown in Figure 3.2.1.  These trident 

events can be usefully separated into “radiative” diagrams (Figure 3.2.1 (a)), and “Bethe‑Heitler” 
diagrams (Figure 3.2.1 (b)), that are separately gauge‑invariant (we discuss the simulation of the 

QED trident background events in Section 6).   

The contribution from the radiative diagrams (Figure 3.2.1 (a)) alone is also useful as a guide to 

the behavior of Aʹ signals at various masses.    Indeed, the kinematics of  the Aʹ signal events  is 

A’ 

“Bremsstrahlung” A’ production 

èSearch for a signal in narrow inv. mass window 
 Resonance search (“bump hunt”)  
 + displaced vertex search 

HPS: A proposal to Search for Massive Photons at Jefferson Laboratory 
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Trident backgrounds 

“Radiative” “Bethe-Heitler” 

HPS key measurements 
Invariant mass of decay products 

Reconstruction of decay vertex 

�
�mA

E

⇥3/2

(wide)

(narrow)

e�

Kinematics very 
different from massless 
photon bremsstrahlung

Energy = E

Unique Fixed-Target Kinematics

e�

�
�mA

E

⇥1/2

l+

l�
� mA

E
A�

Heavier product (here A’) 
takes most of beam energy

EA ⇥ E �mA

Ee � mA

d⇤

dx
⇥ �3

⇥

1
m2

e · x+m2
A(1� x)/x
�2

...or other decays

x =
EA

E Signal kinematics 

[Bjorken, Essig, Schuster, Toro 0906.0580] 
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Experimental Requirements 

•  Forward acceptance; small A’ decay opening angles 
 

•  Large luminosity; access to small cross sections 
 

•  “Continuous” beam; spread out “angry” backgrounds 
 

•  Fast electronics and trigger; “pick out” hits in continuous 
beam 
 

•  Thin target(<<1Χ0); lower multiple scattering  
 

•  Good momentum and vertex resolution; low-mass, high-
precision, very close to target (reach γcτ~1mm) 
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HPS Detector Overview 
•  Compact large forward acceptance spectrometer 
•  Silicon tracker/vertexer, inside magnet close (10cm!) to target 

•  All detectors split vertically to avoid ”sheet of flame” 
–  Primary beam, degraded electrons, bremsstrahlung photons, etc. 

~100cm 

beam  
e-’s 

Tracking/vertexing 
“measurement” 

Trigger/Particle ID 

beam  
e-’s 

dead zone 

e+ 

e- 

magnet 
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Jefferson Lab CEBAF 
•  CEBAF electron beam ideal for HPS 

–  Configurable beam; energy and current 
–  Near continuous; 2ns bunch spacing 
–  High luminosity; 2-8ab-1/day  

 
•  Excellent beam quality & stability 
 
•  Small beam spot size (<30µm); helps 

vertexing 
 

•  Schedule not ideal for HPS 
–  Machine down May12’ – 2015’ for 

12GeV upgrade 
–  Aim for first beam after upgrade 

A B C 
e- 

HPS: A proposal to Search for Massive Photons at Jefferson Laboratory 
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4.2.2 Running Conditions 

Production  data  will  be  taken  at  two  beam  energies,  ~2.2  GeV  and  ~6.6  GeV,  incident  on  a 

tungsten  (W)  target. The proposed  luminosity  for production running  is 0.3 × 1032 cm−2  s−1 per 

nucleus  at  2.2 GeV  and  1.5  ×  1032  cm−2  s−1  per  nucleus  at  6.6 GeV.  These  luminosities will  be 

achieved using electron beam currents of 200nA to 450nA, and tungsten target foil thicknesses 

from  5μm  (0.14%  RL)  to  8μm  (0.25%  RL).  The  high  intensity  electron  beam  incident  on  the 

tungsten  target  will  generate  a  significant  amount  of  electromagnetic  radiation,  composed 

mainly of bremsstrahlung photons, electrons which have radiated, Moller electrons, and beam 

particles which have multiple Coulomb scattered. In the dipole field, this radiation will create a 

“sheet of flame” in the bending plane (XZ), at the beam height, Y0.  Detectors will be positioned 

above  and  below  the  beam  plane,  leaving  a  small  gap  for  the  bremsstrahlung  and  Moller 

background to pass through. The gap between the up and down planes of the first layer of the 

silicon tracker will be approximately ±15 mrad. Operational experience shows that the CEBAF 

beam is very clean, and is contained within Y=1mm with halo at the level of less than 10‑5, so it 

passes through the “dead zone” gap. The beam halo that extends farther, 2mm, is at the level of 

10‑7, as seen in Figure 4.2.2.1. 

                                         

Figure 4.2.2.1: Hall B 6GeV beam profile measured in a large dynamic range profile measurement. Figure 
taken from A.P. Freyberger Proceeding of the 2003 Particle Accelerator Conference 0-7803-7739-9 ©2003 
IEEE. 

Vertical Beam Size 

Y [mm] 
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Beam halo/tails 
~10-6 

E=2.2,6.6GeV 
I=200-450nA 
for HPS 

[A. Freyberger] 
https://twindico.hep.anl.gov/indico/getFile.py/access?contribId=23&resId=0&materialId=slides&confId=751] 

1mm 
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Tracking Challenges 
•  Excellent vertex and momentum (èmass) resolution 

–  Track momentum ~few GeV (depending on Ebeam)  
è multiple scattering dominates resolution 

–  Need low mass detector 
 

•  Operation of tracker close to the primary beam: 500µm from beam! 
–  Primary beam and scattered “secondary’s” pass “through” tracker 
–  Safety of detector in case of beam incident  
–  Need motion system for tracking sensors to minimize “dead zone” 

 
•  Operation in beam vacuum 

–  Intolerable occupancies from intense beam interacting with gas 
–  Need vacuum compatible materials, cooling and retraction system 

 
•  Cope with extreme occupancies 

–  Hit assignment problems in dense environment 
–  Innermost strips sees ~10MHz hits/mm2 
–  Need robust, fast, radiation hard sensors and readout electronics 
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Silicon Vertex Tracker 
•  Pairs of micro-strip sensors 

 
•  Layout for optimal 

performance 
–  Multiple scattering error 

dominate: low mass 
–  Bend plane measurement in 

all layers (for momentum) 
–  90° stereo for vertexing 

 
•  Carbon fiber & rohacell 

support  
–  Water/glycol cooling (-5°C,

1.7W/sensor) 
–  Piezoelectric motion system 

 
•  106 sensors/67840 channels 

HPS: A proposal to Search for Massive Photons at Jefferson Laboratory 
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Figure 4.3.4.1: A rendering of the tracker showing the layout of the silicon planes inside a cutaway of the 
carbon fiber support box and the vacuum chamber.  The target assembly is just upstream of the first silicon 
layer. 

