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Abstract

Quantization of electric charge has been probed to a high degree of precision using a
variety of experimental techniques. However, the theoretical underpinning of charge
quantization has yet to be determined, leaving open the possibility that quantization
is not a fundamental law of nature, and that free particles with fractional electric
charge may one day be encountered. This dissertation describes a search for particles
with very small (1073 e or below) electric charge, carried out at an electron acceler-
ator (SLAC). The particles sought were assumed to be long lived or stable and to
participate primarily in electromagnetic interactions. The search relied upon a large
(1.3-meter) scintillation counter to detect low levels of ionization generated by rela-
tivistic fractionally charged particles produced in the collision of a 29.5-GeV electron
beam with a six radiation length tungsten target. The data reveal no evidence of
fractional charge, and allow for the exclusion of a portion of charge-mass parameter
space spanning roughly 1077 to 102 MeV/c? and 1072 to 10 5 e.
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Chapter 1

Introduction

Quantization of electric charge is a principle supported by a great deal of
experimental evidence. Violations of this principle have been sought using
a wide variety of experimental techniques (including some that have probed
the neutron charge and the proton—electron charge difference to the astonish-
ing precision of 1072! e, where e is the electron charge[l, 2, 3]), without ever
achieving a reproducible positive result. But the mechanism that leads to
quantization of charge remains elusive, and the possibility of encountering free
fractional charge in a context not yet examined experimentally (e.g., in a new
particle species) or of a magnitude below the current experimental precision,

has not yet been eliminated.

In the Minimal Standard Model. without the additional constraint of equal-
ity of quantum numbers between the three lepton families, charge quantization
is not inevitable. Deviations characterized by a small charge difference be-
tween two of the three charged leptons, and a finite charge on two of the three
neutrinos, are permissible{4]. In order to be in agreement with experimental
evidence sensitive to neutrino charge, these deviations must be of order 10~ % e

or smaller. The possible fractional charges of exotic particle species are not
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subject to this constraint.

Grand Unified Theories in general enforce quantization of charge. But
even in this context there exist mechanisms that could lead to an observation
of apparent fractional charge. These mechanisms pertain in the case that the
gauge group describing particle interactions at low energy contains more than
one U(1) (electromagnetism) factor. Under certain circumstances (proposed in
the theoretical discussions of Holdom[5, 6]), charged fermions in an additional
U(1) could interact with normal fermions as though they carried conventional
electric charge of non-standard magnitude. There would be no genuine viola-
tion of charge quantization in this scenario: within their own U(1), the charge
values of the exotic fermions remain quantized. The possibility to find evidence
of particles dwelling within an alternate U(1l) provides additional motivation

for the search for fractional charge.

In light of the lack of a theoretical underpinning for charge quantization,
and the compelling but nonetheless inconclusive experimental evidence in its
favor, continued efforts to seek evidence of fractional electric charge are war-

ranted.

Certain values of charge and mass are excluded by the results of direct
measurements and by cosmological and astrophysical predictions that would
be affected by the existence of fractionally charged particles. The portions of
charge-mass parameter space ruled out by direct measurements, which include
previcus searches for fractional charge, as well as a precise measurement of the
Lamb shift, are shown in Figure 1.1. Areas excluded on the basis of Big Bang
Nucleosynthesis and the total mass density of the universe (sufficiently low that
the universe not be overclosed) are also shown in Figure 1.1. Regions ruled out
on the basis of astrophysical arguments, such as the effect of light fractionally
charged particles on the cooling rate of stars, are shown in Figure 1.2. (A
detailed discussion of these excluded regions will be given in the next chapter.)

The yellow region on the upper right side of Figure 1.1, spanning mass values
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Figure 1.1: Regions of charge-mass parameter space ruled out by direct mea-
surements and by cosmological arguments. Unexplored regions are shown in
vellow.

between 1 MeV/c?and 1 GeV/c?, and charge values between 1072 and 107 Se,

represents an area that is not excluded by any of the above considerations.

The experiment described in this thesis was designed to investigate a por-
tion of this unexplored area. Specifically, it was a search for particles with tiny
electric charge (¢ < 1073 e) and mass below about 100 MeV/c?, that are stable
(or fairly long lived) and subject only to electromagnetic and gravitational in-
teractions. These “millicharged” particles, or “mQs” as we will refer to them,
would interact very weakly. Over most of their charge-mass parameter range
they would be incapable of forming bound states with matter, and would have
a very low probability for interaction in a typical detector. Their range in

matter would be far greater than standard charged particles (by a factor of
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Figure 1.2: Regions of charge-mass parameter space excluded by astrophysical
arguments. 1. Plasmon decay and heat conduction in red giants. 2. Cooling
rate of white dwarfs. 3. Cooling rate of white dwarfs. 4. Energy loss from
the sun. 5. Energy loss from SN 1987A. 6. Heat transport in red giants. 7.
Hidden-sector photon emission from red giants.

@72, where Q is the charge in units of e), with ionization being their primary

means of energy loss.

We searched for mQs at a particle accelerator, in a beam-dump type of
experiment. There are several advantages to this approach. An accelerator
has the potential to produce both conventional particles and exotic species in
high abundance. A beam dump arrangement allows for generation of a beam
of the particles of interest, providing maximal flux into an appropriately placed
detector. And, in contrast to many other search techniques, there is no need

for the particles to be bound up in samples of matter.

We located our search at the Stanford Linear Accelerator Center (SLAC).
An electron accelerator such as SLAC was deemed the ideal facility by Dobroli-

ubov and Ignatiev([7], who first proposed a search for mQs. SLAC generates a
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high-current electron beam (3 x 10!° electrons per bunch, at 120 bunches per
second) with very short (~ 10 picoseconds) bunch duration. There is an ad-
vantage associated with short bunch time: improvement in the signal-to-noise
ratio of the experiment (by orders of magnitude) can be achieved by restricting
data collection to a narrow window surrounding the bunch arrival time. When
the SLAC beam strikes a solid target, electromagnetic showers are generated.
The abundance of relativistic electrons and positrons in the shower is ideal for

producing large numbers of mQs.

Our experiment was designed to detect the ionization trail of a passing rel-
ativistic mQ. For this we used. a scintillation counter with a long (1.3-meter)
path length for mQs, that was designed to have the best possible sensitivity
to the smallest energy deposition (a single ionization). (With such a low cross
section for interaction. the most likely outcome of a mQ crossing 1.3 meters
of scintillator. other than no interaction at all, would be a single ionization.)
We placed our detector along the axis of the beam of electrons incident on
SLAC’s SLC positron production target (a metal target six radiation lengths
in thickness). on the downstream side. We arranged to have sufficient mate-
rial between the target and detector to shield out all conventionally charged
particles, leaving only neutrinos, mQs, and a small number of neutrons capa-
ble of reaching the detector. A Monte Carlo simulation of m@Q production in
the target predicted the mQ beam to be quite narrow: 6 < 20 milliradians.
Our detector covered angles up to 2 milliradians, providing an acceptance.

according to the predicted mQ angular distribution, of roughly 20%.

We recorded the time and pulse height of events occurring within roughly
100 nanoseconds of the predicted arrival time of mQ bunches at the detector.
The presence of mQs would be most readily discernible by a peak (a few tens

of nanoseconds wide) in the time spectrum of these events.

The chapters that follow will provide a detailed discussion of theoretical

issues relevant to mQs; our methods for predicting the number of mQs that
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should arrive at the detector; our experiment setup and the expected signature

of mQs therein; our analysis technique; and the experiment’s results.



Chapter 2

Theoretical Background

2.1 Introduction

There is compelling empirical evidence that the electric charges of free elemen-
tarv particles are quantized. A large number of experiments seeking evidence
of fractional charge (by which we mean any charge ¢ not equal to an integral
multiple of e) have been performed, without a single (reproducible) positive
result. But there is insufficient experimental evidence to completely rule out
the possibility of a particle having fractional charge, particularly if the charge
is very small in relation to e. And we have, as vet, no experimentally verified
model that can provide insight into the mechanism that leads to charge quan-
tization. This chapter will explore some of the experimental and theoretical
background relevant to a search for particles with small fractional charge, in-
cluding the evidence in favor of quantization, some appealing extensions of the
Standard Model that would provide an explanation for quantization, a number
of models that do not involve quantization (including the Minimal Standard
Model), and a review of the constraints on fractionally charged particles im-

posed by the available experimental evidence.

=~
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The chapter begins with a short summary of the properties of the fraction-
ally charged particles ( “millicharged particles” or “mQs”) sought in the present
experiment, followed by a discussion of the experimental evidence in favor of
charge quantization. Quantization (or rather, the lack thereof) in the Minimal
Standard Model is explored in some detail. Two appealing new-physics pos-
sibilities (grand unification, and the existence of magnetic monopoles) which
would provide an explanation for charge quantization are described, along with
a mechanism (involving multiple U(1) factors in the gauge group) by which
particles whose charge was truly quantized could exhibit an apparent frac-
tional charge. The set of models capable of accommodating fractional charge
via this mechanism is surveyved briefly, followed by a description of some rather
speculative models in which charge is neither quantized nor conserved. The
remainder of the chapter is devoted to a discussion of the parameter space (in
charge and mass) that can be excluded based upon the available experimental

evidence.

2.2 Brief Review of mQ Properties

MQs are stable (or long-lived) particles with electric charge 0 < ¢ < 107 3e.
For purposes of calculating mQ yield and assessing the interactions of mQs
with matter, we assume mQs are fermions that do not participate in the strong
or weak interactions. Their coupling to gravity is assumed to be the same as

for normal matter.

For certain combinations of mQ charge and mass, a negatively charged mQ
can form an electromagnetic bound state with a normal atom. The binding
energy is given by u (QZca)?/2, where p = A—}:—“}ﬁa is the reduced mass of
the mQ-nucleus system, Z is the atomic number, and @ is the mQ charge in
units of e. The Bohr radius of a bound mQ is given by ay = 2/(QZuca).

If the Bohr radius is larger than the average radius of the atom’s electron
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Figure 2.1: Region of charge-mass parameter space in which negative mQs can
bind to matter (shaded area). Above the dashed curve, the binding energy is
greater than room-temperature thermal energy. Above the dotted curve, the
Bohr radius is smaller than the average electron-cloud radius for silicon.

cloud (r £ 0.90 Z~'/3 in the Thomas-Fermi model), or the binding energy is
lower than ambient thermal energy, a stable bound state will not be formed.
For silicon at room temperature (r = 0.37 A, kg7 = 0.026 eV), the mQ
parameters that permit a bound state are shown in Figure 2.1. Relic mQs
or mQs produced in the atmosphere would tend to accumulate in the earth’s
crust if their parameters lie within the shaded region of the figure, possibly
making them amenable to discovery by experiments seeking fractional charge
in terrestrial materials. MQs that do not bind to atoms will either pass right
through the earth (like neutrinos), or become gravitationally bound, eventually
settling into the earth’s core. The presence of a significant mass of mQs at the
center of the earth would be readily noticed given that mQs do not respond to
seismic shock like normal matter, and thus any disturbance (e.g., a meteorite
impact or an earthquake) would set up an oscillation between the m(Q center

of mass and that of the earth [8].
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Figure 2.2: Feynman diagrams for mQ energy loss in matter. A. Scattering
from atomic electrons (excitation/ionization). B. e*e~ pair production. C.
Bremsstrahlung.

A fast mQ moving through a medium loses energy via ionization and, at
high enough energy (or very low mass) via radiative processes. The cross
section for elastic scattering from an electron (diagram A in Figure 2.2) is
suppressed by a factor of @2, where @ is the mQ charge in units of e. relative
to that of a charge—1 particle. We therefore expect the ionization energy loss to
be well represented by the Bethe-Bloch formula [9], scaled by an overall factor
of Q2. For the radiative processes, ete™ pair production is suppressed by @2,
while Bremsstrahlung is suppressed by @* (the dominant diagrams are shown
in Fig. 2.2 B and C). Radiative energy loss mechanisms will be discussed in
greater detail in the next chapter. Typical mQ parameters to which our search
should be sensitive are Q@ = 10~ and Muq = 10MeV/c”. A relativistic (y = 4)

mQ with these parameters would lose about 2 x 1078V eV ¢m?/g to ionization.
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and a negligible amount of energy to other processes. [t would travel 2 x 10°
meters in lead. or 7 x 10% meters in SiO, (earth’s crust) before coming to a

halt.

2.3 Experimental Evidence in Support of Charge

Quantization

There is much empirical evidence suggesting that the electric charge of uncon-
fined particles is quantized in units of e. Attempts to uncover deviations from
this behavior have been made using several different experimental techniques,
but none to date has generated a reproducible positive result. Some of these ex-
perimental investigations include the following. The neutron’s charge has been
probed by seeking deflections in a beam of cold neutrons passing through an
electric field [1], resulting in a limit of |g,| < 1072!e. The sum of the electron
and proton charges was investigated by applying an alternating electric field
to a gas (SFg) within a resonant cavity containing a sensitive microphone [2].
The absence of detectable sound waves leads to the limit |ge+¢p| < 1 x 1072t e.
A different experimental method, consisting of observation of the motion of
magnetically levitated tiny (~ 107°g) steel spheres in an alternating electric
field [3], has given an almost identical limit: |ge+gp| < 0.8 x 1072' e. Under the
assumption of charge conservation in beta decay, the above results constrain
the charge of the electron antineutrino: |gz| < 107! ¢; by CPT symmetry, the
same bound applies to the electron neutrino. (However, the above neutrino
bounds involve certain assumptions which have not been tested at the 1072! e
level. See reference [10].) The muon neutrino charge must satisfy |g,,| < 107%e
in order not to violate agreement between the theoretical and measured cross
sections for v,—e scattering [11], and it may be possible to derive a stronger

bound on the basis of the mean free path of muon neutrinos in matter.
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These constraints apply to familiar Minimal Standard Model (MSM) par-
ticles, and would not necessarily restrict the possibilities for exotic species. A
number of searches for fractional charge in candidates not limited to the MSM
have been carried out. The list below, while not exhaustive. gives a feel for
the variety of approaches that have been employed, and their levels of charge
sensitivity. (For a discussion of the best current constraints on mQ charge, see

Section2.9.)

e Searches for fractionally charged products of Z° decays [12] (via ioniza-

tion energy loss) report charge sensitivities down to ~ 2e¢/3:

e Searches for fractional charge in p-p collision products [13] (based on

time of flight and calorimeter data) reach 2e/3 sensitivity:

e A search for bound states between a fractionally charged atom and an
electron (or hole) within solid silicon, using infrared photoionization and

field ionization [14], also provides 2e/3 sensitivity:

e Searches for low-charge signatures among particles traversing neutrino
detectors (both water Cerenkov [13] and liquid scintillator [16]) have

sensitivity down to e/3;

e A search for fractional charge on tiny liquid drops in a Millikan-type

experiment [17] reaches sensitivity to 0.2 e;

e Searches for fractional charge on small (< 1 mm) pieces of solid material,
including Nb, W, WC, steel and various meteorites, magnetically levi-
tated and subjected to an alternating electric field [18], have maximum

sensitivity of 0.1 e;

e Searches for fractionally charged fragments from heavy-ion collisions [19]

(based on ionization energy loss) report sensitivity to 0.06 e;

e Re-analysis of data from a beam dump experiment carried out at SLAC

[20] gives the highest charge sensitivity, reaching ~ 1073 e (see Fig. 2.4).
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(Note that searches relying on recoil nuclei for detection of exotic particles are
poorly suited for mQ detection, since mQs cannot be assumed to participate
in the strong or weak interactions.) It is certainly suggestive of an underlying
principle at work when such a varied set of experimental techniques fails to
produce any evidence of non-quantization of charge. On the other hand, the
possibility of fractional charge small enough to be overlooked in such experi-

ments ought not be entirely discounted.

2.4 Charge Quantization in the Minimal Stan-
dard Model

In the review by Foot et al., [4] careful consideration is given to the question
of whether the MSM produces charge quantization as a natural consequence.

The authors’ conclusions are as follows.

2.4.1 The One-Generation MSM

In the MSM with only one generation of quarks and leptons, there are two
constraints on the possible weak hypercharge values of the particles. One
comes from the classical structure of the Lagrangian (in particular. from the
requirement that £ be U(l)-symmetric), and the other follows if we insist
upon cancellation of the gauge anomalies (which is necessary to ensure the
renormalizability of the theory). Together these two constraints are sufficient
to fix the hypercharges of all the particles and ensure that they assume their
standard values. The electric charge @ is related to the hypercharge ¥~ (with-

out loss of generality) via

Q=L+Y/2 (2.1)
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where I3 is the weak isospin, and thus the electric charges of the particles have

their standard, quantized values in the one-generation MSM.

2.4.2 The Three-Generation MSM

In the three-generation MSM the picture is a bit more complicated. There is
no a priori reason to assume that the generations are perfect copies of one
another, and without this assumption we are free to consider the possibility
that the hypercharge values differ between generations.* In this case the two
constraints mentioned above are insufficient to uniquely determine the hyper-
charges. This is because the Lagrangian of the three-generation MSM contains
a two-parameter family of unbroken global U(1) symmetries (independent of
standard hypercharge) that are free of gauge anomalies. These symmetries are
given by [4]

L' =aLe+ 3L, + (—a® = 83)3L, + % [—a — 83— (—-a® - ,33)§] B, (2.2)
where L. L,, L, are the family lepton numbers, B is the baryon number, and
a and 3 are free parameters. The actual hypercharge Y may be any linear

combination of standard hypercharge Ysa, and L'.

With faith in quantum gravity, one may insist on a further restriction: the
cancellation of the mixed gauge-gravitational anomaly. This reduces the possi-

bilities for L' to three discrete sets, each dependent on a single free parameter

*Several authors [21, 22, 23, 24] have investigated charge quantization under the assump-
tion that the generations are identical, from which they conclude that charge is quantized
in the three-generation MSM.
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J [4]:

0(Le—L,) or
L'=46(L.—L;) or (2.3)
§(L,—L,).

But clearly this is not sufficient for a unique determination of ¥ . It therefore

follows that the three-generation MSM does not enforce charge quantization.

Some important points to note here are the following. For each of the three
possible L’ sets. the neutrinos in two out of the three generations will have
nonzero electric charge. The first two sets lead to atoms (including hydrogen)
having nonzero charge. Experimental investigations of the neutrality of matter
impose an upper limit on & in this case: § < 102! [4]. The last set (L' =
d(L, — L.)) leaves first-generation particles with their standard charges, but
implies a nonstandard charge for the muon and tau, and nonzero charges for
v, and v,. Agreement between the theoretical and measured cross sections
for v,—e scattering (which would include a contribution from photon exchange
if v, had nonzero charge) constrains § to be less than 10~ [4]. Stricter but
less certain bounds can be obtained from cosmology and astrophysics: charged
relic neutrinos would impart a thermal electric mass to the photon, leading to
an effective long-distance violation of Gauss’s law, for which the experimental
evidence implies |§| < 107!2, while the contribution of charged v, and v, to

the cooling rate of red giants implies [§] < 10~ [4].

2.4.3 Some Simple Extensions of the MSM

The methods used above to investigate charge quantization in the NMSM can be
summarized by the following general result [4]: Lagrangians with anomaly-free
global U(1) symmetries that are independent of standard hypercharge Y5y do

not enforce charge quantization. Applying this result to some simple MSM
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extensions, Foot et al. [4] conclude the following:

e In the MSM with only one generation, plus a massless right-handed
neutrino, charge is not quantized. (B — L, where L is lepton number, is

anomaly free.)

e In the MSM with only one generation, plus a right-handed Majorana
neutrino. charge is quantized. (The Majorana mass term breaks the

(B — L) symmetry.)

e In the three-generation MSM with Dirac neutrinos, charge is not quan-

tized. (B — L is anomaly free.)

e In the three-generation MSM with three right-handed Majorana neutri-
nos, charge is quantized. (No global U(1) symmetries other than Ygy

are unbroken.)

e In the three-generation MSM with exactly one right-handed neutrino
(with or without Majorana mass), charge is quantized. (No anomaly-

free global U(1)’s other than Y5y are unbroken.)

e In the three-generation MSM with an extra Higgs doublet, charge is

quantized. (No anomaly-free global U(1)’s other than Y5y are unbroken.)

2.5 Magnetic Monopoles, GUTs and Charge

Quantization

It is known that a number of scenarios for new physics have quantization of
electric charge as a natural consequence. Among these, grand unification and
magnetic monopoles are rather appealing possibilities. Magnetic monopoles

are the particles that would complete the symmetry between the electric and
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magnetic components of Maxwell’s equations. Dirac has shown that the ex-
istence of monopoles (even a vanishingly small number) would impose a con-
straint on the possible values of electric and magnetic charge [25]:

nhc

- 9.2
79 = ——; (2.4)

where ¢ is electric charge, ¢ is magnetic charge, and n is an integer. The
existence of particles with nonzero g leads immediately to quantization of
both types of charge. As vet no firm experimental evidence for monopoles has

been found.

The aim of grand unification is to derive a single framework in which to
understand the strong and electroweak interactions. By definition, a grand
unified theory (GUT) is a Yang-Mills theory whose gauge group G contains
the Standard Model gauge group SU(3). xSU(2)L x U(1)y and has only a single
gauge coupling constant [26]. (Symmetry breaking reduces G to the Standard
Model group and breaks the degeneracy of the gauge coupling strengths.) For
G (a non-Abelian Lie group) to have only a single coupling constant. it must be
simple (or semi-simplef). In a simple non-Abelian Lie group, the eigenvalues
of a generator are integer multiples of the group’s smallest eigenvalue. Since
the photon is a gauge boson of the GUT group G, the electric charge operator
Q is a generator of G, and thus the eigenvalues of Q (the electric charges of
the particles) are quantized. An alternate derivation of this result is given
in an elegant proof by Georgi and Glashow [27]. The possibility of a GUT
wherein the charge quantum is smaller than the experimental limit 10~2! e has
been considered, but models of this type are unlikely to be realistic [28]. (It
should be noted that GUTs and monopoles are not entirely independent, since
symmetry breaking from the GUT group to the Standard Model generally gives

rise to stable ‘t Hooft-Polyakov magnetic monopoles [29].)

tG can be of the form H x H, where H is a simple group, if G includes a discrete symmetry
ensuring the equality of bare coupling constants between the two factors.



CHAPTER 2. THEORETICAL BACKGROUND 18
2.6 Multiple U(1)s and Apparent Dequantiza-

tion

In models containing more than one U(1) factor, there exists the possibility of
producing apparent fractional charge without ever violating charge quantiza-
tion. Such scenarios are interesting since they provide a means of compatibility
between grand unification (or monopoles) and fractionally charged particles.
Suppose the low-energy universe were described by a gauge group containing
two U(1)s (--- x U(1)2, x U(1)B,), each with its own photon and its own
electric charge. The Lagrangian would contain kinetic terms from the U(1)s
that are given, in the most general case, by [30]
kin | —
—Lyay = ZFI( F

| € v
Auu_*_ZFg FBuu—*-E):F:‘\‘ FB

uv?
where ¢ is a free parameter. The last term represents a mixing between the two
types of photon. At tree level, such mixing is disallowed within the framework
of a GUT. However, an effective mixing of this form can be induced by radiative
corrections, as will be described below. One of the physical manifestations of
the mixing is a nonzero coupling between the charged fermions of U(1)g and
the photon of U(1)., amounting to an apparent electric charge ¢ of type A for
the B-type fermions. This mixing-induced charge has magnitude [30] ¢ = £ ¢z,
where ¢g is the B-type charge of the fermion. In general, ¢ is not commensurate

with the charges of the fermions of U(1)a.

A means of obtaining photon kinetic mixing at loop level, due to Holdom
[5, 6], is as follows. Suppose there exist fermions carrying both A and B type
charge. If there were two such fermions, fap and f}g5, whose charges were
(¢, gs) and (ga, —gB), respectively, then the vacuum polarization diagram
(Figure 2.3) mixing the two types of photon would have nonzero magnitude,

provided the masses of fiap and fig were different. This gives rise to an
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Figure 2.3: Holdom’s proposed mechanism for mixing between normal and
hidden-sector photons.

effective kinetic mixing £F*” Fg,, with £ given by [5
2° A H =] p

e = adB 1n<MAB> , (2.6)

- 672 A[,\B

where Mg, Mg are the masses of fig and fig, respectively. So long as
Mg and M g are larger than the masses of the known fermions, there are no
restrictions on their values. They could be as large as the unification scale,

making fap and fip potentially very difficult to detect.

If Mag, Mg and the difference between them were all of the same order
of magnitude, and if the coupling constants of the two U(1l)s were not very
different, the magnitude of ¢ would be roughly 1073 [6]. This raises the in-
teresting possibility that a search for fractional charge of order 1073 e could

uncover evidence of fermions dwelling within a second U(1).

2.7 Brief Survey of Hidden-Sector Models

Theories involving a so-called hidden sector represent a class of models that
can accommodate small fractional charge via the mechanisms discussed above.

“Hidden sector” refers to any set of particles whose interactions with the known
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particles have strengths far smaller than the usual couplings (with the excep-
tion of gravitation, which is expected to be of normal strength). The literature
contains explorations of a number of hidden-sector models. Motivation for the
development of such models has come from superstring theory (which often
predicts the existence of fractionally charged particles [31]), particularly the-
ories involving an Eg x Eg gauge group [32, 33], in which one Eg reduces to
the gauge group of the Standard Model while the other becomes a hidden sec-
tor after symmetry breaking; from a desire to restore an appealing symmetry
(usually CP) to the Standard Model Lagrangian [34] (requiring a doubling
of the particle content); and, recently, from attempts to explain the neutrino
anomalies. together with the LSND result, via mixing between normal and
hidden-sector neutrinos [35]. In the literature, hidden sectors derived from
superstring ideas are often referred to as “shadow” sectors, while those devel-
oped in hopes of restoring CP or other symmetries to the Lagrangian of the

Standard Model generally go by the name “mirror.”}

One set of hidden-sector models is based upon a CP-symmetric extension
of the MSM Lagrangian [8]. For every known left-handed fermion there is
a right-handed partner (and vice-versa) of the same mass. The normal and
mirror sectors have identical coupling constants, and there is a discrete sym-
metry, A, interchanging the two sectors such that the Lagrangian is symmetric
under CP-A. The authors of Ref. [8] have determined that in order for such
models to be compatible with experimental data, the normal and mirror sec-
tors cannot be bridged by the strong, weak or electromagnetic interactions.
They each must have their own identical set of gauge bosons. Such models
can produce apparent fractional charge via tree-level kinetic mixing between
the photons, or, if we wish them compatible with grand unification (as, e.g.,

SU(5)normat X SU(5)mirror); via Holdom’s effective kinetic mixing.

tThe term “mirror” is also sometimes used in reference to exotic particles that couple to
normal matter via the strong interaction [36], and which therefore do not represent a hidden
sector.
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These models tend to be incompatible with Big Bang Nucleosynthesis
(BBN), however, since they involve twice the usual number of relativistic par-
ticle species in the early universe, predicting an expansion rate that leads to an
abundance of primordial *He in excess of the amount observed experimentally
[37. 38]. The conflict could be avoided if the weak coupling constant were 10%
larger during nucleosynthesis than it is at present [39], or if the mirror sector
were at a lower temperature (¢.e. lower energy density) than the normal sector
[37, 38]. In the latter case, the asymmetry may be attributed to unknown
physics of the Big Bang (the universe created more normal than mirror parti-
cles), or, within the context of inflation, to different post-inflationary reheating
temperatures in the two sectors [37, 40]. Coupling between normal and mirror
particles would tend to bring the two sectors back into thermal equilibrium.

