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Abstract

A study of electron-positron scattering leading to two electron-positron pairs via a
two-photon interaction has been carried out at the Stanford Linear Accelerator Center
(SLAC). The case where one pair is observed in the detector was investigated. These
events were produced at the SLAC Linear Collider (SLC) operating in the center-of-
mass energy range from 89.2 to 93.0 GeV. The data was collected using the Mark II
detector.

Two-photon interactions are described by the theory of quantum electrodynamics
(QED). Such processes can be a significant background to new particle searches;
consequently, an understanding of their production is imperative. A deviation from
the event rate predicted by QED might indicate the existence of new particles. The
event rate may also be useful as a luminosity monitor during data collection.

The data sample from the Mark II is searched for events which have a features in-
dicative of two-photon events. For comparison with theory, the Berends, Daverveldt,
and Keiss Monte Carlo event generator is used to simulate events according to QED
theory. The data is compared to the theoretical predictions. Given the low event
statistics from the SLC data run, the results are consistent with the QED theoretical
prediction. However, due to the low statistics, this measurement cannot be used to

indicate non-deviation from QED predictions.
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Chapter 1

Introduction

Overview

This is a report on the production of two-photon events in ete~ collisions using
the Mark II detector at the Stanford Linear Accelerator Center. In this experi-
ment, the Stanford Linear Collider (SLC) ran at a center-of-mass energy of approxi-

mately 91 GeV. The process studied is:

+ =+

e'e” — eTeeTe”

in the case where only two leptons are observed in the detector while the colliding
electron and positron are scattered through small angles and are not detected. The
Feynman diagrams which account for most of the total cross section in this case are
the multiperipheral, or t-channel, diagrams. Because two space-like virtual photons
are emitted along the beam direction and interact, these events are also called two-

photon processes.
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The data are compared with QED predictions of order a*. A Monte Carlo pro-
gram written by Berends et al. [1] is used to obtain the predictions for the above

interactions.

Two-photon physics at the Z° resonance

The SLC was designed specifically to create the Z° boson by electron-positron annihi-
lation. It is also important to study the two-photon processes which can occur. One
reason is that two-photon processes can be a significant background to new particle

searches. Suppose there exists a sequential lepton (L*) such that [2):
efe” — Z2°— It 4+IL-
Lt — [t + vy 4+
LY — Im4+py+ vy,
or a supersymmetric scalar lepton (I*):
ete” — Z°— ity
F— Ity ¥
r — Im+4
for masses
mp 2> my, mpm,

mp 2> my, My R msg

where [ denotes an e or y, v is a neutrino, and 7 is a photino. If my — m,, Or mj—msy

is small, (= 1 GeV/c?), these events appear as two leptons with low energies. Thus,
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two-photon processes of this type can be a troublesome background for new particle
searches unless the cross-sections are known exactly.

Two-photon events may also be used to measure the luminosity, if the cross section
and the detector acceptance is known, and the detection rates are reasonable. The
two-photon event count would provide a measurement of the luminosity independent
of Bhabha scattering measurements. It is also important to study two-photon events
at high center-of-mass energies as an investigation of QED at these energies.

In the past, the two-photon leptonic reaction ete~ — e*te~e*e~ has been found
to be in excellent agreement with the QED prediction, for energies in the range of 14~
41 GeV [3, 38]. In a search for excited leptons, the AMY collaboration also found
agreement with QED up to an energy of 56 GeV [4]. Unfortunately, because of the
limited integrated luminosities of the Mark II data runs (19.3 nb~! for 1989 and

10.1 nb™* for 1990), the measurement here cannot improve on previous results.

Thesis outline

Chapter 2 describes the general theory of electron-positron interactions. Chapter 3
describes the SLC and the Mark II detector. Chapter 4 describes the theory of
two-photon interactions in detail and the Monte Carlo program for simulating these
interactions. Chapter 5 lists the parameters used in the Monte Carlo for this analysis
and presents the Monte Carlo results. Chapter 6 compares the data with the Monte

Carlo predictions, and the conclusions are discussed in Chapter 7.



Chapter 2

Theory

2.1 Lepton production in ete™ collisions

In this section, cross sections for lepton production in e*e~ collisions are presented
and discussed. A working knowledge of Feynman rules for calculating cross sections

in QED will be assumed. These rules may be found in Appendix B of Ref. (5]

2.1.1 Bhabha scattering

The process

e*(p1) + e~ (p2) — et (p}) + e~ (ph) (1)

is called Bhabha scattering. The two lowest order diagrams contributing to Bhabha
scattering are shown in Figure 1. The one on the left is called the ¢-channel diagram;
the other is the s-channel diagram. The Feynman amplitude for this process is simply

M = M+M, where M, and M, correspond to the t-channel and s-channel diagrams
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e+ e+
e+ e+

Figure 1: The scattering and annihilation diagrams for Bhabha scattering.

respectively. The full expressions for these two matrix elements are

Mo = e falp1ouph)] ool 2
M, = iR 10 )] ool (3

The u(p) and the v(p) are the momentum-space spinors for a free electron and free
positron respectively, with momentum p. The denominators of these matrix elements
come from the photon propagator; according to the Feynman rules, each photon gives
a factor qu, where ¢ is the photon four-momentum. In these expressions, the spin
indices on the electron and positron spinors have been suppressed.

Following the Feynman rules for calculating cross sections (see Ref. [6]) gives

mihic?

dO' - s ¢ %
(55 = T X+ Xow o+ X+ X2, ()
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where

7 1 2

Xe = 7 > M (5)
apins
1

Xss = Z Z |Ms|2 (6)
spins
1 .

Xy = 4—2 MM, (7

spins
with the sums running over the spins of all four fermions. Using the energy projection
operators and trace identities found in Ref. [5], the first term in the cross section

becomes

64

X,, =
“ 7 2mi(ps — p})

oE (p1p2)(P1p3) + (P1p2)(p2py) + O(E*m?), (8)

where m = m,, and E is the center-of-mass energy. The second term becomes

64

Xss =
2m4{(p1 + p2)?

]2(P1P'1)(P2P'2) + (1p2) (P2’ ~ 1) 4+ O(E*m?). 9)

The interference term X,, becomes

e4

~ 2mi(p, — p1)%(p1 + p2)?

Xis [(p1P;)(P2p}) + O(E*m?)]. (10)

Because X, is real, X;, = X[,. As written above, these terms are valid in any
frame of reference. For simplicity, they can be evaluated in the center-of-mass frame.
In experiments involving colliding beams of electrons and positrons at equal beam
energies, this is the same as the laboratory frame. Figure 2 shows the kinematics in

the center-of-mass frame. In this frame, we have
/ / 2 / / / 2 /
Pipy = p2p, = E” —pp'cosb,  pip, = pop; = E* + pp’ cos § (11)
pp2=E*+p°  pipy=E*+)p" (12)

(p1+ p2)? = 4E” (13)
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Figure 2: Center-of-mass kinematics for Bhabha scattering.

with

r=lpl, p=Ip'l

(14)

Also, for E > m,, p is approximately equal to E, and terms O(E?*m?) can be dropped.

The four matrix terms then become

4

e 0
Xy = ———————[1 4o
“ 8m4 sin"(g)[ + cos 2]
e? 2
Ass = o [1+ cos? 0}
r 7 x _64 4 0
Ata = Ats = mg—)[cos 5]

Substituting these into the expression for g—%, results in

do  o®h’c? 1+ cos?(0/2) + 1 + cos? 8 2cos“(0/2)]
a2 sin?(0/2) 2 sin?(0/2)

where s is the Mandelstam variable, s = (2F)2.
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The first term in this cross section comes from the t-channel diagram (a) in Fig-
ure 1. The second term comes from the s-channel diagram, and the third term
arises from the interference between the two diagrams. At small angles, the t-

channel term dominates, and the differential cross section becomes infinite. This

1

is a consequence of the massless photon. If the photon had a mass ¢, the oy

term in M,; would instead be m. The four-momentum of the photon is
¢® = (p1 — py)®. As listed in the kinematical equations above, in the center-of-mass
frame, ¢* = (p1 — p})? = 2p*(cos§ — 1); therefore, g> — 0 implies § — 0. If the pho-
ton had a small mass, then M, would not diverge as ¢*> approached zero. However,
because the photon has zero mass, the amplitude from the photon exchange term
diverges, and the total cross section (o = [ g—%dﬂ ) blows up.

In order to evaluate the total cross section, the differential cross section must
be integrated between chosen angular cuts. The Mark II detector at the SLC had
monitors that would detect tracks from Bhabha events down to 6 = 15 mrad on either
side of the interaction point. Integrating the bracketed piece in Equation 18 over this

angular region gives for the total cross section

PR em) x (11 x 109 (19)

o =

In “patural” units,h=c=1,a = T;lﬁ’ and this cross section becomes

= %f%ex—-vi)osnanobarns. (20)
These total cross sections do not include the electroweak interference effects from Z°
boson exchange. Using this cross section as a “typical” value, Table 1 lists the total
Bhabha cross section for several energies between 6= 0.015 and = — 0.015 radians.

Figure 3 shows the angular distribution of the differential cross section at center-of-

mass energy 34 GeV.
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Eem (GeV)
5 |10] 50 | 91 | 200

s (GeV?) 95 | 100 | 2500 | 8,281 | 40,000
o (x10°nb) [ 185 | 46 | 1.85 | 0.56 | 0.116

Table 1: Theoretically calculated Bhabha cross sections for several center-of-mass
energies. The cross section was integrated over angles between 0.015 and 7 — 0.015
radians. These cross sections do not include the Z° exchange diagrams.
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|
105 LA
|
[ ]
Fl
5 107
@
P
=
[15]
g .
[=] L )
— 103\,
\
— °
g g
~ \
g u
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102 (]
K B
?fiif__
1 1 1 J
1.0 0.5 0 -0.5 - =10
cos 8

Figure 3: Differential cross section for Bhabha scattering, at a center-of-mass energy
of 34 GeV,[After H.J.Behrend et al., Phys. Lett. 103B (1981) 148.] The dots are
experimental data; the curve is the QED cross section formula (18).



CHAPTER 2. THEORY 11

€+

,Q+

Figure 4: e*e~ annihilation into two leptons (via photon exchange).
2.1.2 et*e” annihilation into lepton pairs

The three possible processes are:

The first process was discussed in Section 2.1.1. For the general process
e*(p1) + €7 (p2) — I*(p}) + 17 (p}) (21)

where | = p,7, the leading order diagram is the annihilation (s-channel) diagram,

shown in Figure 4. Its Feynman amplitude is M, where

M= iez[ﬁ(PQ)%v(Pi)](z)Gl—_:—pz?;[ﬁ(m)7°U(P2)](e)~ (22)
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The labels (1) and (e) refer to leptons and electrons. Following the Feynman rules for

calculating cross sections (see Ref. [6]) gives

do mih2c?

()= 16m2EE (23)

where
X = i > IMP. (24)
spins
Using the energy projection operator and trace identities from Ref. [6], one gets
et
X = il ¥ ooy L) (Pap2) + (Prp2) (paph) +
me(pipy) + mi(pips) + 2rmf}. (25)

Again, this formula is valid in any reference frame. As in Section 2.1.1, X may be
evaluated in the center-of-mass frame. Figure 5 depicts the kinematics for this process

in the center-of-mass frame. In this frame, the kinematic variables become

P1py = papy = E* —pp'cos8,  pipl, = pop, = E? + pp’ cos 6
2
pp=E*+p*  plp,=E*+p

(p + P2)2 = 4F?

with
p=lpl, ¥ =|p'

Also, for E > m, ~ 207m,, p is approximately equal to E, and terms O(m?) are
dropped. Making the appropriate substitutions, the differential cross section becomes

do  a?h?c?

70 = P B[1 + cos? 6 + (1- ,32) sin® 6] (26)
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Figure 5: Kinematics for the process ete~ — I*I~ in the center-of-mass frame.

where s = EZ? | 8 is the velocity of the lepton, and E = \/—‘;"__E Integrating over all
angles gives the total cross section

_ 4ma®k%? B(3 - BY)
7= 7

(27)

Both the differential cross section and the total cross section are always finite. Also,
as the energy increases, the cross section decreases. For E > my, the differential and

total cross sections become

do a?h?c? 2
EE»m, = R (1 + cos®8)
dralhc?
TEpm = g (28)

These are the cross sections excluding electroweak corrections (i.e. , Z° boson ex-
change). Therefore, the total cross section has a 1 /E? dependence at high energies

(below the mass of the Z° boson). In “natural” units (A =c=1, a = 37), this cross
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Figure 6: The total cross sections (in nb) for the processes ete~ — p*u~ and ete™ —
7+77 as a function of (relativistic) center-of-mass energies. [After D.P.Barber et al.,
Phys. Rev. Lett. 43, (1979) 1915.] The dots are experimental data; the curves are
the theoretical cross section formula (28).

section becomes

o= _868 nanobarns. (29)

s(GeV?)
where s is the square of the center-of-mass energy. This cross section is roughly a
factor of 10° smaller than the Bhabha cross section. Figure 6 shows the total cross
section for the two processes as a function of center-of-mass energy.
Because the cross section for electron-positron annihilation into muon pairs is
often used in comparisons with cross sections for other processes, this cross section

will be defined as

_ dra?

To =
3s

(30)
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where s = (2Epem ). The % and c¢ factors have been dropped so that o, is written in
natural units. In the following discussions, formulae for cross sections will be written

in natural units (A = ¢ =1).

2.1.3 Two-photon production of leptons

There are six processes which can produce leptons from two-photon interactions:

ete™ — efemetem (1)
ete™ — efeptu~ (2)
ete™ — etertr—  (3)
ete™ — ptp-rtr= (4)
ete™ — prpmptps (5)
ete™ — rtrortr— (6)

The first three of these interactions are similar in that they each have an electron-
positrbn pair among the final state particles. These are the interactions which are
significant to this study. The cross sections for the last three interactions are much
smaller than those for the first three, since fewer Feynman diagrams contribute in
these processes, than do in processes (1) through (3), as explained below.