The solid angle subtended by the dead zone limits the acceptance for low mass A’ decays, which 

have  very  small  opening  angles  between  decay  daughters.    For  this  reason,  a  great  deal  of 

attention  has  been  paid  to  the  optimization  of  this  region  of  the  detector,  where  careful 

simulation of the backgrounds has been used to determine the occupancies and radiation doses 

that limit coverage there. 

In particular, three effects have been considered in setting the size of the dead zone. The first is 

the potential  for  an accident with  the primary beam  that would acutely damage or destroy a 

sensor.  The second is the radiation dose from scattered primary beam and radiative secondaries 

that will render the sensors inoperable over time.  The last is the density of hits associated with 

this  radiation  field  that  results  in  an  unacceptable  rate  of  pattern  recognition  failures.   All  of 

these issues are most severe in the first layer, which thereby determines the angular acceptance 

of the entire detector for prompt decays. 

Layer-> 1 2 3 4 5 6 
z position [cm] 10 20 30 50 70 90 

Stereo angle [mrad] 90° 90° 90° 50 50 50 

Bend plane res. 
[um] 

≈6 ≈6 ≈6 ≈6 ≈6 ≈6 

Stereo res. [µm] ≈6 ≈6 ≈6 ≈130 ≈130 ≈130 

Dead Zone [mm] ±1.5 ±3.0 ±4.5 ±7.5 ±10.5 ±13.5 

0.5-1T B-field rotating  
target  

Vertexing Pattern recognition 

0.7% Χ0 /layer 
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Figure 4.3.4.4: The hit occupancy per strip for 60 μm strips in Layer 1 for 7.5 ns of beam at 400nA intensity. 

4.3.5 Sensor Modules and Mechanical Support 

Each of the ten planes that measures a single view is split into two modules to accommodate the 

horizontal  dead  zone  that  cuts  the  entire  tracker  in  half.  These modules  are  the  fundamental 

mechanical units of the detector: the components of a module are permanently bonded together 

during assembly. Each  consists of  a number of  silicon  sensors  and  their hybrid  circuit  boards 

glued to a composite support structure.   

Adjacent silicon sensors are placed on alternating sides of the structure to provide overlap that 

ensures full sensitivity over the surface of the module for incident particles. In the areas between 

sensors on either side of the structure, holes are cut in the structures making them approximately 

50% void  in order  to minimize  the amount of material  the modules present  to  the passage of 

particles. At the end of each sensor is the hybrid circuit board containing the five APV25 readout 

ASICs necessary to read out the signals from a single sensor.   The pitch of the APV25 and the 

sensors are similar enough that a pitch adapter can be avoided here: wire bonds can be made 

directly from the chips to the sensors. 

A set of modules of both types for Layer 6 are shown in Figure 4.3.5.1. Although there are ten 

unique module types in the system, there are only two arrangements of sensors: those that are 

square with each other and the underlying module support structure and those that are rotated 

by 50 mrad.  As a result, module assembly requires at most two unique sets of tooling. The key 

mechanical attributes and material budget for the sensor modules are shown in Table 4.3.5.1. 

PATRAS2012/HPS Experiment 
Chicago, 07/20/2012 

Silicon Vertex Tracker 
•  D0 RunIIb (cancelled) upgrade sensors 

–  Radiation hard (3x expected run) 
–  High readout granularity 
–  Low mass solution (readout outside 

tracking volume) 
•  Readout: APV25 (CMS development) 

–  Fast, available, proven 
–  40MHz readout, analog deep pipeline 
–  t0 resolution ≅2ns 

# channels 128 

Input pitch [µm] 44 

Signal/noise >25 

Shaping time [ns] 35 (50) 

Light, Fast, Robust Sensors

pixels too massive, costly, complex:
microstrips are the simple, 
lightweight solution

Production Tevatron RunIIb sensors

many capable of 1000V bias:
fully depleted to > 4×1015 e-/cm2

Fine readout granularity

Available in sufficient quantity

28

Cut Dimensions (L×W) 100 mm × 40.34mm

Active Area (L×W) 98.33 mm × 38.34mm

Readout (Sense) Pitch 60μm (30μm)

# Readout (Sense) Strips 639 (1277)

Breakdown Voltage >350V

Total Interstrip Capacitance <1.2 pF/cm

Defective Channels <1%

# channels 639 

Active area (mm2) 98.33x38.34 

Readout (sense) pitch 60(30)µm 

Thickness 320µm 

Rad. Hardness [“e-”] ~3×1015 

APV25 

Light, Fast, Robust Sensors

pixels too massive, costly, complex:
microstrips are the simple, 
lightweight solution

Production Tevatron RunIIb sensors

many capable of 1000V bias:
fully depleted to > 4×1015 e-/cm2

Fine readout granularity

Available in sufficient quantity

28

Cut Dimensions (L×W) 100 mm × 40.34mm

Active Area (L×W) 98.33 mm × 38.34mm

Readout (Sense) Pitch 60μm (30μm)

# Readout (Sense) Strips 639 (1277)

Breakdown Voltage >350V

Total Interstrip Capacitance <1.2 pF/cm

Defective Channels <1%
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Figure 4.3.4.3: Background hits in the central portion of Layer 1 for one month of 400 nA beam.  The active 
silicon begins at y =±1.5mm. 

Limitations on the size of the dead zone due to high occupancies are less clear, and arise from 

two distinct  considerations. First,  for  robust pattern  recognition,  it  is desirable  to  limit  the hit 

occupancy that must be considered during pattern recognition to less than 1%.  Given hits with 

2ns time resolution, hits can be assigned to an 8ns window without significant loss of efficiency. 