In the case of an e-size electromagnetic coupling, which would populate the

+
mirror

the sectors to equilibrate be greater than the age of the universe (~ 1 sec) at
nucleosynthesis leads to the bound [37] £ < 3 x 1078. A non-cosmologically
based bound of ¢ < 4 x 10~ has been derived on the basis of the production
and decay rates of positronium [41], but this result is not without some con-
troversy [39]. Additionally, it has been argued that realistic grand unification

schemes result in a lower bound on &, £ > 107%, in the context of this type of

mirror sector via e*e” — e € irrors 10SiSting that the time necessary for

mirror model [41].

Two variants of the CP-A symmetric models discussed above have been
advanced recently as a possible means of providing a simultaneous explana-
tion for the solar neutrino anomaly, the atmospheric neutrino anomaly, and
the result from LSND. (These models allow for oscillation between normal
and mirror neutrinos, in addition to oscillation between families in the nor-
mal sector.) The first is a model in which parity (rather than CP), together
with a sector-interchanging operation A, form an unbroken symmetry of the
Lagrangian [42]. (As in the previous models, the particle content, masses and

coupling constants are identical in the two sectors.) Any apparent fractional
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charge due to tree or loop-level kinetic mixing would have to be extremely
small in order to leave this model compatible with both BBN and the neutrino
data. The second proposal involves a mirror sector in which the electroweak
symmetry is broken at a different (~ 30 times higher) scale than in the normal
sector [43]. The masses of charged fermions and gauge bosons will be 30 times
larger in the mirror sector, while neutrino masses (assumed nonzero) will be
302 times larger. Unlike the previous models, in which apparent fractional
charge, if present, would be carried by particles having the same masses as the
electron, muon and tau, the lightest possible fractional-charge carrier in this

model would have M = 15 MeV/c>.

In addition to the models explored thus far, one could imagine any number
of possible hidden sectors in which the coupling constants, masses and/or par-
ticle spectrum were different from those in the normal sector. Compatibility
with BBN, grand unification or any other desirable framework would depend
upon the details of the individual model. and manifestation of apparent frac-
tional charge would be a possibility in any model having an electromagnetism

U(1) in its hidden sector.

2.8 Non-conservation of Electric Charge

A very speculative set of models usually leading to dequantization of electric
charge is that in which the electromagnetic gauge symmetry is broken (z.e.
charge is not conserved). For such models to be local and causal, the photon
must have nonzero mass. Models involving hard symmetry breaking and pre-
dicting nonzero (but tiny) charge for atoms, neutrons and neutrinos have been
discussed in the literature [44], but suffer from the “hyperphoton catastrophe,”
[45] in which the predicted rate of the process e~ — v + n-y.. where ~y is a lon-
gitudinally polarized photon, is ridiculously large and diverges when summed

over n. Spontaneous, as opposed to explicit, breaking of electromagnetism
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allows one to avoid this difficulty. Ignatiev et al. [46] have argued that within
the context of renormalizable gauge theories, any model in which charge is not
exactly conserved must include a light scalar particle with ‘pseudo-electric’
charge ce satisfying ¢ < 1072, along with additional particles having charge
g = (n £ €)e. (This is necessary to ensure compatibility with the experimen-
tal limit on the mass of the photon, m, < 6 x 10722 MeV/c® [47], and with
the measured value of the muon’s anomalous magnetic moment.) In these
models. charge non-conserving processes with Ag = ce are allowed, while the
details of the model may be tailored to either allow or disallow processes with
Ag > e. (Permitting Ag > e, e.g., e~ — vy or e~ <> e™, leads to a number

of nonphysical consequences. For a discussion, see Ref. [48].)

A number of authors have investigated models in which a fractionally
charged Higgs (with ¢ < e) breaks the electromagnetic symmetry. In one
model [45], the Higgs sector consists of the usual doublet, plus a minicharged
singlet h, which is the only particle to carry non-quantized charge. Among the
normal particles, only the photon has a direct coupling with h. The photon
mass is proportional to ev, where e is the charge of h and v is its VEV, and
must satisfy em, < 10720 in order not to conflict with the experimental limit
m., < 6 x 10722 MeV/c? [47]. Consideration of the cooling rate of red giants
leads to the bound £ < 10™7 [45]. Processes with Ag > e are disallowed.

A second model involves two Higgs doublets and a singlet [49, 50]. The
charges of the fermions each differ from their normal values by a term of order
€, so neutrinos, neutrons and atoms will be slightly fractionally charged. The
Higgs singlet has charge ¢ ~ =3 and doesn’t couple to fermions, while the
doublets have hypercharges ¥ =1 and ¥ = 1 — O(¢?), and couple to quarks
and leptons, respectively. The scale of charge non-conservation (the amount
by which the charges of right and left-handed fermions differ) in this model
is €3. The photon mass is also proportional to 3, and thus the bound on =
from the experimental limit on m, is far weaker than in the previous model.

Investigations of this model have been made both with [49] and without [50]
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the assumption that hypercharge values are the same across generations.

One further model, also predicting e—charged neutrinos. neutrons and atoms,
has been explored [23]. It assumes that generations have identical quantum
numbers, and has a Higgs sector consisting of two doublets. The first, with
hypercharge ¥" = 1 — &, gives mass to the fermions, while the second, with
Y = 1, does not couple to fermions. Photons have mass proportional to =,
left and right-handed fermion charges differ by ¢, and the physical Higgs is
e—charged. The experimental limit on the anti-electron neutrino charge from

SN 1987A [31], |gz.] < 10~ '7 e, places an upper limit on € of 1077,

2.9 Experimental Bounds on Fractional Charge

Several sections of the charge-mass parameter space for fractionally charged
particles can be excluded based upon the available experimental evidence.
Some of these bounds rely on relatively few assumptions, while others are de-
pendent on the accuracy of astrophysical and cosmological models. A summary
of the presently excluded regions (not including the results of this experiment)

will be given in the discussion that follows.

2.9.1 Bounds from Direct Measurements

Five experimental measurements serve to rule out a significant portion of
the charge-mass parameter space, particularly in the region of high (¢ = e)
charge. The ASP (Anomalous Single Photon) search at SLAC sought to
measure ete™ — v X, where X is any weakly interacting particle. Its re-
sults rule out particles with charge ¢ > 0.08 e for masses M < 10 GeV/c?
[20]. Analysis of the data from a proton beam dump experiment, E613, at
Fermilab rules out charges between 10~! and 10~2e for M < 200 MeV/c?
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[52]. An electron beam dump experiment at SLAC, which sought to de-
tect neutrino-like particles, has been re-analvzed in the context of trident
production (e” N — e~ NmQ* mQ™~) and detection (mQ N — mQ Ne*e™) of
mQs, resulting in the exclusion of ¢ > 3 x 10~*e for M < 200 keV/c?, and
q > 3x 1072 ¢ for masses up to 1 GeV/c? [20]. In addition to these accelerator-
based measurements, the results of a search for decays of orthopositronium
into “invisible” particles and the precise agreement between the calculated
and measured values for the Lamb shift (the energy level splitting between
the 2P; and 2S states of the hydrogen atom, which arises from radiative
correcti.ons) can be used to constrain ¢ and AJ. The orthopositronium data
establish an upper bound on the branching ratio to invisible (including low-
ionizing) particles of 2.8 x 107%, which rules out the existence of mQs with
g > 8.6 x 107°e for M < 500 keV/c?[53]. (In models with a hidden sector
containing electrons and positrons of the same mass as those in the normal
sector, this result also constrains the strength, £, of mixing between normal
and hidden-sector photons to be less than 1.5 x 1078[53].) The lowest-order
effect of mQs on the Lamb shift comes from their contribution to the photon
vacuum polarization diagram. Requiring that this not spoil agreement be-
tween calculation and experiment excludes charges satisfving g/e > (1/9)Ad,
where M is in MeV/c? [55, 20]. (This bound applies for A/ 2> 3keV.) The

excluded contours corresponding to these five results are shown in Figure 2.4.

2.9.2 Bounds from Astrophysics

For certain ranges of ¢ and A/, mQs are expected to have a sizeable effect on
the dynamics of the sun, red giants, white dwarfs and supernovas. Several
bounds have been derived on the basis of these effects. Though not as solid
as the bounds from laboratory measurements, these may be considered valid

insofar as we have confidence in the solar and astrophysical processes on which
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Figure 2.4: Regions of charge-mass parameter space excluded by direct mea-
surements.

they depend. Unless otherwise indicated, the discussion that follows assumes
there is no hidden-sector photon into which mQ¥mQ™ pairs can annihilate.
(Bounds derived from hidden-sector photons will be discussed at the end of

this section). The results are shown in Figure 2.5.

For mQs with A/ < 1 MeV/c? (the cutoff below which mQ+tmQ~ — ete™
is kinematically forbidden) and ¢ < 1073 e, the rate of mQ annihilation within
a star has been shown to be negligible compared to the rate of mQ production
[54]. Depending on their parameters, mQs can either be trapped within the
star, or they can escape, carrying away energy from the star as they go. Of
the bounds derived from astrophysics. the most reliable is that based upon
energy loss from the sun. If the power emitted in the form of escaping mQs is
not to exceed the power radiated as photons (assuming mQs do not become
trapped), an estimate of the rate of production of mQs within the sun leads to
the exclusion of the charge range 1079 < g < 1073 e for masses A/ < 1 keV/c
[54].
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Figure 2.5: Regions of charge-mass parameter space excluded by astrophysical
arguments. 1. Plasmon decay and heat conduction in red giants. 2. Cooling
rate of white dwarfs. 3. Cooling rate of white dwarfs. 4. Energy loss from
the sun. 5. Energy loss from SN 1987A. 6. Heat transport in red giants. 7.
Hidden-sector photon emission from red giants.

Photons travelling within a plasma (“plasmons”) acquire an effective mass
and can decay into pairs of charged particles. Plasmon decay is the principal
means of mQ production within a star. For a red giant (where the plasmon
mass is m., = 2 keV/c? [20]), mQs with M < 1 keV/c? contribute to the energy
loss of the star. Requiring that the rate of energy loss to mQs not exceed
the rate of nuclear energy production excludes values of g greater than 10~ !e
[20]. The excluded region extends as far as ¢ = 1078e (for A/ = 1 keV/c?)
or 107%¢ (for M = 1 eV/c?), above which the mQs become trapped in the
star and no longer contribute to the energy loss. Trapped mQs do. however,
contribute to the efficiency of heat conduction within the red giant, and the
requirement that their contribution be less than that from convective heat

transport extends the excluded region to ¢ =2 x 1073 e [55].

Plasmon decay to mQ pairs will contribute to the rate of cooling of white
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dwarfs. For the present theory of white dwarf cooling to remain consistent
with the observed luminosity distribution, mQ charges must be excluded over
the range 1078 e < ¢ < 1072e (for M < 1 eV/c?), 10783 e < ¢ < 107%¢ (for
1 eV/e? < M < 10keV/c?), and 1073e < ¢ < 107 8¢ (for 10 keV/c® < M <
25 keV/c?) [20, 33].

Observation of neutrinos from supernova SN 1987 A allows for the exclusion
of another piece of charge-mass parameter space. Production of mQs would
divert energy from neutrino generation in a supernova. The experimental ob-
servation of neutrinos from SN 1987A provides an upper bound to the amount
of energy that could have been lost to mQs. Calculation of the expected rate
of emission of mQs from the core of the supernova allows one to exclude the
charge range 107%e < ¢ < 10~7 e for M < 10 MeV/c? [56].

In a universe with hidden-sector photons (v’) that couple to mQs with a
strength o' close to @, bounds from the energy loss of stars are more strin-
gent than those calculated in the absence of a hidden-sector photon. Within
the helium core of a star, a population of mQs in thermal equilibrium with
the normal plasma will be established via the process e™N — e"NmQ*tmQ~,
and hidden-sector photons will be generated through Compton scattering
(mQ~ — mQ~'). Radiation of v's can contribute significantly to the cooling
rate of the star. If the mQ mass satisfies M/ > 100 eV/c?, the mean free path
of v's in the star’s outer region will be greater than that of normal photons,
so the v’ photosphere will begin at a smaller radius, and thus the star will
emit 's more readily than ordinary photons [57]. Requiring that the rate of
+v' production via Compton scattering in the helium core be smaller than the
ratio of normal-photon luminosity to surface temperature leads to the bound
[57] M £ 0.4 +0.02In(g/e) MeV/c?, from consideration of red giants. A simi-
lar argument applied to the sun [57] yields the less stringent but more reliable
bound M < 40 + 21In(g/e) keV/c2.
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Figure 2.6: Regions of charge-mass parameter space excluded by cosmological
arguments. 1. Thermal electric mass of photon. 2. Big Bang Nucleosynthesis.
3. Q2 < 1. 4. This area becomes allowed in models with a hidden-sector photon.

2.9.3 Bounds from Cosmology

With faith in the Standard Cosmological Model, we may derive additional
bounds on the'm(Q parameters. We can insist that the relic density of mQs
be insufficient to overclose the universe. We can require that the presence of
relic mQs not result in too large an effective mass for the photon. And we
can require that the effect of mQs on the predictions of Big Bang Nucleosyn-
thesis be small enough to preserve the agreement between the calculated and
measured primordial abundances of the light elements. The regions thereby

excluded are shown in Figure 2.6.

In order for the relic density of mQs, pnq. not to exceed the critical density
pe that would make the universe flat (p. = 1.88 x 1072° A2 g/cm? [58], where
h is 1/100 of the Hubble constant in kmsec™! Mpc™!), either the mQ mass
must be smaller than about 100 eV/c?, the mQ population must have been

greatly reduced via annihilation, or the mQ and normal-matter sectors must
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have been out of thermal equilibrium when the normal-sector temperature
T was greater than A/. Assuming for the moment the absence of a hidden-
sector photon, mQs will annihilate principally via mQ*™mQ~ — ete™ provided
AM > m,. In this case, the requirement that p,q/p. (= Q) be less than 1
leads to the bound M < 2 x 10% (g/e) GeV/c? [20], assuming the sectors are in
thermal equilibrium (which will be the case so long as A/ < 10'5 (g/e)? GeV/c?
[20]). For M < m,, the dominant annihilation process is mQ+*mQ~ — 7, and
the corresponding bound is M < 103 (q/e)? GeV/c? [54]. This again presumes
thermal equilibrium, which may cease to hold for ¢ < 107% e [54]. If there exists
a hidden-sector photon ' allowing the process mQ*tmQ~ — ~v’'v’, the bounds
that apply under thermal equilibrium will be relaxed to A < 10°a’ GeV/c?,
where o' is the electromagnetic coupling constant in the hidden sector [20].
(For example, if o’ < 1/10, we have M < 10 TeV/c%.)

The presence of relic light mQs spread throughout the universe amounts
to a thermal bath with T = 2°K [11]. It also represents a background plasma
that all particles (in particular, photons) must traverse. Photons will acquire
a thermal electric mass mf;[ from interactions with the mQs, which will mani-
fest itself experimentally as a long-range violation of Gauss’s law. Comparison
between the lowest-order contribution to m?Tl (from the 1-loop vacuum polar-
ization diagram with internal propagators taken at finite temperature) and
experimental tests of Gauss’s law (m& < 107% GeV/c?) excludes mQs with
g > 107"%e for M < 10keV/c? [11].

Big Bang Nucleosynthesis (BBN), the widely accepted model describing
conditions in the early universe (¢ = 0.01sec — 100sec) before and during the
coalescence of protons and neutrons into nuclei, can be used to exclude a
large portion of charge-mass parameter space for light mQs in models with
a hidden-sector photon (and those without a hidden-sector photon. assuming
the tau neutrino is not too heavy). BBN makes predictions for the primor-
dial abundances of the light elements D, *He, *He and 7Li based upon input

parameters including the number of relativistic particle species present when
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the temperature of the universe was above ~ 1 MeV/k,. Within the MSM,
these predictions are compatible with the observed abundances. The presence
of additional relativistic particle species increases the predicted abundance of
iHe, potentially disturbing agreement between the BBN prediction and exper-
iment. If we insist on maintaining compatibility, we can derive restrictions on

the parameters of new light particles.

A good review of BBN can be found in Yang et al., [59] and, more recently,
in Sarkar [60]. During the BBN era. the universe is filled with a relativistic
gas of ete™ pairs, light neutrinos and photons, together with trace quantities
of nucleons (the nucleon to photon ratio, 7, is between 107!% and 10~%). The

universe’s rate of expansion is given by [38]

. 1
R 87pGx \ 2 _
== ‘ 2.
R ( 3 > (2.7)
and its rate of cooling is described by the relation [39]
lsec = 2.42 g:L/Q T\—[ez\ (2'8)

where R is the cosmic scale factor, Gy is Newton's constant, p is the energy
density, e is time in seconds, T\ev is the temperature in MeV, and g. counts

the number of relativistic degrees of freedom. g. is computed as follows: [39]
. T
g-= D98 (Ta/T,)' + 5 D ge (Te/T,)" (2.9)
B F

where gy (ge) is the number of helicity states of the boson (fermion), T (TF)
is the temperature (< 7,) of the species, and the sum runs over particles
and antiparticles with M < 1 MeV/c?. (In the MSM, for example, g, =
2 +(7/8)(4 + 6) = 10.75 from the photon, e*e™, and v;7;, assuming all
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neutrinos are light.) The energy density p is proportional to g. via [38]

_ Tg. (1‘7!3T"r)4

30 73c3 (210

and thus the rate of expansion depends strongly on the number of light species

present (that are not significantly colder than the photons) during BBN.

For T > 0.4 MeV/kg, the weak reactions
p+e < n+v., n+e < p+U., nerpte +7, (2.11)

keep neutrons and protons in chemical equilibrium, and the neutron to proton

ratio decreases rapidly according to [59]
n/p =exp(—Am/T). (2.12)

where Am is the neutron-proton mass difference. Below 7" < 0.4 MeV/ks,
the weak reaction rates fall below the rate of expansion, and the n/p ratio
becomes frozen, except for a slow decrease from beta decay (n <+ p +e~ + 7).
Formation of stable nuclei begins around 7" = 0.1MeV/kg. The amount of each
light element produced subsequently depends on the neutron to proton ratio,
the nucleon to photon ratio (n), and the rates of the various nuclear reactions
which interconvert the different nuclei. The nuclear reactions are fairly well
understood [61], while 7 is essentially an unknown parameter. The neutron to
proton ratio depends strongly on the temperature at which the weak reactions
freeze out, which in turn depends upon the expansion rate (and thus on the
number of light species). (A greater expansion rate means the expansion will
out-pace the weak reactions at a higher temperature, which then freezes n/p
at a higher value.) Most of the available neutrons get bound into *He, and

the *He abundance increases with an increase in the number of light species
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according to [38]
AY, = 0.19logyo (g./92"M) . (2.13)

where Y}, is the mass fraction of *He.

The primordial *He mass fraction deduced from the best currently available
data (as of 1999) has an uncertainty of a few percent, while for the other light
elements, the uncertainties are a factor of two, at best. Bounds on n and
g. (which are correlated) have been derived on the basis of these data. the

conservative conclusion being that g, must fall within the range [60]
9<g. <13.4. (2.14)

(Often the number of degrees of freedom is expressed in terms of the number
of equivalent light neutrino species N,,, with V,. and g. related by N,. =
(4/7)(g. — 3.5). The bound above corresponds to 2 < N,, < 4.5.) There
is a caveat to be considered in comparing the g. of a particular model to
the allowed range, however. Anything which might directly perturb the weak
reaction rates (e.g., particles which induce an asymmetry between the numbers
of v, and 7, [62]) will affect the production of the light elements. Decays
or annihilations of a heavy Standard Model neutrino would also impact light
element abundances. In such cases it is necessary to define an effective number
of degrees of freedom g.g (cr number of equivalent neutrinos V, ) based upon
the model’s prediction for the abundance of *He, and interpret the bounds in
Eqn. 2.14 as applying to geg. (The number of effective degrees of freedom
may be either larger or smaller than ¢g..) Assuming that neutrinos cannot
decay or annihilate, and that nothing in the model under consideration would
affect the rate of the weak reactions (i.e., assuming gegf = g.), the implications
of Eqn. 2.14 for light mQs can be derived. Massless mQs are excluded by
astrophysical considerations for ¢ > 1072 e [63], so we will not discuss them.

Massive mQs are Dirac particles and thus contribute 3.5 to g., assuming they
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are in thermal equilibrium with the photons, and M < 1 MeV/c2. Coupling
between mQs and ordinary particles will keep them in thermal equilibrium if
g 2 107%¢ [56]. A hidden-sector photon (') would contribute an additional
2 degrees of freedom. The contribution of the Standard Model particles is
usually taken to be 10.75, but this assumes all neutrinos are light. The current
(1998) upper bound on the mass of v, is 18.2 MeV/c? [9], so it would be more
conservative to take 9 degrees of freedom as the Standard Model contribution.

\We then have

12.5 for Standard Model plus Dirac mQ (2.15)
g« = 2.19
14.5 for Standard Model plus Dirac mQ and v'.

With the g, upper bound of 13.4, the former case is allowed, while the latter

case is ruled out. (If M, < 1 MeV/c?, both cases are ruled out.)

An idea not considered thus far is the possibility that a mQ could be one
of the known particles. The best experimental bound on the charge of the
tau neutrino (assuming that v, does not oscillate into one of the other known
species), is derived from the results of the SLAC beam dump experiment [20].
This bound is rather weak: |g,.| < 3 x 10~*e. A Dirac v, with M <1 MeV/c?
would contribute 1.75 degrees of freedom to the 10.75 of the MSM, for a total
of 12.5. (A heavier v, will not contribute to the relativistic energy density

during BBN.) Therefore a millicharged tau neutrino is compatible with BBN.

2.10 Conclusions

Millicharged particles, characterized by their small cross section for interaction

with matter, are not forbidden within the MSM. Numerous efforts toward the
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experimental detection of free fractional charge have thus far proven unsuc-
cessful, suggesting that charge quantization may be enforced by some funda-
mental mechanism. Grand Unification and the existence of a Dirac monopole
represent attractive possibilities for such a mechaﬁism, but models have been
proposed wherein apparent fractional charge can exist within such scenarios.
Superstring theory and models involving imperfect conservation of charge gen-
erally predict fractionally charged particles. A number of direct measurements
exclude particles with M < 1 GeV/c? and 1072e < g < e. Additional regions
of charge-mass parameter space can be ruled out on the basis of astrophysical
and cosmological considerations. Among these is a large region (¢ = 107 8%e,
M £ 1 MeV/c?) excluded by BBN, given certain assumptions regarding the
particle spectrum of the universe. Clearly the existence of millicharged parti-
cles has not been experimentally ruled out, nor has a definitive mechanism for
the enforcement of (real and apparent) charge quantization been found. There
remains good motivation for future experimental efforts toward discovery of

free fractional charge.



Chapter 3

Production and Transport

3.1 Introduction

Assuming mQs have only electromagnetic interactions, possible sources of mQs
at the Earth’s surface include the following: relic mQs encountered as the
Earth sweeps through its orbit[64, 65]; mQs generated when cosmic rays strike
the atmosphere[644, 66]; and mQs produced in particle accelerators[64, 66]. Of
these, the last has advantages with regard to m(Q detection in that a beam of
mQ)s could be generated. In the case of an accelerator beam directed towards
a target, mQ production would be enhanced by electromagnetic showers gen-
erated within the target. The use of a high-current electron accelerator as the

site of a mQ search was first proposed by Dobroliubov and Ignatiev[66].

SLAC, which directs a 29.5 GeV electron beam, with average current 3.6 x
10'2 electrons/second, onto a tungsten target (in order to generate positrons),
is among the suitable facilities, and is the site chosen for our experiment.
SLAC has the added advantage that the beam is divided into bunches with
very short (~ 10 picosecond) duration, allowing for a sizeable enhancement of

signal-to-noise with appropriate timing of data collection. The SLAC beam

36
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does, however, produce an abundance of high-energy muons, which necessitates
a large amount of shielding between the target and a mQ detector. MQs with
mass (Mnq) greater than that of the electron (m.) will readily out-distance
these muons. But for Mpynq < me., it is possible that the cross section for
Bremsstrahlung and ete™ pair production by mQs is sufficiently large that

the mQs stop before the muons, and thus escape detection.

The first section of this chapter provides a discussion of mQ production at
SLAC, including the means by which we estimate the mQ energy distribution,
angular distribution and total yield. The second section describes mQ energy
loss in the material between the source and our detector, and, given our ex-
perimental setup (described in chapter 4), presents the parameters for which

mQs are likely to escape detection.

3.2 Production

The electromagnetic showers within SLAC’s SLC positron-production target
(PPT) were a favorable place for mQ production to occur. The positron-
production beam (PPB) incident on the PPT consisted, at the time of the ex-
periment, of electron bunches 3.17 x 10'® e~in size, with electron energy 29.47
GeV. The duration of each bunch was on the order of a few tens of picosec-
onds. These bunches collided with the target, consisting of a six-radiation-
length (~ 2-cm) slab of tungsten-rhenium alloy (75% W, 25% Re), at a rate
of 120 Hz, inducing electromagnetic and hadronic showers. For purposes of
calculating mQ production, we assume only electromagnetic processes are rel-
evant. Production via other mechanisms, such as meson decay, is neglected.
We further assume that calculations for fermionic mQs will suffice, with the

results for bosons being fairly similar.
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Figure 3.1: Feynman diagrams for m(Q production. A. Photoproduction.
B. Electroproduction, “Bremsstrahlung” mechanism. C. Electroproduction,
“multiperipheral” mechanism.