There are four types of diagrams that may contribute in two-photon interactions.
The first group consists of the “multiperipheral” diagrams. These are shown in Fig-
ure 7 for process (1). The last two diagrams in the figure also contribute to the cross
section for processes (2) and (3). From the diagrams, it is clear that the final state
must include the original electron and positron. Therefore, these diagrams contribute
in processes (1) through (3), but not in processes (4) through (6). One can see the
similarity of these diagrams to those for Bhabha scattering by replacing the single

exchanged photon in Figure 1 with the diagram shown in Figure 8 of two photons
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Figure 7: The mulitperipheral diagrams for ete™ — ete~ete~ . The last two dia-
grams may also be ete™ — ete~u*p~ and ete™ — ete7tr~. (From Ref. [1]).
annihilating into a lepton pair.

The second group is the “bremsstrahlung” group, shown in Fig. 9 for process (1).
Four of the diagrams may also contribute to processes (2) and (3). Like the multi-
peripheral diagrams, these also have the original electron and positron as two of the
final state particles. Thus, they cannot contribute in processes (4) through (6). This
group is called the “bremsstrahlung” group because two of the final state particles are
created by a photon radiating from one of the initial particles, or from either the final
state electron or positron. These diagrams are also similar to the Bhabha scattering
diagram (see Figure 1) where either the electron or positron in the Bhabha scattering
process radiates a photon.

The third group is the “annihilation” group, shown in Figure 10. Here, the initial

electron and positron are annihilated via a virtual photon, and create a new lepton
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Figure 8: Diagram for photon-photon pair production of leptons.

pair. One of the created leptons radiates a photon to create a second lepton pair.
Because the original electron and positron are destroyed, these diagrams contribute
to all six processes listed above.

The fourth group is the “conversion” group, shown in Figure 11. Since the final
state particles are created in pairs by the two photons, this group contributes to all
six processes.

The number of diagrams that contribute in each of the final states, when only
photon exchanges are accounted for, is shown in Table 2. The number of contributing
diagrams increases by a factor of four when Z° exchanges are also taken into account.
According to the Feynman rules for calculating cross sections, each lepton-photon
vertex gives a factor (—ze7®) in the Feynman matrix element M. In the two-photon
diagrams, there are four lepton-photon vertices, resulting in M ~ 12. The cross
section o goes as |[M|?, and so o ~ €%, or a* (since every e? gives a single factor of

a). Thus, the cross section for any two-photon process goes as a?. Recall that the
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Figure 9: The bremsstrahlung group of diagrams for ete~™ — ete~ete~. The dia-
grams in the last row may also be e*e™ — e*e~putu or ete™ — ete~r+r=. (From

Ref. [1]).
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Figure 10: The annihilation group of diagrams for ete™ — ete~ete~, as well as
process (5) and (6). The diagrams in the last row may also be processes (2), (3), and

(4). (From Ref. [1]).

Figure 11: The conversion group of diagrams for processes (1), (5), and (6).

two diagrams may also contribute to processes (2),(3), and (4). (From Ref

The first
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Process Group (I) | Group (II)} | Group (III) | Group (IV) | Total
(1) ete~ete” 8 16 8 4 36
(2) ete~ptu~ 4 4 2 12
(3) eteTtr 2 4 4 2 12
(4) prp-Trr- 0 0 4 2 6
(5) ptu—utp~ 0 0 8 4 12
(6) o7t~ 0 0 8 4 12

Table 2: The number of contributing diagrams in each of the six two-photon processes.
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cross section o, for ete™ — p*p~ discussed in Section 2.1.2 goes as o?®. Therefore,
the cross section for the two-photon process might be expected to be smaller than
0, by o? = (#)2 However, as was pointed out above, the multiperipheral diagrams
are very similar to the diagram for Bhabha scattering, in that the photon propagator
can go to very small momentum transfers because of the zero mass of the photon.
Therefore, there is an enhancement to the two-photon cross section which is similar
to that for Bhabha scattering.

For example, the total cross section for the process ete™ —s ete~p*u~ (for large
Ey/m.) is given by [7]

1120t
97rmz

Oee—eepp =~ (

)un(%)rln(%) (31)

where m,, is the mass of the muon and m,. is the mass of the electron. In terms of

5 = (2E4cam)?, this cross section can be written as

11204
97rm‘2‘

Cee—reepu =2 (

s1/2 s1/2
in( g In( ). (32)

Recall that o, is given by (see Equation 30)

4ma?
Co =
3s

at high energies (much greater than m,). Table 3 lists the cross sections for beam
energies from 0.5 GeV to 50 GeV. Below E = 1 GeV, the cross section for the virtual
photon process dominates the two-photon process. However, above 1 GeV, even with
the extra factors of «, the cross section of the two-photon process is much greater
than that of the virtual photon process.

It must be stressed that these total cross sections include contributions at small
angles. Most of the two-photon cross section comes from these small angle contribu-

tions, as in the Bhabha scattering cross section. However, since most experimental
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set-ups do not completely cover the entire (47) solid angle of the inieraction region,
final particles escaping at small angles may go undetected. Also, the routine used
to trigger the experiment may limit the minimum invariant mass W,,;, of the lepton
pair that can be observed. Thus, the measured cross sections are reduced by a) inte-
grating the differential cross section from this threshold energy to W = 2E}.qm, and
b) integrating the differential cross section over an angular range less than 4.
When only the two tracks of the muons are observed in the detector, the detectable
cross section for ete™ — ete~utpu~ will be of the order (for muon energies greater
than 1 GeV) [8]
et 112 4ot

E , 2 .
ee—eepp " g_ﬂ.m[ln(;n_C] {2[1n (ta'n "»b/2) + ln(sul "/))]} (33)
where % is the minimum polar angle at which the muons can be seen in the detector.
For the Mark II detector at the SLC, W2, = 0.09 GeV?, ) = 42°, and E ~ 45 GeV.

Therefore, substituting these values, the expected detectable cross section is

0% euu ~ 26 nanobarns. (34)

This cross section is much smaller than the theoretical cross section. More of the

theory of two-photon processes will be discussed in Chapter 4.

2.1.4 ete — It~ at the Z° mass

The production of lepton pairs from ete~ collisions via Z° boson exchange is not
studied here, but because these interactions contribute to estimates of backgrounds,
the basic theory is discussed below.

According to electroweak theory, electrons and positrons can interact not only
by virtual photons, but also via the Z° boson. When the center-of-mass energy is

near or at the Z° mass, any lepton which has a mass less than half of the Z° mass
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Epearm (GeV) 1 05 | 2 | 5 | 15 | 25 | 35 | 45 |455'| 50

oo (nb) 86.8 | 5.4 | 0.87 |0.096 | 0.035 | 0.018 | 0.011 | 1.4 | 0.009
Ot (nb) | 28.9 | 78.8 [ 127.6 | 205.5 | 249.7 | 281.9 | 307.5 | 308.7 | 318.7

Table 3: Theoretical cross sections Oeewveenpy and o, of the two-photon process
e*e”™ — ete"ptu~ and the photon annihilation process ete~ — pt -, respectively,
calculated at different center-of-mass energies. 1 includes electroweak contribution
from the Z° boson.

(e,p,7 and their respective neutrinos) will be produced in pairs. For the case where
I'= p, 7, the lowest order contributing diagrams are shown in Figure 12. When [ = ¢,
there are two other diagrams which contribute (see Figure 13) to the cross section,
in addition to those in Figure 12. These two diagrams are the t-channel diagram for
the photon exchange, as described in Section 2.1.1 for Bhabha scattering, and the
t-channel diagram for the Z° exchange. Because these diagrams contribute primarily
at small angles (as was discussed in Section 2.1.1), and because a study of these
interactions in detail is beyond the scope of this paper, the simpler case of { = T
will be discussed only.

The Feynman amplitude corresponding to the diagrams in Fig. 12 is given by

Following the Feynman rules for calculating cross sections gives the total cross section
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Figure 12: Diagrams contributing to ete~ — I*1~ at the Z° resonance.
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e+ _ e+ e+ e+

Figure 13: The two t-channel diagrams contributing to ete~ — ete~ at the Z°
resonance.
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47ra

o= 2) (W7 + af)x]’] (36)
where v, a, and x are given by
a.=a = -l (37)
Ve=v = —1+4sin®8y (38)
Gr smi

X = (Sﬁwa)(s - m%) +imgl'y (39)

The angle 0w is the Weinberg angle, mz is the mass of the Z°, and I'z is the width

of the Z°. Current values for these are (from Ref. [9])

sin? Oy = 0.2324 & 0.0033 (40)
mz = 91.17540.021 GeV (41)
Iz = 2.497:+0.007 GeV (42)

The first term of Equation 36 is simply the QED term (see Equation 30); the
second term comes from the interference between the two diagrams in Figure 12, and
the third term is the contribution from the Z° exchange diagram. Notice that Rey

and |x|? are given by

Gr smi(s — m3)
R = 43
°x (8\/§7ra) (s —mk)2 + maT2 (43)
Gr smil'y
= 44
Xl = G Gomay s it (44)
At s & m3, Rex vanishes, and |x| becomes
= —% =134 45
X = (5 ) (43
(ignoring radiative corrections). Substituting a. = aq = —1, and v, = v; = —0.1 as

well as the above value for |x| into the expression for the total cross section (36) gives

47ra

smm = gyl +1832) (46)

o
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Obviously, the second term, which is due to the Z° exchange diagram, dominates
the QED term at a center-of-mass energy equal to the mass of the Z°. The total cross

section (in nanobarns) is

yumz = 1.92 nb. (47)

When radiative corrections are included [10], this total cross section becomes
Os=mi ~ 1.4 nb. (48)

For all three leptons (e, 4, 7), the total cross section at the Z° mass is 3 x (1.4) or
4.2 nanobarns. This is a quarter of the two-photon cross section (see Equation 34) at
this energy. Thus, it might be expected that this would be a significant background
to a study of two-track two-photon events. However, the lepton pairs arising from Z°
exchange will have a visible energy approximately equal to the center-of-mass energy;
the lepton pair from the two-photon process will not. Therefore, events from these

two processes may be easily distinguished from one another.

2.2 Hadron production in ete™ collisions

Production of hadrons from e*e~ collisions is not studied here, but since it contributes

to estimates of backgrounds, it will be discussed.

2.2.1 e*e” — hadrons via a virtual photon

Hadrons are made up of quarks held together by the strong force. The theory which
describes the interactions of quarks is called Quantum Chromodynamics (QCD).
While in QED there is an electric charge, in QCD there is a color charge carried

by the quarks, eg., red, green, or blue. In QED, the mediating particle is the photon;
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in QCD, it is the gluon. Although the photon does not carry an electric charge, the
gluon does carry a color charge; therefore, the gluons can interact with each other,
as well as with quarks.

Because of this gluon self-interaction, the force between the quarks is very strong,
and increases linearly with distance. As two quarks are pulled apart, the strong
field between them increases with energy and this energy can produce new ¢g pairs.
Thus, quarks are never observed singly, but only in their combinations as hadrons.
However, at very high energies, the strong interaction between quarks and gluons
becomes negligible (a condition known as “asymptotic freedom”). Therefore, a high
energy ete™ collision creates a quark and anti-quark pair; then, as the quarks try to
pull apart, they “fragment” into hadrons.

The process can be described as

+

ete” — q7 , q§ — hadrons

where ¢ is a quark (u,d,s,c,b). This process is conceptually pictured in Figure 14.
The oval in the diagram represents the QCD processes that produce the hadrons
which are actually seen. At high energies, and neglecting QCD corrections, the cross
section for e¥e™ — ¢7 can be derived from that for the process e*e~ — I*1~, which
was discussed in Section 2.1.2. Recall that for ete~ — ptu, the cross section (see

Equation 30) is
4o
3s

where s = 4E7,,_, for energies above the muon mass. The cross section for ete— —s

O =

qq is then [47]
Tete-—qg = 3€,00 (49)
The factor e, is the fractional charge of the quark ¢ in units of e, the electron charge.

The factor of 3 is included to account for the diagrams from each quark color (red,
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hadrons

Figure 14: Conceptual picture of hadron production from ete~ annihilation.

blue, and green). The cross section for producing all types of hadrons is obtained by
summing over all quark flavors ¢ = u, d, s, ... that can be produced at the center-of-

mass energy Fen = 2E4e0m. Therefore,

Oete~—hadrons — zae"'e"-—-qri (50)

= 3) o (51)

or
drale?
Oete~—hadrons = 3 Z 3 . (52)
. s
This can be written in the standard form
R = z:iiﬁbadr_m;_ = 329 6:

Therefore, depending on how many quarks have masses below the center-of-mass
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energy, R can take on the values

R o= 3(@P+P+0 = 2 for wdys
= 2+3(2)2 = 2 for u,d,s,c
= P +3(3)? = U for u,d,s,cb

Figure 15 shows these predicted values of R compared to experimentally measured
values. The sharp peaks correspond to the production of resonances just below or
near the thresholds for creating the higher mass quark flavors. For example, R ~ 2
below the threshold for creating hadrons which have the charm quark as a constituent
(@ = 2(m.+ my) = 3.7 GeV). Above the threshold for creating a hadron with two
b quarks (@ > 2my ~ 10 GeV), R ~ 131 as predicted. This is used as proof of the
existence of color charge, since if there was only one color, R would be reduced by a
factor of 3 (see Equation 49).

Recalling the cross section for ete™ — I*1~, o, = 86.8/s (GeV?) nanobarns (Equa-

tion 29), and using the definition of R above, the cross sections can be written as

Oete——hadrons = 2(86.8/s) =173.6/s for wu,d,s (53)
= 10(86.8/s) = 289.3/s for w,d,s,c (54)
= 11(86.8/s) = 318.3/s for wu,d,s,c,b (55)

where s is in GeV? and ¢ is in nanobarns.