Limiting the occupancy in this time window to 1% places the edge of the dead zone in the first 

layer  at  y  =±1.5mm,  as  shown  in  Figure  4.3.4.4.  It  should  be  noted  that  a  more  advanced 

algorithm  that  fits  hit  times  and  positions  simultaneously  will  be  developed  and  should 

outperform this simple selection. Second, for pristine reconstruction of hit times and amplitudes, 

it is important to minimize triple coincidences within a time window corresponding to the time 

evolution of the shaper output; approximately 250 ns for the nominal 50ns shaping time.  For the 

1% hit occupancy considered above, the rate of triple coincidences in individual strips within the 

same 250 ns window is 11%.  While this is probably acceptable in a small number of strips with 

the highest occupancy, reducing the shaping time to 35ns will suppress this rate by a factor of 

two and is therefore highly desirable. 

Because these considerations lead to similar conclusions,  the nominal dead zone of the tracker 

has  been  designated  as  θy  <  ±15  mrad.    It  should  be  noted  that  occupancies  and  radiation 

intensities  in  the  layers  with  small‑angle  stereo,  where  the  sensors  must  be  rotated,  are 

somewhat lower and thus will allow complete stereo coverage down to ±15 mrad in all layers. 

1014 

1013 

1% 

10% 

±1.5mm dead zone 
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EM Calorimeter & Trigger 
•  Good acceptance, fast, readily available 
•  Existing PbWO4 and Pb-glass modules 

–  CLAS inner calorimeter 
–  Readout: APD and photo multipliers 

•  Large occupancy close to primary beam 
–  10% occupancy; optimized layout and signal 

handling 
HPS: A proposal to Search for Massive Photons at Jefferson Laboratory 
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Figure 5.1.2.3 Hit occupancies in the electromagnetic calorimeter for a time window of 8  ns and a threshold 
of 100 MeV. The figure on the left has a linear z-scale, with a maximum of 20%, the figure on the right is 
identical except for the logarithmic z-scale. Note that the x and y axis are the index of the crystal, not the 
position. The reduced time integration window further reduces the occupancies on the crystals to a maximum 
around 15%. If experimental conditions dictate it, the threshold could be increased further on individual 
crystals.  

 

Figure 5.1.2.4 Hit multiplicities for the first row of crystals around the area of the beam exit. The left plot is for 
a threshold of 10 MeV, the right plot for threshold of 100 MeV. The y-axis shows the number of hits in the 
32 ns time window, the z-axis (colors) shows the percentage of events with this hit occupancy. 

A  more  detailed  picture  of  the  running  conditions  for  the  crystals  of  the  electromagnetic 

calorimeter can be obtained by looking at the hit multiplicities, the number of hits in a specified 

time  window  with  energies  above  some  threshold.  Figure 5.1.2.4  shows  the  multiplicity  for 

crystals in row 1 and a time window of 32 ns, with a threshold of 10 MeV (left) and a threshold 

of 100 MeV (right). The y‑axis  indicates the number of hits  in an event with the specified time 

window, and the color indicates the percentage of the events where the crystal had that many 

hits,  thus  a  sum  over  a  column  of  the  histogram  adds  up  to  100%.  One  can  see  that  for  a 

threshold of  10 MeV and a  time window of  32 ns,  crystals number 2,  3 and 4 have 2 hits per 

event for 30% of the time. When the threshold is raised to 100 MeV, the number of events with 2 

hits is reduced to fewer than 20%. A plot of the projection on to the y‑axis for crystal 4 is shown 

in Figure 5.1.2.5 (light blue line.) This figure illustrates how reducing the time window reduces 

the  multiplicity  on  the  crystal,  exactly  as  expected.  At  a  threshold  of  100 MeV  and  time 
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Figure 4.4.1.1. Schematic view of IC module assembly. 

In order to maintain stable performance of the PbWO4 calorimeter, the temperature in the ECal 

enclosure must be stabilized within 0.1 0C. The expected energy resolution of the system (from 

operational experience with the IC) is σE/E ~ 4.5%/√E (GeV). 

4.4.2 The Outer Calorimeter 

For  the  outer  layers  of  the  ECal  we  are  planning  to  use  either  lead‑glass  modules  (TF‑1), 

available  through  the  Yerevan  collaboration.  The  size  of  the  lead‑glass  module  is  40x40x400 

mm3. A schematic view of the detector assembly with the above modules is presented in Figure 

4.4.2.1.  Energy  resolution  of  these  modules  is  σE/E  ~  5.5%/√E  (GeV),  which  satisfies  the 

experimental requirements. These detectors have been used at JLAB.  A total of 96 modules will 

be needed to construct the outer part of the ECal. ECal Assembly. 

          
Figure 4.4.2.1. Lead-glass counter assembly used in previous JLAB experiments with the TF-1 module. 

APD & preamp. 

Pb-glass 

•  Readout by JLab 250MHz FADC 
•  Trigger provides 8ns trigger time 

window, 3µs latency 
•  Trigger and DAQ capable of 50kHz 

rate  

Ibeam=400nA, 0.25% Χ0 target 

Crystal index in x 

C
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 in
de

x 
in
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For  each  electron/positron  pair  reconstructed  in  the  tracker,  we  compute  the  invariant  mass 

based on the fitted momenta of the tracks.  The mass resolution depends on the invariant mass of 

the  pair  and  is  shown  in  Figure  5.3.2.3.    The  right‑hand  plot  in  Figure  5.3.2.3  shows  the 

improvement  in  the  resolution  for  the  second  fit, where  the decay  is  assumed  to occur  in  the 

target.   

   

Figure 5.3.2.3  Left:  The mass distributions for different generated A’ masses.  Right:  The gaussian width of 
the mass distributions vs generated A’ mass.  The open circles are the resolutions when the decay is 
constrained to the target beamspot and the closed circles are without this constraint.    

