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ABSTRACT 

The Stanford Linear Collider (SLC) 1 ocated at the Stanford Linear Accelerator 

Center (SLAC) ll’d co I es electrons and positrons produced in the linear accelerator 

pulse by pulse. The object is to produce collisions energetic enough to produce 

the heavy intermediate vector boson, the 2 ‘. An essential component of the SLC 

physics program is the precise knowledge of the center-of-mass energy of each inter- 

action. We measure the energy of each collision by using two energy spectrometers. 

The spectrometers are located in extraction lines of each beam. We will measure 

the-energy of each beam to 20 MeV or 5 parts in 104. We report here on the status 

of the energy spectrometer system. 
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INTRODUCTION 

-. 
The SLAC Linear Collider (SLC) is a novel electron-positron accelerator de- 

signed to produce center-of-mass energies of around 93 GeV, the mass of the 2’ 

particle. The collisions are between electrons and positrons produced directly by 

the accelerator. Previously, energetic electron-positron collisions were produced 

by counter-rotating beams of electrons and positrons stored in a storage ring. The 

beams are discarded, pulse by pulse, at the SLC. They are directed into a beam 

dump after the interaction point (IP). 

We will measure the mass of the 2’ by measuring the energy of the beams 

before they are steered into the beam dump. We measure the energy of the two 

-- beams pulse by pulse. We will then make a luminosity-weighted histogram of the 

number of 2’ particles detected as a function of the measured sum of the two 

beagenergies. We can also use this technique to measure the 2’ line shape and 

‘therefore determine the width of the 2’. 

The measurements of the mass and the width are important because they are 

~_ indirect tests of the Standard 

section for the process 

Model of the electroweak interaction. The cross 

is given by1y2: 

12ir s 
u - = 

mz 2 

e+e- -+ 2’ + ff 

r(Z” + e+e-) r(Z” + ff) 
(s - rni)” + l?,m$ , (1) 

where s is the center-of-mass energy of the interaction squared, 2’ is the mass 

of the Z”, PT is the total width of the Z”, and I’(Z” + ff) is the width of this 

particular decay mode of the 2. This expression simplifies when the center-of-mass 

energy of the interaction equals the mass of the 2’ to 

12~ be-r,,- 
o=- 

rns.5 rT . 
(2) 
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* We can express the expected widths of the decay of the 2’ in terms of the 

-- couplings of leptons and quarks to the 2’ fields1y2: 

r,,- = GFmz2 
241rfi 

+FQcD(+ + a;, 7 (3) 

where f is the final state, GF is the Fermi constant, I(r is the radiative correction 

to decay, FQCD is the final state QCD corrections (1 for leptons), TJ~ is the vector, 

and “r is the axial vector couplings of the final state to the 2’. Table 1 gives the 

values of v, a and l? for all possible final states. We do not include the contribution 

of the top quark in the computation of the total width. The limit on the top quark 

mass is currently greater than 60 GeV. Therefore the 2’ cannot decay into a tt 

- . final state. 

- We compare the total measured width of the 2’ to the expected value shown 

aboG. If the two are not consistent, then we know that the current Standard 

‘Model of the electroweak interaction is not complete. Such an inconsistency would 

only give a hint as to the new physics we are encountering. 

We can measure the width by a variety of methods.3j4 One way is to invoke 

e-p-7 universality and therefore deduce that 

12n r&- 
~&e-+ptp- = 3 - . 

rn2s rT (4) 

Hence, measuring the cross section for 2’ + p+p-, and assuming that the Stan- 

dard Model expression for rytP- is valid determines IT. 

A second measure of the 2’ width is the invisible width. The invisible width 

is the total width minus the width into all visible states. We again invoke lepton 

universality and find 

rinvisibk = rT - 3rpsp- - rhadrons . (5) 

We measure the width into hadrons by measuring the hadronic cross section for 

the 2’ and then using the method described above to determine the total width. 
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Finally, we can measure the width of the 2’ by scanning the beam energy 

and fitting the resulting line shape to the theoretically expected function.5 Table 2 

summarizes3 the expected error in the measurement of the 2’ width as a function 

of number of 2’ events collected. The reader should note that the measurement 

of the invisible width has a smaller systematic error than the measurement of the 

total width due to a fortuitous cancellation of errors. Please see Ref. 3 for more 

details. 