Table 4 lists the Tt e—_hadrons Cross section calculated for several energies. Also
listed are the total and detectable cross sections for Oce—eeupu from Section 2.1.3 at
these energies. Below Ejepn = 5 GeV, the hadronic cross section is larger than
the two-photon cross section; the situation is reversed for the higher energies. Even
the detectable two-photon cross section is many orders of magnitude higher than

the hadronic cross section at the higher energies. Notice however, that these cross
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Figure 15: Ratio R as a function of E,,,. The sharp peaks correspond to the produc-
tion of various resonances. (From Ref. [11]).
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Ebearn (GeV) 051 2 | 25 | 35 | 45 [4551%]| 50
Oetem—hadrons (0b) | 147.6 | 18.08 | 0.13 | 0.06 | 0.04 | 32.8 | 0.03
oot ... (nb) 28.9 | 78.8 | 249.7 | 281.9 | 307.5 | 308.7 | 318.7
ot (ab) 9.5 | 13.7 | 23.3 | 24.8 | 25.9 | 26.0 | 26.4

Table 4: Cross sections for e*e™ — hadrons, of2t,,,,, and o5, . for different

beam energies. At Epeam = 0.5 GeV (), only the u and d quarks contribute. At
Eteam = 45.5 GeV (1), the Z° contribution is included.

-sections do not take into account the electroweak contribution from Z° — hadrons;

this will be covered in Section 2.2.3.

2.2.2 e*e” — ete"hadrons via two-photon interaction

Another possible background comes from events created by the two-photon process
ete”™ — etehadrons, primarily ete~ — ete~wtx—. As shown in Sections 2.1.2
and 2.2.1, this is a two-photon process where the I* in the process ete~ — ete~I+I~
of Section 2.1.2 are replaced by a ¢g pair, and the quarks subsequently fragment
into hadrons. For simplicity, the case where the hadrons are two pions (%) will be
considered here only.

The evaluation of the total cross section for pion pair production is not as simple
as the muon case because of the QCD corrections (as was pointed out in Section 2.2.1

for single photon exchange). However, as a first approximation, the pions may be



CHAPTER 2. THEORY 33

treated as pointlike particles [7] and their strong interaction neglected. Then, for
very large E/m., the cross section for ete~ — e*e~ntn~ is given by [7]

160 1
97 m2

—(In (—~)]2 ln(*-) (56)

aee—»eeww -_

where E is the beam energy and m, is the mass of the pion. Table 5 lists this cross
section, as well as Oceeepyu, calculated at different beam energies. The cross sections
for pion pair production are much less than that for muon pairs. However, just as
detector constraints affect the detectable cross section for the lepton pairs, it similarly
affects the detectable cross section for pion pairs. If the triggering threshold of the
detector is above the energy W = 2m,, then the detectable cross section for pion pair
production is given by

det 16&4 2 2
Tegmscenr ~ ~g— Wz [ln(—-)] 2[In*(tan /2) + In(sin )] (57)

min
where W;,;;n is the minimum invariant mass of the pair that will be detected and 3
is the minimum polar angle of one of the pions. Table 6 shows the detectable cross
sections for pion pair production and muon pair production. Because of the factor
of 16 in Equation 57 instead of 112 as in Equation 33, the detectable cross section for

pion pair production is 1/7 that for muon pair production.

2.2.3 ete™ — hadrons at the Z° mass

The methods described in Sections 2.1.4 and 2.2.1 can be used to estimate cross
sections for the process ete™ — hadrons at a center-of-energy near the Z° mass. As

shown in section 2.2.1, this QCD process can be thought of as

ete” - 2% 5 ¢q (58)
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Epearn (GeV) | 05 | 2 | 25 | 35 | 45 | 50
Geoeens (nb) [1.96 | 5.9 | 19.6 | 22.2 | 24.2 | 25.1
otet . (nb) | 28.9 | 78.8 | 249.7 | 281.8 | 307.5 | 318.7

34

Table 5: Theoretical cross sections for ete™ — ete n+r~ and ete” — ete~ptu~
calculated at several beam energies.

Epears (GeV) [05| 2 | 25 | 35 | 45 | 50
gl (mb) |14 |19 | 33|35 |37]|38
olet .. (nb)|9.5|13.7|23.3 | 24.8|25.9 | 26.4

Table 6: Predicted detectable cross sections for pion and muon pair production from
two-photon interactions, calculated for several beam energies using Equations 33

and 57.
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2 4 .2
quark | a4 vy | ag+u;

u, ¢, t| 1 10382 1.146
d,s, b| —1]0.691 | 1.477

35

Table 7: The axial and vector couplings for each quark assuming sin? 0y = 0.232.

where the quarks subsequently fragment into hadrons. For the process ete™ — ¢7 at

the Z° mass, the cross section is dominated by the term due to the Z° boson exchange:

C,G%M%s

— s a2 s
o= 967 (s — MZ)? + M2TZ] [(ag + v2)(al + v])]

(59)

where a. and a, are the axial couplings for the electron and quark, and v, and v, are

the vector couplings for the electron and quark. C, is a color factor for each quark

(Cy = 3). Table 7 lists aq, v, for the different quarks.

Therefore, the cross section for producing one quark flavor is

o = 6.52 nb. for u,c,t

o = 8.31 nb. for d,s,b
and the total hadronic cross section is
o = 3(6.52) + 3(8.31) = 44.5 nb.
When radiative corrections are included [10], this total cross section becomes

o ~ 33 nb.

(60)
(61)

(62)

(63)



Chapter 3

Experimental Apparatus

The data were obtained using the Mark II detector at the SLAC Linear Collider (SLC)
[12]. The Mark II detector was originally used at the SPEAR and PEP storage rings,
and was later upgraded for use as the first detector at the SLC. In the SLC, electron
and positron b‘éams collide at a center-of-mass energy, E.n, of approximately 91 GeV,
the Z° resonance energy. This chapter describes the operation of the SLC and the

detector systems.

3.1 The SLAC Linear Collider |

A schematic outline of the SLC is shown in Figure 16. Electron and positron bunches
are first stored in the two damping rings for approximately 3 milliseconds where
their emittance is reduced. After extraction, the electron and positron bunches are
simultaneously accelerated down the linear accelerator (LIN AC) to their final energies.
At the end of the LINAC, the bunches are separated into their respective arcs, and
made to collide at the interaction point (IP). The Mark II detector, centered at the

IP, detects and tracks the particles resulting from the collision. After colliding, the

36
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Figure 16: A schematic outline of the SLC.
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bunches are sent to separate beam dumps. The beam energies are measured in the
extraction lines.

The LINAC accelerates the electron and positron bunches to energies up to ap-
proximately 50 GeV. Each bunch loses approximately 1 GeV of energy due to
synchrotron radiation in traveling down the arcs. Some of the achieved opera-
tional parameters are listed in Table 8. The quantities o, and o, are the transverse
beam dimensions. Although the peak Z° rate ultimately achieved exceeded 4 Z%/hr
(4.87 Z°%/hr), this could not be sustained for long times. A luminosity of 1.5 Z%/hr

(1.3 x 10%® cm~2sec™!) was typical for good continuous running. The data were col-

Parameter Achieved Design

Repetition rate 120 Hz 120 Hz

Intensity, N* /bunch 3.0 x 101° (N—) 6 x 10%°
1.6 x 1010 (N*+)

Spot sizes, 0,0y 3.3 um 1.65 um

Luminosity, £ (cm~%sec™?) 3.4 x 10% 4 x 10%°

Z° rate 4.0/hr 470/hr

Table 8: SLC operational parameters.

lected in a run from April to October 1989 (Run 1989), and a run from July to
November 1990 (Run 1990). More details on the integrated luminosities can be found

in Chapter 5.
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3.2 The Mark II Detector

The upgraded Mark II detector is shown in Figure 17. A detailed description of the
detector can be found in Ref. [13]. This section gives an overview of the detector and

describes the operation of the major detector systems.

3.2.1 Overview

In traveling radially from the interaction point, a particle would encounter (in order):

Beampipe For Run 1989, the beampipe is an aluminum cylinder with an inner radius
of 3.37 cm and thickness 0.76 mm. This results in 0.0085 radiation lengths of
material at normal incidence. Wire flippers were located at z = £0.18 m. These
are used to measure single beam profiles and determine the beam position to first
order [14]. They add about 7.5% to the scattering thickness of the beampipe

at approximately 20° from the beam axis.

For Run 1990, a new beampipe designed to fit inside the two vertex detectors
is used. The new pipe is also an aluminum cylinder, but has an inner radius of
2.5 cm, and a thickness of 0.41 mm. Together with its beam wire flippers, this

beampipe has 0.0063 radiation lengths of material.

Silicon Strip Vertex Detector (SSVD) The Silicon Strip Vertex Detector (SSVD)
is used in Run 1990. The SSVD consists of 36 independent detector modules in
two hemi-cylindrical structures [15]. They are attached to the beampipe at the
IP. The silicon strips are grouped in three radial layers, as shown in Figure 18.
The strips are oriented parallel to the beam axis, and provide measurements of

track position in the r—¢ plane only. The strips are 300 pm thick, have a spatial
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Figure 17: The Mark II detector
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Figure 18: Layout of the SSVD layers.

resolution of about 5 pm and a two track separation resolution of approximately

150 pm. Multiple scattering in the material makes this resolution worse at low

momentum.

Drift Chamber Vertex Detector (DCVD) Also installed for Run 1990 is the
drift chamber vertex detector (DCVD)[17). The vertex information is inde-
pendent of and compliments that of the SSVD. The DCVD is a jet-type drift
chamber. Its active volume extends radially from 5 cm to 17 cm, and is 55 cm

long. The total amount of material is 0.010 radiation lengths thick.

The DCVD is divided into 10 axial drift cells (see F ig. 19). Each cell is tilted
approximately 15° in ¢ with respect to the radial direction. This allows resolu-

tion of the left-right ambiguity and ensures that all tracks are measured along
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Figure 19: The drift chamber vertex detector.

their entire length. Like the SSVD, the DCVD can give track position infor-
mation in the r-¢ plane only. Each cell has a sense plane with 38 active sense
(anode) wires, alternating with field wires held at ground (see Fig. 20). The
drift gas (92% CO,, 8% ethane) runs in the unsaturated regime for low electron
diffusion and a slow (6 um/nsec) drift velocity. The impact parameter for high

momentum tracks is 30 um; the two track resolution is 500 gm.

Central Drift Chamber (CDC) The central drift chamber is used for analyzing
charged particles. In combination with a magnetic field, it provides tracking

and momentum measurements, as well as some particle identification of the
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Figure 20: Wire configuration for the DCVD.
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Time-of-Flight (TOF) The TOF system consists of 48 scintillator slabs located
at a radius of 152.4 cm, parallel to the beam direction. It provides timing
information for charged particle identification and is also used to tag cosmic

rays. It is described in Section 3.2.3.

Solenoid The solenoid is constructed from an aluminum cylindrical coil which pro-
duces a magnetic field of 4.75 kG at the center.of the detector. The amount of
coil material and cooling water results in 1.3 radiation lengths. The solenoid is
405 cm long and has inner and outer radii of 156 cm and 171 c¢m respectively.
The field inside the detector is measured and fit to a set of polynomials with an
error of less than 0.1%. It is uniform within the tracking volume to within 3%.
During data taking, Hall probes at both ends of the drift chamber are used to

monitor the field.

Liquid Argon Barrel Calorimeter (LA) The LA is an electromagnetic calorime-
ter consisting of eight independent lead/liquid argon modules arranged in an
octogonal barrel outside the magnetic coil. The modules cover a polar angle
range of 47° to 133° and cover the full azimuthal angle except for 3° gaps be-
tween pairs of modules. The total solid angle coverage is 63.5%. The material

in the entire system results in 16.0 radiation lengths at normal incidence.

The energy resolution, for Bhabha events at PEP, is o(E)/E = 4.6%. At
PEP, in hadronic events, electrons were identified with an efficiency of 78% at
1 GeV/c to 93% at the highest momentum. For the low momentum particles
in this analysis, the resolution of the LA calorimeter is much worse than that

of the CDC, so it is not used.
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Muon Chambers This system consists of four layers of hadron absorber and pro-
portional tubes on four sides around the detector. Each wall has four alternating
layers of iron and proportional tubes. It covers 45% of the solid angle, and is
7.3 radiation lengths thick. The inner layer measures the polar coordinate of
a track; the outer three layers measures the azimuthal coordinate. The system
has an efficiency of > 85% for identifying muons with momenta greater than

1.8 GeV/ec.

At small angles, moving out in z from the IP, the systems are:

Endcap Calorimeter (ECC) Located at each end of the detector, the two endcap
calorimeters provide electromagnetic calorimetry in the angular region between
approximately 15° and 45° from the beam axis. They have inner and outer radii
of 40 cm and 146 cm and are located at z = £:1.37 m. Each endcap has 36 layers
of lead, 0.28 cm thick; each layer is separated by a plane of proportional tubes.
The material in each endcap results in 18 radiation lengths. From Bhabha

events measured at PEP, the ECCs are known to have an energy resolution of

o(E)/E = 0.22/VE (E in GeV).

Small Angle Monitor (SAM) The small angle monitor is a luminosity monitor
for the SLC. A tracking section of drift tubes and a calorimeter of lead and pro-
portional tubes provides identification and measurement of small angle Bhabha

electrons and positrons. It is described in Section 3.2.4.