 

Even  for prompt decays,  the z vertex position  (Vz) distribution of all  reconstructed e+e− pairs  
(solid black histogram, Figure 5.3.2.4) shows a long tail, still significant beyond 5cm.   This tail is 

primarily  comprised  of  events  where  one  or  both  of  the  tracks  use  one  or  more  bad  hits.  

Fortunately  there  are  a  number  of  quantities we  can  use  to minimize  the  tails.   Namely,  for 

purposes of this proposal, we make the following cuts: 

 The χ2  of each track is less than 20 

 The total momentum of the A’ candidate is less than the beam energy 

 A very loose cut on the reconstructed vertex position |Vx|<400um and |Vy|<400um 

 The clusters in layer 1 of each track must be isolated from the next closest cluster by at 

least 500 um  

 A χ2 cut on the vertex fit of less than 15 

Figure 5.3.2.4 shows the vertex resolution for a sample of 200 MeV A’ events generated from a 

6.6 GeV beam. The cuts above remove almost all of  the  tail past ~1.5cm (points with errors  in 

Figure 5.3.2.4) while retaining ~55% of the e+e‑ pairs from the A’ candidate. The RMS of the final 
resolution distribution is 1.2mm while the high side tails of the distribution (i.e. the background 

for the long lived A’ decays) contain 1x10‑4 (>5mm) and 5x10‑7 (>1cm) of the events. The events on 

the  tail  are  enhanced  with  vertices  where  there  are  one  or  more  bad  hits  on  the  track 

Invariant mass res. 

σ M( )
M

≈1%

<20µm beam spot 
constraint is good! 

Intensity Frontier Workshop December 1, 2011

Vertex Position Resolution

12

Vertex Resolution
vs A’ Mass

e+

e��pe+
+ �pe�

10 μ
 beam

GEANT4-based 
simulation & full 
reconstruction 

Core of prompt resolution 
distribution follows well MS 
dominated
...but, suppressing tails is 
the key 

No BS constraint
(solid, black)

With BS 
constraint
(errors)mis-reco 

tracks, with BS 
constraint
(blue)

PATRAS2012/HPS Experiment 
Chicago, 07/20/2012 

HPS Performance 

•  Key variables: invariant mass and vertex resolution 
•  Multiple scattering limits performance 
•  Success for vertexing relies on rejecting tails 

HPS: A proposal to Search for Massive Photons at Jefferson Laboratory 
 

 
97 

 

(represented by the blue histogram in Figure 5.3.2.4), although there is still a contribution from 

well‑reconstructed  tracks.    The  rejection  of  tracks  with  bad  hits  depends  strongly  on  the 

precision of  the virtual A’  trajectory, which  in  turn depends on  the  size of  the beamspot.  For 
vertices  reconstructed  beyond  1  cm,  the  rejection  factor with  a  100 m beamspot  is  ~5  times 

worse than for the 20m spot. Having a small beamspot is very important. 

The  vertex  resolution  depends  on  the  invariant  mass  of  the  particles  being  vertexed.  Lower 

masses have worse Gaussian resolutions as shown in Figure 5.3.2.5.   This is expected since the 

error on the opening angle (), due to multiple scattering, scales like:   ~ (1/E)/(m/E) ~1/m.  

The  fraction  of  reconstructed A’  candidates  greater  than  a  given  Zv  value  for  four  different 
mass/beam‑energy combinations is shown in Figure 5.3.2.6.    Interestingly, even the tails of  the 

resolution appear to also scale by 1/m as shown in the right‑hand plot of Figure 5.3.2.6.  The x‑

axis of this plot is normalized such that Znorm=(m(A’)/100MeV) Zcut.  

In practice, there is much more we can do to clean up the vertex and mass resolution both at the 

track  level  (e.g.  remove hits  that  are  clearly  from  scattered  beam electrons)  and  at  the  vertex 

level.  These will be pursued in the near future. 

   

Figure 5.3.2.4: Distribution of the reconstructed vertex position along the beam axis for 6.6GeV 200MeV A’ 
events before (solid black) and after (points with errors) selection.  The blue histogram shows the distribution 
for pairs that have at least one bad hit after selection.  

Prompt  
background 

Track & vertex  
selection 

Signal 
region 

Need ~107  
rejection! 

Tracks  
w/ bad hits 

Vertex z-position 

6.6GeV 
2.2GeV 
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HPS Sensitivity 

•  Optimized beam energy, 
current and target 
thickness  
(0.25%, 0.14% Χ0) 
 

•  Explore new regions of 
parameter space 

HPS 
3 months 2.2GeV 
3 months 6.6GeV 

HPS Test Run 
1 week 2.2GeV 
1 week 1.1GeV 

“Vertexing” 

“Bump-hunt” 
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HPS Test Run 
•  Very busy year! 
•  In 2011: “Full” HPS contingent on 

test run 
–  Build a tracker and calorimeter that 

successfully meets key challenges 
–  Confirm models of backgrounds 
–  Demonstrate technical approach 
–  Bonus: physics reach 

•  Design choices: sacrifice 
acceptance 
–  20 (/106) tracking sensors 
–  Inner calorimeter: PbWO4 modules 
–  Complete, integrated full DAQ for 

SVT and calorimeter 

Very tight schedule: 
Run before the 12GeV 
upgrade 

5 tracking 
planes  

Ecal PBWO4 
crystals analyzing 

magnet 
Vacuum box 

Cooling and 
motion control 

Electrical feed-
throughs 
(600 wires) 

1m 



17 
PATRAS2012/HPS Experiment 

Chicago, 07/20/2012 

HPS Test Run 
•  HPS Test ran successfully in April/May 

2012 with photon beam 
–  Conceived, built and installed novel 

tracking/vertex detector in ~14 months! 
–  Demonstrated FADC, trigger and DAQ 

rates 
–  Tracker timing, S/N, etc., as expected 

•  Analysis of background models 
ongoing 

Target 
thickness (rad. 

len) 

# Events Approx. trigger 
rate (Hz) 

no target 0.6M 0.3k 

0.18% 2M 0.4k 

0.45% 1M 0.6k 

1.6% 1.5M 1.9k 

Tracker Performance: all channels work 
Pedestal ~ 70 ADC counts MIP Cluster PH ~ 1600 ADC counts  

Record pulse shape in 6-25ns bins 
                ⇒ track time 

S/N ~ 20 
σx ~ 7 µm 

Track Time Resolution  
σt ~ 3 ns 

Short photon beam run 
(last hours of CEBAF 6GeV era!) 