The principal electromagnetic production mechanisms are shown in Fig-
ure 3.1. The cross section for photoproduction (Fig. 3.1 A) is proportional to
Q*a3Z?, where Q is the mQ charge in units of e, and Z is the atomic number
of the target nucleus. The cross sections for the electroproduction processes
labeled “Bremsstrahlung” (Fig. 3.1 B) and “multiperipheral” (Fig. 3.1 C) are
proportional to Q%20*Z? and Q*a*Z? respectively. For Q < 0.1 and AM,q not
extremely small relative to m., the Bremsstrahlung electroproduction mech-
anism dominates. (It is possible that for Mg < me., the multiperipheral
process overtakes the Bremsstrahlung process, but we have been unable to

properly investigate this possibility.)
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3.2.1 Published Calculations

The literature contains a number of theoretical investigations of pair produc-
tion of charged particles. A discussion of several of these can be found in the
review article by Wright[67]. Not all the published formulas have reasonable
accuracy in the case where the pair-particle mass is different from me.. Among
the most rigorous results with stated applicability to arbitrary mass is that of
Kelner[68], and the subsequent work of Kokoulin and Petrukhin[69] (hereafter
K&P) based on Kelner’s result. (The latter is presented as applying to electron
pair production by muons, but is readily adaptable to the more general case.)
These authors provide the energy distributions of particles produced via the
Bremsstrahlung and multiperipheral electroproduction mechanisms, with con-
sideration given to screening and atomic form factors. Their formulas apply
when the incoming and outgoing particles (with the exception of the target
nucleus) are all highly relativistic. For reference we reprint the cross section

for the Bremsstrahlung mechanism, as given in Eqn. 12 of K&P[69]:

do (uN — puNete?) 2 2l—umg
duvdp T 3r (Zare) v A[I%Q)Il (3.1)
3 2
Py = {[(1 +p2) (1 + 53) - %(1 + 20) (1 —p“)] In(1+&)+ (3.2)
1—p2—-23
e« 14p-§ )+(1+25)(1—P2)}Lu

L,=1 189 (M,/me) Z73[(1 4+ 1/€) (1 + ¥,))'* (3.3)
FT T Rmee P18 Z AL+ T+ LI /B (L= |
V= 4+ 0> +36(1+p%)

“T 0+ (3/2+28)In(B+E) + 1 — 3p2/2
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where
v, 2. 9
e=(om) T=% (33)
2
8= 5{_—5 (3.6)
e = 2.71828, (3.7)
v= E—’“g—E; (3.8)
p=p (39)

Ei, is the energy of the incoming muon and re is the classical electron radius.

To adapt this formula to the case of mQ production by electrons, we make
the following substitutions: r is replaced by a/Mpnq; M, is replaced by me;
m is replaced by Mpnq; AZ~1/3 is replaced by AZ~'/3/m,; and factors of Mpq
are inserted wherever necessary to make the resulting expression dimensionally

correct.

3.2.2 mQ Production in the PPT

To estimate the number of mQs produced when SLAC’s electron beam collides
with the positron-production target, we consider all electrons and positrons in
the resulting electromagnetic showers as incident particles capable of gener-
ating mQ)s. Shower parameters, including angular spread and path length
of charged particles as a function of particle energy, were modeled using
EGS4[70]. The total yield of mQs (per PPB electron) obtained via numer-
ical integration of K&P’s Eqn. 12 is shown in Figure 3.2. (For comparison, the
vield from the multiperipheral process, obtained from K&P’s Eqn. 12, is also
shown.) Estimation of the number of mQs entering the small (~ 2 -milliradian)
angular acceptance of our detector required that we also obtain the angular
distribution of the mQs. (The formulas of Kelner[68] and of K&P[69] do not
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Production of mQs in the PPT, forQ = 107
blue = Bremsstrahlung electroproduction
red = multiperipheral electroproduction
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Figure 3.2: Estimate of total mQ yield, per PPB electron, based on the for-
mulas of K&P.

provide angular information.) To this end we employed a Monte Carlo calcu-
lation of the cross section for the Bremsstrahlung electroproduction process
(with code graciously provided by M. Swartz). A detailed description of the
Monte Carlo, and results for some representative mQ masses, are given in this
dissertation’s appendix. The code produced a two-dimensional histogram of

mQ vield versus mQ) energy and angle.

Figure 3.3 shows the total vield (per PPB electron) predicted by the Monte
Carlo over a range of mQ masses, compared to the result obtained by nu-
meric integration of K&P’s formula. The agreement is excellent between
0.003 MeV/c*and 3 MeV/c®. The predicted energy distributions are also in
agreement over this interval. Qutside this range, however, it appears that

the Monte Carlo predictions are inaccurate. To obtain the number of mQs
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Production of mQs in the PPT, forQ = 10~
black = Monte Carlo
blue = K&P’'s formula

T ' ! i i [ T

SN W

10°

-
e
[

-
o
L

-
Q
&

107"
1072

10

107"

number of mQ pairs
3
&
J0 A Y N R N Y Y S S B

SRS U T Yy S S 0N OO IO O SO Yy R Y OO0 O

107 f
107 10°° 107 107 10’

iy
o
w

mQ mass (MeV)

Figure 3.3: Comparison of mQ yield estimated by the Monte Carlo (upper
curve) to that from the formulas of K&P.

produced within our detector’s angular acceptance, we use the Monte Carlo
predictions between 3 and 0.003 MeV/c?. Below 0.003 MeV/c?we use K&P’s
formula, and we make the assumption that the angular spread of the mQs is
due entirely to that of the electromagnetic showers in the target. That this as-
sumption is justified is illustrated in Figure 3.4, where the number of accepted
mQs, computed with only the angular spread of the shower, is compared to
the Monte Carlo prediction. The acceptance is roughly 20% for masses be-
low 3 MeV/c2. Above 3 MeV/c?, we use the total yield obtained from K&P’s
formula, together with an acceptance fraction extrapolated from the Monte
Carlo results in the range 0.1-3 MeV/c2. The extrapolated acceptance falls off
rapidly, and crosses zero just below 100 MeV/c2. For 100 MeV/c?and above we

make the conservative assumption that the mQs are spread over a 47 angular
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Number of Accepted mQ Pairs, for Q = 10
blue = K&P result, with shower angular data
red = Monte Carlo result

i I T 1 | 3 ! i ! 1

102

Y U S

10% —

108
107 |

10-12 !

T

number of mQ pairs

I

0™

10

SN RS S R Y R U O R DO S W SN N

1078

T 17T

cd

10 i ' : | ! i i t : i

mQ mass (MeV)

Figure 3.4: The number of mQ pairs accepted into the detector, per PPB elec-
tron, estimated via K&P’s formulas (assuming the mQ angular distribution is
that of the ete™ shower), compared to the number of accepted pairs estimated
by the Monte Carlo within its range of accuracy-.

distribution. The results for the number of accepted mQ)s, over the mass range
107%-10% MeV/c?, are shown in Figure 3.5. For most of this range (107° to
about 10 MeV/c?) the majority of mQs exit the target at an angle of less than

20 mr.

3.3 Transport

A mQ from the PPT would have to traverse 84.3 meters of bedrock (consisting
of sandstone with a density of 2.19 g/cm?®) in order to reach the mQ detec-

tor. For certain regions of charge-mass parameter space (particularly, high
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Best Estimate of Accepted Production (Q = 107)
red = total production
blue = accepted production
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Figure 3.5: Our best estimates of total mQ yield (per PPB electron), and yield
accepted into the detector.

charge and low mass), energy loss in the bedrock would be sufficient to pre-
vent mQs from reaching the detector. The principal mechanisms of mQ energy
loss are ionization and the radiative processes Bremsstrahlung and e*te™ pair
production. In additicn, the mQ angular spread will be affected by multiple
Coulomb scattering, reducing the number of mQs accepted into the detector.
The sections that follow will discuss these mechanisms, along with an addi-
tional process specific to the “hidden-sector models™ discussed in chapter 2.
sections 6—7. The regions of charge-mass parameter space rendered inacces-
sible to the experiment due to the inability of m(Qs to reach the detector are

shown in Figure 3.6.
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Figure 3.6: Reglons of charge-mass parameter space invisible to the experiment
due to mQ energy loss in the shielding. In the area above each curve, mQs
could range out before reaching the detector due to energy loss by the stated
mechanism.

3.3.1 Ionization Energy Loss

Energy loss of mQs to excitation and ionization is described by the Bethe-
Bloch formula[71], with charge dependence contained in an overall factor of
@?. In the mass range 1072 to 102 MeV/c?, for @ > 0.8 the highest-energy mQs
produced in the PPT (E > 29.0 GeV) range out before reaching the detector.
Below @ = 0.8, the proportion of mQs that fail to reach the detector due to

ionization energy loss is insufficient to affect the results of the experiment.
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3.3.2 Multiple Coulomb Scattering

To describe the angular spread resulting from multiple Coulomb scattering we
use the formula given in the Particle Data Book[72], under the assumption that
the radiation length in the formula is that for electrons, and that the formula
can be applied to particles of arbitrary mass. The charge dependence of the
angle is contained in an overall factor of @, so the fraction of mQs entering the
detector goes as Q2. The effect of multiple scattering is insignificant when
@ < 1072 for mass in the range 107° to 10 MeV/c?, and when Q < 5 x 1072 for
mass 100 MeV/c?, given the the transverse area (1756 cm?) and position (110
meters downstream of the PPT) of our detector. The predicted signal-to-noise
of our experiment is quite large at these charge values (see chapter 5, sections
5-6). At greater charge, the signal increases as Q* (one factor of Q2 from the
mQ vield, and one from the ionization energy deposited in the detector) while
the acceptance fraction decreases as Q2, so the effect of multiple scattering

never becomes large enough to prevent detection of mQs.

3.3.3 Radiative Energy Loss

Relativistic mQs with high charge and low mass can lose significant amounts
of energy to Bremsstrahlung and e¥e™ pair production. The lowest-order
Bremsstrahlung and pair-production diagrams are shown in Figure 3.7 (includ-
ing one that’s relevant only in the hidden-sector models described in chapter
2 sections 6-7). The pair-production mechanism in Figure 3.7 B is suppressed

by a factor of alpha relative to Bremsstrahlung and thus can be neglected.

Bremsstrahlung

For the Bremsstrahlung cross section we use formulas 3.82 (scaled by Q%)

and 3.46-3.49 of Tsai[73] (with minor typos corrected), under the assumption
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Figure 3.7: Feynman diagrams for radiative energy loss by mQs. A. ete™ pair
production, “Bremsstrahlung” mechanism. B. e*e™ pair production, “multipe-
ripheral” mechanism. C. Bremsstrahlung. D. Bremsstrahlung of hidden-sector

photons.
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that these formulas are valid for M,q < m.. The average energy that a mQ
deposits in the bedrock was obtained by numeric integration of Tsai’s Eqn. 3.82
over photon energy and mQ path length. The initial mQ energy was taken to
be the median value for mQs leaving the PPT at angles below 2 mr, for each
mQ mass under consideration. We conservatively estimate that the sensitivity
of the experiment cuts off at the charge value resulting in a 10% loss of initial
energy. The portion of charge-mass parameter space thus deemed inaccessible

due to Bremsstrahlung energy loss is shown in Figure 3.6.

Pair Production

For estimation of the energy loss to ete™ pair production, we use the cross-
section formulas of K&P[69] (mentioned in section 2.1) and Eqns. 26 and 31
of Kelner[68]. To adapt Kelner’s result to the case of mQs, we substitute Mmnq
for “m,” attach a factor of mJ! to every instance of 13723 and 183Z~'/3,
insert factors of m. wherever necessary to make the expression dimensionally
correct, and scale by an overall factor of Q2. To adapt K&P’s Eqn. 12, we
substitute Mpnq for “4” and scale by Q?. K&P’s formula was used for the
mQ mass range 102-10~° MeV/c?. For masses below 107> MeV/c?, Kelner’s
formula was used, as K&P’s becomes negative in this region. (It should be
noted that the validity of these formulas for Mnq < me. both here and as
applied to mQ production in section 2.2, has been assumed by us without any

attempt at verification.)

Numeric integration over pair energy and mQ@ path length provides the
energy lost by a mQ crossing the bedrock. We again take as the initial mQ
energy the median energy of mQs exiting the PPT at angles below 2 mr, and
calculate the charge for which 10% of this energy is lost in the rock. The
portion of charge-mass parameter space invisible to the experiment due to
eTe~ pair production is shown in Figure 3.6. This region is subsumed in the

region invisible due to Bremsstrahlung, despite the stronger ¢ dependence of
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the Bremsstrahlung cross section.

Hidden-sector Bremsstrahlung

In chapter 2, sections 6-7, a set of models were discussed wherein mQ)s repre-
sent hidden-sector fermions that couple to hidden-sector photons. Pursuant to
these models, a mechanism for energy loss exists wherein mQs radiate hidden-
sector photons. The lowest-order diagram for this process is shown in Fig-
ure 3.7 D. If allowed, this process will dominate over the radiative processes
discussed above. To estimate the energy lost to hidden-sector Bremsstrahlung,
the same formulas as for conventional Bremsstrahlung can be used, but with
an overall factor of Q2 rather than @Q*, and with one factor of a replaced
by the hidden-sector coupling constant o'. Figure 3.6 shows the portion
of charge-mass parameter space rendered inaccessible due to hidden-sector

Bremsstrahlung, for the case a = o'.



Chapter 4

Experiment Setup

4.1 Introduction

An electron accelerator such as SLAC was suggested as an ideal location for
a mQ search in Dobroliubov and Ignatiev[7]. The electromagnetic showers
generated when SLAC’s high-current beam collides with a target provide an
excellent environment for the production of mQs. These mQs are predicted to
have a low angular spread (< 20 mr, see chapter 3), allowing for high flux into
a suitably placed detector. In addition, the short time duration of the electron
bunches of SLAC’s beam would result in a mQ signal that is well defined
in time. Restriction of data collection to a narrow window surrounding the

expected signal time allows for a sizeable improvement in signal-to-noise ratio.

This chapter gives an overview of the experiment setup for the mQ search,
followed by a detailed description of the experiment site, the expected sources
of background at the location of the detector, the design and operation of the
detector, the trigger and data-acquisition systems, the calibration (both in
time response and pulse height) of the detector, and the methods employed to

minimize background noise.



CHAPTER 4. EXPERIMENT SETUP 51
4.2 Overview of Experiment Setup

Midway down the length of the SLAC linac, a beam of electrons is diverted and
sent to collide with the SLC positron production target. At the time of our ex-
periment, this beam had 3 x 10'° electrons per bunch, 120 bunches per second,
and an energy of 29.5 GeV per electron. The bunch duration was a few tens
of picoseconds. The target consists of a tungsten-rhenium alloy six radiation
lengths (~ 2 cm) in thickness. It is located roughly five meters underground.
There is a toroid just upstream of the target, which provides a measure of
the number of electrons in each bunch. We installed our detector 110 meters
downstream of the target, along the axis of the beam (and thus also five me-
ters underground). Solid bedrock, consisting of sandstone with a density of 2.2
g/cm3, filled 84 meters of the space between the target and the detector. The
rock provided all the shielding necessary to block conventional charged par-
ticles (including muons, which ranged out just before reaching the detector).
A little upstream of the detector we installed small scintillation counters to
monitor the muons. This allowed us to confirm that our detector was properly
aligned, and provided timing information critical for predicting the time at
which mQ bunches would arrive. The detector, designed for sensitivity to the
ionization trail of a passing relativistic mQ, consisted of plastic scintillator, of
length 1.3 meters along the beam direction, coupled to eight-inch hemispher-
ical photomultiplier tubes (optimized for single-photon counting). It had a
width of 42 cm, covering angles up to 2 mr, and providing an acceptance of
roughly 20% for mQs with mass below 3 MeV/c?. The trigger was constructed
from NIM and CAMAC modular electronics, and data acquisition was carried

out on a desktop computer.
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Figure 4.1: Aerial view of the experiment site. The accelerator is shown in
blue, and the location of the PPT (“positron target,” in the figure) is shown
on the left. The white rectangle in the upper right is an expanded view of the
experiment facilities (in the smaller rectangle), including the holes (labelled
E1-E7 and P1-P3) in which muon flux was measured, the electronics trailer,
and the pit (P6) that housed the detector.

4.3 Experiment Site

Figure 4.1 shows an aerial view of the experiment site, including the loca-
tions of the PPT, the muon-counter array, the m(Q detector and the building

containing the trigger and data-acquisition electronics.
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Figure 4.2: Schematic of SLAC, showing the location of the PPT (“Positron
Source”).

4.3.1 The PPT and its Surroundings

A diagram of SLAC (not to scale) illustrating the location of the PPT in
relation to the accelerator is given in Figure 4.2. Midway down the length of
the accelerator, part of the SLAC electron beam is diverted and sent toward
the PPT. This positron-production beam (PPB) consisted, at the time of
the experiment, of bunches containing on average 3.17 x 100 electrons each.,
generated at a rate of 120 Hz, with an electron energy of 29.47 GeV. The time
required for a bunch to travel past a fixed point (or completely impact with the
PPT) was on the order of 10 picoseconds. A timing signal (TS1) synchronized.
up to an unknown but fixed offset, with bunch arrival at the PPT was available
from the accelerator electronics, and was used extensively in our trigger system.
The offset was adjustable within a 2-ms period bracketing the bunch arrival
time, and the signal itself was generated regardless of whether an actual PPB
bunch was present. The number of electrons in each bunch was monitored
via a toroid (the SLC toroid “PT01”) just upstream of the PPT. The signal
from this toroid, preshaped into a square pulse with height proportional to
the charge of the bunch, provided both an indication of bunch presence and
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(summing over many pulses) a measure of the total charge incident on the PPT
over the course of the experiment. Other accelerator data, recorded in SLAC’s
SLC database and accessible to the mQ search, includéd the horizontal and
vertical angle of the PPB (up to an unspecified but fixed offset). the average
rate at which PPB bunches were produced (nominally 120 Hz. but subject to
downward fluctuations due to imperfect accelerator perforinance), the average

electric charge of the bunches, and the average energy of the PPB electrons.

The PPT consists of a slab of Tungsten-Rhenium alloy (75% W - 25%
Re), 2-cm (6 radiation lengths) in thickness. It is located 10.3 meters to one
side of the accelerator, and 5.3 meters underground. Downstream of the PPT
are several sections of beam pipe and numerous magnets for gathering and
redirecting positrons (but essentially an open drift space for weakly-interacting
mQ)s), followed, at a distance of 23.8 meters, by a concrete wall separating the
PPT’s enclosure from the surrounding bedrock. The PPB makes an angle of
24° with the accelerator, and is within 0.053° of horizontal, just before arriving

at the PPT. Its direction is subject to fluctuations of +1 milliradian.

The bedrock surrounding the PPT consists of sandstone with a density
of 2.19 £ 0.14 g/cm®. Rather than install shielding to keep shower remnants
(including muons) out of the mQ detector, the detector was placed a sufficient
distance from the PPT to allow the bedrcck itself to perform this function. Low
solid-angle coverage was not expected to be a problem, since our calculations

(see chapter 3, section 2.2) predict a very narrow (< 20 mr) mQ beam.

4.3.2 The PPT Muons

The range of the highest-energy (29.36 GeV) muons produced in the PPT
determined the minimum distance at which the detector could be installed.

In addition, the PPT muons provided the experiment with two very valuable
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pieces of information: a means of experimentally locating the axis of the PPT-
produced particle beam, and a time reference indicating the expected time of

arrival of mQ bunches at the detector.

The maximum range of straggled muons was determined by measuring
muon flux at PPT depth in several holes dug along the axis (located using
survey data) of the PPT particle beam, at various points within the predicted
range-out interval. Small (20-cm square) scintillation counters sensitive to
single muons were used for this purpose. At a distance of 82.6 meters from
the PPT, less than one muon per PPB bunch was detected, and in the next
4.6 meters the flux dropped by a factor of 300. We conclude that, for a PPB

energy of 29.47 GeV, the muons range out in fewer than 87.2 meters.

At a distance of 82.62 meters from the PPT, the depth of the muon beam
axis and the vertical spread of the beam were determined by measuring flux
at several closely-spaced depths. The results, fit quite well by a gaussian
with mean of 5.34 meters and standard deviation of 0.79 meters, are shown in
Figure 4.3. The horizontal position of the beam axis, and the beam’s horizontal
spread, were determined by fitting a gaussian to flux measurements made at
constant depth in three holes positioned along a line perpendicular to the beam
direction. The results a're shown in Figure 4.4. (The spread is about what one

would expect from multiple scattering in the bedrock.)

Determined in this way, the axis of the muon beam is not entirely the same
as that of the PPB, however. Muons that do not travel down the center of the
beampipe downstream of the PPT lose energy in the pipe and surrounding
magnets before entering the bedrock. Since only the highest-energy muons
were able to reach our muon counters, we observed only those muons that had
been aligned with the beampipe. A beam of mQs would not be significantly
affected by objects downstream of the PPT, and would thus remain aligned
with the PPB. To determine the magnitude of the difference between the PPB

and muon-beam directions, we analyzed a dedicated experiment wherein the
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Figure 4.3: Measured vertical profile of the muon beam, with gaussian fit.
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PPB was steered to plus and minus one milliradian of nominal, in the vertical
and horizontal directions. The measured position of the muon-beam center
did not change, but the total measured flux of muons was affected. Fitting
flux versus angle with a gaussian over three data points (in the horizontal and
vertical directions), we estimated the PPB angle corresponding to maximal
flux, which we assume represents the angle of the beampipe. The difference
between the PPB direction and that of the muon beam, taking into account
fluctuations in PPB angle recorded in the SLC database during the running

of the mQ search, was quite small: 0.6 = 0.6 mr.

The scintillation counters used in these measurements each consisted of
a 20-cm square, 2.5-cm thick sheet of plastic scintillator coupled to a 2-inch
diameter photomultiplier tube (PMT) via a plastic lightguide. Once the mQ
detector was in place, a transverse array of five of these counters (shown in
Figure 4.5) was permanently installed so as to continually monitor muon flux

and timing.

The time distribution of muon events in the central counter (relative to
the timing signal “TS1” discussed in the previous section) was narrow: about
3 ns. This time spectrum is shown in Figure 4.6. Both muons and mQs, if
present, would be relativistic upon arrival at the muon counters, and would
thus arrive essentially simultaneously. This allows us to extrapolate from the
muon arrival time to the expected arrival time of mQs at the detector. (The
distance between the muon-counter array and the detector was determined

using data from a survey.)

4.3.3 Detector Position and Surroundings

The detector was positioned in line with the PPB, 5.3 meters below ground
and 110.11 meters downstream of the PPT (with 86.3 meters of bedrock in-
tervening). This was more than 22.9 meters beyond the range of the muons.
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Figure 4.6: Time spectrum of muon events.

With an area of 1760 cm? transverse to the beam, the detector covered a solid
angle of 1.2 x 107¢ steradians (0 to 2 mr, linearly). The detector was housed
in a 3.7-meter diameter cylindrical pit excavated from the bedrock. (The pit
had walls lined with steel sheet, floor of poured concrete with a sump along
the perimeter, and a removable wooden roof. Electrical power, telephone lines
and outside air were piped in, and excess water was removed via sump pumps.)
The detector rested on a mobile platform capable of 1-meter excursions along
a line perpendicular to the beam axis, for purposes of gathering background

data.

A survey of the experiment site, including the locations of the PPT and the
muon-counter array, was carried out to pinpoint the correct spot for detector
installation. Following the installation, the detector’s alignment with the PPT
beam was verified by way of the muons: the axis of the muon beam was
determined via the muon-counter array, and extrapolated to the detector’s
location. The detector was found to be well aligned, its axis within 2.3 cm of

the muon beam axis.
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The trigger and data-acquisition electronics for the experiment resided
above ground, next to the pit, in a small air-conditioned trailer. An eth-
ernet fiber-optic cable linking the trailer with the SLAC network provided
access to SLAC’s MCC computer, allowing us to query the SLC database and
manipulate the TS1 timing signal used in the trigger.

4.3.4 Background Sources at Detector Location

Of the particles generated in the PPT, the only ones capable of reaching the
detector were neutrons (including “skyshine” neutrons scattered down from
the atmosphere), neutrinos, and any weakly interacting species such as mQs.
Background sources unrelated to the PPT included cosmic-ray muons, cosmic-
ray neutrons, radioactivity in the bedrock, and x-rays from the accelerator, in
addition to backgrounds intrinsic to the detector and its associated electronics.
With the exception of accelerator x-rays, backgrounds from sources unrelated
to the PPT were not time correlated to the beam pulses, and thus could be
greatly reduced by restricting data collection to a narrow window surrounding

the mQ bunch arrival time.

The estimated number of events due to PPT neutrons, based on BF;-
monitor data at the experiment site, was 0.03 per PPB pulse. These events
would occur at least 5 us after arrival of a mQ bunch[76], however, and could
therefore be excluded by use of a shorter data window. PPT neutrinos were
produced primarily via decay of PPT pions and kaons. The expected number
of neutrino interactions in the detector was estimated based on calculations
by Rothenberg for the SLAC E-56 experiment. Substituting the appropriate
parameters for target material, target thickness, detector solid angle and de-
tector nucleon density (leaving the beam energy, 20 GeV, unchanged), leads to
a prediction of 1072 neutrino interactions per Coulomb of PPB electrons|76].
In addition, roughly 10 interactions per Coulomb would take place in the

bedrock just upstream of the detector. The amount of PPB charge observed
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during the mQ search was on order one Coulomb, so the background from

neutrino-related events would be negligible compared to PMT dark noise.

The flux of cosmic-ray neutrons, and the abundance of radioactive isotopes
in the bedrock, were measured experimentally.[77]. The neutron flux ((5+2) x
10—3neutrons/(cm?s)) is an insignificant source of background, while the flux
of gamma rays from radioactive decay (6 +2v/(cm?s)) results in a background
rate that can be reduced by over four orders of magnitude with a 250-ns
data window, and an additional two orders of magnitude with 10 cm of lead
shielding around the detector[78], to a rate of one event per 6000 data windows.
X-rays from the accelerator, seen in scintillation counters at ground level,
were not observable in either the muon counters or the mQ detector below
ground. Noise intrinsic to the detector, followed distantly by cosmic-ray muon
events (neither of which was time correlated to mQ-bunch arrival) were the
dominant sources of background for the experiment. A discussion of intrinsic

backgrounds will be presented in section 7.

4.4 The mQ Detector

In order to gain maximal sensitivity to the ionization induced by a passing
mQ, we employed a scintillation counter as our mQ detector. [t was designed
to provide a fairly long (1.3-meter) path length over which to detect mQ
interactions, and to have sensitivity to the smallest possible energy deposition,
a single molecular ionization. (For mQ charge @ < 1073, the likelihood that a

mQ interacts even once while crossing 1.3 meters of scintillator is quite small.)
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4.4.1 Scintillator and PMTs

Plastic scintillator offered clear advantages in terms of fast time response and
ease of handling. We selected “BC 408" plastic scintillator manufactured by
Bicron. This type consists of an organic phosphor dissolved in polyvinyl-
toluene. According to the manufacturer, it has a risetime of 0.9 ns. a pulse
width of 2.5 ns, and a light attenuation length of greater than 2 meters. It

emits violet photons of peak wavelength 425 nm.