Mini-Small Angle Monitor (Mini-SAM) The Mini-SAM is a tungsten/scintillator
calorimeter which also acts as a luminosity monitor by identifying Bhabha elec-

trons and positrons. It is described in Section 3.2.4.
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3.2.2 Central Drift Chamber (CDC)

The central drift chamber is an assembly of twelve concentric cylindrical layers of
cells; each cell has six sense wires. Layers are alternately “axial”, with the wires
parallel to the beam axis, and “stereo”, where the wires are at an angle of +3.8° to
the beam axis. The stereo layers allows for position information in the z direction.
The innermost layer has 26 cells; each succeeding layer has ten more cells than the
preceding one.

The inner radius of the CDC is 19.2 cm, the outer radius is 151.9 cm, and the wire
length is 2.3 m. The aluminum endplates are 5.1 mm thick and are held apart by a 2
mm thick beryllium inner cylinder and a 1.27 mm thick aluminum outer shell. Eight
aluminum ribs (2.5 mm by 5.1 mm) are attached to the outer shell for structural
support. The aluminum shell and beryllium cylinder are each lined with a layer of
copper-clad Kapton. The copper layers carry voltages to produce a uniform electric
field in the innermost and outermost layers. The design parameters are listed in
Table 9.

The layout of wires in a cell is shown in Figure 21. The sense wires are 30 ftm
diameter gold-plated tungsten. To resolve the left-right ambiguity, the sense wires
are staggered +380 um from the cell axis. The average uncertainty in wire location
is 35 pm.

Nineteen field wires with voltages of —4.5 kV produced the uniform electric field;
potential wires with voltages of —1.5 kV and guard wires shape the electric field near
the sense wires, which are at ground potential. The uniform drift field is 900 V/cm.
As charged particles pass through the chamber, they ionize the gas (89% Ar, 10% CO.,,
1% CHy at 1 atmosphere). The ionized electrons drift to the sense wires at a drift

velocity of about 52 gm/ns; thus, measuring the drift time gives the distance of the
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Radius at | Stereo Angle | Number
Layer | center (degrees) of
(cm) Wire 1 { Wire 6 | cells

1 27.05 0 0 26
2 38.25 3.65 4.07 36
3 48.45 0 0 46
4 59.25 -3.73 | -4.00 56
5 169.45 0 0 66
6 80.15 3.76 3.96 76
7 90.35 0 0 86
8 100.95 -3.77 | -3.93 96
9 111.15 0 0 106
10 121.65 3.77 3.91 116
11 131.85 0 0 126
12 142.35 -3.78 | -3.89 136

Table 9: Design parameters for the central drift chamber.
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Figure 21: Wire layout for the central drift chamber (CDCQ).
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wire from the charged track.

The sense wire signals are amplified and sent to two different systems: one for
time digitization - and another for pulse shape digitization. LeCroy 1979 FASTBUS
TDCs provide the time digitization for track reconstruction. SLAC-designed [18]
100 MHz Flash ADCs (FADCs) digitze the pulse shapes. The pulse shapes are used
to determine energy loss of the track (dE/dx) for particle identification. The FADCs

also give timing information for double hit and two track separation when the TDCs

cannot resolve the hits.

Tracking efficiency

Tracks are reconstructed by forming track segments when hits line up in a cell.
Segments are joined together across layers to form tracks [19]. The track finding
efficiency was measured at PEP and has been studied extensively in Monte Carlo
simulation for the SLC. The efficiency is above 97% up to [cos 8] ~ 0.8, as deter-
mined using Bhabha events at PEP and Monte Carlo studies with SLC data. The
measured (Data) and calculated (MC) efficiencies are shown in F igure 22 as a function
of cos 6. It is estimated to be > 99% for isolated tracks which cross all 12 layers of the
chamber. The detected charged multiplicity observed in the data is approximately
flat below |cos §] ~ 0.8, in agreement with the Monte Carlo (see Figure 23). The
loss in multiplicity at low momentum is well-modeled (see Figure 24). In order to
avoid regions of reduced track finding efficiency, only tracks with |cos 6] < 0.8 and

Py > 0.15 GeV/c will be used.

Position and momentum resolution
The position resolution of the CDC ranges from 220 pm for the longest drift
distances to 130 um for tracks passing close to the sense wire. The momentum

resolution for single tracks was measured using Bhabha scattering events at PEP (in
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Tracking Efficiency for the Central Drift Chamber
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Figure 22: Measured (Data) and calculated (MC) CDC track reconstruction efficiency
as a function of cos 4[13].
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Figure 23: Charged track multiplicity at large polar angles in the central drift cham-
ber. [19] The data used (points) are from the 1989 run. The Monte Carlo simulation
(line) is normalized to the total number of events.
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Figure 24: Charged track multiplicity at low momentum in the central drift chamber.
(19] The data used (points) are from the 1989 run. The Monte Carlo simulation (line)
is normalized to the total number of events.

a 4.5 kG field). This resolution is

"_g’_) = 1/(0.0046p)? + (0.019)? (64)

with p in GeV/c. The first term in Equation 64 represents the intrinsic resolution of
the CDC, while the second term arises from multiple scattering in material encoun-

tered before the CDC inner radius.

Particle identification

The FADC system provides a way to identify electrons, pions, kaons, and protons
by measuring the charge deposited by a particle as it travels through the chamber.
This charge is proportional to the particle’s energy loss (dE/dx). When combined
with the measured momentum, the value of dE/dx gives the particle’s mass. For a

track traversing all 12 layers, there are 72 ionization samples (6 wires per cell for
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12 cells).

A “difference of samples” algorithm [20] scans each FADC pulse and looks for
sharp changes in its shape, in order to determine the start and end of the pulse. The
charge is calculated by summing the counts between the start and end of the pulse
as identified by the algorithm. The charge that collects depends on the path length,
the angle the track makes with the wire, the drift distance, as well as pressure and
temperature differences in the gas. Each measured charge is corrected for these effects
and a (75%) truncated mean of the samples is calculated, giving the dE/dx value for
the track.

The dE/dx values for particles at PEP are shown as a function of momentum in
Figure 25. The separation of electrons from pions for tracks ranging in momentum
from 0.25 GeV to 0.60 GeV is shown in Figure 26. For particles at the SLC, Rick
van Kooten has performed a fit using SLC data [21]. The y*u~ and e*e~ data from
the SLC as well as minimum ionizing pions, protons, and cosmic rays are included
in the fit, shown in Figure 27. More details can be found in Reference [21]. The
resolution achieved for minimum ionizing tracks at the SLC is 8.5% of the measured

value. Particle identification is also provided by the time-of-flight system.

3.2.3 Time-of-Flight (TOF)

The time-of-flight system provides charged particle identification as well as timing
information for cosmic rays. Forty-eight plastic scintillator counters form a barrel of
inner radius 152.4 cm, just outside the central drift chamber. Each counter is 300 cm
long and has a trapezoidal cross section with the smaller width measuring 19.8 cm.
The counters are 4.5 cm thick, except for two counters at ¢=0° and two counters at

¢=180° which are 3.8 cm thick. At both ends of the counters are light guides which
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Figure 25: dE/dx values at PEP as a function of momentum.
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Figure 26: Electron-pion separation at PEP,
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Figure 27: Fit of the dE/dx theory curve to the SLC data. The solid curve is the fit
obtained from the SLC date. The dotted line is the theory curve before the ete~ and
p*p~ data were included in the fit. The data selected are: (a) protons, (b) minimum
ionizing pions, (c) cosmic rays, (d) g*u~ pairs, and (e) e*e™ pairs.
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extend out past the magnet coil. A photomultiplier tube is optically coupled to the
end of each light guide.

Each phototube channel has two Time-to-Amplitude Converters (TACs) and a
pulse height integrator. The analog times and pulse integrals are collected from
each phototube channel and digitized. The timing acceptance window is 60 ns. The
measured times from each phototube are corrected for the time the light propagates
through the scintillator and for delays through the phototube. The particle’s time-of-
flight is obtained by taking the weighted average of the times from both phototubes.

Particle identification is determined from the velocity 8 = L/ct. The path length
L from the IP is determined from the CDC and £ is the measured time-of-flight. The
squared mass of the particle is given by m? = p?[1/8? — 1] where p is the particle

momentum measured by the CDC.

Performance

As determined from Bhabha events at PEP, the single counter resolution varies
from 180 to 250 ps; averaging over all counters and data runs gives 221 psec. Figure 28
shows the difference between the expected time of arrival for the events and the time
measured by the TOF system and Figure 29 shows the resulting 7 /K /p separation.

At the SLC, the TOF measurement errors are non-Gaussian, due to accelerator
backgrounds contributing to early times. They can be parameterized by a Gaussian
distribution with an extended tail [21]. Using high momentum tracks (8 ~ 1) and
minimally ionizing pions, this distribution function is fit to the data, as shown in
Figure 30. More details can be found in Reference [21]. The resulting resolution is
about 350 ps.

Due to the Loma Prieta earthquake, more than half of the TOF counters suffered

cracked glue joints between the scintillator and light guides. As a result, the amount
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Figure 28: Time resolution for the Time of Flight system as measured at PEP.
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Figure 29: The m/K/p separation as measured at PEP using the TOF.
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Figure 30: TOF resolution as measured at the SLC.
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Figure 31: Schematic view of the SAM and Mini-SAM.

of light collected by the phototubes is reduced by about 25%. The resolution is

degraded to about 500 ps.

3.2.4 Luminosity Monitors

The luminosity of the SLC is monitored by counting small-angle Bhabha scattering
events detected by the Small Angle Monitor (SAM) and the Mini-Small Angle Monitor
(Mini-SAM). The SAM covers the angular range 50 mrad < § < 160 mrad, and the
Mini-SAM covers 15 mrad < § < 25 mrad. They are shown schematically in Figure 31.
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Small Angle Monitor (SAM)

The SAM is a system of four modules, two each at z = £1.38 m from the interaction
point. Each module has a tracking section of 9 layers of drift tubes, followed by
a calorimeter section of 6 layers of lead and proportional tubes (see Figure 32). A
tungsten mask at 50 mrad sets precisely the low angle acceptance of the SAM.

The tracking section uses 9.5 mm square aluminum drift tubes with gas (89% Ar,
10% COz, 1% CH,) at a pressure of about one atmosphere. A 38 um gold-plated
tungsten wire is strung through the center of each tube, and carries a voltage of
1.8 kV with respect to the outer wall, which is at ground. Each layer has 30 tubes.
The first layer is oriented horizontally; the next two layers are rotated 430° with
respect to the first. This pattern is repeated for the remaining layers.

The calorimeter consists of alternating layers of 13.2 mm thick lead and propor-
tional tubes. These tubes are the same as the tracking tubes, but are held at 1.7 kV.
Each SAM module has a thickness of 14.3 radiation lengths.

Performance

The system was tested in a positron beam with energies between 5 and 15 GeV
[22]. The energy resolution can be parameterized by o(E)/E = 45% /VE (E in GeV),
and the tracking angular resolution is 0.2 mrad. Due to machine backgrounds from
the SLC, there were times when the SAM tracking section could not be used. In this
case, the calorimeter section measured the angles of the tracks with a resolution of
1 mrad. The energy resolution for Bhabhas at the SLC is measured to be 15% [23].

The cross section for SAM Bhabhas is about 20% greater than the visible Z° cross
section. The systematic error on the luminosity measurement is approximately 2%.
Details of the event selection and systematic errors for the SAM can be found in

Reference [23].
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Figure 32: Side and front views of the Small Angle Monitor.
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Figure 33: Geometry of the Mini-Small Angle Monitor.

Mini-Small Angle Monitor

The Mini-SAM is a system of two modules, each surrounding the beampipe at
z = £2.05 m from the IP. The modules consist of six alternating layers of 0.79 c¢m
thick tungsten and 0.64 cm thick scintillator, totalling 15 radiation lengths. Two
layers of tungsten in front of the first scintillator layer act as a pre-radiator, adding
4.5 radiation lengths of material. The modules are divided into four azimuthal sec-
tions, as shown in Figure 33. Each section is read out with a photomultiplier tube.
The tube views a wavelength shifter bar which runs the length of each section.

Two conical masks of 5.08 cm thick tungsten define the angular acceptance. The
masks are asymmetric, to allow for motion of the IP without losing acceptance. On
one side of the IP, the angular acceptance is 15.2 mrad < cos @ < 25.0 mrad and 16.2

mrad < cos < 24.5 mrad on the other.

Performance

The expected energy resolution of the Mini-SAM is o(E)/E ~ 35%/VE (E in
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GeV), from test beam studies of a prototype model. The high backgrounds at the
SLC decreased the Mini-SAM efficiency for identifying Bhabha events. This effect is
discussed in detail in Reference [23].

Due to errors in the alignment of the acceptance masks, there are large uncer-
tainties in the absolute cross-section of Bhabhas into the Mini-SAM. For this reason,
the Mini-SAM can only be used as a relative luminosity monitor over an energy scan,

whereas the SAM can measure absolute luminosity.

3.2.5 Trigger

At the SLC, the beam crossing rate is 10, 30, 60, or 120 Hz. This allows enough time
between beam crossings to run the trigger logic on every crossing and decide whether
that crossing has an event which is interesting enough to process and save. The
trigger system receives a beam crossing signal from fast electrodes which detect the
particle bunches passing them. They are situated at 13.6 m on either side of the IP.
A CAMAC-based Master Interrupt Controller (MIC) module provides the interface
between the trigger logic and the host VAX computer. Four separate types of events
are processed and saved by the Mark II data trigger: data, luminosity, cosmic rays,

and randoms.

Data trigger

The trigger for data events has two independent parts: the charged particle trigger
and the SSP software trigger (SST [24]). The two triggers allows a redundancy in
saving events and measurements of their relative efficiencies.

The charged particle trigger uses a fast track-finding processor [25] to find and
count charged tracks in the central drift chamber (and DCVD). First, it determines

which cells in the CDC have track segments. A cell is considered “hit” if four of the
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Figure 34: Block diagram of the charged track trigger.

six sense wires have TDC signals. The pattern of hits is loaded into shift registers.
The registers are scanned by curve-fitting or “curvature” modules (see Figure 34).
These modules are programmed to identify patterns of hits falling within a range of
radii of curvature, in a “road” from the IP.