APV25  
t0 calibration 

Fit to pulse shape 
èobserve <3ns resolution 
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Summary 
•  HPS designed for discovery of A’ for mA’=0.1-1GeV 

 
•  Keys for success  

–  Invariant mass of decay products 
–  Reconstruction of long-lived A’ decay vertex for small couplings 

 
•  Key challenges  

–  Excellent tracking and vertexing performance close to fixed-target 
–  Occupancies in tracker and electromagnetic calorimeter 
–  High-rate trigger and DAQ 

 
•  Status and tentative timeline 

–  HPS Test Run in April/May 2012 (success, but only photon beam) 
–  Approved by PAC  
–  Hope to Run HPS Test in 2014 with electron beam 
–  Working out details with JLab  
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Closing the gap 
Sensitivity of Reach Estimate 

Modest changes in accumulated in luminosity will not make or break the experiment.  

June 20, 2012 Heavy Photon Search 28 

5σ Reach  Full luminosity  1/3 Luminosity 

Crossing Mont’s Gap

3

•Hard to go from top...
•sqrt(N)
•better mass reso.
•From the bottom!
•need better vertex 
resolution...put first Si layer 
closer to the target

•Add a layer 5cm between target 
and Layer 1 (10cm)
•less acceptance at low m; more 
at higher m;
•add’s more material...worse 
momentum (i.e. mass) resolution 
(not much though)
•these not factored in here
•add a layer at 2.5cm to close 
further(?)

-  Additional layer 5cm from target 
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HPS Sensitivity 

Angle to large 
and/or too few 

No displaced vertex 

Too forward  

Too few 

Tracking 
planes Target 

Calorimeter 

e- 

e+ 

Calorimeter e- 

Too few 

Angle to large 
and/or too few 

Too forward  “bump-hunt” 

“vertexing” 
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A’ Direct Production 

•  Fixed target is an ideal hunting ground 

e- 

e- 

A’  
Collider Fixed Target 

e- 

e+ 
l+ 

l- 

γ 

Ze 
A’  

l+ 

l- 

σ ~ α
2ε 2

E
e−
2 ~Ο 10 fb( ) σ ~ α

3Z 2ε 2

mA '
2 ~Ο 10pb( )

O(tens) ab-1 per decade O(few) ab-1 per day 
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of the bad hit.  They tend to be in the closer layers, particularly in the planes that measure the 

non‑bend  coordinate.   We’ll  show how  these  bad  hits  affect  the  track parameters  in  the  next 
section. 

 

Figure 5.3.1.2:  The number of bad hits (left) and the layer number of the bad hit (right) for electron (black) 
and positron (blue) tracks prior to vertex selection.    

5.3.2 Track Momentum and Spatial Resolution 

The momentum resolution is shown in Figure 5.3.2.1 as a function of momentum for tracks with 

0 bad hits and for tracks with one or more.   The momentum resolution for well‑reconstructed 

tracks is σp/p = 1.5%.  Generally, tracks with only bad hits in the non‑bend layers have the same 

momentum resolution as well reconstructed  tracks; only bad hits  in  the bend  layers affect  the 

momentum. 

 

Figure 5.3.2.1:  Fractional momentum resolution versus momentum for 0 bad hit tracks (circles) and tracks 
with 1 or more bad hits (triangles). 

Momentum res. 

σ p( )
p

≈1.5%

==0 mishits  

>0 mishits  
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Figure 5.3.2.5: Left: The distribution of reconstructed vertex positions for A’ different masses.   Right:  The 
(Gaussian) resolution dependence versus A’ mass for signal-only events. 

 

Figure 5.3.2.6:  Fraction of A’ candidates with reconstructed Z-vertex position greater than the given cut. The 
x-axis left hand plot shows the actual value of the Z-vertex cut, while the x-axis of the right hand plot is 
scaled by (m(A’)/100MeV) Zcut 

 

5.3.3 References 

1. P. Billoir, R. Fruhwirth, and M. Regler, Nucl. Instr. And Meth. A241 (1985) 115.  

2. P. Billior and S. Qian, Nucl. Instr. And Meth. A311 (1991) 139.  

 

σ Z( ) = 2L δθ
θ

Multiple scattering dominated 



25 
PATRAS2012/HPS Experiment 

Chicago, 07/20/2012 

HPS Performance 

HPS: A proposal to Search for Massive Photons at Jefferson Laboratory 
 

 
90 

 

 

Figure 5.2.2 Silicon sensor layer 1 occupancy at 400 nA vs distance from the beam in mm.  

Target thickness (% X0)  Beam Current (nA)  S/B 
1.0  60  7.7 

0.5  170  9.1 

0.25  430  10.4 

0.10  1330  11.6 

0.05  2860  11.9 

 

Table 5.2.1. Beam current yielding 1% occupancy in Silicon sensor layer 1 for various target thicknesses at 6.6 GeV, 
and the relative experimental sensitivities which result.  

Once  the dead zone  is determined,  the  tracker  acceptance can be calculated by  requiring  that 

both e+ and e‑ from A’ decay are detected in the first five silicon layers. The tracker parameters 

given in Table 4.3.4.1 are used. Figure 5.2.3 shows the tracker acceptance as a function of A’ mass 
at  beam energy of  2.2 GeV and  6.6 GeV  for  several A’ decay  lengths,  including when  the A’ 
decays at the target (Zv = 0 cm).  The tracker has useful acceptance from 20 MeV to 1000 MeV; 

lower (higher) beam energies can probe A’s of lower (higher) mass. At the lower mass side, the 

dead zone  limits  the  acceptance, while  the  transverse  tracker  size  limits  the  acceptance at  the 

higher mass side. As the A’ decay distance becomes longer,  the first‑five  layer acceptance gets 

smaller as the A’ decay products remain within the dead zone at Layer 1. To detect these long‑
lived A’ decays,  the  last  four  silicon  layers  can be used. Figure 5.2.3  shows  the  last‑four  layer 

acceptance when A’ decays at 10 cm and 20 cm from the target. The tracker design based on six 
silicon layers has a large acceptance over a wide range of decay lengths.   
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Figure 5.2.3 Tracker  acceptance  as  a  function  of A’ mass at 2.2 GeV (blue) and 6.6 GeV (red). The solid 
lines are for A’ decay vertex at Zv=0 cm, the dash lines at Zv=10 cm, and the dash-dots at Zv=20 cm. 