The PMTs employed. model #9353 KA” from Thorn EMI (now known
as Electron Tubes, Inc.) are hemispherical and 8 inches in diameter. These
have a bialkali photocathode and an envelope constructed of low-radioactivity
borosilicate glass. They are designed to be efficient for single-photon counting.
At room temperature and 107 gain, they have a dark count rate on the order of
1 kHz, which decreases to a few hundred Hz upon cooling to —20° C. According
to manufacturer specifications, at peak wavelength (360 nm) these PMTs have
a quantum efficiency greater than 25%, and at 107 gain the variation in transit

time of single electrons from the cathode is roughly 3 ns.

4.4.2 Detector Design

The mQ detector consisted of four separate scintillation counters, providing
altogether a 42 x 42 x 137-cm volume of scintillator with a 131-cm path length
for potential mQs. The counters were optically and electrically isolated from
one another. Each counter consisted of a 21 x 21 x 137-cm block of polished
BC 408 scintillator (with a hemispherical depression carved in one end to
accommodate the PMT) optically coupled via Bicron “BC 630" silicone grease
to a Thorn EMI 9353 KA photomultiplier tube. The end affixed to the PMT
was shaped so as to act as a short conical lightguide. A pair of green light-

emitting diodes (LEDs) were mounted on the opposite end to allow for periodic
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Figure 4.7: Cut-away view and cross section of the mQ detector.

tests of the counter’s performance.

To optimize light-collection efficiency, the scintillator was wrapped in alu-
minum foil, followed by a protective layer of black plastic sheet. The exposed
portion of the PMT was enclosed in a pyramidal cap of copper foil. attached to
the aluminum foil, in order to prevent cross-talk between the PMTs. Both the
aluminum foil and copper foil were grounded. Ambient magnetic fields in the
region of the PMT were attenuated by a surrounding layer of Netic p-metal

sheet. Figure 4.7 shows a cross section of a completed counter.
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The voltage divider for the PMT was somewhat modified from the usual
design employed in single-photon counting. It lacked the large capacitors be-
tween final dynode stages that serve to minimize the drop in voltage that
occurs during events with large pulse height. Its use was motivated by the ob-
servation of “afterpulsing” in a prototype counter following large pulse-height
events (see section 7), and was intended to minimize disturbance to the PMT
under such circumstances. (Removing the capacitors resulted in a factor-of-
two decrease in noise rate.) In addition, an RC circuit at the anode was

inserted to eliminate reflections along the high-voltage line.

The four scintillation counters were arranged parallel to one another in
a 2 x 2 array, with 1-mm copper sheet in between and around the exterior
(for thermal conduction during cooling). Thermistors were attached in the
center, on one side, and at each end of the array. A lucite box surrounding

the assembled detector provided structural stability.

4.4.3 External Systems

During operation the detector was enclosed in a solid-copper, light-tight box
with sides 0.3 cm in thickness that functioned as both a Faraday cage and
a refrigerator. The box was grounded. Fluid from a chilled liquid bath was
pumped through copper tubing welded onto the sides of the box in order to
maintain the detector at optimal temperature (5° C). Dry air was circulated
through the interior to inhibit condensation, and an external layver of 15-cm
thick polystyrene foam provided thermal insulation. This in turn was enclosed -
in a 10-cm layer of lead shielding to minimize entry of natural background

radiation.

Signals from the PMTs were sent into a high-speed amplifier (specifications
to be discussed in section 4) which resided on top of the lead shielding. The

driving pulses for the LEDs were produced in a pulse generator. also situated
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atop the lead shielding, which received trigger signals from the above-ground
electronics. Penetrating from the exterior of the lead to the interior of the
copper box, on the side opposite the PMTs, was a pneumatic tube containing
an encapsulated 2‘!Am radioactive source (1 uCi). The source usually resided
in the end external to the lead, but could be sent inside the copper box for

periodic calibration of the detector.

Amplified signals from the PMTs and signals from the thermistors were
carried to the electronics via “RG 238" coaxial cables (a type designed to
minimize signal slewing) 23 meters in length. High voltage was supplied to
the PMTs over 30-meter segments of “Type C” coaxial cable. All of the
cables were found to carry noise into the copper box, so low-pass filters were

incorporated into the thermistor and high voltage lines.

4.4.4 Running Conditions

To minimize dark noise the PMTs were operated with cathodes grounded and
positive high voltage applied to the anodes. The voltage applied to each PMT
was rather low (884. 1188, 975 and 1158 volts. respectively. producing a gain
of roughly 4 x 10°) with the consequence that the voltage difference between
photocathode and first dynode was only about 1/2 the recommended minimum
value of 600 volts. This was deemed necessary due to an unexpectedly large
increase in noise rate at higher voltage, but may have had an adverse effect on

the efficiency of collection of photoelectrons from the cathode.

The detector was maintained at a temperature of 5° C during normal oper-
ation. Investigations of noise rate versus temperature revealed a (reproducible)
increase in noise rate as the temperature was reduced below 0° C, a behav-
ior for which we have no explanation. (Tests of the PMTs alone, prior to
incorporation into the detector, showed a steady decrease in dark noise with

decreasing temperature over the range +20° C to —20° C.) The minimum of
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the noise-vs-temperature curve for the detector as a whole was found to occur
at 5° C.

4.5 Trigger and Data Acquisition System

Data collection was restricted to a 250-ns time window bracketing the expected
time of arrival of a mQ bunch at the detector. The start of the window
coincided with the time signal TS1 obtained from the accelerator. The time
and pulse height (more accurately, integrated charge) of PMT pulses from the
muon counters and the mQ detector were recorded in CAMAC TDCs (LeCrov
model 22284A) and ADCs (LeCroy model 2249W). We adjusted the offset of

TS1 such that the muon signals came 60 ns after the start of the data window.

Before traversing the 23 meters of cable linking the detector to the above-
ground electronics, pulses from the detector’'s PMTs were sent to a fast am-
plifier (of a type originally designed for the Mark III straw chamber). This
device had an amplification factor of roughly 40, noise of 10 mV (peak to
peak), and a risetime of 1 ns. It saturated at 3 V (well beyvond the point of
PMT saturation at our operating voltage) and had high input impedance, al-
lowing for subsequent use of the original unamplified PMT signal. The height
of an amplified PMT pulse from a single photoelectron (SPE) was roughly 150
mV upon arrival in the electronics trailer, while that from a cosmic-ray muon

in the detector was over 1 V. The typical width of an SPE pulse was 8 ns.

The TS1 time marker was generated even in the absence of a PPB bunch.
The presence of a bunch was indicated by a pulse from the toroid upstream of
the PPT. (This toroid pulse was available to us only after preshaping, which
entailed a delay on the order of 60 us.) Data was collected regardless of
whether a PPB bunch was present, but those events that did not occur in

conjunction with a toroid pulse were recorded separately from the rest. In this
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Figure 4.8: Schematic of the main trigger.

way a background data set was gathered during the same time period that the

main data set was obtained.

4.5.1 Main Detector Trigger

A schematic of the main trigger for the experiment is shown in Figure 4.8.
For each of the four counters in the mQ detector, the PMT signal was sent
into three separate modules of the fast amplifier. The pulse height of one
of the amplified signals, and of the unamplified signal, were recorded in an
ADC. (All ADCs were given a 500-ns gate with leading edge determined by
TS1. on each TSI pulse. TS1 also provided the ‘start’ for the TDCs.) The
second amplified signal was sent to a discriminator with threshold 50 mV (1/3
the pulse height of an SPE) and output-pulse width of roughly 30 ns. One

output of this discriminator went to a CAMAC scaler for monitoring the noise
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rate of the counter. Another output (along with the third amplified signal,
after discrimination at a threshold of 1 V) was used in a system (described
in section 4.4 below) designed to veto noise pulses. The third output went to
a logical AND with the main timing window (MTW). The MTW consisted
of TS1 stretched to a length of 250 ns. Discriminated PMT pulses coinciding
with the MTW were combined with those of the other three counters in a
logical OR. The output of the OR was then delayed sufficiently to allow for
coincidence with the toroid signal, if present. In the event that a delayed
signal from the OR coincided with a toroid pulse, a LAM (“LAM 1A7) was
set. (LAM = “Look At Me.” a cue for the computer to read the data stored
in the CAMAC modules.) A special “busy” level was also set, which would
remain set until the computer had finished reading and clearing the CAMAC
modules (ADCs and TDCs). The busy level inhibited generation of a new
MTW, inhibited gating of the ADCs and starting of the TDCs, and inhibited
the otherwise automatic fast-clear of the CAMAC modules. (For most TS1
pulses there was no PMT pulse in coincidence with the M TW. The ADCs and
TDCs would not overwrite their data if given a new gate before being read,
so data from uninteresting gates had to be actively erased. A second timing
signal, TS2, from the accelerator, arriving 1 ms in advance of TSI, triggered
clearing of the ADCs and TDCs if there was no PMT pulse in the previous
MTW.) If the delayed signal from the OR of the four counters did not coincide
with a pulse from the toroid, a different LAM (“LAM 1B”) was set, along with
the busy level. The data-acquisition computer read and stored the data from
all four counters (and cleared the CAMAC modules) after each LAM.

4.5.2 Muon Event Trigger

The time and pulse height of PMT pulses from the muon counters were
recorded in ADCs and TDCs. LAM 1A and LAM 1B from the main detector
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Figure 4.9: Schematic of the trigger for muon events.

trigger initiated readout of muon counter data as well as detector data. How-
ever, a separate, muon-only trigger allowed for observation of the muon beam
without requiring activity in the mQ detector. A schematic of this trigger is
given in Figure 4.9. The trigger is basically a simplified version of the main
detector trigger. Two copies of each muon counter’s PMT signal were made
in a linear fan-out. One copy went to an ADC. The other was discriminated,
then sent to a logical AND with the MTW. One output of the AND went to
a TDC, and the other to a logical OR of all the muon counters. The output
of the OR was delayed (sufficiently to coincide with a toroid pulse, if present),
then sent to a logical AND with the toroid signal. If there was a muon-counter
event in conjunction with a toroid pulse, a muon LAM (“LAM 37) was set,

along with the busy level.

4.5.3 LED Driver

Various aspects of detector and trigger performance were monitored by way
of the LEDs, including overall deadtime, stability of time response, and sta-
bility of time resolution. The LEDs (one on each counter) were driven by the
electronics shown in Figure 4.10. A timing signal, TS3, from the accelerator

was adjusted so as to arrive 320 ns ahead of TS1. One out of every thousand
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Figure 4.10: LED-driving circuitry.

TS3 pulses was sent to a delay generator that alternated between a delay of 50
ns and 210 ns. The delayed pulse was carried over RG 238 cable (23 meters)
to the trigger input of a pulse generator situated atop the detector, whose
output powered the LEDs. (The LEDs were bright enough to generate a fairly
large PMT pulse.) The result was that in 0.1% of MTWs an LED event was
recorded. The delays were chosen so that the LED events recorded in the
TDCs occurred alternately near the beginning and near the end of the timing
window. Instability in time resolution would be reflected in a change in width
of the LED peaks in the TDC time spectra. Changes in time response would
be seen as a shift in the positions of the LED peaks. And the number of LED
events recorded over a given period of time, compared to the number of pulses
sent to the LEDs, gave a practical measure of overall system deadtime. Events
occurring in conjunction with an LED pulse were recorded in such a way that

they could be distinguished from normal events during offline analysis.

4.5.4 Veto System

Observations of noise in the m(@Q detector indicated a significant increase in
noise rate following passage of a cosmic-ray muon through the scintillator.
More than a millisecond was required for the noise rate to return to normal
after such an event. Additionally, noise pulses (particularly small ones) were
seen to cluster in bunches lasting several tens of microseconds. (The mecha-
nism behind this clustering is unknown to us.) In order to reduce the impact
of these background events, a system was set up to veto data collection in the

aftermath of a cosmic ray or in the midst of a noise cluster. Each of the four
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Figure 4.11: Schematic of the veto system.

counters had a separate veto system. If one of the counters produced a PMT
pulse of cosmic-ray size (> 1 V) in the 2 ms before the start of the MTW, or
a pulse of SPE size or larger (> 50 mV) in the 30 us before the start of the
MTW, then that counter’s ability to generate a LAM for the given MTW was
blocked. A schematic of the veto system is shown in Figure 4.11. A cosmic-ray
pulse in the 2-ms interval, or a SPE or larger pulse in the 30-us interval. set
the veto flip-flop to “on.” The flip-flop remained on throughout the MTW.
inhibiting, in the main detector trigger (Fig. 4.8). the logical AND between
the counter’s signal and the MTW. The veto flip-flop was set to “off” 1 ms
before the start of the next MTW. The veto system reduced the noise rate by
more than a factor of five, at the cost of an effective deadtime (per counter) of

roughly 25%. This was primarily the result of the 30-us portion of the system.
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4.5.5 Trigger for Pulse Height Calibration

A radioactive source (**'Am, 1 uCi) was periodically positioned next to the
detector (inside the shielding), in order to monitor the detector’s response to
a known amount of deposited energy. Due to the small size of the MTW, col-
lecting this data using the main detector trigger took an inconvenient amount
of time. A special trigger (the “source-run” trigger) was set up to allow rapid
collection of PMT pulses uncorrelated in time with the MTW. A schematic of
this trigger is shown in Figure 4.12. A pulse of SPE size or larger. from any
of the four counters, would set the source-run LANM (“LAM 27), set the busy
level, and generate a 500-ns gate for the ADCs. The amplified and unamplified
PMT signals were sent to the ADCs after being delayed enough to fall within
the 500-ns gate. The computer would then read and clear the ADCs, and turn
off the busy level, allowing the process to begin anew. The source-run trigger
was activated via a level (the “source-run level”) set to “on” or “off” by the

computer.
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4.5.6 Toroid Pulse Integrator

Critical to the analysis of the experiment was an accurate measure of the
number of electrons that collided with the PPT during data collection. The
toroid pulses from the accelerator had pulse heights proportional to the num-
ber of electrons in each PPB bunch, but with an unspecified proportionality
constant. While the experiment collected data, a special circuit (the “toroid
integrator”) measured and summed the heights of the toroid pulses. To cali-
brate the resulting number, toroid pulse heights were integrated over each of
a series of short runs. The number of electrons colliding with the PPT during
these runs was estimated from the average PPB-bunch rate and the average
PPB-bunch charge recorded in the SLC database over the time interval of
the run. The average proportionality constant (from fifteen two-minute runs)
was found to be (9.39 £0.69) x 107 electrons per toroid-integrator unit. (Diffi-
culty in reliably obtaining the data before its automatic deletion from the SLC
database prevented us from using the database’s PPB-bunch charge values for

the experiment as a whole.)

4.5.7 Data Acquisition System

The computer used for data acquisition was a Commodore Amiga 30007T, with
a CAMAC:-interface card created at CERN, and a 2-gigabyte data storage
capacity. Data from an event consisted of the contents of the ADCs, TDCs
and toroid integrator; tags indicating type of LAM, presence of an LED pulse,
and identity of the counter that generated the LAM; and the contents of digital
scalers recording such things as number of TS1 pulses. number of toroid pulses.
number of MTW-coincident PMT pulses from each counter (before and after
veto), number of each type of LAM, number of fast-clears, total number of
PMT pulses from each counter, etc. (Except for the number of toroid pulses,

which was important for the analysis of the experiment, the scaler data served
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primarily as a means to monitor detector and trigger performance.) A few
hundred thousand events would be gathered in runs lasting 12 — 24 hours. After
temporary storage on the Amiga, data from each run was sent via Ethernet to
SLAC’s UNIX-machine cluster, then copied onto magnetic tape. The online
software (developed specifically for this experiment) facilitated display of the
data during a run, allowing for real-time observation of pulse-height and time

spectra.

4.6 Detector Pulse Height Calibration

We assumed a linear relationship (up to the saturation point of the PMT)
between energy deposited in the scintillator and the size of the resulting
PMT pulse. To determine the proportionality constant, the spectrum of pulse
heights from one of the counters (counter D1) was recorded with the radioac-
tive source (?*!'Am) inside the copper box. and the detector under otherwise
normal running conditions. Observations of D1 pulses on the oscilloscope con-
firmed that the PMT was well below saturation. A 5X attenuator was used to
bring the amplified signal within the input range of the ADC. The resulting

spectrum is shown in Figure 4.13.

Decays of ?*!Am generate a number of x-rays as well as an « particle.
The former were able to penetrate the various lavers of plastic between the
source and the scintillator. A simulation of the energy lost in the scintillator
by the five principal x-rays of >*!Am, given the geometry of our setup, was
performed using EGS4[70]. This spectrum is given in the top-right diagram of
Figure 4.14. The PMT pulse-height distribution that wou!d result from this
energy-deposition spectrum, calculated assuming a scintillation efficiency of
17/100 eV, a light-collection efficiency of 0.2, a PMT quantum efficiency of
0.2, and Poisson smearing of the pulse heights, is shown in the bottom diagram

in Figure 4.14.



CHAPTER 4. EXPERIMENT SETUP 7

D1 Pulse-height Spectrum from HlAm

cvents / pC
&
=
T

0.0 10° 5.010° 1.0 10° 1510 2010°

charge (pC)

Figure 4.13: Measured pulse-height spectrum of 2*!Am events.

The broad bump in the measured pulse-height spectrum was identified as

corresponding to the rightmost bump (entirely due to the 59.5-keV x-ray) in

the simulated spectrum. (The large peak on the left side of the simulated

spectrum was below ADC pedestal in the measured spectrum, due to the
attenuation.) The pulse charge at the center of the measured bump (corrected
for attenuation) was 450 + 13 picoCoulombs (pC). Expressed in terms of the
most-probable charge of an SPE pulse ((SPE)= 25.8£1.5 pC, for counter D1),
this was 17.4+1.1 (SPE). Converting the center of the simulated bump (22.0+
1.2 photoelectrons) back to energy units via the three efficiencies mentioned
above gives 535.0 + 3.0 keV. Taking the ratio of output pulse height to input
energy with these values, one obtains 0.317 + 0.026 (SPE)/keV.
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Figure 4.14: Simulated pulse-height spectrum of 2*!Am events. Upper left plot:
the five principal x-rays of !Am. Upper right plot: the energy deposition
spectrum, simulated using EGS4. Lower plot: the simulated pulse-height
spectrum (obtained from the energy deposition spectrum by assuming one
photon per 100 eV, 20% light-collection efficiency, 20% quantum efficiency.
and Poisson smearing of the number of SPEs).
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4.7 Time Calibration

MQs from the PPT would arrive at the detector in bunches, at a particular
time relative to our main timing reference, TS1. Their signature consists of
a peak in the time spectrum of detector pulses. A prediction of the location
and width of this peak allows us to focus attention on a portion, rather than

the entirety, of the time spectrum, and thus obtain better signal-to-noise.

4.7.1 Expected Shape of Peak in Time Spectrum

Prior to installation of the detector, an experiment was performed to determine
the expected shape of the mQ-induced timing peak, using one of the detector’s
four scintillation counters. The setup is illustrated in Figure 4.15. Over most of
the charge-mass parameter space that mQs could occupy, the size of the PMT
pulse generated by a typical m@Q bunch would be one SPE. (This is discussed
in greater detail in chapter 5 section 4.) We wished to ascertain the time
spread of SPE-size pulses from the detector. Cosmic-ray muons were used for
this purpose. A light filter was placed between the scintillator and the PMT to
restrict the number of scintillation photons arriving at the photocathode. The
filter was chosen such that, on average, less than one photon reached the PMT
per cosmic-ray event. A cosmic-ray telescope consisting of small scintillation
counters positioned above and below the main counter served to trigger data
collection. Without the filter, the time spectrum of cosmic-ray induced pulses
displayed a sharp, narrow peak, 7 ns in width. With the filter in place, the
peak widened to about 14 ns (FWHM), and was shifted 16 ns later in time.
(These results are shown in Fig. 4.15.) Measurements were made with the
telescope at the far end, middle, and near end of the counter. The widening
and time shift between filtered and non-filtered peaks were roughly the same
in each case, while the positions of the peaks varied in relation to the average

distance the scintillation photons had to travel to reach the PMT. In order to
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Figure 4.15: Setup and results of the SPE timing experiment. The colors
represent different positions of the cosmic-ray telescope. Reflection of photons
off the far end of the scintillator accounts for the bimodal shape of the delayed
peak.
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Figure 4.16: Predicted shape of mQ-induced peak in the time spectrum. as-
suming events of SPE pulse-height.

simulate the time distribution of SPE pulses induced by mQs (which would
travel down the axis of the counter, rather than top-to-bottom). the locations
of the measured SPE peaks were adjusted to account for the travel time of a
fast (v = ¢) mQ between the far, middle and near end of the counter, then the
three time spectra were averaged. The resulting peak, with FWHM of 20 ns,

is shown in Figure 4.16.

4.7.2 Expected Position of Peak in Time Spectrum

The time spectrum of events in the muon-counter array upstream of the mQ
detector consisted of a sharp peak 60 ns bevond TS1. The time required for
a mQ to travel the 27.0 meters between the muon counters and the middle of
the mQ detector. at speed ¢, was 90.0 ns. For a variety of reasons including

differences in cable length and PMT type, the response time of the mQ) detector
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was expected to be different from that of a muon counter. This difference
could be determined by comparing the time (TDC value) of an event occurring
simultaneously in the detector and the muon counters. To this end the muon
counters were removed from their normal locations and placed above and below
the mQ detector (without replacing their cables), so as to form a cosmic-ray
telescope. Coincidences between the upper and lower muon counter triggered
collection of data, and a time spectrum of detector events (for each counter
in the detector) relative to the lower muon counter was recorded. Differences
in time response between the individual muon counters were ascertained by
collecting data with the muon counters stacked on top of one another. After
adjusting for cosmic-ray time of flight, it was found that an event occurring
simultaneously in the central muon counter (M1) and detector counter D1
would appear 21.6 ns earlier in the TDC spectrum of D1. The other three
counters (D2, D3 and D4) preceded M1 by 30.4 ns, 32.2 ns, and 28.8 ns,
respectively. These values were obtained from events with large pulse height.
In order to complete the determination of mQ event time, we added the 16-ns
delay of SPE-size events discussed in the previous paragraph. Altogether, the
expected locations of the mQ-induced peak in the time spectra of the four

counters, relative to TS1, were 144.1 ns, 135.3 ns, 133.5 ns and 136.9 ns.

4.8 Intrinsic Detector Noise

4.8.1 Characteristics of the Noise

Excluding very small pulses (pulse height < 1/4 (SPE)), the vast majority of
pulses from the detector were of SPE size. A typical pulse-height spectrum of
detector noise is shown in Figure 4.17. The pulses occurred at a rate 2 - 3
orders of magnitude higher than attributable to ambient background radiation.

Observation of counter output on an oscilloscope revealed that events with
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Figure 4.17: Typical pulse-height spectrum from the detector.

large pulse height (e.g. cosmic rays) were invariably followed by a string of
several hundred small pulses (SPE size and smaller), whose frequency fell off
smoothly with time. (This is in contrast to events due to typical afterpulsing
in PMTs, which generally have a larger-than-SPE pulse height. and occur with
a specific delay relative to the initiating event.) The time necessary for the
noise rate to return to normal following a large pulse ranged from milliseconds
to seconds. (Flashes of light from a blue LED also produced this effect, while
the effect from green and red LEDs was less pronounced.) In addition to
excess noise following large events, dense clusters of small events, lasting tens
of microseconds, were observed. (These clusters contained the vast majority of
SPE-size events.) A rough measure of the rate at which noise clusters occurred
was obtained by extending the output width of discriminated pulses to 30 us
and recording the discriminated pulse rate. At 5° C, this “cluster rate” was

4.0 kHz per counter, while the single-pulse (“singles™) rate was 30 kHz.

The origin of the ‘afterpulsing’ and the noise clusters is not well understood.

Both phenomena were observed in a small prototype detector (consisting of
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a 20-cm cube of Bicron BC 408 scintillator, a 10-cm lightguide of the same
material and a Thorn EMI model 9353 KA PMT, optically coupled with Bicron
BC 630 silicone grease and wrapped in aluminum foil), as well as the main
detector and, to a lesser extent, the individual PMTs. The plastic scintillator
was found to luminesce with a very long time constant (~ 1 minute) following
exposure to long-wavelength ultraviolet light, suggesting that some of the noise

pulses might represent delayed release of energy stored in the scintillator.

However, other tests suggest that much of the noise might originate in
the PMTs. Exposure of a lone PMT to pulsed LED light (of saturation-
inducing brightness, at a pulse rate of 390 Hz, for 15 seconds) resulted in a
noise rate. post-exposure, that was 200 times higher than normal. (Lower LED
brightness, or lower pulse rate, produced a less dramatic effect.) The elevated
rate returned to normal with a time constant of 1.2 minutes. With the LED
pulsed at 35 Hz, a pulse-height spectrum was gathered in such a way that PMT
pulses occurring within 2.5 ms of the LED were excluded. Comparison of this
spectrum with one taken in the absence of LED pulses revealed that the rate of
occurrence of large (> 1 SPE) PMT pulses was about the same in both cases,
while the SPE-pulse rate was three times higher in the spectrum influenced
by the LED. This suggests that stimulation of large PMT pulses results in
an increase in the rate of SPE-size dark noise. A second test lends support
to this hypothesis. Use of a magnetic field to inhibit electron multiplication
in the PMT during bright LED flashes reduced the SPE-noise rate. measured
a few milliseconds after each flash, by 50% compared to that recorded with
no magnetic field present during the flash. With continuous scintillator light
(induced by a %°Co radioactive source) replacing the LED, a similar reduction

in SPE noise was observed.

An unexpected behavior observed in both the prototype and detector coun-
ters is worth mentioning. It is generally assumed that the dark-noise rate in

PMTs falls monotonically with decreasing temperature. This was true of our
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Figure 4.18: Plot of detector noise rate versus temperature.

counters within the temperature range 20° C to about 5° C. Below 5° C, how-
ever, the noise rate increased with decreasing temperature. In the prototype,
the rate rose by 40% between 5° C and —20° C, while in the detector coun-
ters, the rate increased by 50%. (The PMTs by themselves exhibited a smooth
decrease in noise rate, by a factor of 8, between 20° C and -30° C.) The rela-
tionship between temperature and noise was the same regardless of whether
the counters were being cooled or warmed, and was stable over a time period
of several days. The rate at which noise clusters occurred in the prototype
counter was seen to decrease by 33% on one occasion, and increased by 24%
on another, when cooling from 5° C to —20° C. In the detector counters. the
cluster rate consistently rose by 60% between 5° C and —20° C. Figure 4.18
shows a plot of detector noise rates (singles and clusters) versus temperature

over the range 17° C to —20° C. Some of the observations mentioned in this
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section have been discussed also by T. Marvin[79].