For this data set, the modules are programmed to require 8 out of the 10 first
layers to have hits within a road, in order for that track to be counted as a “found”
track. In order to travel 8 layers, a track must have [cos8] < 0.75. “Found” tracks
within 10° in azimuth of each other are considered to be one track. Track counters
also record the total number of tracks found. The charged track trigger requires two
charged tracks in order to log the event.

The SSP software trigger (SST) uses the energy depositions in the liquid argon
and endcap calorimeters to determine a trigger, independent of the charged parti-
cle trigger. A SLAC scanner processor (SSP) reads the summed energy for both

calorimeters and looks for clusters of energy deposition which point back to the IP.
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The SST program requires at least one cluster greater than 3.3 GeV in the EC or

at least one cluster greater than 2.2 GeV in the LA calorimeter.

Luminosity trigger

Bhabha scattering events in the SAM and Mini-SAM also trigger a data readout.
.The SAM trigger is an analog sum of the energy deposited in the SAM calorimeter
layers. For each module, there is a sum for the front half, back half, and entire
module. The event is triggered if there is 4 GeV in half a module, or 7 GeV in the
entire module for both north and south SAM modules. This trigger is essentially
100% efficient.

Similarly, the Mini-SAM trigger makes analog sums of the total energy deposited
in each of the north and south Mini-SAM modules. The trigger requires at least
20 GeV in both modules for it to log the event.

Cosmic ray trigger

Cosmic rays are used to test and evaluate the performance of the individual detec-
tor components. Cosmic rays are identified by combining the charged particle trigger
system of the central drift chamber with a signal from the TOF system. This provides
an absolute time measurement for the charged trigger electronics and drift chamber
reconstruction software. Cosmic ray events also allow checks of the charged particle

trigger performance.

Random trigger
To monitor accelerator backgrounds and noise in the detector, the Mark II is
read out for a number of random beam crossings. These events are used to estimate

detector response when no annihilation occurs.
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3.2.6 Data Acquisition

The data acquisition system is controlled by a number of processes running on a
VAX 8600 computer. These processes include: reading CAMAC and FASTBUS
data; merging raw data with the results for online event tagging; logging events to
tape; logging tagged events to disk; monitoring detector performance, electronics, and
environmental status; performing online analysis and histogramming; and operator
control of the experiment.

CAMAC and FASTBUS interfaces provide detector data to the VAX. The CA-
MAC interfaceis a VAX CAMAC channel (VCC [26]). The VCC monitors two system
crates, which in turn connect with the 44 data acquisition crates (see Figure 35). It
reads out the memories of the BADCs in each crate or instrumentation modules and
formats the data. The VCC is capable of a data transfer rate of 1 Mbyte/sec over a
UNIBUS.

The FASTBUS interface is a 32-bit parallel port connecting to the FASTBUS crate
segment through a simple buffer module (BAFFO) (see Figure 19). The interface can
transfer data at a rate of approximately 5.5 Mbytes/sec between the VAX and an
SSP. Remote SSPs perform local data readout and processing on an event, and then
report to their system SSP. A master SSP receives the data for the entire event and
then interrupts the VAX to ship the event in a single block read.

At every beam crossing, a signal is generated which starts the trigger logic and
BADC processing. If a trigger occurs, the CAMAC and FASTBUS systems are read
out. The trigger is reset when the master SSP signals that FASTBUS is ready for

the next event.
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Figure 36: Layout of the extraction line spectrometer system.
3.3 Extraction Line Spectrometer

To map out the Z° resonance peak as a function of the center-of-mass energy, Eon,
the energy of each beam, Ejeam, has to be measured precisely. A spectrometer [27]
in each extraction line measures the energy of each beam before the beam dumps. A
schematic layout of the extraction line energy spectrometer is shown in Figure 36.
The spectrometer gives a pulse-to-pulse measurement of E.,. The beam enters
the spectrometer and passes through three dipole magnets. The first magnet sweeps
the beam horizontally, creating a swath of synchrotron radiation at the position of the
monitor. The second magnet bends the beam vertically by an amount proportional
to [Bdl/Epeam, and the third magnet sweeps the beam horizontally again, creating
a second swath of radiation. The beam energy can be calculated from the measured
distance between the stripes, the distance to the second magnet, and its magnetic

strength. An accuracy of 35 MeV on E;.... has been achieved [28].



Chapter 4

Kinematics of Two-Photon

Reactions

Classically, light waves add together by superposition; they may not scatter. However,
in quantum electrodynamics (QED), the uncertainty principle allows a photon of
energy E, to create a pair of virtual charged particles (see Figure 37) with mass

Mpair. The lifetime of this intermediate state is [29]

At = 2E., [m?

pair

For a high photon energy, this lifetime is long, and the photons “scatter” because of
the interaction of the virtual particles (see Figure 38).

This nonlinear result was first explored by Euler and Kockel [30] in 1935; Landau
and Lifshitz [31] and Williams [32] studied the interaction ete~ —s ete~I+I~ over
fifty years ago.

Since sources of high energy photon beams which can produce photon-photon

67
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Figure 37: Quantum fluctuation of a photon into a pair of charged particles.

Figure 38: Box diagram for elastic vy scattering.
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collisions at the intensities needed for experimental studies do not exist, the interac-
tions of wirtual photons are instead studied at high energy electron-positron collid-
ers. High energy electrons (positrons) can radiate photons with a lifetime of order
At ~ Ey[(mepr) where E, is the beam energy and pr is the photon’s transverse mo-
mentum relative to the beam direction. As a result of time dilation, this lifetime is
longer than typical reaction times (~ 10723 sec) [33]. Therefore, the photons scatter

as though they were real particles. The basic diagram is shown in Figure 39.

4.1 The kinematics of ete™ — ete[T]~

Particle production in two-photon collisions is shown in Figure 39. A high energy
electron and positron each radiate a photon; the two photons subsequently interact.
As was described in Chapter 2, this is not the only diagram contributing to this
reaction; however, in the cases studied herein, where the final electron and positron
are not tagged, it is the dominant one. When either the electron or positron are
tagged, the other diagrams mentioned in Chapter 2 also contribute. However, because
those cases are not studied here, and for simplicity’s sake, the kinematics for the
multiperipheral diagram only will be discussed below.

As was discussed in Section 2.1.3, the photon propagators in Figure 39 are sim-
ilar to those arising in Bhabha scattering. The photons tend to be emitted mostly
at small angles, of the order m./E, with respect to the beam, resulting in small
momentum transfers to the lepton pair. Also, the radiated photons are similar to
bremsstrahlung radiation. Thus, the photon spectrum would be expected to behave
as the bremsstrahlung spectrum (~ 1/E,), peaking at low photon energies. As a
result, most of the final state lepton pairs will have small invariant masses, and will

be boosted along the the beam direction.
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electron

—_— =lE,p, )
positron B P2

,-.-,)

P2=E3.p;

Figure 39: Kinematics of the general two-photon process.

Useful kinematic variables are defined below (see also Figure 39).

Ey the electron (positron) beam energy.

Pi the beam electron (positron) four-momenta (i = 1,2).
Pt the scattered electron (positron) four-momenta.
El=p! energies of the scattered electron (positron).

0; the polar angles of the scattered electron (positron)

(with respect to the beam axis).

bi the azimuthal angles of the scattered electron (positron)
(with respect to the beam axis).

g =p; — p! momenta of the virtual photons.

E,=¢ energies of the photons.

w; = E,/E, energies of the photons relative to the beam energy.
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Qi =—¢f

Woy = /(@1 + ¢2)? invariant mass of the final lepton pair.

Z =W, /2E,

y = tanh™' B rapidity of the 4+ system in the lab frame.

The kinematics of the reaction e*e~ — e*e~I*I~ is determined by the four-
momenta of the incoming, and subsequently scattered, electron and positron (pi and
p;).- The z axis is defined by the incoming beams; at the SLC, the two incoming
beams collide head-on, and the energy for each beam is roughly half the mass of the
Z° boson (Mz = 91.1 GeV). For unpolarized beams, there is no overall azimuthal
dependence. In this case, only five variables are needed to determine the ~7 system
for the given beam energy, E,. These five variables (as defined in the laboratory

system) are:
e the energies £y, E; of the scattered electron and positron,

e the angles 0,0, with respect to the beam axis made by the scattered electron

and positron,

e the angle & which subtends the planes made by the scattering electron and

positron.

In terms of these variables, the energies of the virtual photons are

E;, = E-E! (65)
w; = E»yi/Eb (66)
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and the photon invariant masses are

¢ =-Q = (p—-p})?

= 2m? 2B, E{(1 — /1 - (me/Ey)2\/1 — (m./E})? cos 8,)
% =-Q} = (p—pp)?
= 2mZ - 2B, E(1 — /1 = (me/By)?\[1 — (me/ E})2 cos ;).

(67)

For small scattering angles (ie., no-tagging), the mass of the electron may not be
neglected with respect to the energy of the beam. Letting 6/ = 0, the minimium
possible value of Q? is

2 =M O(m), (68)

tmin

The invariant mass of the vy system (lepton pair I*17) is

w2 = (@ -!-qz)2

¥y

= 4E;Ey; —2E{E;(1 — cos 8) cos 0, — sin §; sin 6, cos @) (69)

where cos ) cos 03 + sin 8, sin 8, cos ® is the cosine of the angle between the scattered
electron and positron. For untagged events, where the electron and positron are

scattered into small angles, the invariant mass W.,, is approximately

Wy & 4E 1 Eqp. (70)

4.2 Cross sections (the general case)

The reaction shown in Figure 39 can be viewed as a composite of three parts: the
electron-photon vertex, the positron-photon vertex, and the vy — I*l~ process.
A single electron-photon vertex is shown in Figure 40. It contributes the factor
u(p', s")(—iev,)u(p, s) to the scattering amplitude, according to the usual QED Feyn-

man rules (see Ref. [5]). The factor u(p,s) is the momentum-space spinor for a free
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(p',s)

u(p,s)

Figure 40: Feynman electron-photon vertex.

electron with momentum p and spin s. Similarly, the positron-photon vertex will
contribute a factor o(p’, s')(—iev,)v(p, s), where the factor v(p, s) is the momentum-
space spinor for a free positron. The electron-photon and positron-photon vertices
determine the fluxes and polarization states of the two photons. Then, the transition
matrix element T for the vy — I*I~ process depends on the polarization states of the

two photons as determined by the polarization vectors ¢, and €2,
T =éfes AL (71)

where AZ,'_ is a tensor describing the helicity structure of the process vy — I*1~. Due
to conservation of electromagnetic current, the photon polarization can be described
by a 3-vector &. As a result, the polarization states of a photon can be described by
a 3 x 3 density matrix pt (¢ = 1,2 for the two photons).

Budnev et al. [34] have worked out the polarization density matrices to be

Pt = —[a?gu +2(p¥pY + pi)]/ 2. (72)
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Then, the differential cross section for the reaction ete™ — I+~ can be written as

[34]
a2 n aﬁMl+l— dsp;(Pp'z . (73)

= Smigiga” P Mwes g R,

The tensor ML:L_[,ls given (in general) by

pva

Miby = 8n® [ A" AN 8(q + g — 3 ki)l (74)

where =; k; is the total momentum of the {*{~ pair and Iy is the final state phase
space.
Budnev et al. [34] have expressed the cross section above in terms of the cross

section for photons with given helicities. Then, Equation 74 becomes (for unpolarized

beams)

a2 2 _ 42,2 /da 4
do = V (‘11‘12)2 - 2‘1192 9 &pl /p2 «
1674 E{qiqs ElE;

xdpf* ptors + 201 pPorL + 20003 F oLy + p2pP01s,

+2|pF~ p3~ o7 cos 26 — 8]pF°pE 0 rr s, cos 24)] (75)

where @ is the angle between the scattering planes of the original electron and positron
as seen in the vy center-of-mass system, and the ¢’s are the cross sections for inter-
actions of unpolarized transverse photons (T) with helicities 1, or for longitudinal
photons (L) with helicity zero. The term 7, is a correlation between transverse and
longitudinal photons; when do is integrated over the azimuthal angle, these terms dis-
appear. The density matrix elements, p?*, are given in Equation (5.13) of Ref. [34].

For untagged events, only the factors pf* and p}™* are important; they are given by

1 (2P1 q2—q1 - 4]2)2 4m?

++ e
i o= - +14 76
! 2" (q1-p2)? — @22 q? ] (76)
it = a1 o). (77)
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4.3 The photon luminosity function

For most experimental situations, the complicated formula for the cross section in
Equation 75 can be simplified. Due to the factors 1/¢? and 1/¢? in Equation 75, the
cross section is dominated by photons which are almost real (¢? — 0). If the scattered
electron and positron are not tagged, the measured cross section will be dominated
by these photons. Then, an approximate form of the cross section will contain only
contributions from transverse photons. This means that in Equation 75, only the
terms with orr and 777 survive. When do is integrated over the azimuthal angle,
the rrr term also disappears. Therefore, the cross section becomes approximately

a2/ 2 g2 2d3 ' By
do = (Qqu) 9192 D147 Py 4pi+.+p++ (78)

167 E2g2¢2  ELE, 2 oTT:

Defining

2 2,2
4a V (91‘12)2 — 419 4t (79)

6Bl

Lry =

allows Equation 78 to be written as

d3p', &3y,
do = aTTLTT—lflﬁ. (80)
1 2

Lrr is the “transverse-transverse photon luminosity function” [35], and orr = 0, is

the cross section for the reaction yy — [ti-.