5.3  Tracking Performance 

We  use  a  GEANT4  Si  tracker  simulation  based  on  SLAC’s  org.lcsim  infrastructure  for  full 
simulation  of  the  passage  of  charged  and  neutral  particles  through  the  target  and  tracker.  It 

creates realistic energy deposits  in  the silicon microstrip detectors, accounts  for dead material, 

accurately digitizes energy deposits  into strip hits, creates clusters, and performs track finding 

and  reconstruction.    This  simulation  is  used  to  get  realistic  estimates  of  tracking  pattern 

recognition  efficiencies  and  purities  in  the  presence  of  all  the  expected  electromagnetic 

backgrounds, and to evaluate momentum, invariant mass, and vertex resolution.   

The standard pattern recognition algorithm is designed to find tracks efficiently using strip hits 

in the tracker. The first step in track finding is  to convert  the digitized hits  into a common hit 

format. This format encapsulates all the information needed by the standard pattern recognition 

algorithm, while  insulating  the  track  finding  from differences  and  changes  in  the digitization 

algorithms.   We consider two types of hits: axial strip hits  that have one measured coordinate 

and one bounded coordinate and stereo hits formed from a pair of strip hits in the same tracker 

plane.  Track finding is controlled by a set of strategies. A strategy consists of the list of detector 

layers  to  be  used,  the  role  of  each  layer  (seed,  confirm,  or  extend),  kinematic  constraints 

(momentum, impact parameters), requirements on the number of hits, and the χ2 cut.  

The  track  finding algorithm  is exhaustive  in  the sense  that all  combinations of hits  that  could 

potentially lead to a successful track fit are considered. The algorithm proceeds in four steps: 

Tracker acceptance 
A’ decay vertex at Zv=0,10,20cm 

A’ production scales like Ibeam/thickness 
Thinner target->less multiple scattering 
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HPS Performance 

•  Event selection 
–  Track χ2<20 
–  p(A’)<Ebeam 
–  |Vx|<400µm and |Vy|<400µm 
–  Cluster isolation in Layer 1 >500µm 
–  Vertex χ2<15 

•  More elaborate selections possible 
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(represented by the blue histogram in Figure 5.3.2.4), although there is still a contribution from 

well‑reconstructed  tracks.    The  rejection  of  tracks  with  bad  hits  depends  strongly  on  the 

precision of  the virtual A’  trajectory, which  in  turn depends on  the  size of  the beamspot.  For 
vertices  reconstructed  beyond  1  cm,  the  rejection  factor with  a  100 m beamspot  is  ~5  times 

worse than for the 20m spot. Having a small beamspot is very important. 

The  vertex  resolution  depends  on  the  invariant  mass  of  the  particles  being  vertexed.  Lower 

masses have worse Gaussian resolutions as shown in Figure 5.3.2.5.   This is expected since the 

error on the opening angle (), due to multiple scattering, scales like:   ~ (1/E)/(m/E) ~1/m.  

The  fraction  of  reconstructed A’  candidates  greater  than  a  given  Zv  value  for  four  different 
mass/beam‑energy combinations is shown in Figure 5.3.2.6.    Interestingly, even the tails of  the 

resolution appear to also scale by 1/m as shown in the right‑hand plot of Figure 5.3.2.6.  The x‑

axis of this plot is normalized such that Znorm=(m(A’)/100MeV) Zcut.  

In practice, there is much more we can do to clean up the vertex and mass resolution both at the 

track  level  (e.g.  remove hits  that  are  clearly  from  scattered  beam electrons)  and  at  the  vertex 

level.  These will be pursued in the near future. 

   

Figure 5.3.2.4: Distribution of the reconstructed vertex position along the beam axis for 6.6GeV 200MeV A’ 
events before (solid black) and after (points with errors) selection.  The blue histogram shows the distribution 
for pairs that have at least one bad hit after selection.  

Prompt  
decays 

Track & vertex  
selection 

Signal 
region 

Need ~107  
rejection! 

Tracks  
w/ bad hits 
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3) If a hit with more energy is found, the original hit is not the cluster center, 

4) Else add up the energies of the hits over threshold of 30 MeV, in the 3x3 square if these 
hits were within 8 ns of the center hit. 

The resulting cluster samples were then studied to define the most effective trigger,  for which 

the  criteria  are  the  largest  acceptance  of  simulated  A’  events  and  the  highest  rejection  of 
background events. Thus the ratio of accepted A’ events to background events was maximized, 
with the additional constraint that the background trigger rate would not exceed 30 kHz. 

Table 5.1.3.1 shows each of the subsequent cuts and their effect on the number of accepted A’ 
trigger candidates together with the effect on the background trigger candidates. The simulated 

A’ mass used was 200 MeV. Numbers are given as a percentage of the total number of simulated 

events. A more detailed description of each trigger selection cuts follows.  

At the lowest level, a trigger required two good clusters in opposite quadrants of the calorimeter. 

Many events would have multiple clusters in at least one of the two quadrants, in which case all 

combinations of clusters were tried for trigger candidates. This double counting is not shown in 

the first row of the table, and eliminated in the last step. This accounts for the increase from the 

first to the second row in the table.  

 

Trigger Cut.  200 MeV/c2 A’ 
Acceptance 

Background 

Acceptance 

Background 

rate 

Events with least two opposite clusters  42.35%  2.30%   2.9 MHz 

 Cluster energy > 500MeV and < 5 GeV  44.25%   0.123%  154 kHz  

 Energy sum <= Ebeam*sampling fraction  44.25%   0.066%  82.5 kHz 

 Energy difference < 4 GeV   44.20%  0.062%  77.5 kHz 

Lower energy ‑ distance slope cut  43.46%  0.047%  58.8 kHz 

Clusters coplanar to 40˚  42.33%  0.0258%  32.3kHz 

Not counting double triggers  38.58%  0.0210%  26.3 kHz 

Table 5.1.3.1.Trigger selection cuts and their effect on the A’ acceptance and background rate, as a percentage of the 
total number of simulated events. An A’ mass of 200 MeV/c

2
 was used for this illustration. 