4.8.2 Noise Abatement Measures

The principal measures we used to minimize noise were as follows: enclosure
of the detector in a copper box; insertion of low-pass filters in the high-voltage
and thermistor lines; chilling the detector to 5° C: running the PMTs at a lower
than typical voltage. with cathodes grounded; shielding the detector with 10
cm of lead; and employing the afterpulse-veto system described above. The
copper box and low-pass filters minimized exposure of the detector to RF
backgrounds. Chilling the detector from room temperature to 5° C actually
increased the noise rate by 10%, while reducing the cluster rate (= noise rate
after veto) by 30%. Running the PMTs at lower than typical voltage (~ 1000
V rather than ~ 1500 V) reduced the incidence of sudden, large (one to two
orders of magnitude) jumps in PMT noise rate. Shielding the detector with
10 cm of lead provided a 100-fold decrease in the flux of gamma rays from
radioactive decay. In the prototype counter, the resulting noise-rate reduction
was a factor of 3.6, and the reduction in cluster rate was 40%. The afterpulse-
veto system, inhibiting data collection on any PPB that was preceded, within
2 ms, by a large pulse from the detector. or within 30 us by a detector pulse
of any size, reduced the background rate by more than a factor of five, at the

cost of rendering the detector insensitive to 25% of PPBs.



Chapter 5

Analysis

5.1 Introduction

The experiment sought to detect mQs via the excitation and ionization left be-
hind by a passing relativistic mQ. Electron bunches colliding with the positron-
production target (PPT) would generate mQ bunches that were narrow in
angle and highly relativistic. These mQ bunches would have a time spread
on order of a nanosecond upon arrival at the detector. The presence of mQs
would be most readily apparent by a peak in the time spectrum of detector

pulses. occurring at the expected arrival time of the mQ bunches.

This chapter will discuss the types and quantity of data collected, the
means by which detector performance (including deadtime) was monitored.
our prediction of the expected number of mQ events as a function of mQ charge
and mass, and our (fairly simple) statistical analysis of the data, leading to an

upper limit on the possible value of mQ charge.
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5.2 Type and Quantity of Data Collected

The experiment collected data representing the collisions of (3.35+0.01)x 108
electron bunches with the positron-production target (PPT). These ‘positron-
production’ bunches (PPBs) contained an average of (3.17 £ 0.25) x 10'? elec-
trons each, at an electron energy of 29.47 GeV. Each of the four counters in
the detector lost approximately (21 & 1)% of PPBs to deadtime, primarily as
a result of the afterpulse-veto system. (In general the dead periods of each
counter did not overlap with those of the others.) The data was collected
during 55 runs, lasting roughly 24 hours each, over the course of 14 weeks

beginning in December 1994.

The data consists of the time and pulse height of photomultiplier-tube
(PMT) pulses occurring within the 250-ns “main timing window” (MTW)
surrounding the expected arrival time of mQ bunches at the detector. (An
MTW was generated every time the TS1 time marker was received from the
linac, roughly 120 times per second.) The presence or absence of an elec-
tron bunch at the PPT (as indicated by a pulse from the upstream toroid)
in conjunction with each event was recorded, in order to separate a set of
events which could only be due to background noise. Since PPB production
was generally sporadic, this allowed for essentially simultaneous collection of
background and real data. Additional items recorded were the total number of
TS1 time markers, the total number of pulses ignored (for each counter) due to
the afterpulse-veto system, and the identity of events coinciding with trigger
pulses sent to the LEDs on the scintillator (these LEDs were triggered once
every thousand TSls in order to monitor detector performance). In addition
to the background mentioned above, a second type was obtained. consisting
of events recorded while the detector was positioned one meter to the side
of the axis of the PPB beam. Since mQs of all but the highest masses are
expected to be very forward directed, the detector would miss most of the mQ

beam, allowing for a measurement of possible PPB-related backgrounds (e.g.,
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neutrino interactions near the scintillator).

5.2.1 Spectra of Measured Backgrounds

Representative spectra from the two types of background data are shown in
Figures 5.1 and 5.2. The large peaks centered at 50 ns and 212 ns in the
time spectra are due to the LEDs, and disappear when events concurrent with
LED trigger pulses are removed from the data. The remaining events are fairly
uniformly distributed in time. The LEDs are responsible for the large peak
at 2x10® pC in the pulse-height spectrum. The leftmost peak (at 13 pC)
is the pedestal of the ADC, and the small peak on the far right, at 10 pC.
is due to cosmic ray muons. The broad peak centered at 38 pC represents
events of single-photoelectron (SPE) size, primarily dark noise from the PMT.
With the exception of the width of the LED-induced peak, the shapes of the
spectra do not differ much between the two types of background. PPB-related
backgrounds (with the possible exception of extremely forward-directed parti-
cles) are evidently not readily discernible by this experiment. The overlapping
peak (shown in blue) at the bottom of Figure 5.2 is an artificially generated
pulse-height spectrum consisting entirely of SPE events. Comparing the areas
under the SPE and background-data curves, we find that SPEs account for
roughly 94% of all non-LED background events with' pulse height above the
ADC pedestal.

5.3 Stability of Detector Performance

The LED-generated events, together with spectra (gathered after every 1-2
runs) of events induced by the ?*'Am source, provide a means to monitor
changes in the response time, time resolution, sensitivity to deposited energy.

and deadtime of the detector and its accompanying electronics over the course
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Figure 5.1: Time spectra of background events. Upper plot: events with no
PPB present. Lower plot: events recorded while the detector was not aligned

with the beam.
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Figure 5.2: Pulse-height spectra of background events. Upper plot: events
with no PPB present. Lower plot: events recorded while the detector was
not aligned with the beam. The blue curve in the lower plot is a spectrum
(generated via LED) of SPE events.
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Figure 5.3: Pulse-height spectrum generated by ?*!Am.

of the experiment. (A drift in response time or a reduction in sensitivity could

easily obscure the anticipated mQ signal.)

5.3.1 Energy Sensitivity and Resolution

Figure 5.3 shows the pulse-height spectrum due to >*!Am, obtained from one
of the four counters in the detector (counter D1). Based on an EGS4{70]
simulation of the energy deposited in the scintillator by this source (shown
in Figure 5.4). the peak at 467 pC (= 17 photoelectrons) in the pulse-height
spectrum is identified as being due to absorption of the 60 keV x-ray of *!!'Am.
For each of the four counters, the location and width of this peak was obtained
from each of 75 2*!Am spectra recorded over the course of data collection. Plots
of peak position and width versus time were made in order to check for any
drift in counter sensitivity. Based on these plots we conclude that, at 60 keV’,

energy sensitivity had a drift of no more than 3% and a scatter of roughly
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Am?*' X-ray Spectrum Spectrum of Energies Deposited in Scintillator
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Figure 5.4: Simulated pulse-height spectrum of 2*!Am events. Upper left plot:
the five principal x-rays of >'Am. Upper right plot: the energy deposition
spectrum, simulated using EGS4. Lower plot: the simulated pulse-height
spectrum (obtained from the energy deposition spectrum by assuming one
photon per 100 eV, 20% light-collection efficiency, 20% quantum efficiency.
and Poisson smearing of the number of SPEs).
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Figure 5.5: Positions of the peak induced by *!Am in the pulse-height spec-
trum, recorded over the course of the experiment (for monitoring detector
performance).

2.4%, while energy resolution (a somewhat less important quantity) had a
drift of less than 9% and a scatter of about 9% . The plot of peak position
versus time is shown in Figure 5.5, and a histogram of the peak positions is

given in Figure 5.6.

5.3.2 Response Time and Time Resolution

Figure 5.1, discussed above, shows time-spectrum peaks generated by the
LEDs. The amount of light from the LEDs was sufficient to saturate the PMTs,
resulting in events with large pulse heights. For every (non-background) data-

gathering run, fits of the two LED peaks were performed using a gaussian



CHAPTER 5. ANALYSIS 93
Counter DI Counter D2
b [£4]
meun = 2318 pC 4 mean = 30.51 pC
- sigma =079 pC 4 r sigma = 058 pC
L
21 2 23 2 25 26 27 28 29 30 31 ; 33 34
pulse height (pCy pulse height (pC
Counter D3 Counter D4

mean = 2953 pC
sema = 670 pCo o

mean = 29.6x pC
sigmie = 1 60i pC

T

nwmber of funs
o
AARAAAS RaR )

number ol runs

\ARARRARAS

29 30 2 32 33 pivd 2N 29 0 31 32
pulse height (pC)

Figure 5.6: Histograms of the *!Am-peak positions recorded over the course
of the experiment (for monitoring detector performance).

fitting function, and the positions and widths (standard deviations) of the
gaussians were recorded. The plot of peak position versus run number for the
earlier peak is shown in Figure 5.7. (The results for the later peak are similar.)
Figure 5.8 gives a histogram of these peak positions. With the exception of
counter D1. which made a temporary excursion to a 3-ns longer response time
between runs 38 and 48, the drift in response time of each counter (for events
of large pulse height) was below 1.5 ns. and the average scatter in response
time (including counter D1) was 0.6 ns. A verv rough measure of the time
resolution of the detector is given by the widths of the LED peaks. For events
with large pulse height, the drift in time resolution was less than 0.3 ns for
each of the four counters, and the average scatter in time resolution was 0.19

ns.
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Figure 5.7: Positions of the peak induced by the LED in the time spectrum.
recorded over the course of the experiment (for monitoring detector perfor-
mance).

5.3.3 Deadtime

The LEDs also provide a means to check the deadtime of the system consisting
of the detector, electronics and data-acquisition computer combined. The
number of TS1 time-marker pulses, synchronized to the passage of electron
bunches in the linac but active even in the absence of bunches. was recorded
during every run. The LEDs were triggered once every thousand TS1 pulses,
regardless of the status of the rest of the system. Any discrepancy between
the number of trigger pulses sent to the LEDs (= Nts;/1000) and the number
of LED events actually detected during the run (Npgp) represents the amount
of time the system was, for any reason, unresponsive. Since there is almost no

background in the region of the pulse-height spectrum occupied by the LED
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Figure 5.8: Histograms of the LED-peak positions recorded over the course of
the experiment (for monitoring detector performance).

peak (see Figure 5.2), the value of Ny gp was taken to be equal to the number of
events in this peak. The deadtime fraction, (Nts; —1000NLgp)/Nts:, averaged
over the four counters for 54 of the 35 runs, was found to be 0.198 4 0.006.
(Runs showing an unusual amount of deadtime were excluded from the final

data set.)

4
)
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5.4 Predicted Number of m(Q Events

The most distinct evidence for mQs would be a fairly narrow (20-ns FWHNMI)
peak at a well-defined location in the time spectrum. The pulse-height spec-
trum would also exhibit a peak, but a less narrow one that could, if occurring
in the SPE region, be obscured by the large number of SPE background events.
The location of a time-spectrum peak due to mQs should be independent of
mQ charge and mass, whereas the size of the peak should depend on both
these quantities. Our method for predicting the location of the time-spectrum
peak was discussed in chapter 4 section 6. The discussion below concerns the
expected size of the peak, which has direct bearing on the charge values that

can be excluded by a null result of the experiment.

We define the number of expected events to be the number of mQ-induced
PMT pulses that a) occurred during the live time of the experiment. b) were
above discriminator threshold, and c¢) fell within a specific time window of
40-ns length (within the main timing window) deemed most likely to contain
a mQ signal. (Selection of this signal window is discussed in section 5 below.)
Let the number of expected mQ events be denoted by V, and let S denote the

average size. in photoelectrons (PEs) of a mQ-induced PMT pulse.

5.4.1 Prediction of N and S

To compute an estimate of NV, two things need to be considered: the rate
at which mQs enter the counters (specifically, whether thev enter on every
PPB, or only on some fraction of PPBs), and the average size of PMT pulse
generated when they do enter (specifically, multiple PEs. occurring every time
mQs enter, or a single PE, occurring less frequently). The former can be

parameterized via the following quantity, which represents the average number
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of mQs entering a single counter per PPB:
F=Q°n)_ (MzA;) (5.1)
¥

where @ is the mQ charge in units of e; n is the average number of electrons in
a PPB; M is the matrix generated by the mQ production simulation (see the
appendix) such that the entries of Q2 M are the number of mQs produced, per
electron, within a given bin of mQ momentum (rows) and angle (columns);
and A is the fraction of mQs within the acceptance of the counter, for each

angle bin. The latter item (the PMT pulse size S) can be parameterized as

S = max(1,8) (5.2)

Q4 nCZi,j (M]AJEZ) s if FF>1;
% Q4 nC Zi,j (MijAjEi) , If F<l1.

S =

where C is the counter calibration in PEs per keV, and Q?E is the energy
deposited in the scintillator by a passing mQ for each bin of mQ momentum.
(The quantity Q2nzj (M;;; A ;) represents the number of mQs entering the
counter, per PPB, for a given momentum bin, while the quantity Q?CE; is
the average PMT pulse size resulting from traversal by a single mQ of the given
momentum. S is therefore the average number of PEs per PPB, restricted to
those PPBs for which at least one mQ enters the counter. Note that S will
be less than one in the case of m(Q bunches depositing less energy, on average,
than is necessary to produce an SPE.) This parameterization does not take
into account saturation of the PMT. There are four combinations of F and S

that need to be considered separately in obtaining an estimate of V.

1. F > 1 (mQs enter the counter on every PPB)
S > 1 (when mQs enter, a PMT pulse of greater than SPE size is
generated)
A negligible number of PMT pulses are expected to fall below discriminator
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AV

threshold or outside of the signal window when S > 1. The estimation of N

is straightforward:
N =4PL (5.4)

where P is the number of PPB s recorded during collection of the main data
set, L is the fraction of PPBs for which the counter was live. and the factor
of four accounts for the total number of counters. (Over the range of masses
for which mQ production was simulated. regardless of F’ and S. the angular

spread of mQ)s is much larger than a counter diameter.)

. F'>1 (mQs enter the counter on every PPB)

S =1 (not every mQ bunch results in a PMT pulse)

In this case, PMT pulses induced by mQs are of SPE size. and S represents
the probability that a mQ bunch entering the counter produces a PMT pulse.
Some pulses are expected to fall below discriminator threshold. or outside the

signal window.
N =4PLSdw (5.5)

where d is the fraction of SPE-size PMT pulses above discriminator threshold,

and w is the fraction occurring within the signal window.

F <1 (a mQ enters the counter on only some fraction of PPBs)

S > 1 (a larger-than-SPE size PMT pulse is generated when a mQ
enters)

Here F' represents the probability, per PPB, for a mQ to enter the counter.

N =4PLF (5.6)

F <1 (a mQ enters the counter on only some fraction of PPBs)
S =1 (not every mQ that enters results in a PMT pulse)
F is the probability per PPB for a mQ to enter, and 8 is the probability that
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an entering mQ generates a PMT pulse. The resulting pulses are of SPE size.

N =4PLFSdw (5.7)

A complicating factor thus far neglected is the average separation, at the
location of the detector, of the positive and negative member of each mQ pair
produced in the PPT. For masses below about 0.4 MeV/c2, this will be smaller
than a counter diameter, so mQs would tend to enter a given counter in pairs
rather than singly. In this case the quantities of interest for predicting S and

N are the number of pairs entering a counter per PPB:

P %F (5.8)

and the PMT response averaged over those PPBs for which at least one pair

enters:
-~ |8 if F>1;
S = N (5.9)
28, if F<1.
S is given by
S = max(L, §), (5.10)

and XV is given by the formulas above with F' and S replaced by F and 8. The

result simplifies to the following:

,

4PL, if (F>1, 5> 1)
4PLSdw, if (F>1, S=1);
N = ~ (5.11)
2PLF, if (F<1, §>1);
|4PLF8dw, if (F<1, S=1).
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which differs from the original set of formulas only for the case (F<1,§>1).
Here we have made the assumption that the separation between the positive
and negative mQ), at the location of the detector, remains larger than a typical
molecular diameter (a few angstroms) for all values of mQ mass. If this proves
to be incorrect below some value (& m,), then a mQ pair would resemble an

uncharged particle and fail to induce ionization in the scintillator.

Quantities that appear in the formulas for N and S

Values for P, L. F, 8, d and w were obtained as follows.

P (the number of PPBs)
was taken to be the number of voltage pulses recorded from the toroid (located

just upstream of the PPT) during collection of the main data set.

P = (3.352 £ 0.010) x 10% (5.12)

L (the live-time fraction of a counter)
was estimated as the fraction of PPB s occurring while a given counter was not

inactivated by the afterpulse-veto system. averaged over the four counters.

L =0.7882 £0.0021 (5.13)

F (the average number of mQs entering the counter per PPB)
was derived from M. n and A of Eq. 5.1. Estimation of M was discussed in
chapter 3 section 2, and in the appendix. Values for n and A were obtained

as follows.

n (the average number of electrons in a PPB)
was taken to be the total number of electrons passing through the toroid

during collection of the main data set, divided by P. For 45 of the
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55 runs, the number of electrons was obtained by summing the ampli-
tudes of voltage pulses from the toroid, as described in chapter 4 section
4.6. For the remaining 10 runs an electronics failure necessitated that
the number of electrons be estimated from the number of events in the
muon counters. (The number of muon events in a run had previously
been found to have a linear relationship to the sum of toroid pulses.)

Combining the measured and estimated data, we arrive at

n = (3.17 + 0.25) x 10%°. (5.14)

A (the fraction of mQs within the counter’s acceptance, for each of the mQ
angle bins in M)
is derived from the following four quantities: the detector’s location
relative to the PPT (determined via geographic survey), the detector’s
ideal location (defined via projection of the axis of the beam of muons
produced in the PPT, and estimated to be 2.2 ¢cm laterally offset from
the detector’s actual location), the jitter in the angle of the PPB beam
relative to its nominal axis (0.6 = 0.6 mr), and the size of the annulus
describing the perpendicular cross section of each bin in mQ angle at

the detector’s distance from the PPT.

Table 5.1: Acceptance Fraction versus Angle

] 0 1 2 3 4 ) 6 7
@ (mr) { 0.25 | 0.75 | 1.25 | 1.75 | 2.25 | 2.753 | 3.25 | 3.75
A, 1.0 { 1.0 094068 039}0.12| ~0 | ~0

S (the PMT response averaged over those PPBs for which at least one mQ
enters the counter)
was derived from the energy deposited in the scintillator by a passing mQ
(for each bin of mQ momentum), the detector’s calibration C as computed in

chapter 4 section 5 (C = 0.317 + 0.030 PE/keV), and the values of n, M and
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A given above. The energy deposited by a mQ was obtained from the Bethe-
Bloch formula[71], with density effect adjusted appropriately in the case of
very high v (low mass) mQs[80]-

d (the fraction of SPE-size PMT pulses above discriminator threshold)
was estimated from a pulse-height spectrum (from counter D1) comprised
almost entirely of SPE-size pulses (shown in the upper left plot in Figure 5.9),
generated by an LED. The LED was triggered by voltage spikes sufficiently
small that only 1 in 20 spikes resulted in a PMT pulse above discriminator
threshold (which was set at 50 mV, roughly 1/3 the size of the smallest PMT
pulses observed on the oscilloscope). The discriminator-threshold cutoff is
clearly visible at 20 pC in the figure. Triggering on every voltage spike sent
to the LED failed to reveal the shape of the spectrum below discriminator
threshold, due to a large amount of spillover from the pedestal of the ADC,
so the shape was extrapolated three ways as shown in Figure 5.9. The value
of d was taken to be the average, over the three extrapolations, of the number

of events above 20 pC divided by the total number of (non-pedestal) events.

d=0.88 +0.11 —0.14. (5.15)

w (the fraction of mQ-induced PMT pulses occurring within the signal win-
dow)
was taken to be the portion of the predicted time-spectrum peak (shown in

Figure 5.10) contained within the signal window.

w = 0.86 +0.00 —0.10. (5.16)

Results for ¥V and S

The regions of charge-mass parameter space spanned by the F-S and F-S
combinations enumerated above are shown in Figure 5.11. In certain neigh-

boring regions the various formulas for NV (and those for S) coincide. The
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Figure 5.9: Pulse-height spectrum of SPE events. Upper left: the measured
spectrum, cut off below 20 pC by the discriminator threshold. Upper right:
linear extrapolation down to pedestal position. Lower left: exponential ex-
trapolation. Lower right: constant extrapolation.
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Predicted Shape of mQ-induced Peak in the
Time Spectrum, Assuming SPE-size Events
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Figure 5.10: Predicted shape of the mQ-induced peak in the time spectrum,
together with the signal window.

parameter space can be divided into three areas corresponding to distinct for-
mulas for S and V. These are shown in Figure 5.11 d. The resulting values
of N and S, given in the form of contour plots. are shown in Figures 5.12
and 5.13. Conservative values (equal to the predicted magnitude minus its

uncertainty) were used in these figures.

5.5 Data Analysis

The response times of the four counters in the detector were all slightly dif-
ferent (see chapter 4 section 6). We offset the event times in the spectrum
from each counter to compensate for these differences, then combined the four
spectra into one. With the exception of the necessity that all recorded events
be above discriminator threshold (which resulted in a loss of roughly 12% of

SPE-size events, as discussed in section 4.1 above), no restrictions on pulse
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Figure 5.11: Regions of charge-mass parameter space relevant to the prediction
of ¥V and S. a) Right side: mQs enter the detector singly. Left side: mQs
enter the detector in pairs. b) Above the green line: more than one mQ (pair)
enters the detector per PPB. Below: one or fewer enters per PPB. ¢} Above the
purple line: the pulse height of mQ events is greater than an SPE. Below: the
pulse height is equal to an SPE. d) Region 1: an mQ event would be recorded
for every PPB. Region 2: mQ events would have large pulse height. but would
occur on only a fraction of PPBs. Region 3: mQ events would occur on only
a fraction of PPBs, and would have SPE pulse height.
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Figure 5.12: Contour plot of the expected number of mQ events (V). The
black line is the contour VN = Npax.

height were imposed in compiling the time spectra. The pulse-height spectra

were not combined, due to the difficulty of adjusting for PMT gain differences.

The time and pulse-height spectra of events in the main data set are shown
in Figures 5.14 and 5.15. The expected location of the mQ peak in the time
spectrum, given the offsets applied to its constituent spectra, and assuming an
average pulse-height of one PE, is 108 ns. There are no notable peaks in the
time spectrum, and there is nothing incommensurate with background in the
pulse-height spectra. Except in region 3 of charge-mass parameter space (de-
fined in Fig. 5.11 d), the minimum value of NV for mQ masses below 100MeV/c?
is 4 x 10°. This exceeds the number of events in the entire data set by a factor

of four. With the exception of those portions of charge-mass parameter space
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Figure 5.13: Contour plot of the expected pulse height (in SPEs) of mQ events.
The black line is an overlay of the N = N, contour from the N plot.

for which mQs fail to reach the detector (discussed in chapter 3 section 3). a
cursory inspection of the data is therefore all that is required to exclude re-
gions 1 and 2. In the remaining region, the average pulse-height of mQ events

is one PE.

The shape expected for the mQ-induced peak (see Fig. 5.10), is charac-
terized by a sharp leading edge, long tail, and FWHM of 20 ns. A window
stretching from 103 ns to 143 ns (enclosing 86% of the expected peak) was
chosen in which to seek a statistically significant excess of events. The regions
40 ns in length immediately adjacent to this signal window were used to ob-
tain an estimate of background. The expected number of background events in

the signal window (B = 146061) was extrapolated using a linear least-squares
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Figure 5.14: Time spectrum of events in the main data set. The vertical line
shows the expected position of the mQ-induced peak.

fit to the spectrum of events in the background regions. The signal window,
background regions and fit used for background estimation are shown in Fig-
ure 5.16. The total number of events, 7', in the signal window is 146268, an

excess of 207 events over the predicted background.

We assume that the number of background events in the signal region
would, in an ensemble of identically run experiments, fluctuate according to a
Poisson distribution, and use our expected value (146061 events) as an estimate
of the mean (B) of this distribution. With B > 1, the Poisson distribution
can be approximated by a gaussian distribution with standard deviation op
given by gz = V' B. The number of excess events in the signal window is only

0.54 05, not statistically significant.
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Figure 5.15: Pulse-height spectrum of events in final data set, for each counter.
The upper (red) curve is the data. The lower (blue) curve, included for compar-
ison, is comprised of background events (recorded when no PPB was present).

5.5.1 The Upper Limit on mQ Charge

Let T stand for the total number of events in the signal window. T is equal
to the number of background events (B) plus the number of mQ events (V).
There is only a 5% probability for B to fluctuate downward by more than
1.645 0, and thus for N to be higher than T — (B — 1.645 ;). There is thus a
95% probability that NV < Npax, where Ngax =T — (B — 1.64505) = 835.68.
The black line in Figure 5.12 indicates the contour N = N.., and represents
the 95% confidence upper limit on mQ charge. The location of this contour
in the plot of expected PMT pulse height S (see Fig. 5.13) confirms that our

assumption of an SPE for the most likely mQ signal is justified.
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Figure 5.16: Time spectrum of events in the main data set, together with the
signal window (darker shading), the regions used for background estimation
(lighter shading), and the linear fit of the background.

The portion of charge-mass parameter space excluded by the experiment,
overlayed on the regions excluded by previous experiments and by cosmological
arguments, is shown in Figure 5.17. The rightmost edge is determined by the
fall-off of mQ yield with increasing mQ@Q mass. The upper edge represents the
maximum mQ charge that is expected to reach the detector (given ionization
and radiative energy loss in the material between the PPT and the detector,
as discussed in chapter 3 section 3). The lower edge is the 95% confidence

upper bound on mQ charge derived above.

This analysis relied on the assumption that the pulse-height calibration of
the detector, carried out for large energy depositions, was accurate in the case
of a single ionization. A separate analysis, involving the energy deposited by

mQ)s in the form of delta rays, was performed as a cross check. The resulting
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Figure 5.17: Region of charge-mass parameter space ruled out by the mQ
search.

charge limit (the lower edge of the excluded contour) was less stringent than

the one from the main analysis. but differed by less than a factor of two.



Chapter 6

Conclusions

The experiment collected data representing 3.4x10® electron bunches incident
on the SLC positron-production target (1.7 Coulombs of charge, total), at an
electron energy of 29.5 GeV, using a plastic scintillation counter with a 1.3-
meter path length for mQ interactions and a solid-angle coverage sufficient to
accept 20% of the mQ beam. No evidence of mQ interactions (which would
have been indicated by a peak in the time spectrum of recorded events) was

found.