The mass of the 2’ is related to the Weinberg angle and the Fermi coupling 

constant by 

GF(~ - Ar)m$s = 1 

8a XCI 16 sin2 9, cos2 6, ’ (f-9 
. 

where. Ar is the radiative correction to the ratio of the W to 2’ masses squared 

[(mG/mz)21~ W e can either fix Ar and use the measurement of 2’ to determine 

sin2 8, or we can use the measurement of sin2 6, to determine Ar. We expect an 

error of 40 MeV on the mass of the 2’ by measuring the energy of the beam pulse 

to pulse with the energy spectrometers. 

We list the error on sin2 6, and Ar as a function of the number of 2’ events 

recorded in Table 3. We assume, for the purposes of this table, if we are determining 

sin2 6,, that 1 - Ar is known to 0.01%. The value of sin2 6, has been measured6 

to 2%. If we know Ar, we can measure sin” Bw to 0.2% with 5000 events-an 

order-of-magnitude improvement in the error. However, the value of Ar depends 

strongly on the value of the mass of the top quark and weakly on the mass of the 

Higgs boson. The value of 1 - AT varies by 5% over the range of allowed masses 

of the top quark. 7y8 Therefore, the determination of the electroweak parameters is 

coupled to the top mass. Our measurement of the mass of the 2’ will place an 

important constraint on the parameters of the Standard Model. 

4 
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t THE APPARATUS 

-.- 
The Mark II detector has been extensively described elsewhere.g A diagram of 

the detector is shown in Fig. 1. 

We use the Mark II detector to record 2’ and Bhabha events. The energies of 

both the positron and electron beams is determined by the energy spectrometers 

and is recorded with each candidate event. The visible final states of 2’ decay a.re 

e+e- , cL+cL-, 7+7-Y or hadrons. All of these final states can be detected with the 

Mark II’s combination of drift chambers, time of flight measurements, liquid argon 

and gas calorimetry and muon detection. We will concentrate on the determination 

of the collision energy. - 

The beam of electrons or positrons is kicked into its own extraction line after 
- 
the titeraction. We cause the beam to emit a swath of synchrotron light by a 1 

,bending magnet. We then bend the beam in a plane perpendicular to the initial 

bend by a well-measured and -monitored spectrometer magnet. Finally, we cause 

the beam to emit a second swath of light in the same manner as the first. A 

schematic diagram of the optics of the extraction line are shown in Fig. 2. 

The beam energy can be expressed as 

b (GeV) = 2.99792 J-g ) A6 = ; ) 

where s B dl is the path integral of the magnetic field within the spectrometer 

magnet in tesla-meters, d is the distance between the two synchrotron radiation 

stripes, and L is the distance from the spectrometer magnet to the detectors of the 

light. 

We use a television camera focused on a phosphorescent screen as our detector, 

as shown in Fig. 3(a). The video image is recorded and digitized for readout by 

a waveform recorder and a signal averager. A second detector is currently being 

installed; it detects synchrotron radiation through the ejection of electrons from 
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Cu-Be wires due to Compton scattering. A diagram of this detector is shown in 

Fig. 3(b). 

We show an example of the light stripes digitized by the PSM in Fig. 4. The 

light stripes are quite visible over the background. The data analysis routine fits 

a Gaussian to each stripe. Each beam line has two stripes associated with it; one 

stripe from before the spectrometer magnet, the other after. Our analysis routine 

subtracts the distance between the two stripes to determine d for each beam line. 

The data is digitized from the PSM each beam pulse. If the Mark II has a 

valid trigger, the data is recorded onto tape and analyzed both online and offline 

via the same routines. Figure 5 shows the energy determined on 100 consecutive 

-. Mark II triggers. The sigma of the measured energies is 5 MeV. This must be 

looked on as an upper limit for the short-term variations in the analysis algorithm 

sinc.any jitter in the accelerator will be reflected in the histogram. We shall see 

‘that the other systematic errors on the measurement of the beam energy amount 

to about 20 MeV. The statistical error on the measurement of the beam energy 

is the energy spread of the beam divided by the square root of the number of 2’ 

events collected. The energy spread of the beam is about 150 MeV. Therefore, 

with modest statistics (of order 5000 events), the measurement of the mass of the 

2’ is limited by the systematic error on the beam energy measurement. 