As the table shows, a large fraction (2.3%) of the background events have at least two clusters in 

opposite quadrants of the detector.  This would correspond to a background trigger rate of 2.9 

MHz. A  further  refinement on  the  trigger  conditions  requires  that each of  the  clusters has  an 

energy of at least 500 MeV, but no more than 5 GeV. This eliminates low energy background hits 

and hits from electrons with energies close to the beam energy, while having little effect on the 

A’  acceptance.  (Note  that  in  the  table  the  counting  of  the  double  triggers  give  the  false 
impression  that  the  acceptance  is  slightly  higher  after  this  cut.)  The  fraction  of  accepted 

background  events  now  drops  to  0.123%  (154  kHz).  The  algorithm  now  identifies  the  more 

energetic and less energetic hit which make up this trigger pair and requires that their sum is 

less than the beam energy multiplied by the calorimeter sampling fraction (in this case 6 GeV). 

This cut removes some of the pileup and accidental events. A further cut requires that the two 
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Trident Estimated trigger rate 
Coherent trident  
              Bethe-Heitler 7.8 kHz 
              Radiative 130 Hz 
Incoherent trident 180 Hz 

 Table 5.1.3.4 Trident trigger rates 

5.1.4 GEANT‑4 simulations of the muon detector 

GEANT4  simulations  have  been  used  to  study  the  trigger  rates  in  the muon  system  due  to 

background hits.  It  is expected that the true di‑muon rate will be quite small compared to the 

ECal  trigger  rate  and  should  not  cause  problem  for  the  DAQ.  The  proposed muon  detector 

model was  implemented  into  the GEANT‑4  simulation  of  the HPS  setup. Background  events 

were generated using GEANT‑4 physics models by sending 10K, 6.6 GeV electrons through the 

0.25% X0  tungsten  target  (equivalent  to  4  ns  of  a  400  nA  beam).  Rates  of  single  hits  in  each 

horizontal scintillation paddle and coincidence rates in hodoscope layers were studied.  

In Fig. 5.1.4.1 rates in the first paddle, closest to the beam plane, are presented without (left) and 

with (right) 0.2 MeV energy cut. The singles rate in that strip is ~20MHz without any energy cut 

and gets reduced to ~2MHz after 0.2 MeV cut is introduced (in the experiment this cut will be 

done at the FADC level). 
of 10 reduction of rates is observed for the second paddles in the layers. 

 
Figure 5.1.4.1 Rates in the first paddle (closest to the beam) of the Layer-1 hodoscope for various particle 
species. On the Left, there is no energy cut; on the right, the rates are with 0.2 MeV energy cut. 

As was described above, selecting coincidence hits with MIP energy deposition in at least three 

layers  of  the  scintillation  hodoscope  will  identify  muons.  In  Fig.  5.1.4.2  the  coincidence  rate 

between the first three hodoscope layers of the top detector in a 4 ns time window and with 0.2 

MeV energy cut for a single hit is presented. The rate is ~20kHz. The coincidence rate between 

these three layers and the corresponding three layers of the bottom module was zero coincidence 

rate in the same 4 ns time interval. Hence that trigger rate from the muon system will be very 

low and  should be dominated by di‑muon pair production with a  small mixture of  two pion 

events. 

 



28 

Radiation Hardness 
•  Radiation hardness set absolute constraints on dead zone 
•  Sensors fully depleted to about 1×1014 1MeV n.eq. at 1kV 

–  With bulk damage by low E (<10GeV) electrons -> 3×1015 electrons 
–  Sufficient for >3 months running  

•  Design will allow for replacement of layers 

Meeting Name/Presentation Title 
Location, Date 
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Figure 4.3.4.3: Background hits in the central portion of Layer 1 for one month of 400 nA beam.  The active 
silicon begins at y =±1.5mm. 

Limitations on the size of the dead zone due to high occupancies are less clear, and arise from 

two distinct  considerations. First,  for  robust pattern  recognition,  it  is desirable  to  limit  the hit 

occupancy that must be considered during pattern recognition to less than 1%.  Given hits with 

2ns time resolution, hits can be assigned to an 8ns window without significant loss of efficiency. 

Limiting the occupancy in this time window to 1% places the edge of the dead zone in the first 

layer  at  y  =±1.5mm,  as  shown  in  Figure  4.3.4.4.  It  should  be  noted  that  a  more  advanced 

algorithm  that  fits  hit  times  and  positions  simultaneously  will  be  developed  and  should 

outperform this simple selection. Second, for pristine reconstruction of hit times and amplitudes, 

it is important to minimize triple coincidences within a time window corresponding to the time 

evolution of the shaper output; approximately 250 ns for the nominal 50ns shaping time.  For the 

1% hit occupancy considered above, the rate of triple coincidences in individual strips within the 

same 250 ns window is 11%.  While this is probably acceptable in a small number of strips with 

the highest occupancy, reducing the shaping time to 35ns will suppress this rate by a factor of 

two and is therefore highly desirable. 

Because these considerations lead to similar conclusions,  the nominal dead zone of the tracker 

has  been  designated  as  θy  <  ±15  mrad.    It  should  be  noted  that  occupancies  and  radiation 

intensities  in  the  layers  with  small‑angle  stereo,  where  the  sensors  must  be  rotated,  are 

somewhat lower and thus will allow complete stereo coverage down to ±15 mrad in all layers. 
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•  Radiative background kinematics identical to 
A’ signal 
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The efficiency of the detector for detecting these A’s is discussed in Section 5. 

3.2 Radiative and Bethe‑Heitler Trident backgrounds 

The stark kinematic differences between QED trident backgrounds and the Aʹ signal can be used 

to advantage to maximize the signal to background ratio.  QED tridents dominate the final event 

sample, so we consider their properties in some detail here.  