Figure 6.1 shows the contour in charge-mass parameter space that can be
excluded, at 95% confidence, by this result. The lower edge of the contour
is determined by the expected yield of mQs from the target, together with
the maximum sensitivity of the detector. The right side of the contour is
determined primarily by the expected yield. The upper left edge is determined
by the maximum charge that would allow a mQ_to penetrate the shielding
between the target and the detector. (At low mass, mQs can lose a significant
amount of energy to Bremsstrahlung in the shielding.) Also shown in the figure
(in various shades of grey) are regions ruled out by previous experiments and by

cosmological arguments. (It should be noted that the nucleosynthesis bound
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Figure 6.1: Region of charge-mass parameter space ruled out by the mQ) search.

does not apply in the case that the tau neutrino is heavier than one MeV/c2.)

The sensitivity of the experiment was limited primarily by noise intrinsic
to the detector. The noise pulses were small (single-photoelectron size), and
most likely represent dark pulses from the photomultiplier tubes. Since the
expected signal varies as the fourth power of m(Q charge, an experiment seeking
to extend the lower edge of the excluded contour by a modest amount would

require a very large improvement in the signal-to-noise ratio.

Some possible avenues for improving upon the present result in future ex-
periments include the following. A search at a higher energy accelerator would
allow access to higher values of mQ) mass. Use of higher density shielding with
a detector placed closer to the source would increase mQ flux by improving

solid-angle coverage. (It is probably not cost-effective to increase the width of



CHAPTER 6. CONCLUSIONS 114

the detector.) Alternatively, the search could by located at a higher current
machine. A reduction in noise level by two to three orders of magnitude may,
in the near future, be possible by replacing the photomultiplier tube with a
semiconductor-based photon detector, such as a field-effect transistor gated
by a layer of quantum dots[81]. And a more effective probe of the low-mass
region may be achievable by exploiting the mQ cross section for eTe™ pair
production, e.g., in a detector consisting of alternating layers of scintillator

and a high-Z material.



Appendix A

Production Monte Carlo

This appendix describes the Monte Carlo used to estimate the yield, angular
distribution and energy distribution of mQs produced in SLAC’s positron-
production target (PPT). Also included are the results of the simulation for

some representative m(Q) masses.

A.1 Description of Monte Carlo

Each shower e* and e~ in the target is considered an incident particle capa-
ble of generating mQs. Shower parameters including the abundance, angu-
lar distribution and path length of e* and e™, as a function of e*e™ energy,
were obtained via an EGS4[70] simulation. These data serve as input to the
Monte Carlo, which generates a two-dimensional histogram of mQ yield (per
PPB electron incident on the PPT) versus mQ angle and mQ energy. The
Monte Carlo performs a phase-space integration of the differential cross sec-
tion for Bremsstrahlung electroproduction (Figure A.1 B), computed using
REDUCE[74], via the method of weights.

115
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Figure A.1: Feynman diagrams for mQ production. A. Photoproduction.
B. Electroproduction, “Bremsstrahlung” mechanism. C. Electroproduction,
“multiperipheral” mechanism.

The cross section corresponding to the Bremsstrahlung electroproduction

diagram is given by

_ 8*(Pt & Pmo- + Pmgr + P = Pe = PX) |y g2 Pt PP d*pmo+ d’pi
2(27)8 [(pe + pn)* — ME] 2E! 2Eqnq- 2Emq+ 2E%
(A1)

do

where primes refer to scattered particles, and units are such that i = c = 1. We
make the following three approximations: py = px = (Mx,0,0,0) (since the
nucleus is far heavier than any other mass scale in the process); the outgoing

electron (positron) and mQs are highly relativistic; and M. < M. Then the
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cross section in the lab frame simplifies to

. 5(Eé =+ EmQ— —+ EmQ+ — Ee)

2 4°p, d°Pmg- d°pmg+ (A.2)
61(2m )P E M2 - L

E' FEmg- Emo+ -

do | M|

For our simulation we take d3p, in polar coordinates (d®p, = E2dE, sin 6, x
df. doy) and make the change of variables E,q-, Emg+r — Ea, R, where
E\i = Eng-+Eng+. and R = Eng- /E\- The cross section becomes

2 [}5;' [ﬁmQ‘l lﬁmQ“‘I
64(27)TE. M3

6.d0mq-dbmq+dDmq-dbmq+rd Exd R, (A1)

do =|M| Eysin 6, sin Opg- sin g+ X (A.3)

where the ¢, and E! integrations have been carried out, ¢nq- and ¢nq+ are
defined relative to the azimuthal direction of the scattered electron (positron),
and energy conservation is imposed. To obtain the number of mQ pairs pro-

duced per e~ incident on the PPT, we integrate the following expression:
dN,.. = nl(E.)dE.do. (A.3)

Here [(E.) is the sum of the path lengths in the target, per unit energy, of
all shower electrons and positrons having a given energy E., and n is the
number density of atoms in the target. The quantity [(E.), as well as the
angular spread of electrons and positrons for the given energy, is provided by

the EGS4 simulation.

For the dNV,,;, integration, points are generated in the 8-dimensional space
(8%, Omq-» Omq+. Pmq-+ Omq+. R, En, Ee) according to a density function p(x),
with p(x) normalized such that [ p(x)dx = N,..,. The number of mQ pairs
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per incident e~ is

Ntnals

Z 152! [Pma- | [Bmg+| ni(Ee) |IM|? Eysin 6, sin0pq- sin Omq+
64(9 ) E, A[\?{ p(ol mQ~—: HmQ“"r émQ", ¢mQ+7 R7 E‘z\[: Ee) ]

(A.6)

palr -

The quantity to the right of the summation symboi (117) is the weight of the ith
event, and Zi H’? is the statistical uncertainty of Y. pi/¥;. Random numbers
needed for the simulation are generated by the CERNLIB function RANMAR,
which is based on the Marsaglia algorithm[75], with a periodicity of roughly
1043,

E, is sampled from a flat distribution between 0.5 and 29.5 GeV. R is
sampled from a flat distribution between Mpnq/E\m and 1 — Myq/Eym. @mg-
and ¢mq+ are sampled from flat distributions between 0 and 27. E) is sampled

from the distribution

dEy\
Ex 1n( G )

between the limits 2A/nq and (Ee — me). E.. Emg- and Enq+ are computed
from Ee. Ex and R. 6, Onq- and g+ are sampled from the distribution

h(Em)dEy = (A7)

202, 6d6

0)do = max 5 A8
90 = e+ a2 B (8
which is the small-angle approximation to the distribution
M2 sinfdf
g(6)de - (A.9)
T3 (E — Ecos)®’

where Mmax = max(Mmpnqg, me), and E is the energy of the particle under
consideration. This distribution is tailored to avoid both very large and very

small angles, and thus will not give good results when Ao < me.
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The density function p is given by

P (9;~ 0mQ‘7 ng+7 ¢mQ“7 ¢mQ+: R’ EL\«[: Ee) =

i 1 1 I(E.)
N : - N i
trials g(ﬁe) g(ng ) g(omQ‘*') (27‘_)2 1 — 2-"/[mQ/EM h-(E'.\I) .

(A.10)

Lot

where [, = f [(E.) dE.. This leads to the following expression for the weights:

- — =
¥ ’1 — 2 lpel Ime_l lme'*'[
Vo= M G B2

E\sin @, sin Opq- sin fmg+ (27)° (1 — 2Mma/Ex) Lo
Nesiais 9(02) 9(Oma-) 9(Oma+) R(Ew) U(Ee)

(A.11)

To compute the matrix element |M|?>, we assume the nucleus to be a
fermion with charge ZeF'(qg®), where Z is the atomic number and F'(¢?) is
a form factor. For F(q?) we use the elastic atomic form factor of Schiff as
reported in Tsai[73]:

(a¢?)’

F*(¢*) =G5 (¢%) = REEEIE

(A.12)

where

, (18415 1
2718 m2Z¥U¥’

(A.13)

so long as |g?] < m2. For larger [¢g?| we use the elastic nuclear form factor of
Tsai:
. W5(coherent 2My
F2(g?) = 2( ) N

= - - A.l4
z (1 + I@#F/d)’ (1

where

d=0.164 A7%3 GeV2 (A.15)
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The traces in the computation of the spin-averaged value of [M|* were
calculated using REDUCE([74].

To obtain the angular distribution of the mQ)s, a direction for the incoming
electron (positron), relative to the incident e~ beam, is chosen on each trial.
. is sampled from a gaussian distribution (centered at 0), whose standard
deviation was computed in the EGS4 shower simulation. ¢, is sampled from
a flat distribution between 0 and 27. The direction of the mQ relative to the
electron (positron) which produced it is then appropriately rotated to obtain

the mQ direction relative to the incident e~ beam.

A.2 Representative Results

The results of the Monte Carlo (from runs of 60-million trials) for mQ masses
0.01, 0.1, 1 and 10 MeV/c?, are given in the tables that follow. The first lists
the total vield, and the yield within our detector’s 2-mr angular acceptance,
of mQs produced in the PPT per incident PPB electron, assuming the mQ
charge is 10~3e. (To obtain the results for other charges, scale by 10°Q?.) The
next several tables represent two-dimensional histograms of mQ yield versus
mQ energy and angle, for angles below 4 mr (again with Q = 1073). The
vertical axis is mQ energv in GeV, and the horizontal axis is mQ angle in

radians (values on the axes represent bin midpoints).
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Table A.1: Total yield and accepted vield of mQs, per PPB electron, for
Q = 1073. Mass values are in MeV/c2.

Mmg

vield

accepted vield

0.01

(2.75 £0.19) x 107

(4.64+0.47) x 1078

0.1

(5.16 +£0.18) x 1078

(1.022 £ 0.065) x 1078

1

(2.82 £0.12) x 10™°

(5.46 +0.37) x 10~'0

10

(6.26 = 2.6) x 10—

(4.0 £2.3) x 1072
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Table A.2: Results of Production Monte Carlo for Muq = 0.01 MeV/c>.

Angle (rad)

Energy(GeV) 0.000250 0.000750 0.00125 0.00175 0.00225 0.00275 0.00325 0.00375
0.125 7.76e-10 1.86e-09 3.98e-09 2.84e-09 2.47e-09 2.81e-09 2.77e-09 2.73e-09
0.375 8.11e-10 1.21e-09 1.66e-09 1.79e-09 1.82e-09 1.38e-09 3.52e-09 1.31e-09
0.625 5.49e-10 9.98e-10 1.21e-09 9.61e-10 1.20e-09 1.20e-09 1.30e-09 8.28e-10
0.875 4.16e-10 7.74e-10 9.63e-10 7.62e-10 1.16e-09 1.02e-09 6.72e-10 6.56e-10
1.125 4.63e-10 7.92e-10 9.08e-10 1.18e-09 6.23e-10 5.52e-10 5.08e-10 4.17e-10
1.375 3.42e-10 5.13e-10 6.49e-10 5.43e-10 6.19e-10 4.70e-10 3.34e-10 3.11e-10
1.625 3.84e-10 7.98e-10 3.99e-10 4.42e-10 3.24e-10 3.16e-10 8.20e-10 3.79e-10
1.875 2.61e-10 4.36e-10 3.37e-10 3.62e-10 3.13e-10 3.31e-10 2.44e-10 1.86e-10
2.125 2.63e-10 4.17e-10 4.02e-10 2.78e-10 3.41e-10 2.47e-10 2.44e-10 3.56e-10
2375 2.05e-10 3.41e-10 3.41e-10 3.23e-10 2.47e-10 1.65e-10 1.05e-10 1.24e-10
2625 1.79e-10 2.58e-10 5.18e-10 2.62e-10 1.56e-10 1.41e-10 1.17e-10 8.20e-11
2.875 1.43e-10 2.56e-10 3.22¢-10 2.50e-10 1.82e-10 1.37e-10 6.78e-10 8.97e-11
3.125 1.32e-10 2.23e-10 2.14e-10 1.71e-10 1.72e-10 1.21e-10 7.16e-11 4.16e-11
3.375 1.33e-10 2.26e-10 2.15e-10 1.47e-10 1.04e-10 9.47e-11 7.15e-11 5.3%e-11
3.625 1.33e-10 1.77e-10 1.79e-10 1.40e-10 1.02e-10 6.34e-11 4.94e-11 3.98e-11
3.875 8.99e-11 1.52e-10 1.46e-10 1.11e-10 1.10e-10 6.90e-11 3.73e-11 2.48e-11
4.125 8.33e-11 3.13e-10 1.74e-10 1.92e-10 7.31e-11 4.84e-11 4.53e-11 1.95e-11
4.375 8.78e-11 1.56e-10 1.76e-10 8.59e-11 6.73e-11 6.96e-11 2.91e-11 2.32e-11
4.625 8.96e-11 1.62e-10 1.12e-10 7.90e-11 6.43e-11 3.93e-11 2.89e-11 1.39%e-11
4.875 9.17e-11 1.41e-10 9.97e-11 9.50e-11 4.90e-11 3.33e-11 1.74e-11 1.83e-11
5.125 8.01e-11 1.25e-10 1.09e-10 5.60e-11 4.56e-11 3.66e-11 1.52e-11 1.08e-11
5.375 7.03e-11 1.03e-10 1.17e-10 1.12e-10 4.23e-11 3.44e-11 1.43e-11 1.21e-11
5.625 7.22e-11 1.07e-10 6.84e-11 6.31e-11 4.66e-11 2.55e-11 1.44e-11 7.22e-12
5.875 6.03e-11 1.26e-10 6.43e-11 6.86e-11 4.45e-11 4.41e-11 1.14e-11 9.37e-12
6.125 8.31e-11 7.28e-11 7.53e-11 4.15e-11 3.19e-11 1.92e-11 8.36e-12 8.33e-12
6.375 5.75e-11 7.69e-11 5.59e-11 4.01e-11 2.73e-11 1.76e-11 5.01e-11 4.35e-12
6.625 4.14e-11 6.47e-11 5.89e-11 4.80e-11 2.86e-11 2.25e-11 5.97e-12 4.34e-12
6.875 5.19e-11 8.24e-11 7.48e-11 3.39e-11 1.95e-11 1.16e-11 5.40e-12 5.00e-12
7.125 4.67e-11 7.68e-11 5.33e-11 3.27e-11 2.82e-11 1.33e-11 6.63e-12 1.92e-12
7.375 7.12e-11 9.60e-11 4.23e-11 2.57e-11 2.22e-11 1.66e-11 7.33e-12 2.80e-12
7.625 3.12e-11 7.29e-11 3.97e-11 2.33e-11 1.26e-11 1.03e-11 4.76e-12 4.21e-12
7.875 4.46e-11 5.38e-11 3.67e-11 2.56e-11 1.59e-11 7.34e-12 6.60e-12 1.71e-12
8.125 7.22e-11 8.54e-11 4.67e-11 5.65e-11 1.63e-11 8.21e-12 3.79e-12 1.77e-12
8.375 3.42e-11 5.37e-11 3.87e-11 2.09e-11 2.22e-11 9.55e-12 3.44e-12 1.77e-12
8.625 3.34e-11 5.66e-11 6.52e-11 1.73e-11 1.11e-11 6.53e-12 2.97e-12 1.01e-12
8.875 4.10e-11 4.86e-11 2.26e-11 2.84e-11 2.98e-11 5.00e-12 2.57e-12 9.71e-13
9.125 2.48e-11 5.32e-11 3.06e-11 1.50e-11 1.41e-11 5.54e-12 3.07e-12 1.37e-12
9.375 2.19e-11 4.94e-11 2.51e-11 2.15e-11 8.25e-12 5.80e-12 3.12e-12 1.50e-12
9.625 2.82e-11 5.26e-11 1.95e-11 1.13e-11 5.84e-12 9.21e-12 1.87e-12 1.39e-12
9.875 2.78e-11 4.66e-11 3.66e-11 1.27e-11 8.30e-12 6.41e-12 2.57e-12 1.62e-12
10.125 2.24e-11 3.47e-11 2.57e-11 1.16e-11 1.13e-11 4.98e-12 2.06e-12 8.09e-13
10.375 5.59e-11 3.40e-11 2.73e-11 1.40e-11 6.36e-12 2.86e-12 2.94e-12 7.19e-13
10.625 4.47e-11 2.84e-11 2.03e-11 1.18e-11 1.02e-11 2.69e-12 1.40e-12 8.19e-13
10.875 1.86e-11 3.80e-11 1.57e-11 1.15e-11 4.60e-12 1.45e-12 1.55e-12 3.20e-13
11.125 3.39e-11 2.64e-11 2.27e-11 1.12e-11 1.39e-11 3.69e-12 1.78e-12 8.54e-12
11.375 2.83e-11 2.56e-11 2.44e-11 8.07e-12 3.86e-12 290e-12 2.00e-12 4.15e-13
11.625 1.96e-11 3.06e-11 1.66e-11 8.07e-12 5.55e-12 2.18e-12 1.24e-12 7.78e-13
11.875 2.77e-11 2.55e-11 1.41e-11 6.54e-12 1.12e-11 1.77e-12 1.17e-12 1.61e-12
12.125 3.17e-11 3.15e-11 1.44e-11 6.48e-12 4.15e-12 2.42e-12 9.88e-13 2.48e-13
12.375 1.30e-11 2.41e-11 1.11e-11 5.33e-12 4.56e-12 1.63e-12 6.92e-13 1.75e-13
12.625 1.41e-11 2.34e-11 1.19e-11 6.57e-12 5.04e-12 1.88e-12 5.74e-13 2.63e-12
12.875 1.45e-11 2.21e-11 1.03e-11 5.92e-12 2.85e-12 1.65e-12 5.56e-13 1.07e-13
13.125 1.11e-11 2.10e-11 1.17e-11 6.86e-12 4.07e-12 1.15e-12 1.13e-12 1.75e-13
13.375 1.09e-11 2.52e-11 1.88e-11 8.03e-12 1.74e-12 1.01e-12 9.91e-13 2.86e-13
13.625 1.27e-11 2.68e-11 1.18e-11 4.01e-12 1.36e-12 8.95e-13 4.70e-13 6.84e-13
13.875 1.09e-11 2.47e-11 t.11e-11 5.84e-12 4.00e-12 1.23e-12 5.02e-13 9.56e-14
14.125 1.08e-10 1.83e-11 7.49e-12 4.91e-12 2.22e-12 1.77e-12 8.89e-13 4.11e-13
14.375 9.41e-12 1.30e-11 7.83e-12 4.15e-12 1.56e-12 1.19e-12 2.18e-13 4.55e-14
14.625 1.34e-11 1.67e-11 1.08e-11 3.75e-12 1.38e-12 1.74e-12 2.59e-13 9.94e-14
14.875 9.05e-12 1.40e-11 7.46e-12 4.80e-12 1.11e-12 1.60e-12 2.16e-13 1.31e-13
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Table A.3: Continuation of Results for Myq = 0.01 MeV/c2.

123

Angle (rad)

Energy(GeV) 0.000250 0.000750 0.00125 0.00175 0.00225 0.00275 0.00325 0.00375
15.125 1.09e-11 1.43e-11 5.80e-12 3.14e-12 2.78e-12 1.11e-12 2.97e-13 8.49¢e-14
15.375 8.73e-12 2.05e-11 8.56e-12 4.43e-12 1.14e-12 8.52e-13 3.24e-13 3.54e-14
15.625 9.50e-12 1.14e-11 6.12e-12 2.75e-12 2.53e-12 7.52e-13 5.93e-13 1.55e-13
15.875 1.25e-11 1.05e-11 5.31e-12 3.55e-12 2.38e-12 1.07e-12 2.31e-13 1.63e-13
16.125 7.70e-12 1.10e-11 6.45e-12 2.23e-12 1.90e-12 4.94e-13 2.11e-13 5.79e-14
16.375 5.48e-12 9.05e-12 1.39%-11 3.53e-12 1.79e-12 9.05e-13 2.22e-13 6.87e-14
16.625 7.85e-12 1.26e-11 3.88e-12 2.06e-12 7.04e-13 4.63e-13 3.69e-13 4.22e-14
16.875 6.44e-12 9.32e-12 4.10e-12 1.34e-12 1.51e-12 5.28e-13 3.25e-13 1.36e-13
17.125 8.25e-12 1.24e-11 5.50e-12 2.66e-12 1.26e-12 3.24e-13 3.59e-13 5.80e-14
17.375 1.05e-11 6.65e-12 4.08e-12 1.67e-12 1.78e-12 7.46e-13 2.22e-13 3.25e-14
17.625 8.64e-12 7.71e-12 6.28e-12 1.09e-12 5.53e-12 3.24e-12 1.46e-13 8.3%e-14
17.875 4.44e-12 9.49e-12 1.75e-11 1.17e-12 5.98e-13 6.40e-13 1.67e-12 5.84e-14
18.125 7.96e-12 1.19e-11 7.46e-12 2.10e-12 7.87e-13 7.94e-13 1.47e-13 8.78e-14
18.375 5.93e-12 5.65e-12 3.72e-12 1.46e-12 5.24e-13 4.60e-13 2.23e-13 1.98e-14
18.625 5.95e-12 5.70e-12 2.489e-12 2.38e-12 1.10e-12 8.21e-14 1.94e-13 1.27e-14
18.875 5.33e-12 7.60e-12 2.86e-12 1.35e-12 7.14e-13 9.42e-13 1.03e-13 4.21e-14
19.125 4.41e-12 3.94e-12 2.27e-12 2.25e-12 5.88e-13 1.42e-13 1.07e-13 4.67e-14
19.375 4.62e-12 4.86e-12 5.74e-12 1.15e-12 4.14e-12 1.95e-13 7.49e-14 8.88e-14
19.625 4.93e-12 5.16e-12 1.90e-12 1.05e-12 3.64e-13 4.37e-13 5.00e-14 1.85e-14
19.875 6.89e-12 4.77e-12 2.31e-12 2.13e-12 2.76e-12 2.93e-13 1.18e-13 3.71e-14
20.125 3.42e-12 3.27e-12 2.01e-11 2.73e-12 5.98e-13 3.86e-13 2.76e-13 2.42e-14
20.375 3.85e-12 4.29e-12 3.59e-12 1.31e-12 1.05e-12 8.53e-14 6.48e-14 1.6%e-14
20.625 3.20e-12 4.36e-12 4.36e-12 1.54e-12 4.64e-13 2.06e-13 4.04e-14 6.24e-15
20.875 2.10e-12 5.89e-12 3.50e-12 6.20e-13 4.39e-13 2.48e-13 1.01e-13 1.18e-14
21.125 1.77e-12 4.62e-12 1.42e-12 1.16e-12 3.67e-13 1.90e-13 2.28e-13 2.34e-15
21.375 2.50e-12 3.25e-12 1.72e-12 7.55e-13 1.22e-13 1.93e-13 2.83e-14 4.29e-14
21.625 2.80e-12 3.88e-12 1.55e-12 3.34e-13 8.58e-13 1.56e-13 1.12e-14 1.11e-14
21.875 3.34e-12 3.51e-12 1.69e-12 7.32e-13 8.80e-13 3.55e-14 1.71e-13 1.01e-15
22.125 1.96e-12 1.97e-12 7.78e-13 3.61e-13 3.00e-13 3.91e-14 1.2%e-14 6.15e-15
22.375 2.45e-12 1.95e-12 1.71e-12 5.38e-13 3.90e-13 3.16e-13 4.56e-14 5.93e-15
22.625 1.18e-12 2.30e-12 4.52e-12 5.85e-13 1.86e-12 9.00e-14 2.18e-12 1.19e-14
22.875 2.07e-12 3.34e-12 1.44e-12 6.77e-13 2.65e-12 5.06e-14 1.16e-13 2.32e-14
23.125 1.72e-12 3.18e-12 7.06e-13 4.46e-13 1.02e-12 4.09e-14 4.91e-14 1.42e-14
23.375 1.35e-12 2.62e-12 1.37e-12 1.56e-12 4.20e-13 5.12e-14 1.43e-14 1.15e-14
23.625 1.42e-12 6.80e-12 5.38e-13 9.83e-13 1.08e-13 3.55e-14 7.73e-15 1.63e-14
23.875 6.41e-13 1.45e-12 7.80e-13 5.62e-13 1.43e-13 6.79e-14 2.34e-13 1.00e-14
24.125 1.05e-12 8.71e-13 7.65e-13 9.82e-13 6.05e-13 2.13e-13 5.58e-14 4.16e-14
24.375 1.53e-12 9.65e-13 6.84e-13 1.35e-12 8.38e-14 1.63e-13 1.95e-14 5.28e-14
24.625 4.72e-13 7.41e-13 1.67e-12 5.04e-13 1.31e-13 3.97e-14 1.24e-14 4.32e-15
24.875 5.21e-13 7.93e-13 7.37e-13 1.70e-13 4.07e-13 6.10e-14 3.85e-14 2.31e-15
25.125 2.80e-12 7.14e-12 5.76e-13 2.86e-13 2.27e-13 1.89e-14 3.46e-14 1.33e-15
25.375 2.69e-12 5.27e-12 8.08e-13 5.10e-13 1.67e-13 1.95e-12 1.98e-15 4.95e-13
25.625 1.40e-12 8.38e-13 3.20e-13 1.46e-13 1.07e-13 1.80e-14 7.44e-15 3.70e-14
25.875 6.23e-13 2.50e-12 2.12e-13 8.97e-14 1.34e-13 5.51e-14 1.51e-14 6.05e-15
26.125 2.25e-13 2.73e-13 2.86e-13 1.01e-13 9.21e-14 2.36e-14 3.88e-14 3.78e-15
26.375 5.88e-13 4.67e-13 1.24e-13 3.73e-14 1.98e-14 4.12e-14 3.82e-14 9.30e-16
26.625 6.95e-13 4.04e-13 3.98e-13 7.24e-14 1.24e-13 3.42e-14 1.28e-14 2.40e-17
26.875 9.66e-14 4.58e-13 2.06e-13 7.60e-14 9.93e-14 2.28e-14 1.87e-14 2.3%e-15
27.125 5.50e-14 1.36e-13 2.28e-13 5.86e-14 2.26e-14 1.14e-14 1.50e-14 1.17e-15
27.375 1.03e-13 2.02e-13 3.86e-14 1.16e-13 1.37e-14 2.35e-14 2.86e-15 0.00
27.625 3.82e-14 6.11e-14 1.31e-12 3.52e-13 2.95e-14 1.04e-14 2.08e-16 1.35e-15
27.875 4.07e-13 2.45e-13 3.40e-14 7.38e-14 1.27e-14 5.53e-15 8.67e-16 1.67e-15
28.125 7.81e-15 7.61e-14 1.26e-14 3.02e-14 3.25e-14 6.19e-15 2.05e-16 4.37e-16
28.375 7.76e-15 7.43e-13 5.25e-14 4.79e-12 1.66e-14 5.81e-16 0.00 0.00
28.625 9.00e-15 1.03e-14 2.7%e-14 2.73e-14 5.12e-14 4.11e-13 7.66e-16 0.00
28.875 261e-15 ~ 4.07e-15 7.06e-15 1.97e-14 1.18e-15 1.52e-15 0.00 0.00
29.125 9.51e-17 1.77e-15 4.41e-16 6.44e-16 1.21e-14 0.00 0.00 0.00
29.375 0.00 3.55e-15 0.00 1.92e-15 0.00 0.00 0.00 0.00
29.625 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
29.875 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table A.4: Results of Production Monte Carlo for Mg = 0.1 MeV/c%.