4.4 Approximations

In the general case, the p}*’s are functions of variables of both photons (see Equa-

tion 77). However, for ¢? — 0, and and Q? <« W2

> this photon luminosity function

can be written as a product of two photon fluxes where each flux depends on the

variables of only one photon. For small Q?, W,, ~ 4E., E,; (see Equation 70). When
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Equation 80 is integrated over the angles of the scattering electron and positron, the

differential cross section becomes

d°p &°ph
do = /ﬂmz LTTO'TT‘E_{‘ I (81)
do = fyje(wi)fyre(ws)dwidw, (82)

where w; and w; are as previously defined in Section 4.2, and f,. is given by

2

f.,/e(w;)=—{[1+(1—w,)2]ln( se o) — L+ wil. (83)

min

The quantity, f,/.(w;)dw; is the number of almost real photons radiated from the 7th
vertex. Notice that the luminosity function Lzy is now a product of two factors,
Fage(wr) and fy/e(w2), which each contain only variables of their respective photons.
For the case where the scattered electron and positron are not detected (untagged),
% = miw/(1 — w), as described in Section 4.1. Q2 is given by Equation 67

evaluated at 0’ = 7 (i.e. Q2 ,, = 4E,E'). Substituting these values into the expression

for f,/. and keeping leading terms gives
Frpelwi) = —w DL+ (1 - wi)?] 1n( ) (84)

for untagged events.
Since W_yzv N 4E, By = 4Efw w; as stated earlier, and Z = W, /2E} as defined in
Section 4.1, then the integration over the photon energies has the additional constraint

that Z? = wyw,. Introducing the factors

§ = ZP=w-w, (85)
Fo= wfw, (86)

gives for the total cross section
o= [ ppZone) wl’;";)d 345 = [ Lyy(B0n(5)d5 (87)
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where L., is defined as

Lyy = /fl(wl)fz(wz)ag%;)i)dﬁ (88)

For the case where the scattered electron and positron are not detected (untagged),
L. is given by
20 By a1
Ly = (2P (n( ) 5 £6) (89
where
1 - o ~ <
f&) =502+ §)*In(1/3) — (1 - 5)(3+ 3) (90)
is the “Low function”.
This factorization of the luminosity function is called the “equivalent photon ap-
proximation” (EPA) for two-photon production. Basically, the approximation re-
places the incoming electron and positron beams with the appropriate equivalent

fluxes of real photons.

4.5 QED cross sections

The preceding section outlined the kinematics and approximations leading to an ex-

pression for the cross section of the reaction e*e~ — ete~[*I~ given by

o= / Loy (3)0 (3)d5 (91)

with the luminosity function L., given by the equivalent photon approximation. To
calculate cross sections and angular distributions, the luminosity function must be
combined with the cross section for the reaction 4y — I*l~. The differential and
total cross sections for this reaction are given by

2ra?

2
W’Y‘Y

do/dcos 8 = B*[267 sin? 0% — B** sin®6* +1 — B<1/(1 - B cos? 0*)?  (92)
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l e " T
Oeeeelt (Nb) | 26 x 10° | 3 x 10% | 6 x 107!

Table 10: The total two-photon production cross section for the different leptons
(e, 7).

and
27ra

(93)

[2/3 - 46"+ (3-8

The quantities f* and 0‘ are defined in the 4y center of mass system: B* is the
velocity of a lepton and 8" is the polar angle with respect to the v direction. In this

system, each lepton has an energy of E; = W, /2; therefore, 8* is given by

B =[1- %}1/2. (94)

This expression is used for 8* in Equation 93, then substituted into Equation 91,
giving a formula for the total cross section as an integral over 5§ = W2 [4EZ. At
the lower threshold, W,, = 2m,, where m; is the mass of the lepton produced by
the two-photon interaction; at the upper limit, W,,, = 2E;. Therefore, § runs from

m}/E} to 1. Upon integrating, the result for the total cross section is (7]

o= (“2“2)[1 (2P In( 2 (95)

as stated in Section 2.1.3. Table 10 lists this cross section for | = e i, T at Ep=

45 GeV.
As shown by Equation 93, the maximum cross section arises from the minimum

W.,. In their paper, Brodsky, Kinoshita, and Terazawa [7] also discuss the angular
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spread of the two-photon reaction. The leptons from the v interaction come out at
broad angles, while the scattered electron (positron) are boosted forward in angle,
and typically go down the beam pipe. Their results show that half of the cross section

comes from events which have an electron (positron) scattering angle of
2 S (me/ B)'° (96)
and three-quarters of the cross section from events with
O34 < (me] Ey)'/°. (97)

For the SLC beam energy of approximately 45 GeV, these angles are

72 < 3.3 x107® radians

34 < 5.8 x107? radians
Therefore, three-quarters of the total cross section comes from events which have the
electron scattering at a polar angle less than 58 milliradians, or 3.3 degrees, with

respect to the beam direction.

4.6 Experimental acceptances

As discussed above, two-photon events have two distinctive features:

® Most of the events have the original electron and positron scattered at extremely

small angles.

o The cross section peaks at low W.,,,; therefore, the lepton pairs tend to have low

momenta.

As a function of beam energy, E;, the total cross section given in Equation 93 goes as

In®(E}), while the annihilation process ee — g goes as 1/EZ. Thus, the two-photon
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cross section is greater than the annihilation cross section for energies greater than
approximately 1 GeV. However, the In®(E;) dependence is due to the two features
listed above; in general, the observed two-photon cross section is always smaller than
the total two-photon cross section, and much smaller than the annihilation cross
section.

The factor 1n2(Eb /m.) directly arises from events where the electrons are scattered
at very small angles (§ ~ m./E;). Small angle tagging so close to the beam line is
very difficult for most high energy machines. In those machines which do have small
angle taggers, Bhabha events would be tagged as well as the electron and postiron
from the two-photon events, making it hard to distinguish the two. Generally, tagging
of the outgoing electron occurs at angles greater than m,/E,. Thus, the In?(Ey/m.)
factor is preserved under no tagging conditions. These are the conditions for this
analysis. '

The factor ln(Ep/my) is suppressed by the acceptance of the central detector [8].
This factor arises from the I[*1~ pairs whose 8 (in the lab frame) goes to 1, especially

important for the [ = e case. In deriving the total cross section, £ is integrated from

0 to
4E} - W2,
ﬂma.z = m (98)
Then integration over W2, from the threshold value 2m; to 2E; gives
2B, 2K, dW 1
JARUCORELON 7 10 (B /). (99)

The central detector usually has a limited acceptance in the polar angle of either
lepton produced: ¢ < 6 < 7 — ¢, where ¢ is the polar angle cut-off. This results
in an acceptance function for  which depends on ®; it decreases as 8 increases, and

becomes zero for B > cos . The derivation for this acceptance function is described
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in Appendix A; the result is
o ~ 2(In*(tan %/2) + In(sin %))/ W2 (100)

where W2 is the effective pair threshold as seen in the detector.

This effective pair threshold arises from the triggering condition imposed by the
detector and experiment. Typically, the trigger will require tracks to have transverse
momenta greater than a momentum p,, set by the trigger. This results in an effective
mass threshold W, > 2\/m;"Tp§ > 2my. Thus, instead of a 1/m? factor in the total
cross section, there is a factor 1/(m? + p?) < 1/m}?.

The equivalent photon approximation has been greatly reviewed and discussed [7,
8, 34, 35). More recently, computer programs have been written to directly integrate
the exact differential cross section using Monte Carlo techniques. These programs
have the ability to generate events according to the exact cross section, and then pass
these events through a simulation of the detector. The Monte Carlo program used in
this analysis was written by Berends, Daverveldt, and Kleiss [1], and is described in

Chapter 5.



Chapter 5

Two-Photon Monte Carlo

Simulation

The full leading-order calculations for these two-photon processes has been done using
. Monte Carlo integration by Berends, Daverveldt, and Kleiss [1]. Their program takes
into account all diagrams which contribute to the cross section, as well as both photon

and Z° exchanges to order o?.

5.1 Calculation of the two-photon cross section

Because the QED coupling constant « is small (~ 1/137), cross sections for various
QED interactions can be calculated using perturbation theory. The perturbation se-
ries can be represented by a series of Feynman diagrams which pictorially describe
the interactions. “Summing” all possibly contributing diagrams gives the transition
amplitude 1or the interaction in question. The square of the amplitude, when mul-
tiplied by the incident flux and phase space factors, summed over final spin states,

and averaged over initial spin states, gives the differential cross section do [dw for

82
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the process. It is this theoretical cross section which is compared to that obtained
experimentally.

The two-photon process ete™ — ete~e*e™ is described by 36 Feynman diagrams,
each diagram having four electron-photon vertices. As more vertices per diagram
are added, the calculation of the transition amplitudes for each diagram becomes
extremely complex. Thus, Berends, Daverveldt, and Kleiss have developed numer-
ical algorithms to calculate the amplitudes. The differential cross section for these

processes 1s evaluated from the amplitudes according to

ot - &gy &g Py Lk
= R
1287('4E2 IMl 6 (P+ + p 9+ q -+ ) nggkgkg

beam

do

The amplitude M of the interaction is equal to the sum of the transition amplitudes of
all contributing diagrams. Here, p, and p_ are the incoming momenta of the positron
and electron, and ¢4,9-, k4,k_ are the momenta of the outgoing particles.

Before the spin sum and average, the transition amplitudes are calculated numer-
ically. To streamline this calculation, the 36 contributing diagrams for the ete~ —
ete"ete™ process are systematically grouped. The differential cross section has many
different peaks (657 in the e*e™ — ete~e*e™ case); a set of integration variables ap-
propriate for one peak is not necessarily appropriate for another. Berends et al.[1]
divided the 36 diagrams into four groups.

The first group is the “multiperipheral” diagrams, shown in Figure 41. Both
photons have spacelike momenta (¢ < 0, where ¢ is its four momentum). This group
dominates the cross section when one of the electrons (positrons) is emitted at a small
angle. These diagrams are the most important for the events considered here.

The second group is the “bremsstrahlung” group, shown in Figure 42. Here, one
of the photons is timelike (¢* > 0) and the other is spacelike (¢*> < 0). When one of

the electrons is emitted at a small angle, the contribution from these events is small,
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Figure 41: The multiperipheral diagrams.
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Figure 42: The bremsstrahlung diagrams.

and may be neglected compared to the multiperipheral contribution.
The third and fourth groups are the “conversion” and “annihilation” groups
(shown in Figures 43 and 44). Both photons are timelike (¢* > 0). They too can be

neglected for the events studied herein.

5.2 Event generation

The Berends et al.[1] Monte Carlo program can generate events which have a dis-
tribution given by the exact differential cross section; the cross section is calculated
numerically as described above. Being able to generate events is important for study-

ing detector response and developing the criteria for event selection in a particular
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detector and experiment.

For each of the four diagram groups (multiperipheral, bremsstrahlung, conversion,
or annihilation), a function that approximates the exact differential cross section is
constructed. This function is designed to be integrated analytically and to have the
same peaking struction as the exact differential cross section for that group. Using the
functions, the total approximate cross sections for the groups are calculated. Then,
an event is generated according to one of the four groups using the calculated total
approximate cross sections as weights. This initial weight, W;, for an event generated
for group : is simply the ratio of the exact differential cross section to the approximate
one (W; = Z—;l% where dG; is the approximate differential cross section for group 3).

Once an event is generated, the program decides whether to keep or reject it. A
random number R between zero and one is generated. If R X Wi, > W;, where
Winaz is the estimated maximum subgenerator weight, then the event is rejected and
a new event is generated. If R x Wi, < W;, the event is accepted.

Interferences between the four groups are then determined. The matrix element
squared is

> 1M M =My + M, + M.+ M,

spins
where M., is the amplitude of the multiperipheral diagrams, M, is that of the
bremsstrahlung diagrams, and so on. The events are then assigned a weight equal to

> |MP? _
Z{lelz + leP + |Mc|2 + IMaP} = FT.

Again, if this ratio when multiplied by a random number between zero and one is less
than a predetermined maximum value, FT,,,,, then the total exact cross section is

calculated.
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Finally, the event is given a new weight, W,, = maz(FT, FTp.;). For the events
n generated by each generator ¢, the average of their weights < W >; is calculated.

The total exact cross section is thus given by

N; .
o= — <W>; 0

where & is the total approximate cross section (& = 2 i=14 0i, 1 =subgenerator), N;
is the number of events created by that subgenerator, and N is the total number of
events.

This event generator can be used for any experimental set-up. The user can specify
such things as the beam energy, the invariant masses of the outgoing particles, and
the scattering angles of the beam particles. Berends et al [1] found that in the
experimental situation where only two of the leptons are observed in the detector,
the multiperipheral diagrams totally dominate the cross section. Since that is the

case studied here, only that particular subgroup of diagrams is used.

5.3 Monte Carlo signal generation

In order to accurately compare data to theoretical predictions, it is necessary to deter-
mine the effects of the detector. The particles generated by the Monte Carlo program
are sent through a code which simulates the response of the detector. The simulated
data is then sent through the same analysis programs used on the experimental data.
This allows a determination of selection criteria appropriate for a particular detector.
Particle momenta for the process ete™ — ete~ete~ were generated by the Berends,
Daverveldt, and Kleiss [1] event generator as described in Section 5.2. Only the mul-

tiperipheral diagrams were used; thus, the weight for that group was set equal to one,
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and the weights for the other three groups were set equal to zero. All possible vir-
tual photon and all possible Z° exchanges were included to order of. The kinematic
range of the generated particles extended a few standard deviations beyond the final

acceptance criteria. The kinematical requirements on the generated events were:

¢ One of the final state electrons had a scattering angle, .-, in the

range 0° < 4.~ < 180°.

¢ One of the final state positrons had a scattering angle, 6.+, in the

range 0° < 6.+ < 180°.

e One of the other two particles was required to have a scattering angle of 32° or

greater.

¢ The invariant mass, Mpair, of the two low-energy particles was required to be

at least 200 MeV/c2.