 

Figure 3.2.1:  Sample diagrams of (a) radiative trident (γ*) and (b) Bethe-Heitler trident reactions that 
comprise the primary QED background to A' → ℓ+ℓ- search channels. 

The irreducible background rates are given by the diagrams shown in Figure 3.2.1.  These trident 

events can be usefully separated into “radiative” diagrams (Figure 3.2.1 (a)), and “Bethe‑Heitler” 
diagrams (Figure 3.2.1 (b)), that are separately gauge‑invariant (we discuss the simulation of the 

QED trident background events in Section 6).   

The contribution from the radiative diagrams (Figure 3.2.1 (a)) alone is also useful as a guide to 

the behavior of Aʹ signals at various masses.    Indeed, the kinematics of  the Aʹ signal events  is 
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slowly varying) and on WXY, because, roughly, ±Q ∝
X
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The efficiency of the detector for detecting these A’s is discussed in Section 5. 

3.2 Radiative and Bethe‑Heitler Trident backgrounds 

The stark kinematic differences between QED trident backgrounds and the Aʹ signal can be used 

to advantage to maximize the signal to background ratio.  QED tridents dominate the final event 

sample, so we consider their properties in some detail here.  

 

Figure 3.2.1:  Sample diagrams of (a) radiative trident (γ*) and (b) Bethe-Heitler trident reactions that 
comprise the primary QED background to A' → ℓ+ℓ- search channels. 

The irreducible background rates are given by the diagrams shown in Figure 3.2.1.  These trident 

events can be usefully separated into “radiative” diagrams (Figure 3.2.1 (a)), and “Bethe‑Heitler” 
diagrams (Figure 3.2.1 (b)), that are separately gauge‑invariant (we discuss the simulation of the 

QED trident background events in Section 6).   

The contribution from the radiative diagrams (Figure 3.2.1 (a)) alone is also useful as a guide to 

the behavior of Aʹ signals at various masses.    Indeed, the kinematics of  the Aʹ signal events  is 

Brehmsstrahl. A’ production “radiative” trident background 

σ e−Z→ e−Z A '→ l+l−( )( )
σ e−Z→ e−Z γ *→ l+l−( )( )

=
3πε 2

2Neffα
mA '

δm

Relation between A’ and radiative cross sections 
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identical  to  the distribution of  radiative  trident events restricted  in an  invariant mass window 

near the Aʹ mass.   Moreover,  the rate of  the Aʹ signal  is simply related to the radiative trident 

cross‑section within the spectrometer acceptance and a mass window of width δm by [4] 

                               
¥µfå∂≥→å∂≥(XY→ ∑∏  ∑∂)g
¥µêå∂≥→å∂≥(π∗→ ∑∏  ∑∂)ë =  

&∫ªé
< ºõΩΩæ

 wöY
øw   ,                      (3.6) 

where Neff counts the number of available decay products.  This exact analytic formula was also 

checked  with  a  MC  simulation  of  both  the  Aʹ  signal  and  the  radiative  trident  background 

restricted  to  a  small  mass  window  δm,  and  we  find  nearly  perfect  agreement.    Thus,  the 
radiative  subsample  can  be  used  to  analyze  the  signal,  which  simplifies  the  analysis 

considerably.   

It is instructive to compare kinematic features of the radiative and Bethe‑Heitler distributions, as 

the most sensitive experiment maximizes acceptance of radiative events and rejection of Bethe‑

Heitler tridents.   Although the Bethe‑Heitler process has a much larger total cross‑section than 

either the signal or the radiative trident background, it can be significantly reduced by exploiting 

its  very  different  kinematics.    In  particular,  the  Aʹ  carries  most  of  the  beam  energy  (see 

discussion in Section 3.1), while the recoiling electron is very soft and scatters to a wide angle.  In 

contrast,  the  Bethe‑Heitler  process  is  not  enhanced  at  high  pair  energies.    Moreover,  Bethe‑

Heitler  processes  have  a  forward  singularity  that  strongly  favors  asymmetric  configurations 

with  one  energetic,  forward  electron  or  positron  and  the  other  constituent  of  the  pair  much 

softer. 

These properties are discussed further in the Appendix of [4], and illustrated in Figure 3.2.2.  

            
Figure 3.2.2: Left: The distribution of Bethe-Heitler background events (black) and A’ signal events (red) as a 
function of the sum of the electron and positron energy.  Note that the signal is peaked at high energies, 
while the background is peaked at much lower energies.  Right: The distribution of the positron versus 
electron energy for Bethe-Heitler background events (black dots) and A’ signal events (red dots).  Note that 
in both plots neither the signal nor background events have been normalized to the correct number.  In 
reality, the number of background events is much larger than the number of signal events.  Also, note that 
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•  Conceptual design 
–  ~2m from target 
–  Iron absorbers: 30cm+3x15cm 
–  Four segmented hodoscopes,1.5cm thick 
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Figure 4.5.1.1. Simulated pion events in GEANT-3 model of IC and in five layers of iron absorbers and 
scintillators. 

The distribution of the deposited energy for muons (top graphs) and pions (bottom graphs) in 

the  16  cm  long  lead‑tungstate  crystals  (left  graphs)  and  in  1  cm  thick  scintillator  layers  (right 

graphs) are shown in Figure 4.5.1.2. Detection efficiencies for pions and muons were defined as 

the ratio of the number of particles that passed through cuts on energy deposition in IC, ΔE > 100 
MeV, and in hodoscope layers, ΔE > 0.4 MeV, to the number of simulated events.  

In  Figure  4.5.1.3,  the  dependence  of  pion  (open  squares)  and muon  (filled  squares)  detection 

efficiencies on the total  thickness of  the iron absorber  is shown. The muon detection efficiency 

decreases slightly for up to a meter of the total absorber length, while the detection efficiency for 

pions shows exponential drop up to an absorber thickness of 75 cm. 
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Figure 4..5.1.2. Energy deposition of muons (top graphs) and pions (bottom graphs) in IC (left) and in 
scintillation hodoscopes (right). 

 

Figure 4.5.1.3. Efficiency of pion and muon detection as a function of total iron absorber thickness in five -
layer configuration. 