Angle (rad)

Energy(GeV) 0.000250 0.000750 0.00125 0.00175 0.00225 0.00275 0.00325 0.00375
0.125 5.15e-11 2.39e-10 1.90e-10 2.28e-10 2.52e-10 2.59e-10 3.45e-10 2.89e-10
0.375 9.09e-11 2.03e-10 2.53e-10 3.45e-10 3.66e-10 3.14e-10 3.06e-10 2.87e-10
0.625 8.24e-11 2.06e-10 2.06e-10 2.34e-10 2.68e-10 2.43e-10 2.56e-10 2.36e-10
0.875 9.10e-11 1.55e-10 1.81e-10 5.34e-10 5.20e-10 1.99e-10 1.94e-10 1.84e-10
1.125 6.47e-11 1.29e-10 1.49e-10 1.68e-10 1.54e-10 1.74e-10 1.99e-10 1.33e-10
1.375 6.75e-11 1.14e-10 1.43e-10 1.40e-10 1.48e-10 1.43e-10 1.14e-10 1.24e-10
1.625 5.96e-11 1.08e-10 1.11e-10 1.37e-10 1.11e-10 9.51e-11 5.37e-10 7.84e-11
1.875 5.08e-11 1.11e-10 1.07e-10 9.99e-11 1.13e-10 8.88e-11 7.35e-11 8.12e-11
2.125 5.45e-11 1.01e-10 1.03e-10 8.94e-11 7.54e-11 7.83e-11 5.83e-11 7.37e-11
2.375 4.90e-11 7.95e-11 8.03e-11 8.16e-11 6.10e-11 1.01e-10 5.52e-11 4.32e-11
2625 4.93e-11 7.72e-11 1.93e-10 7.57e-11 6.19e-11 4.93e-11 3.77e-11 3.70e-11
2.875 5.21e-11 7.14e-11 6.76e-11 6.46e-11 5.36e-11 4.09e-11 4.71e-10 2.90e-11
3.125 3.84e-11 6.24e-11 6.04e-11 8.25e-11 4.72e-11 3.58e-11 2.83e-11 2.61e-11
3.375 3.3%e-11 6.20e-11 8.11e-11 4.75e-11 3.95e-11 3.85e-11 2.43e-11 1.84e-11
3.625 5.61e-11 5.83e-11 5.26e-11 4.11e-11 4.12e-11 4.08e-11 1.87e-11 1.48e-11
3.875 2.85e-11 5.09e-11 5.27e-11 401e-11 391e-11 2.20e-11 1.86e-11 1.18e-11
4.125 2.92e-11 5.40e-11 4.45e-11 4.12e-11 2.74e-11 2.10e-11 2.17e-11 9.05e-12
4.375 2.64e-11 1.81e-10 4.34e-11 3.26e-11 2.35e-11 1.66e-11 1.21e-11 8.79e-12
4.625 3.75e-11 4.37e-11 4.08e-11 2.94e-11 2.47e-11 1.80e-11 1.20e-11 6.25e-12
4.875 2.70e-11 4.51e-11 3.74e-11 2.81e-11 1.91e-11 1.47e-11 9.48e-12 5.1%e-12
5.125 2.65e-11 3.87e-11 3.33e-11 2.36e-11 2.06e-11 1.57e-11 6.56e-12 4.89e-12
5.375 2.38e-11 3.60e-11 5.3%e-11 2.45e-11 1.61e-11 1.11e-11 6.80e-12 5.74e-12
5.625 2.24e-11 3.39e-11 2.56e-11 2.57e-11 1.54e-11 1.03e-11 5.33e-12 3.96e-12
5.875 1.80e-11 3.08e-11 2.66e-11 1.96e-11 1.75e-11 1.15e-11 5.59e-12 2.40e-12
6.125 1.81e-11 3.15e-11 2.45e-11 1.56e-11 1.21e-11 9.54e-12 4.78e-12 1.88e-12
6.375 1.95e-11 2.82e-11 2.25e-11 1.53e-11 1.20e-11 7.28e-12 3.65e-12 2.64e-12
6.625 1.64e-11 2.59e-11 2.23e-11 1.67e-11 9.80e-12 5.74e-12 4.18e-12 2.05e-12
6.875 1.51e-11 2.77e-11 2.14e-11 1.60e-11 1.05e-11 5.13e-12 2.82e-12 1.40e-12
7.125 1.78e-11 2.61e-11 1.70e-11 1.14e-11 9.83e-12 5.47e-12 2.96e-12 1.70e-12
7.375 1.48e-11 2.38e-11 1.6te-11 1.13e-11 6.68e-12 4.82e-12 2.68e-12 1.11e-12
7.625 1.43e-11 2.34e-11 1.84e-11 1.08e-11 6.04e-12 3.79e-12 3.00e-12 1.32e-12
7.875 1.37e-11 2.74e-11 1.56e-11 9.73e-12 5.40e-12 3.24e-12 1.37e-12 1.10e-12
8.125 1.34e-11 2.02e-11 1.33e-11 8.67e-12 6.83e-12 3.23e-12 1.94e-12 1.21e-12
8.375 1.35e-11 1.98e-11 1.34e-11 9.62e-12 5.53e-12 2.89e-12 1.51e-12 8.22e-13
8.625 1.08e-11 1.72e-11 1.27e-11 8.63e-12 5.58e-12 3.30e-12 1.62e-12 6.40e-13
8.875 1.06e-11 1.65e-11 1.10e-11 8.61e-12 6.02e-12 2.5%e-12 1.05e-12 4.61e-13
9.125 1.11e-11 2.10e-11 1.13e-11 7.25e-12 3.97e-12 2.26e-12 1.33e-12 4:13e-13
9.375 9.80e-12 1.65e-11 9.80e-12 7.93e-12 3.49e-12 2.00e-12 8.39e-13 6.69e-13
9.625 1.04e-11 1.79e-11 1.00e-11 5.77e-12 3.23e-12 2.18e-12 7.58e-13 8.35e-13
9.875 8.66e-12 1.55e-11 1.09e-11 6.13e-12 2.86e-12 1.92e-12 9.71e-13 4.01e-13
10.125 8.77e-12 1.35e-11 8.44e-12 4.76e-12 3.93e-12 1.82e-12 6.87e-13 1.05e-12
10.375 9.56e-12 1.33e-11 7.65e-12 4.11e-12 2.50e-12 1.58e-12 1.26e-12 2.63e-13
10.625 8.77e-12 1.20e-11 8.26e-12 4.64e-12 3.20e-12 1.72e-12 1.00e-12 6.98e-13
10.875 1.42e-11 1.19e-11 8.09e-12 4.60e-12 2.76e-12 9.10e-13 4.35e-13 3.65e-13
11.125 9.90e-12 1.18e-11 8.31e-12 5.43e-12 2.94e-12 1.16e-12 8.87e-13 2.72e-13
11.375 1.12e-11 1.13e-11 7.42e-12 4.56e-12 2.24e-12 1.36e-12 1.10e-12 2.95e-13
11.625 6.52e-12 1.12e-11 6.23e-12 3.07e-12 2.31e-12 1.34e-12 7.18e-13 2.59e-13
11.875 6.63e-12 1.04e-11 6.90e-12 3.35e-12 2.58e-12 7.63e-13 5.81e-13 2.37e-13
12.125 7.16e-12 1.13e-11 5.74e-12 3.3%e-12 2.94e-12 7.17e-13 4.21e-13 2.33e-13
12.375 6.58e-12 1.12e-11 5.22e-12 3.35e-12 1.77e-12 7.63e-13 4.00e-13 8.38e-14
12.625 5.81e-12 8.42e-12 6.85e-12 2.57e-12 1.28e-12 8.79e-13 5.80e-13 1.38e-13
12.875 6.56e-12 1.19e-11 4.53e-12 2.52e-12 1.36e-12 6.32e-13 3.11e-13 8.39e-13
13.125 7.13e-12 7.90e-12 4.74e-12 2.44e-12 1.16e-12 7.73e-13 5.30e-13 7.12e-14
13.375 5.23e-12 7.60e-12 4.3%e-12 2.48e-12 2.01e-12 4.76e-13 2.82e-13 1.02e-13
13.625 5.56e-12 8.40e-12 5.02e-12 201e-12 9.77e-13 7.60e-13 2.07e-13 1.69e-13
13.875 4.12e-12 7.19e-12 4.51e-12 2.30e-12 1.07e-12 7.17e-13 2.11e-13 6.28e-14
14.125 4.68e-12 1.12e-11 3.73e-12 2.23e-12 8.78e-13 3.74e-13 2.19e-13 6.70e-14
14.375 4.01e-12 6.79e-12 3.57e-12 1.86e-12 7.46e-13 4.38e-13 4.43e-13 6.89e-14
14.625 4.25e-12 5.69e-12 3.28e-12 221e-12 6.62e-13 6.13e-13 1.91e-13 8.06e-14
14.875 6.24e-12 5.72e-12 3.51e-12 1.71e-12 8.43e-13 3.54e-13 1.89e-13 6.65e-14
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Table A.5: Continuation of Results for Mpq = 0.1 MeV/c?.

Angle (rad)

Energy(GeV) 0.000250 0.000750 0.00125 0.00175 0.00225 0.00275 0.00325 0.00375
15.125 3.53e-12 5.34e-12 2.92e-12 1.58e-12 6.03e-13 9.36e-13 3.71e-13 7.22e-14
15.375 1.00e-11 5.75e-12 3.03e-12 1.24e-12 8.88e-13 8.77e-13 1.18e-13 1.21e-13
15.625 4.90e-12 6.53e-12 3.06e-12 1.25e-12 6.66e-13 2.90e-13 1.10e-13 3.10e-14
15.875 4.80e-12 4.79e-12 2.87e-12 1.38e-12 6.85e-13 291e-13 1.31e-13 4.66e-14
16.125 3.56e-12 4.51e-12 2.41e-12 1.27e-12 4.93e-13 4.64e-13 1.08e-13 5.41e-14
16.375 3.73e-12 5.01e-12 3.24e-12 8.67e-13 8.63e-13 4.66e-13 1.67e-13 6.17e-14
16.625 3.60e-12 4.92e-12 2.08e-12 1.76e-12 5.43e-13 5.20e-13 2.16e-13 4.08e-14
16.875 2.73e-12 3.33e-12 2.25e-12 9.93e-13 4.69e-13 1.71e-13 2.39e-13 5.35e-14
17.125 2.84e-12 4.60e-12 225e-12 1.01e-12 7.69e-13 2.36e-13 1.55e-13 4.49e-14
17.375 241e-12 3.45e-12 1.91e-12 1.01e-12 6.57e-13 2.64e-13 1.19e-13 4.71e-14
17.625 2.66e-12 5.16e-12 3.14e-12 1.05e-12 4.77e-13 5.13e-13 5.08e-14 1.78e-14
17.875 2.83e-12 3.42e-12 1.61e-12 7.57e-13 3.17e-13 2.17e-13 2.01e-13 9.28e-14
18.125 2.89e-12 3.05e-12 1.90e-12 8.27e-13 5.60e-13 3.72e-13 8.15e-14 1.38e-14
18.375 2.80e-12 3.12e-12 5.07e-12 6.45e-13 5.62e-13 4.04e-13 1.15e-13 2.19e-14
18.625 2.05e-12 3.09e-12 1.51e-12 4.42e-13 2.67e-13 5.71e-13 5.00e-14 3.04e-14
18.875 3.25e-12 2.84e-12 1.22e-12 4.70e-13 5.96e-13 2.10e-13 9.68e-14 1.87e-14
19.125 1.93e-12 2.60e-12 1.37e-12 9.40e-13 3.19e-13 1.35e-13 4.63e-14 4.22e-14
19.375 1.95e-12 2.77e-12 1.19e-12 8.92e-13 3.20e-13 6.80e-14 6.13e-14 1.80e-14
19.625 1.49e-12 2.36e-12 1.08e-12 4.48e-13 2.27e-13 7.55e-14 8.65e-14 1.26e-14
19.875 2.12e-12 2.31e-12 1.77e-12 5.16e-13 1.42e-13 1.04e-13 5.40e-14 1.00e-14
20.125 2.00e-12 1.85e-12 1.21e-12 1.60e-12 2.92e-12 1.81e-13 6.68e-14 3.01e-14
20.375 1.76e-12 2.12e-12 1.09e-12 4.31e-13 5.12e-13 1.45e-13 4.25e-14 1.27e-14
20.625 2.13e-12 2.75e¢-12 5.81e-12 5.84e-13 9.17e-14 2.23e-13 6.52e-14 2.60e-14
20.875 1.68e-12 1.35e-12 1.48e-12 5.94e-13 2.89e-13 9.89e-14 3.25e-14 1.15e-14
21.125 9.92e-13 1.62e-12 9.26e-13 3.64e-13 3.30e-13 1.38e-13 4.81e-14 6.81e-15
21.375 1.36e-12 1.68e-12 1.21e-12 6.68e-13 1.79e-13 1.45e-13 2.36e-14 3.60e-15
21.625 1.37e-12 2.21e-12 8.10e-13 2.05e-13 1.96e-13 9.80e-14 2.49e-14 8.90e-15
21.875 1.56e-12 1.64e-12 1.06e-12 3.70e-13 2.44e-13 8.18e-14 1.58e-14 2.79e-15
22125 1.07e-12 1.24e-12 8.58e-13 2.77e-13 2.77e-13 6.26e-14 2.68e-14 1.58e-15
22.375 2.01e-12 1.00e-12 6.60e-13 3.66e-13 2.45e-13 4.20e-14 2.47e-14 7.68e-15
22.625 7.00e-13 1.64e-12 3.68e-12 2.75e-13 1.72e-13 3.32e-14 4.26e-14 5.25e-15
22.875 5.15e-13 8.23e-13 4.81e-13 1.78e-13 1.15e-12 3.76e-14 3.97e-14 1.21e-14
23.125 1.08e-12 1.21e-12 6.44e-13 6.16e-13 4.17e-13 2.25e-14 4.42e-14 3.55e-15
23.375 7.85e-13 7.25e-13 2.77e-13 2.73e-13 1.72e-12 6.51e-14 7.22e-14 1.88e-14
23.625 6.56e-13 1.82e-12 5.99e-13 2.14e-13 1.54e-13 2.5%e-14 1.37e-14 5.81e-15
23.875 5.28e-13 4.03e-12 3.15e-13 1.87e-13 9.34e-13 3.19e-14 6.62e-15 1.07e-14
24.125 3.86e-13 8.78e-13 4.06e-13 7.53e-13 1.95e-13 3.48e-14 1.47e-13 1.32e-14
24.375 5.27e-13 5.71e-13 3.24e-13 2.20e-13 1.57e-13 1.17e-13 3.20e-14 4.46e-14
24.625 4.95e-13 3.78e-13 8.87e-13 1.85e-13 4.15e-14 1.14e-13 8.71e-15 1.22e-14
24.875 491e-13 4.18e-13 6.91e-13 2.50e-13 1.98e-13 3.01e-14 1.56e-14 3.33e-15
25.125 2.67e-13 3.74e-13 2.22e-13 2.46e-13 1.64e-13 2.87e-14 8.99e-15 3.76e-15
25.375 3.02e-13 6.05e-13 3.94e-13 2.02e-13 1.23e-13 2.06e-14 2.57e-14 2.57e-14
25.625 4.78e-13 3.25e-13 3.06e-13 1.33e-13 1.74e-13 2.56e-13 4.08e-15 3.59e-15
25.875 2.79e-13 2.82e-13 1.23e-13 8.87e-14 6.96e-14 1.72e-14 7.57e-15 2.01e-14
26.125 1.19e-13 4.10e-13 1.37e-13 7.24e-14 5.48e-14 2.64e-14 1.53e-14 1.60e-15
26.375 1.83e-13 2.78e-13 1.46e-13 5.64e-14 2.58e-14 3.76e-14 7.46e-15 3.75e-15
26.625 9.40e-14 1.86e-13 1.17e-13 3.96e-14 2.07e-14 1.68e-14 4.41e-14 6.73e-16
26.875 1.82e-13 2.03e-13 1.34e-13 6.55e-14 1.17e-13 29te-14 1.02e-14 2.34e-16
27.125 4.63e-14 2.68e-13 1.81e-13 5.06e-14 1.90e-14 1.32e-14 1.82e-14 2.78e-15
27.375 3.69e-14 7.01e-14 2.86e-14 4.75e-14 1.67e-14 1.24e-14 2.46e-15 0.00
27.625 2.17e-14 7.71e-14 2.27e-13 2.86e-14 2.54e-14 1.50e-14 3.18e-16 9.74e-16
27.875 3.95e-14 7.46e-14 4.71e-13 2.71e-13 7.72e-15 4.50e-15 9.00e-16 2.44e-16
28.125 3.25e-14 6.92e-14 1.08e-14 1.91e-14 2.14e-14 6.41e-16 1.67e-16 1.68e-15
28.375 8.80e-15 3.98e-14 3.80e-14 1.92e-14 8.3%9e-15 4.00e-15 0.00 0.00
28.625 7.85e-15 6.70e-15 1.95e-14 2.85e-12 2.57e-14 1.10e-14 6.30e-16 0.00
28.875 2.13e-15 7.29e-15 6.73e-15 1.76e-14 7.64e-15 1.14e-15 0.00 0.00
29.125 8.75e-17 1.46e-15 3.96e-16 5.76e-16 1.00e-14 0.00 0.00 0.00
29.375 0.00 2.58e-15 0.00 1.41e-15 0.00 0.00 0.00 0.00
29.625 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
29.875 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00




APPENDIX A. PRODUCTION MONTE CARLO

Table A.6: Results of Production Monte Carlo for My,q = 1 MeV/c%.
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Angle (rad)

Energy(GeV) 0.000250 0.000750 0.00125 0.00175 0.00225 0.00275 0.00325 0.00375
0.125 3.93e-13 1.05e-12 1.83e-12 2.34e-12 3.40e-12 3.30e-12 5.04e-12 5.02e-12
0.375 1.11e-12 6.58e-12 5.13e-12 1.00e-11 1.31e-11 1.43e-11 8.76e-12 1.18e-11
0.625 2.50e-12 6.47e-12 7.36e-12 1.01e-11 8.60e-12 1.12e-11 1.32e-11 1.36e-11
0.875 2.5%e-12 5.46e-12 1.07e-11 8.94e-12 1.22e-11 1.17e-11 1.07e-11 1.76e-11
1.125 3.12e-12 5.55e-12 7.31e-12 9.01e-12 8.20e-12 8.74e-12 1.27e-11 8.16e-12
1.375 2.10e-12 6.38e-12 6.40e-12 7.11e-12 1.23e-11 7.66e-12 2.11e-11 7.85e-12
1.625 2.28e-12 5.64e-12 6.41e-12 6.49e-12 6.07e-12 8.39e-12 6.94e-12 5.34e-12
1.875 3.18e-12 5.58e-12 7.23e-12 6.20e-12 5.48e-12 2.11e-11 6.12e-12 3.90e-12
2.125 2.46e-12 4.52e-12 4.74e-12 5.85e-12 4.68e-12 8.85e-12 3.97e-12 4.28e-12
2.375 2.26e-12 4.37e-12 4.61e-12 5.04e-12 4.79e-12 3.32e-12 4.17e-12 3.61e-12
2625 2.14e-12 4.51e-12 4.01e-12 1.76e-11 4.15e-12 3.23e-12 4.38e-12 2.81e-12
2875 2.67e-12 3.53e-12 4.78e-12 3.55e-12 4.30e-12 2.56e-12 3.04e-12 2.80e-12
3.125 2.11e-12 3.92e-12 4.53e-12 3.62e-12 3.27e-12 1.69e-11 3.98e-12 3.35e-12
3.375 2.18e-12 7.89e-12 6.46e-12 4.10e-12 3.17e-12 2.52e-12 2.50e-12 1.67e-12
3.625 2. 11e-12 3.60e-12 3.72e-12 2.75e-12 2.78e-12 1.97e-12 2.64e-12 1.18e-12
3.875 3.48e-12 2.77e-12 3.29e-12 2.99e-12 2.05e-12 2.23e-12 2.09e-12 1.09e-12
4.125 1.89%e-12 3.25e-12 6.79e-12 2.99e-12 3.11e-12 1.48e-12 1.78e-12 6.53e-13
4.375 1.68e-12 3.29e-12 2.75e-12 2.31e-12 1.71e-12 1.24e-12 1.13e-12 6.55e-13
4.625 2.26e-12 2.65e-12 2.2%e-12 2.72e-12 2.22e-11 1.08e-12 1.85e-12 7.77e-13
4.875 1.65e-12 4.51e-12 3.06e-12 2.34e-12 2.00e-12 1.40e-12 6.13e-13 4.18e-13
5.125 1.68e-12 2.48e-12 3.30e-12 1.70e-12 1.41e-12 1.10e-12 5.47e-13 4.60e-13
5.375 2.04e-12 5.45e-12 2.07e-12 1.48e-12 1.03e-12 1.17e-12 4.54e-13 3.15e-13
5.625 1.72e-12 2.58e-12 2.00e-12 1.82e-12 1.17e-12 1.25e-12 3.78e-13 3.02e-13
5.875 1.13e-12 221e-12 2.03e-12 1.46e-12 1.03e-12 6.07e-13 4.37e-13 2.73e-13
6.125 1.22e-12 1.97e-12 1.67e-12 1.15e-12 9.87e-13 7.40e-13 3.52e-13 281e-13
6.375 1.17e-12 1.82e-12 1.46e-12 1.57e-12 1.72e-12 8.09e-13 2.99e-13 2.87e-13
6.625 1.20e-12 1.99e-12 1.45e-12 1.00e-12 8.96e-13 5.71e-13 2.51e-13 2.17e-13
6.875 1.06e-12 1.55e-12 1.95e-12 1.40e-12 5.81e-13 3.27e-13 5.49e-13 1.51e-13
7.125 1.23e-12 2.77e-12 1.26e-12 1.20e-12 1.14e-12 2.75e-13 2.14e-13 1.35e-13
7.375 1.32e-12 1.58e-12 1.19e-12 8.65e-13 6.18e-13 4.03e-13 5.21e-13 1.07e-13
7625 1.18e-12 1.52e-12 1.09e-12 7.70e-13 5.49e-13 3.64e-13 1.77e-13 1.07e-13
7.875 1.27e-12 2.03e-12 1.14e-12 7.73e-13 1.07e-12 2.77e-13 3.99e-13 2.68e-13
8.125 1.22e-12 1.74e-12 1.00e-12 8.74e-13 3.82e-13 2.87e-13 1.19e-13 4.42e-14
8.375 8.88e-13 1.49e-12 1.35e-12 6.00e-13 1.09e-12 2.19e-13 2.96e-13 6.22e-14
8.625 1.21e-12 1.27e-12 1.00e-12 1.04e-12 4.11e-13 2.88e-13 1.06e-13 1.07e-13
8.875 9.66e-13 1.14e-12 7.52e-13 9.51e-13 3.01e-13 1.96e-13 1.02e-13 3.58e-14
9.125 1.06e-12 1.91e-12 1.07e-12 6.45e-13 3.32e-13 2.04e-13 1.21e-13 427e-14
9.375 8.45e-13 1.33e-12 8.67e-13 4.83e-13 4.18e-13 1.41e-13 7.78e-14 3.16e-14
9.625 9.01e-13 1.17e-12 8.16e-13 6.02e-13 2.89e-13 2.90e-13 5.37e-14 3.05e-14
9.875 7.85e-13 1.49e-12 1.23e-12 4.62e-13 2.00e-13 1.19e-13 5.56e-14 491e-14
10.125 8.08e-13 1.08e-12 7.3%e-13 5.70e-13 3.30e-13 2.06e-13 591e-14 4.03e-13
10.375 9.52e-13 1.29e-12 6.84e-13 3.18e-13 3.33e-13 1.23e-13 5.36e-14 3.32e-14
10.625 6.93e-13 1.26e-12 5.21e-13 5.37e-13 2.80e-13 1.05e-13 7.66e-14 2.29%e-14
10.875 7.64e-13 8.47e-13 6.38e-13 3.41e-13 2.44e-13 1.36e-13 4.54e-14 4.61e-14
11.125 9.47e-13 1.44e-12 5.59e-13 3.79e-13 4.19e-13 2.01e-13 7.22e-14 1.78e-14
11.375 6.05e-13 8.55e-13 6.39e-13 6.58e-13 1.48e-13 9.32e-14 1.08e-13 4.27e-14
11.625 8.55e-13 1.10e-12 5.67e-13 3.21e-13 1.74e-13 1.25e-13 9.70e-14 1.42e-14
11.875 7.91e-13 7.12e-13 7.18e-13 2.47e-13 1.90e-13 6.49e-14 3.49e-14 2.64e-14
12.125 6.86e-13 9.10e-13 4.96e-13 2.26e-13 1.60e-13 6.55e-14 4.05e-14 1.63e-14
12.375 7.54e-13 1.16e-12 3.99e-13 2.51e-13 1.84e-13 5.18e-14 2.20e-14 6.70e-15
12.625 5.35e-13 9.02e-13 4.80e-13 5.12e-13 1.29e-13 1.91e-13 2.15e-14 2.11e-14
12.875 4.75e-13 8.04e-13 4.74e-13 2.73e-13 1.33e-13 6.28e-14 6.21e-14 6.06e-15
13.125 4.15e-13 1.29e-12 4.54e-13 1.97e-13 1.90e-13 4.81e-14 1.91e-14 7.70e-15
13.375 5.38e-13 7.47e-13 4.49e-13 2.17e-13 2.41e-13 4.18e-14 2.66e-14 9.85e-15
13.625 6.33e-13 7.98e-13 3.58e-13 1.52e-13 6.72e-14 4.39e-14 5.56e-14 8.57e-15
13.875 4.32e-13 7.44e-13 3.74e-13 1.68e-13 6.86e-14 3.73e-14 2.12e-14 5.69e-15
14.125 4.54e-13 8.94e-13 3.77e-13 1.53e-13 9.47e-14 4.04e-14 1.35e-14 5.05e-14
14.375 3.96e-13 5.20e-13 3.95e-13 1.37e-13 8.09e-14 3.61e-14 3.17e-14 2.74e-15
14.625 4.46e-13 4.92e-13 2.73e-13 1.64e-13 4.57e-14 6.00e-14 4.7%e-14 3.63e-15
14.875 3.83e-13 6.02e-13 3.99e-13 1.42e-13 6.16e-14 4.02e-14 9.89e-15 1.04e-14
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Table A.7: Continuation of Results for Mpyq = 1 MeV/c2.