The beam energy for the Monte Carlo was set at 45.6 GeV, resulting in a center-
of-mass energy of 91.2 GeV. Since the two-photon cross section is proportional to
[In(E})]° (see Equation 95), the cross section changes very little over the SLC energy
scan in the 1989 data run. For the 1990 data run, the center-of-mass energy was
91.2 GeV.

The generated events consist of the charges, particle types, and four-vectors of the
final state particles. The four-vectors were “tracked” through the subsystems of the
detector, including the effect of the magnetic field. This simulation included effects
of multiple scattering, photon conversions, bremsstrahlung, nuclear interactions, elec-
tromagnetic interactions, and energy loss (dE/dx) of the particles, each according to
the amount of material encountered by the particles. Known defects in the detector

such as dead wires and cell inefficiencies in the central drift chamber, and hadronic
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Lum (nb~") | # Events
MC89 1257.3 41970
MC90 714.2 23842

Table 11: Statistics for Monte Carlo runs MC89 and M C90.

punch-through in the muon system were included. The Monte Carlo event record was
written to tape in a format identical to that for the experimental data.

The addition of the smaller beampipe and vertex detectors required generating
events for this new detector configuration. The events statistics and integrated lumi-
nosities for each Monte Carlo run (MC89 for the 1989 configuration and MC90 for
the 1990 configuration) are summarized in Table 11.

The track multiplicity distributions for MC89 and MC90 events are shown in
Figure 45 and Figure 46. As shown, the events typically have one or two tracks.
The pair mass distributions are shown in Figures 47 and 48. They are peaked at low

energies, illustrating that this process occurs at low momentum transfer, with virtual

photons.



CHAPTER 5. TWO-PHOTON MONTE CARLO SIMULATION

Events

Events

X10
50.

40.

30.

20.

10.

X10
25.

20.

15.

10.

3

T T T T 1 T T
0 2 4 6 8

No. of Tracks

Figure 45: Track multiplicity for MC89 cvents.
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Chapter 6

Event Selection and Analysis

This chapter presents the criteria for distinguishing the ete™ — e*e~ete™ events
from all of the data logged by Mark II. The data sample consists of data collected
from April through October 1989, and July through November 1990. For the first data
run, the center-of-mass energies range from 89.2 to 93.0 GeV, as listed in Table 12.
This corresponds to an integrated luminosity of 19.7 + 0.8 nb~1, as listed in Table 12.
For the second data run, the center-of-mass energy is 91.2 GeV, and the sample has
an integrated luminosity of 10.1 £ 0.7 nb~1. Because the two-photon cross section
is proportional to [In(E;)]*, the two-photon event rate changes little over the energy
scan. Therefore, the total integrated luminosities are used to compare data with the
QED prediction.

To select two-photon events from the total number of events logged by the Mark
IT detector, a set of selection cuts is necessary. The cuts should be specific enough
to eliminate background events but still allow selection of a large two-photon event
sample. The efficiency of this criteria is then determined using Monte Carlo events

with full detector simulation.
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Energy Scan Point | Luminosity
(GeV) (nb~1)
89.2 0.68
90.0 0.76
90.4 2.61
90.7 1.21
91.1 4.08
91.4 4.12
91.5 1.23
92.2 3.59
92.6 0.40
93.0 1.00
Totals 19.7

Table 12: Integrated luminosity at each energy scan point for the 1989 data run.
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More than 8 million triggers were logged by the Mark II detector. The first task is
to separate two-photon candidate events from Z° decays, beam-gas interactions, and
beam-beampipe interactions. In order to compare data to Monte Carlo predictions, it
is also necessary to eliminate those events occurring outside the part of the detector

which is accurately simulated by the Monte Carlo program.

6.1 Event topology

As described in Chapter 4, the two-photon events studied here arise from the mul-
tiperipheral diagrams. They show up in the detector as two charged tracks. The
tracks have opposite charge and are back-to-back in the z—y plane. The other two of
the four final state particles are emitted at small angles, escaping undetected down
the beampipe. These two particles carry away most of the energy, so that the total
visible energy in the detector (E,;;) is small compared to the center-of-mass energy,
Een.

These criteria can be summarized by defining the following cuts:

C1: Only two charged tracks. Both tracks must have |z| < 4 cm and r| < 1.5

cm, where {r =0, z = 0} is the interaction point (IP).

Cut C1 reduces the number of beam-gas and beam-beampipe interactions in the
event sample . A beam-gas interaction occurs when the beam particles interact with
the residual gas inside the beampipe to produce particles, which then enter and trigger
the detector. Beam-beampipe interactions are interactions where the beam particles
interact with the actual beampipe, or with the wire flippers inside the beampipe.
These events can originate at any point along the z direction. Figure 49 shows the

distribution in z of events with two tracks after the r cut, for the 1989 data set. The
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Figure 49: Distribution in z (after r cut) of all 1989 two-track events.

peaks centered at the IP include Z° leptonic decays as well as two-photon events. At
large values of z, beam-gas and beam-beampipe interactions are evident. By requiring
tracks to originate at the IP, these interactions are eliminated. Figure 50 show the
distribution for the 1990 data set. For this set, cuts C2 and C3 were applied first (see
below). A higher number of beam-beampipe interactions due to the smaller beampipe

is apparent.

C2: ¥q; = 0, where ¢ is the number of tracks (s = 2). The two tracks should be
equal and oppositely charged.

Cut C2 also removes beam-beampipe events, which may have two tracks of the

same sign.

C3: |cos(Ad)| > 0.8, where A is the angular separation of the tracks in the z-y

plane. As described in chapter 4, the two tracks should be back-to-back in the -y
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Figure 50: Distribution in z (after r cut) of all 1990 two-track events. These are the
events after cuts C2-C3 are applied.

plane, or | cos(Ag)| =~ 1.

C4: E,; < 0.2E.,,, where E,;, is defined as:

Euis = Z lﬂz + Z E'y

neutralshowers

Cut C4 removes all of the Z decay events (hadronic and leptonic) because these have

visible energy close to the center-of-mass energy.

Therefore, cuts C1-C4 remove all of the Z° decay events (hadronic and leptonic)

and almost all of the beam-gas and beam-beampipe events.

6.1.1 Charged track criteria

Reconstructed charged tracks must satisfy the following cuts: C5: p, > 150 MeV/c,

where p; is the transverse momentum of the track with respect to the z-axis; and
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C6: |cosf| < 0.70, where 6 is the angular direction of the track at the origin,

with respect to the z-axis.

Cuts C5 and C6 are imposed to ensure a high trigger efficiency. Particles with p,
greater than 110 MeV /c will leave the drift chamber without curling up on themselves.
As stated in Section 3.2.2, in order to avoid avoid this region of reduced efficiency (see
Figure 24), we require p, > 150 MeV/c. As shown in Figure 22, tracking efficiency
is > 99% for |cosf| = 0.8; the efficiency is flat for |cos 8| < 0.70. This is also the
solid angle coverage of the TOF system, and ensures a reliable TOF measurement for

particle identification.

6.2 DParticle identification

The cuts in Section 6.1 produce a sample of two-photon events of the type ete™ —
ete~l*I~ where the [ can be an electron, muon, or quark. Particle identification is
used to select out the events where [ is an electron.

As described in Chapter 3, dE/dx information from the drift chamber and time-
of-flight information from the TOF system can be used to determine one particle type
from another. For each track in a given event, the measured dE/dx value (dE/ dXmeas)
and dE/dx resolution (oy) ,for particle of type n is recorded. The probability of a

track being a particular particle type n is [36]:

1 1 dE/d:Emeas - dE/dxezpected 2
ETP ——
V2o, On

P, =
2
The weight for the particle being an electron is

— Pe
TP

W
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Figure 51: Electron weights for 1989 data set. These are the weights after cuts C1-C6
are imposed.

A similar formula holds for the TOF information, with the exception that the reso-
lution, 079F, does not depend on the particle type.

Figure 51 shows the electron probablity weights for each track in the 1989 data set
after cuts C1-C6. There is a peak at zero, for those particles that are not electrons
(muons and pions) and a peak at one for the electrons(positrons). Figure 52 shows
the weights for the 1990 data set, with similar peaks. The weights for the Monte
Carlo generated events are shown in Figures 53 and 54.

To select out the ete~ — ete~e*e™ events, one track is required to have a weight
for being an electron of 0.7 or greater; if this is satisfied, the other is required to have
a weight of 0.2 or greater. Because of lepton conservation, if one is an electron, the
other is assumed to be the positron. The lower limit of 0.2 is imposed to eliminate

those tracks whose dE/dx values are not accurately measured (weights equal to zero).
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Figure 52: Electron weights for 1990 data set. These are the weights after cuts C1-C6

are imposed.
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Figure 53: Electron weights for MC89 events. These are the weights after cuts C1-C6
are imposed.
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Figure 54: Electron weights for MC90 events. These are the weights after cuts C1-C6
are imposed.

Therefore, this final cut is:

C7: W, > 0.7 and W, > 0.2, for tracks 1 and 2 in the event.

6.3 Results after selection cuts

The effect of cuts C1-7 on the 1989 and 1990 data sets is shown in Table 13. In
each row is listed the number of events surviving each cut. After all of the cuts are
applied, 62 events are selected out of the 1989 data set, and 24 events are selected
out of the 1990 data set.

A typical event as seen in the Mark II detector, is shown in F igure 55. All three

views are depicted.



CHAPTER 6. EVENT SELECTION AND ANALYSIS

Cut Data Data

1989 1990

19.7 nb™! | 10.1 nb™?

r < 0.015m,z < 0.040m | 680 N.A.
Yqg=0 515 N.A.

| cos(|#1 — ¢2))] 445 573
Euis £ 0.2Ecm 397 546

p: > 150 295 439

| cos 8] < 0.70 173 251
particle ID 62 24

102

Table 13: Tue effect of selection cuts on the two data sets. The number of events in
each row is the number that remains after that cut has been applied. For the 1990

data run, the numbers for the first two cuts are not available (N.A.).
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Figure 55: A typical multiperipheral two-photon event seen in the Mark II detector:
(a) side view (z-z), (b) side view (y~z), (c) beam view (z-y).
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6.4 Estimated backgrounds

The events selected are those which have a final state consisting of two oppositely
charged particles which are identified as an electron and a positron. Background
events will be those events from processes which result in an electron-positron pair,
or events having two oppositely charged particles which are mistakenly identified as
an electron and positron.

Processes which may result in an electron-positron pair are:

ete™ — 2% = ete
ete™ — 2% o rtr—

ete™ — etertr-

where the taus subsequently decay into electrons and positrons (and their associated
neutrinos).
Processes which result in a final state which may be misidentified as an electron-

positron pair are:
- 2%ty
ete™ — Z° 5 rtr-
ete™ —  eteptu~
ete” — eterta-
as well as beam-beampipe and beam-gas events. Because the SLC energy is set at
the Z° resonance, the contribution from electron-positron annihilation via photon

exchange is negligible.
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6.4.1 Backgrounds from ete~ — Z° processes

The energy cut (C4) is designed to eliminate events which arise from the following

processes:

etem — 20— ete
ete — Z°— ptyu-
ete” — 20— 1t~
In these processes, all of the energy from the Z° is transferred to the two final particles.
Therefore, requiring the visible energy to be less than a fifth of the Z° mass energy
would remove these events.
The Z° events identified by the Mark II collaboration were sent through the criteria
used to identify two-photon events; no events passed thes e cuts in the 1989 data set
and no events passed these cuts in the 1990 data set. Therefore, the number of

background events expected from these processes is less than one event for each of

the data sets.

6.4.2 Backgrounds from two-photon processes

The two-photon processes which may contribute backgrounds to the ete™ — ete~ete

case are:
ete” — eteputy~
ete™ — etertr-

etem — etemtn—

In order to estimate the expected background, the cross sections for each of these were
obtained by running the Monte Carlo with the same criteria as described in Chapter 5
(minimum scattering angle of 32° and minimum pair mass of 200 MeV.). Because

the minimum angle and pair mass thresholds are lower than those used in the cuts
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{ e 7 T
Tee—reell (nb) 334 117.210.05

Table 14: Cross sections for two-photon processes as determined by Monte Carlo.
Only the multiperipheral diagrams are taken into account.

on the data, the Monte Carlo cross sections will slightly overestimate the number of
events expected from these processes. For the pion case, the simulated process was
ete™ — ete uii, where u is the up quark. The quarks are then fragmented according
to the Lund fragmentation scheme. As before, only the multiperipheral diagrams are
included. The resulting cross sections are shown in Table 14, as well as the cross
section for the ete™ — ete~ete™ case.

The cross section for e*e™ — ete~7+7~ is almost 1/1000 of the cross section for
the e*e™ — ete~ete™ case. This implies that the background from this case will be
negligible. Assuming that each of the tau pairs results in an electron-positron pair,
and these are identified as such, the number of tau events is expected to be (for a
given luminosity)

N, =N, Z. (101)

Oe
For the 62 events found after cuts C1-7 from the 1989 data set, and the 24 events
found from the 1990 data set, the expected number of background events from two-
photon created tau pairs which decay into electron-positron pairs is 0.09 and 0.04

respectively. Two-photon tau pairs which decay into muons or pions are removed by

the particle identification cut.
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Figure 56: Distribution in z of the event vertex for the 1989 data run. The plot is
made after the particle identification cut, but with no cut in z.

The remaining background processes from two-photon events (muon and pion
pairs), as well as beam-beamgas and beam-beampipe events, are expected to be re-
moved by the particle identification cut, C7. Estimations of the background from

these events after cut C7 are discussed in Section 6.4.3.

6.4.3 Backgrounds from beam-beam processes

Beam-beamgas events and beam-beampipe events may be produced at any point
along the beamline. Therefore, they will occur evenly distributed in the z direction.
Figures 56 and 57 show the distribution in z after the particle identification cut (C7)is
imposed, but without adding the vertex cut in z. There is an apparent peak centered
at z = 0 as well as events at higher z. Comparing these figures with Figures 49 and 50

shows that the particle identification cut removes a great deal of this background.
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Figure 57: Distribution in z of the event vertex for the 1990 data run. The plot is
made after the particle identification cut, but with no cut in z.