Angle (rad)

Energy(GeV) 0.000250 0.000750 0.00125 0.00175 0.00225 0.00275 0.00325 0.00375
15.125 4.18e-13 5.35e-13 3.49e-13 2.05e-13 3.49e-14 2.76e-14 1.16e-14 7.60e-15
15.375 7.12e-13 4.88e-13 2.93e-13 1.30e-13 6.11e-14 2.12e-14 1.02e-14 2.62e-15
15.625 5.88e-13 6.31e-13 2.19e-13 1.22e-13 7.33e-14 1.91e-14 1.58e-14 2.71e-15
15.875 4.42e-13 5.11e-13 4.98e-13 8.67e-14 7.82e-14 2.10e-14 1.55e-14 1.88e-15
16.125 3.29e-13 4.59e-13 3.28e-13 8.51e-14 9.06e-14 3.40e-13 1.06e-14 5.74e-15
16.375 4.80e-13 5.86e-13 2.78e-13 2.23e-13 5.43e-14 2.74e-14 9.14e-15 2.49e-15
16.625 4.59e-13 3.38e-13 1.56e-13 1.66e-13 7.92e-14 5.17e-14 2.48e-14 1.89e-15
16.875 3.89e-13 6.54e-13 1.60e-13 2.25e-13 5.29e-14 1.20e-14 7.08e-14 6.34e-15
17.125 2.87e-13 3.21e-13 2.55e-13 7.75¢-14 8.56e-14 1.78e-14 3.13e-14 2.96e-15
17.375 2.87e-13 3.31e-13 1.67e-13 5.76e-14 5.32e-14 1.96e-14 5.03e-15 2.92e-15
17.625 2.60e-13 2.94e-13 1.97e-13 9.15e-14 4.58e-14 1.17e-14 8.02e-15 5.52e-15
17.875 2.54e-13 2.79e-13 2.26e-13 5.73e-14 2.98e-14 1.61e-13 1.03e-14 1.84e-15
18.125 3.29e-13 4.37e-13 2.34e-13 6.45e-14 2.89e-14 5.32e-14 4.47e-15 1.69e-15
18.375 2.33e-13 3.13e-13 1.47e-13 8.01e-14 2.42e-14 2.47e-14 2.43e-14 1.14e-15
18.625 1.96e-13 8.37e-13 1.25e-13 4.76e-14 4.73e-14 7.21e-14 2.35e-15 1.44e-14
18.875 4.97e-13 2.24e-13 1.24e-13 5.46e-14 2.45e-14 1.71e-14 7.58e-15 2.49e-15
18.125 2.17e-13 2.67e-13 1.03e-13 4.29e-14 1.61e-14 1.09e-14 5.28e-15 3.47e-15
19.375 1.79e-13 2.71e-13 7.99e-14 6.19e-14 6.72e-14 1.48e-14 6.05e-15 1.30e-15
19.625 2.04e-13 2.26e-13 1.32e-13 6.67e-14 2.14e-14 1.07e-14 5.24e-15 1.63e-15
19.875 3.16e-13 2.02e-13 1.25e-13 4.17e-14 8.33e-14 1.41e-14 5.68e-15 6.98e-16
20.125 2.06e-13 2.20e-13 7.58e-14 4.16e-14 3.11e-14 1.96e-14 6.61e-15 1.78e-15
20.375 1.64e-13 2.41e-13 1.89e-13 3.08e-13 3.01e-14 9.21e-15 1.51e-14 2.70e-16
20.625 2.71e-13 2.15e-13 8.45e-14 5.97e-14 1.20e-13 6.33e-15 5.40e-15 5.36e-16
20.875 1.48e-13 3.41e-13 1.25e-13 4.07e-14 1.12e-14 3.18e-14 4.16e-15 9.48e-16
21.125 1.18e-13 1.48e-13 8.55e-14 3.95e-14 2.04e-14 2.35e-14 5.8%e-15 7.67e-16
21.375 1.12e-13 1.10e-13 7.37e-14 3.97e-14 1.35e-14 1.05e-14 4.52e-15 1.92e-15
21.625 1.58e-13 1.51e-13 9.49e-14 4.06e-14 1.90e-14 1.76e-14 2.24e-15 5.06e-16
21.875 2.23e-13 5.20e-13 4.89e-14 3.02e-14 4.03e-14 2.24e-15 2.42e-15 1.20e-16
22.125 1.49e-13 1.58e-13 7.77e-14 3.53e-14 3.38e-14 6.61e-15 1.69e-15 2.21e-16
22.375 3.53e-13 9.01e-14 6.99%e-14 2.19e-14 1.29e-14 6.20e-15 2.19e-15 4.76e-16
22625 1.16e-13 1.26e-13 7.87e-13 3.64e-14 1.15e-14 6.05e-15 1.83e-15 3.47e-16
22.875 5.26e-14 1.18e-13 6.60e-14 1.95e-14 2.48e-14 3.59e-15 2.27e-15 1.45e-15
23.125 9.56e-14 9.29e-14 7.50e-14 1.25e-14 4.3%e-14 1.95e-15 1.77e-15 6.00e-16
23.375 1.60e-13 8.41e-14 3.49e-14 1.91e-14 3.40e-14 2.16e-15 7.77e-16 2.32e-15
23.625 7.70e-14 6.11e-14 247e-14 3.75e-14 1.80e-14 2.40e-15 2.32e-15 2.6%e-16
23.875 3.82e-14 5.27e-14 2.26e-14 1.43e-14 1.35¢-13 2.39%e-15 2.43e-15 1.17e-15
24.125 5.45e-14 2.90e-13 6.06e-14 1.59e-14 3.63e-14 3.95e-15 4.95e-15 3.08e-15
24.375 7.19e-14 1.87e-13 2.87e-14 1.24e-13 2.77e-14 1.89e-15 4.47e-15 2.82e-14
24.625 3.50e-14 5.06e-14 5.58e-14 1.32e-14 6.17e-15 1.11e-14 3.16e-15 1.13e-16
24.875 4.46e-14 3.74e-14 1.03e-13 1.02e-14 5.38e-15 1.07e-14 6.69e-16 5.70e-16
25.125 2.31e-14 4.68e-14 4.14e-14 1.82e-14 4.42e-14 1.91e-15 3.81e-16 3.76e-16
25.375 3.49e-14 2.72e-14 1.85e-14 1.85e-14 2.68e-14 1.95e-15 5.91e-16 1.84e-15
25.625 2.94e-14 5.61e-14 2.65e-14 8.48e-15 3.54e-14 4.55e-15 1.56e-15 3.40e-17
25.875 2.49e-14 2.13e-14 5.55e-14 1.49e-14 6.17e-15 1.81e-15 7.10e-16 1.88e-16
26.125 1.44e-14 1.75e-14 1.81e-14 4.22e-15 3.04e-15 4.62e-16 1.53e-15 3.83e-16
26.375 1.64e-14 4.54e-14 1.27e-14 6.42e-15 3.78e-15 3.46e-15 1.06e-15 2.04e-16
26.625 9.50e-15 1.49e-14 8.14e-15 3.11e-15 1.45e-15 1.57e-15 5.30e-15 6.77e-16
26.875 2.35e-14 1.51e-14 1.45e-14 §.42e-15 1.26e-14 1.89e-15 1.47e-15 4.40e-17
27.125 5.33e-15 3.21e-14 1.27e-14 9.66e-15 2.20e-15 4.44e-15 4.10e-16 3.98e-16
27.375 3.10e-15 6.73e-15 8.80e-15 5.09e-15 1.10e-15 1.12e-16 6.09e-16 1.46e-18
27.625 2.82e-15 4.42e-15 1.55e-14 9.92e-16 2.44e-15 2.64e-15 2.02e-17 3.82e-19
27.875 4.07e-15 2.70e-14 2.44e-15 7.36e-15 7.65e-16 2.51e-16 1.95e-16 7.44e-17
28.125 4.08e-16 6.30e-15 1.28e-15 1.26e-15 6.55e-16 2.99e-16 5.80e-17 1.80e-16
28.375 3.80e-16 1.07e-15 4.94e-15 1.89e-15 8.21e-16 1.49e-16 2.59e-18 0.00
28.625 1.03e-15 4.03e-16 4.26e-15 5.81e-14 2.15e-16 1.44e-16 1.53e-16 0.00
28.875 2.21e-16 2.00e-16 6.96e-16 9.30e-16 7.56e-16 1.13e-16 1.94e-17 0.00
29.125 2.50e-17 3.27e-16 5.36e-17 1.00e-16 1.08e-15 0.00 0.00 0.00
29.375 0.00 8.35e-17 0.00 2.55e-17 0.00 0.00 0.00 0.00
29.625 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
29.875 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table A.8: Results of Production Monte Carlo for Mpyq = 10 MeV/2.

Angle (rad)

Energy(GeV) 0.000250 0.000750 0.00125 0.00175 0.00225 0.00275 0.00325 0.00375
0.125 1.20e-16 2.56e-16 4.43e-16 8.75e-16 5.41e-16 8.77e-16 1.24e-15 2.00e-15
0.375 6.18e-16 3.49e-15 1.10e-14 4.38e-15 1.02e-14 7.39e-15 4.22e-14 1.66e-14
0.625 1.43e-15 2.10e-14 8.19e-15 1.60e-14 1.67e-14 2.32e-14 4.36e-14 281e-14
0.875 2.01e-15 6.72e-15 9.88e-15 1.89e-14 2.14e-14 2.65e-14 3.55e-14 6.04e-14
1.125 2.58e-15 9.34e-15 1.70e-14 2.41e-14 2.85e-14 7.44e-14 2.99e-14 4.01e-14
1.375 2.61e-14 1.02e-14 2.34e-14 3.72e-14 3.04e-14 3.61e-14 4.28e-14 6.56e-14
1.625 3.66e-15 8.67e-15 2.58e-14 3.39e-14 3.34e-14 3.50e-14 4.01c-14 5.42e-14
1.875 3.38e-15 1.59e-14 2.95e-14 3.00e-14 3.82e-14 3.83e-14 4.52e-14 3.70e-14
2125 3.47e-15 1.21e-14 1.98e-14 4.36e-14 5.74e-14 4.76e-14 9.68e-14 6.07e-14
2.375 5.76e-15 3.30e-14 321e-14 2.79e-14 3.43e-14 4.70e-14 3.50e-14 1.39e-13
2.625 1.23e-14 1.34e-14 2.02e-14 6.35e-14 3.03e-14 3.28e-14 4.40e-14 2.67e-14
2.875 5.25e-15 4.12e-14 1.84e-14 6.91e-14 4.67e-14 3.58e-14 8.23e-14 3.41e-14
3.125 9.89e-15 1.51e-14 2.04e-14 2.88e-14 4.25e-14 3.47e-14 2.38e-14 2.24e-14
3.375 6.89e-15 4.31e-14 1.59e-14 3.04e-14 4.28e-14 2.45e-14 2.95e-14 3.57e-14
3.625 1.73e-14 1.30e-14 2.34e-14 2.24e-14 3.97e-14 3.78e-14 3.95e-14 2.34e-14
3.875 5.54e-15 1.48e-14 2.48e-14 2.92e-14 4.21e-14 2.27e-14 2.38e-14 2.06e-14
4.125 5.35e-15 2.08e-14 2.66e-14 2.19e-14 1.09e-13 2.2%9e-14 2.24e-14 1.22e-14
4.375 5.44e-15 1.43e-14 2.92e-14 2.01e-14 3.64e-14 2.03e-14 1.69e-14 1.13e-14
4.625 5.24e-15 1.49e-14 3.83e-14 2.02e-14 4.47e-14 1.64e-14 2.16e-14 2.13e-14
4.875 8.89e-15 2.00e-14 2.53e-14 2.49e-14 3.44e-14 2.31e-14 1.44e-14 2.01e-14
5.125 5.97e-15 1.66e-14 2.3%e-14 4.77e-14 201e-14 6.57e-13 8.36e-15 1.12e-14
5.375 4.71e-15 2.33e-14 2.06e-14 1.58e-14 1.47e-14 1.55e-14 891e-15 7.63e-15
5625 5.01e-15 1.32e-14 1.75e-14 1.87e-14 2.08e-14 2.07e-14 1.09e-14 8.26e-15
5.875 5.71e-15 1.55e-14 2.29e-14 1.85e-14 2.23e-14 1.12e-14 1.33e-14 6.79e-15
6.125 1.15e-14 1.46e-14 1.46e-14 1.70e-14 1.76e-14 4.48e-14 7.27e-15 3.94e-15
6.375 9.47e-15 1.47e-14 1.50e-14 1.53e-14 1.56e-14 9.65e-14 8.78e-15 8.61e-15
6.625 6.22e-15 1.87e-14 3.48e-14 1.42e-14 2.63e-14 1.53e-14 5.51e-15 3.38e-14
6.875 5.08e-15 1.42e-14 1.99e-14 2.38e-14 1.19e-14 4.17e-14 4.97e-15 3.83e-15
7.125 2.04e-14 1.91e-14 2.06e-14 1.73e-14 2.49e-14 5.52e-14 8.03e-15 3.80e-15
7.375 6.04e-15 2.64e-14 1.40e-14 1.58e-14 1.90e-14 7.22e-15 4.40e-15 6.39e-15
7.625 7.46e-15 1.21e-14 1.41e-14 1.34e-14 1.12e-14 1.19e-14 4.25e-15 3.20e-15
7.875 5.61e-15 1.43e-14 2.95e-14 1.59e-14 1.24e-14 4.64e-15 4.19e-15 3.68e-15
8.125 5.24e-15 1.22e-13 1.66e-14 9.92e-15 4.38e-14 4.01e-15 2.94e-15 4.56e-15
8.375 5.98e-15 1.05e-14 3.82e-14 1.28e-14 2.78e-14 4.19e-15 4.94e-15 8.31e-15
8.625 5.72e-15 1.43e-14 1.16e-14 8.79e-15 1.19e-14 4.75e-15 2.03e-15 2.71e-15
8.875 5.52e-15 1.91e-14 1.58e-14 9.26e-15 6.75e-15 3.98e-15 3.79e-15 2.29e-15
9.125 5.77e-15 1.25e-14 1.53e-14 1.49e-14 1.30e-14 5.79e-15 1.897e-15 1.83e-15
9.375 7.98e-15 1.08e-14 2.07e-14 1.24e-14 6.06e-15 4.44e-15 3.36e-15 1.93e-15
9.625 141e-14 1.55¢-14 1.11e-14 1.25e-14 1.97e-14 3.81e-15 2.25e-15 2.42e-15
9.875 7.19e-15 1.05e-14 1.02e-14 3.42e-14 1.21e-14 2.33e-15 5.24e-15 1.92e-15
10.125 5.49e-15 1.15e-14 9.26e-15 6.96e-15 1.47e-14 4.77e-15 1.51e-14 7.23e-16
10.375 7.70e-15 1.23e-14 5.71e-14 6.00e-15 3.80e-15 3.42e-15 1.59e-15 9.82e-16
10.625 7.19e-1 5 1.11e-14 2.82e-14 6.02e-15 6.20e-15 3.19e-15 2.95e-15 1.14e-15
10.875 3.68e-15 1.18e-14 8.61e-15 6.10e-15 2.98e-15 3.88e-15 1.61e-14 8.93e-16
11.125 4.33e-15 1.21e-14 9.89e-15 1.47e-14 4.91e-15 4.40e-15 5.33e-15 4.05e-16
11.375 4.60e-15 9.70e-15 1.03e-14 7.03e-15 3.09e-15 2.22e-15 1.28e-15 1.51e-15
11.625 5.80e-15 1.09e-14 8.30e-15 9.17e-15 2.58e-15 3.76e-15 4.71e-16 1.06e-15
11.875 5.22e-15 1.69e-14 6.88e-15 6.45e-15 3.82e-15 1.99e-15 5.47e-16 4.75e-16
12.125 5.35e-15 9.34e-15 1.30e-14 6.01e-15 3.19e-15 2.72e-15 1.17e-15 2.09e-15
12.375 3.75e-15 1.25e-14 5.85e-15 4.66e-15 2.22e-15 4.47e-15 6.80e-16 5.08e-16
12.625 4.17e-15 1.02e-14 1.41e-14 4.33e-15 5.32e-15 1.47e-15 4.41e-15 3.3%e-16
12.875 6.45e-15 9.59e-15 8.99e-15 4.99e-15 4.02e-15 1.63e-15 6.41e-16 2.73e-16
13.125 5.51e-15 1.29e-14 8.41e-15 5.50e-15 2.72e-15 1.71e-15 7.14e-16 1.99e-16
13.375 5.69e-15 7.05e-15 5.04e-15 2.04e-14 4.20e-15 1.34e-15 9.21e-16 2.95e-16
13.625 9.60e-15 6.62e-15 7.75e-15 3.04e-15 3.70e-15 9.85e-16 1.60e-15 3.70e-16
13.875 4.51e-15 8.25e-15 4.45e-15 3.40e-15 1.22e-15 6.63e-16 2.68e-16 4.29e-16
14.125 4.45e-15 9.34e-15 9.78e-15 2.50e-15 9.48e-16 1.31e-15 1.85e-15 1.48e-15
14.375 3.36e-15 1.10e-14 6.40e-15 2.28e-15 1.56e-15 8.46e-16 5.40e-16 3.37e-16
14.625 4.43e-15 7.72e-15 4.72e-15 2.50e-15 1.33e-15 1.74e-15 3.85e-16 2.24e-16
14.875 5.72e-15 1.34e-14 4.53e-15 3.11e-15 1.36e-15 2.79e-15 4.42e-16 1.73e-16
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Table A.9: Continuation of Results for Muq = 10 MeV/.

Angle (rad)

Energy(GeV) 0.000250 0.000750 0.00125 0.00175 0.00225 0.00275 0.00325 0.00375
15.125 8.99e-15 6.95e-15 6.75e-15 4.09e-15 1.88e-15 5.90e-16 4.42e-16 1.88e-16
15.375 3.85e-15 4.74e-15 9.40e-15 1.69e-15 1.17e-15 3.3%e-16 3.17e-16 8.98e-17
15.625 5.26e-15 1.48e-14 4.11e-15 3.44e-15 1.90e-15 1.13e-15 1.59e-15 1.65e-16
15.875 3.73e-15 1.02e-14 3.71e-15 1.76e-15 1.33e-15 5.00e-16 3.80e-16 1.29e-16
16.125 6.01e-15 7.14e-15 4.79e-15 6.57e-15 6.41e-16 9.03e-16 3.77e-15 1.98e-16
16.375 4.03e-15 9.97e-15 3.78e-15 2.52e-15 5.48e-16 2.24e-16 1.51e-16 2.63e-16
16.625 2.61e-15 8.18e-15 6.39e-15 1.44e-15 6.09e-16 6.58e-16 2.48e-16 5.94e-17
16.875 1.50e-14 4.33e-15 2.98e-15 3.79e-15 1.58e-15 1.41e-15 2.42e-16 9.82e-17
17.125 3.34e-15 4.23e-15 1.76e-14 2.19e-15 1.52e-15 4.65e-16 2.18e-16 5.55e-17
17.375 8.53e-15 3.70e-15 3.08e-15 1.53e-15 8.47e-16 5.76e-16 9.64e-17 1.09e-15
17.625 1.50e-14 6.50e-15 2.19e-15 1.17e-15 5.33e-16 3.01e-16 3.37e-16 1.22e-16
17.875 2.38e-15 2.81e-15 4.77e-15 1.83e-15 5.93e-16 3.05e-16 1.21e-15 4.70e-17
18.125 2.15e-15 4.61e-15 1.92e-15 1.15e-15 3.38e-16 3.44e-15 6.87e-17 2.96e-17
18.375 3.81e-15 4.94e-15 4.40e-15 1.50e-15 4.41e-16 4.71e-16 3.16e-16 2.73e-17
18.625 2.22e-15 5.04e-15 1.61e-15 1.22e-15 4.53e-16 9.44e-16 2.20e-16 2.86e-17
18.875 2.18e-15 3.45e-15 1.77e-15 4.57e-15 4.56e-16 1.54e-16 8.26e-17 2.38e-17
19.125 3.03e-15 2.96e-15 2.89e-15 8.37e-16 5.06e-16 1.30e-16 1.55e-16 6.10e-17
19.375 3.67e-15 6.56e-15 1.67e-15 6.13e-16 3.70e-16 7.84e-16 2.91e-16 2.78e-17
19.625 2.11e-15 2.19e-15 4.46e-15 2.23e-15 3.63e-16 2.36e-16 4.93e-17 2.01e-16
19.875 2.35e-15 4.43e-15 8.92e-16 6.16e-16 3.56e-16 8.07e-17 1.03e-15 2.82e-17
20.125 4.92e-15 2.78e-15 2.24e-14 1.18e-15 1.44e-15 2.11e-16 8.10e-17 2.08e-17
20.375 2.06e-15 1.95e-15 1.17e-15 1.21e-15 8.96e-16 3.74e-16 2.70e-17 6.90e-17
20.625 1.24e-15 2.46e-15 2.22e-15 7.63e-16 4.06e-15 1.71e-16 6.68e-17 1.09e-17
20.875 1.38e-15 4.81e-15 1.92e-15 7.91e-16 3.20e-16 1.48e-16 4.88e-17 7.69e-18
21.125 9.64e-16 2.86e-15 1.25e-15 6.98e-16 3.19e-15 1.24e-16 3.73e-17 6.78e-17
21.375 1.99e-15 1.77e-15 2.38e-15 2.15e-15 3.06e-16 727e-17 3.18e-17 2.27e-17
21.625 1.81e-15 1.78e-15 1.84e-15 3.90e-16 1.73e-16 6.67e-17 3.24e-17 9.75e-18
21.875 1.82e-15 1.28e-14 1.26e-15 6.71e-16 2.77e-16 2.29e-16 2.32e-17 1.27e-17
22.125 4.29e-15 1.38e-15 8.97e-16 3.57e-16 8.15e-16 1.14e-16 1.06e-16 1.35e-17
22375 1.03e-15 1.17e-15 1.09e-15 7.40e-16 1.96e-16 6.58e-17 5.01e-17 5.00e-18
22.625 2.85e-15 2.27e-15 1.49e-15 9.42e-16 1.81e-16 1.01e-16 2.12e-17 2.56e-17
22875 8.33e-16 9.27e-16 1.03e-15 3.64e-16 1.18e-15 2.09e-16 1.24e-17 1.24e-17
23.125 1.02e-15 9.74e-16 9.50e-16 5.62e-16 1.28e-16 2.97e-17 2.84e-17 1.43e-17
23.375 1.46e-14 1.32e-15 5.54e-16 3.52e-16 1.13e-16 8.00e-17 3.91e-17 4.74e-17
23.625 8.93e-16 9.93e-16 7.23e-16 5.36e-16 1.60e-16 3.81e-17 1.29e-17 1.10e-17
23.875 6.45e-16 1.12e-15 2.17e-16 2.92e-16 1.38e-16 4.03e-17 2.34e-17 8.67e-18
24.125 2.68e-16 1.51e-15 5.56e-16 1.57e-15 6.30e-17 8.90e-17 1.78e-17 2.97e-18
24.375 1.05e-14 5.42e-16 1.72e-15 3.71e-16 4.67e-16 7.72e-16 3.77e-17 3.25e-17
24.625 2.41e-15 6.10e-16 6.66e-16 1.23e-16 6.17e-17 9.77e-17 1.55e-17 4.50e-18
24.875 3.16e-16 4.96e-16 4.59e-16 1.46e-16 7.74e-17 1.65e-16 1.59e-17 4.67e-18
25.125 5.87e-16 4.03e-16 3.03e-15 2.38e-16 4.72e-1€ 1.44e-17 3.93e-17 3.48e-16
25.375 4.97e-16 6.03e-16 2.83e-16 1.06e-16 8.69e-17 1.14e-15 7.86e-18 1.16e-17
25625 8.58e-16 4.58e-16 3.07e-16 9.74e-16 5.66e-17 4.39e-17 3.68e-18 8.67e-17
25.875 1.60e-16 4.90e-16 1.57e-16 1.23e-15 1.16e-16 3.03e-17 1.61e-17 3.14e-18
26.125 1.45e-16 2.75e-16 8.08e-17 2.73e-16 2.55e-17 1.69e-17 1.81e-17 7.51e-19
26.375 8.54e-17 4.01e-16 3.31e-16 1.21e-16 3.29e-17 1.50e-17 2.42e-18 1.29e-18
26.625 3.60e-16 3.85e-16 9.68e-17 6.83e-17 3.40e-17 1.43e-17 2.67e-17 1.88e-18
26.875 3.54e-16 1.29e-16 9.54e-17 5.71e-17 1.78e-17 1.04e-16 7.87e-17 6.71e-18
27.125 7.98e-17 3.19e-16 2.08e-16 6.26e-17 3.06e-17 3.68e-17 2.94e-17 4.18e-18
27.375 3.34e-17 1.32e-16 2.60e-16 2.89e-17 2.87e-17 4.40e-17 1.89e-17 2.26e-18
27.625 1.57e-15 2.24e-16 4.66e-17 1.73e-17 3.90e-17 3.42e-18 2.94e-17 0.00
27.875 5.57e-17 3.89e-16 9.64e-17 1.10e-17 7.65e-18 8.81e-18 1.19e-18 2.97e-18
28.125 2.53e-18 1.31e-16 1.72e-17 1.42e-17 4.59e-18 5.38e-18 2.28e-18 7.70e-19
28.375 7.51e-18 2.10e-16 3.35e-17 2.42e-17 3.94e-18 1.10e-18 2.55e-20 1.88e-22
28.625 1.96e-17 2.96e-17 4.67e-18 1.54e-18 4.88e-18 2.69e-18 2.80e-18 3.27e-19
28.875 2.61e-18 6.74e-19 1.65e-17 2.94e-17 1.11e-18 1.26e-18 0.00 1.85e-19
29.125 1.58e-19 3.50e-18 7.54e-19 1.80e-18 2.72e-19 0.00 0.00 0.00
29.375 0.00 0.00 0.00 8.48e-19 0.00 0.00 0.00 0.00
29.625 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
29.875 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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