In order to estimate the number of background events that lie in the central
peak, we look at the total transverse momentum in the event. The total transverse
momentum (p;*) is the vector sum of the transverse momentum of the two tracks in
the events

2
7)? = I;ﬁflz (102)
P, = pid+ply.

Because the photons are emitted approximately along the beam direction, two-photon
events are expected to have zero, or almost zero, total transverse momentum. Fig-
ure 58 shows the distribution of total p? for MC89 (after cut C7 is made). If a cut
is made at p} = 0.03 GeV?/c?, approximately 7.5% of the Monte Carlo events are
removed. Figure 59 shows a two-dimensional plot of the square of the total Pt versus

z of the event vertex. Here, all of the events are clustered around z = 0. Figures 60
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Figure 58: Distribution of total p? for MC89 after all analysis cuts are made except
for the z cut.

through 63 show the same plots for the 1989 and 1990 data sets. Events at large z are
clearly visible outside the central peak. If a cut is made at p? = 0.03 GeV? /c?, then
the number of background events in the central peak can be estimated by looking at
the number of events which fall between 0.04 < |z < 0.2.

For the 1989 data set, with p} < 0.03 GeV?/c?, 9 events lie in the region 0.2 <
z < —0.04 meters (region 1), 52 events in the region —0.04 < z < 0.04 (region 2), and
2 events in the region 0.04 < z < 0.2 (region 3) as shown in Figure 61. The ratio of
the sum of the areas on either side of the central region to area of the central region
is 4:1. Therefore, the number of background events in the central region is estimated
to be (9 + 2)/4 = 2.75, or ~ 3 events.

For the 1990 data set, there are 7 events in region 1, 12 events in region 2, and

12 events in region 3 (see Figure 63). Therefore, the number of background events in
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Figure 59: Two-dimensional plot of total p? and z for MC89 after all analysis cuts

are made except for the z cut.
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Figure 60: Distribution of total p? for the 1989 data run after all analysis cuts are

made, except for the z cut.
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Figure 61: Two-dimensional plot of total p? and z for the 1989 data run after all
analysis cuts are made, except for the z cut.
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Figure 62: Distribution of total p? for the 1990 data run after all analysis cuts are
made, except for the z cut.
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Figure 63: Two-dimensional plot of total p? and z for the 1990 data run after all
analysis cuts are made except for the z cut.

the central region is estimated to be (7+12)/4 = 4.75, or ~ 5 events.

6.5 Systematic errors

The data selection cuts are chosen to select out certain events based on measured
quantities (mometum, time-of-flight, etc). These quantities are measured by the
detector for each event, and the detector has a certain measurement resolution for
each. The detector has been simulated for the Monte Carlo; by passing generated
events through this simulated detector, we can predict the number of events we should
see in the data. Héxvever, systematic errors arise from the finite resolution of the
detector and from imperfect detector simulation.

For this study, the most significant sources of detector systematic error are the
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momentum, time-of-flight, and dE/dxr measurements. Because the two-photon events

have low-momentum tracks, a variation in the measured momentum may determine -
whether the event passes the momentum cut, C5. The time-of-flight and dE/dz

measurements are used to identify the particle type and therefore determine whether

an event passes the particle identification criteria. To estimate the magnitude of these

systematic errors, we individually shift the values and resolutions of the momentum,

TOF, and dE/dz measurements by two o, and see how many of the Monte Carlo

generated events pass the cuts using the shifted values. Two o is used to provide a

conservative estimate of the errors.

From Chapter 3, Equation 64 gives the drift chamber momentum resolution as

i;ﬂ = 1/(0.0046p)? + (0.019)?,

with p in GeV/c. For the momentum cut-off of p; = 150 MeV/c, the term due to

multiple scattering dominates. Therefore, o for p = 150 MeV is
o = (.019) x (.150) = .00285 GeV/c

or 2.85 MeV/c. For the TOF system, we use errors of & = 320 ps for both the
time-of-flight value and resolution. These errors were determined (see Reference [21])
using the fit for Figure 30. From Reference [21], the error in the dE/dz scale is about
2% of the dE/dz measurement. The error on the dE/dz resolution is also taken to
be +0.02.

To find the effect of these systematic errors, we shift the measured values by
two o for each, look at how many Monte Carlo events subsequently pass the cuts,
and compare with how many pass when no shift is made. For example, cut C5 sets
the criteria for the transverse momentum at p, < 150 MeV/c. At this limit, 2923 of
the MC89 events pass all of the cuts. We then set p, = 150 — 20 = 144.3 MeV/c.
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With the value shifted, 3155 events pass, a ~7.9% difference. Setting p, = 150 + 2a,
2710 events pass, a +7.2 % difference (more events pass for the lower momentum
because the two-photon spectrum peaks at lower momenta).

For the TOF and dE/dz systematic errors, we shift both the values and the cor-
responding resolutions. If the TOF and dE/dzr measurements were all systematically
high, and the corresponding resolutions were systematically low, we would have in-
creased faith that the systematically high measurements were correct. Therefore, the
greatest systematic error from these will occur if we shift the measurement values up
by 20 and the resolution values down by 20. This gives a systematic error for the
TOF of 1.5% and a systematic error for the dE/dz of 3.6%.

Another source of systematic error is the error on the measured luminosities. For

the data run in 1989, the integrated luminosity is

/ L4t =19.7+0.8 nb™ (103)
(a 4.1% error). For the data run in 1990, the integrated luminosity is

/ L4t = 101407 nb! (104)

(a 6.9% error).

The total systematic error from all causes is calculated by summing in quadrature
the various contributions, giving a systematic error of 9.7% for the 1989 data run and
11.1% for the 1990 data run. Table 15 lists the different contributions to the total

systematic error.
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Source Error
Momentum resolution | —7.9%, +7.2%
Time-of-flight +1.5%

dE/dx +3.6%
Luminosity (1989) +4.1%
Luminosity (1990) +6.9%
Total (1989) 9.7%
Total (1990) 11.1%

Table 15: The different contributions to the total systematic error.
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6.6 Monte Carlo event selection and comparison

with data

The Monte Carlo generated events were sent through a detector simulator and then
through the same set of cuts as the data. Two sets of Monte Carlo events (MC89
and MC90) were generated in order to see the effects of the vertex detectors on the
detector simulation. For the comparison with the data, 25000 events from MC89 and
18000 events from MC90 were used. The effects of cuts C1-7 are shown in Table 16
for the two Monte Carlo sets. The number of events listed next to the appropriate
cut are those events remaining after that cut has been applied. The luminosities of
the Monte Carlo event sets are greater than the Mark II luminosities of 19.7 nb™?
for 1989 and 10.1 nb~? for 1990. The number of expected signal events from Monte
Carlo, when scaled to the respective luminosities, is 76.9 + 1.4 for 1989 data, and 25.3
% 0.7 for 1990. These errors arise from Monte Carlo statistics. In the 1989 data set,
62 events are observed, and 24 are observed in the 1990 data set. Including statistical
and systematic errors, and the error due to background events, the results are 62 +
7.9 & 6.0 —3.1 for the 1989 data set and 24 £ 4.9 4 2.7 —5.0 for the 1990 data set,
where the first error is the statistical error, the second is the systematic error, and
the third is the number of background events.

The invariant pair mass distributions are shown in Figures 64 and 65.

6.7 Summary

The production of the two-photon process, ete~ — ete~e*e™, in the case where

only two of the final state particles is observed in the SLC data and is presented here.
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Cut MC MC
89 90

748.9 nb~! | 539.2 nb~!
25000 18000
r < 0.015m,z < 0.040m 10697 5675
>q=0 10695 5668
| cos(|41 — 42|)| 9699 5097
Euis < 0.2Eqm 9698 5096
p; > 150 5781 3077
| cos 8] < 0.70 2946 1612
particle ID 2023 1350

Table 16: The results of cuts C1-7 on Monte Carlo data.
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Figure 64: Invariant pair mass distribution for 1989 data (points). Histogram is the
theoretical prediction from Monte Carlo.
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Figure 65: Invariant pair mass distribution for 1990 data (points). Histogram is the
theoretical prediction from Monte Carlo.
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The measurement is shown to be in agreement with the theoretical prediction from
QED. For this analysis, the observed electron and positron are required to have an
invariant pair mass greater than 300 MeV/c®. For integrated luminosities of 19.7 nb—!
and 10.1 nb~! in the Mark II data runs at the SLC, 62 + 7.9 + 6.0 ~3.1 and 24 +
4.9 £ 2.7 —5.0 are observed in the respective runs (the first error is statistical, the
second is systematic, and the third is the background events). Given the statistics,
these are in agreement with the 76.9 + 1.4 and 25.3 + 0.7 events predicted by Monte
Carlo.



Chapter 7

Conclusions

For integrated luminosities of 19.7 nb~! and 10.1 nb~! in the Mark II data runs at
the SLC, 62 & 7.9 £ 6.0 —3.1 and 24 + 4.9 + 2.7 —5.0 events from the untagged
two-photon process ete~ — ete~ete™ are observed in the data. The first error
is statistical and the second is systematic. Given the statistics, this measurement is
consistent with the QED theoretical prediction. More statistics would greatly improve
not only the statistical error, but also the systematic error. The largest systematic
error arises from the error on the integrated luminosities. Increasing the Bhabha
events for the luminosity measurements would decrease this portion of the systematic
error. Also, if there were more statistics to begin with, a higher p; cut (p; > 2 GeV)
might be used to decrease the systematic error from the momentum resolution to the
three to five percent level.

Higher integrated luminosities would also allow for the study of those two-photon
processes with smaller cross sections: ete™ — ete~7t7~, ete~ — I+1~[*]~ where
I'=porl=r and ete — e*e™¢g where ¢ is the bottom quark. The ete~ —

ptp~ptp~ cross section has been observed only in the CELLO [37], Mark II, and

120
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HRS detectors [38]. At LEP, where the integrated luminosities are high, the four LEP
collaborations have studied the reaction ete™ — v directly [39, 40, 42, 41] and have
observed good agreement with QED; however, studies on the processes listed above
may still prove to be worthwhile. Evidence has been presented for an anomalously
large cross section for charm quarks (inclusive D* mesons) by TASSO [43], but was
not confirmed by CELLO [44] or TPC/vy [45]. The collaborations at TRISTAN
(AMY and TOPAZ) have studied the ete™ — ete~p*pu~ at center-of-mass energies
from 52 GeV to 61.4 GeV and these first results are shown to be in agreement with
QED [4, 46]. However, the processes listed above are still untapped areas, and the

possibility of something unexpected occurring is not at all remote.



Appendix A

Experimental Acceptance

Function

A study of the influence of experimental constraints on the two-prong final states of
two-photon processes has been done by A. Courau [8]. The procedure is outlined here
for the case ete™ — ete~ete for relativistic electrons. In this limit, the differential

cross section is given by

d’o 1 1 w
awag " T pws! (_) (G (105)
or equivalently, '
) d’o 1 )
dey 1 (_) In (2me) (106)

where W is the final state ete~ invariant mass, B is the velocity of the pair in the
lab frame, and y is the rapidity of the pair in the lab frame. _
. 22
Integrating over the whole phase space (0 < 8 < % orl<y< ln[%i]), to

find the total cross section gives

) (107)

Tto

4m?
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as discussed in Section 4.5 (compare Equation 95, with I = e).

However, the central detector may have a limited acceptance in the polar angle of
either of the final state electron: ¢ < @ < = — ¢, where 1 is the polar angle cut-off.
This means that there is an acceptance function for # (or y) which depends on ; it
decreases as f increases, and becomes zero for 8 > cos ¢ (or y > In[cot t5/2]). For the
pair production of two relativistic bodies, when §, is the acceptance in the laboratory
(defined by 0 < ¢ < 27, ¢ < 0 < 7 — %), and S is the velocity of the pair in the
laboratory (,5 being parallel to the incident directions which define the v angle), the

acceptance function, €, is given by

1 do 2 rzodo

clo,dQ oo dz " (108)
where = cos §* (6* is the polar angle of the particles in their center-of-mass system)

and the upper limit, z, is given by

_ cosp—p3
r= 2l (109)

(this arises from the condition 8 < cos ).
For relativistic lepton pair production, where cos < 1 (implying that z, < 1),

an € can be defined by the expression

do _ 2o’ 110
0, d0 - Wz o (110)

Here, € is not the acceptance as defined before (because the total cross section is
not 2ra?/W?), but contains an additional W dependence when integrated up to
z = 1. However, this additional dependence disappears for relativistic particles when

integrated up to z, (< 1). Integration gives

1+ 2,
11—z,

a(ﬁ,¢)=2/0”°if;’zdz=2(1n[ ] = 20) (111)
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with 8 < Bmaz; Bmaz = c0s .
Integrating by the rapidity y, instead of the velocity 8 (8 = tanh y) gives

(Y, %) = 4(Ymaz — y) — 2 tanh(Ymez — y) (112)

With ¥ < Ymaz; Ymaz = — In(tan 16/2).
Combining this expression for € with the factor d3/(1 — $?) in the cross section,

and integrating over f gives

Lo ln = [ e (113)
2(la’lian(y/2)] +la(sin )} = F¥) (114

(Another factor of 2 appears due to the symmetry of the velocity range (0 < 8 <
cos ) with respect to the beam directions). Upon integrating over W, the total cross

section becomes

2E, dwWw
o = [ 05 (115)
1
~ W)y (116)

where W, is the effective mass threshold for observing the final pair in the detector.
This threshold is usually set by the trigger of the detector; typically, the detector is
set to trigger on tracks with momenta greater than a momentum p,. This gives an

effective mass threshold of W, > 2¢/p2 + m? > 2m..
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