SYSTEMATIC ERRORS 

The systematic errors for this device are on the measurements of J B dl, d, 

and L. The next sections describe each measurement separately. 

The Field Integral (J B dl) 

We measured J B dl two ways in the laboratory and monitor it three ways 

online.” We measured JB dl by a “moving” wire and a “moving” probe in the 

laboratory and we monitor it online with a “flip” coil rotating at 3 rpm, an NMR 

probe and a current transducer. The spectrometer magnet in each beam line is 

monitored separately and the information from each is recorded event by event. 

6 
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* The “moving” wire measurement was done by passing a group of wires through 

-- the gap and returning them outside the magnet. This closed loop was then moved 

a precisely known distance, 10 mm. The induced voltage was recorded and J B dl 

- determined by integrating the voltage in time (the emf). The measurement of 

J B dl is good to 40 parts per million (ppm) by this technique.10y11 

The “moving” probe measurement was done by stepping a Hall and NMR 

probes through the magnet gap. The two probes determined the magnetic field at 

each point in the gap. The NMR was used in the region of uniform magnetic field, 

while the Hall probe measurement was used in the areas of the fringe field of the 

magnet. The NMR is, in general, much more accurate than the Hall probe, but in 

- the fringe fields the NMR probe does not operate. We used a laser interferometer to 

determine the position of the probes. The accuracy of this measurement technique 
- 
is yppm.12. 

The values of the two techniques agreed to within 80 ppm, giving a total 

uncertainty in the J B dl of about O.,Ol%, which was our goal. 

The “flip” coil we use for online monitoring of the magnetic field is simply 

a wire wrapped around and epoxied to a quartz rod. We also place an NMR 

probe with this assembly. Both devices are placed inside the magnetic gap but 

outside of the radiation zone of the beams. Both devices were cross-calibrated in 

the laboratory with the “moving” wire and “moving” probe measurements. 

The “flip” coil and the NMR probe gave measurements with a mean difference 

of about 40 ppm over several months of running. We also observed magnetic field 

drifts of order 100 ppm over this time. This met our goal for accuracy of the J B dl 

measurement. 

The Displacement Distance Measurement (d) 

It is crucial that we know the physical position of the synchrotron stripe. We 

use a fiducial “bar” code to determine the exact position of the stripe. We strung a 

wire across the bottom of the screen. We allow a lOOO-micron gap; then two wires 
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are strung with a 500 pm gap between them. We then string a group of three wires 

1000 pm away from the group of two wires. The three wires are placed 500 pm 

apart. We continue this pattern until we achieve a group of eight wires. A group 

- of 11 wires is strung at the top of the screen. The purpose of the wires is to cast 

a shadow onto the screen when we shine a strong light at the detector. 

Figure 6 shows an example of the digitized reading from the PSM when we 

shine a light onto the detector. The dips correspond to the wires and the high 

pulse height are areas of the 1000 pm gaps. We calibrate the detector every eight 

hours by shining a light onto the detector and forming a correlation function to 

determine the absolute wire number each dip corresponds to. 

. We record the pixel position by using the three points near the minimum to 

determine a parabola. Figure 7 shows the stability of the difference between two 
C 

adjacent wires in pixels over a one month period. We are stable to between 0.1 

‘and 0.25 pixels, depending on the screen. This difference corresponds from 7 to 

14 pm. 

A survey of the wire positions was made in the laboratory. The wires were lo- 

cated to within 8 pm. We determined this error by using two methods to determine 

the wire position and repeating each method twice. We determine the position of 

the synchrotron hght stripe by interpolating between the two wires that bracket 

the peak. The laboratory survey positions of the wire are then used to convert the 

pixel location into an absolute distance. 

The distance between the two beams was about 27 cm. Therefore, adding the 

calibration error to the positioning error in quadrature, we determined that the 

systematic error in determining d was in the range of 40 to 60 ppm. 

The Distance from the Magnet to the Screen (L) 

The distance L results from a survey in situ of the apparatus. The data to 

determine this number to 100 ppm exists but has not yet been analyzed. We 

conservatively place an error of 0.1% on L currently. 
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Other Errors 

-. 
We have several other sources of error. The first is that the synchrotron stripes 

are not parallel. We measured about a 1.5 mrad rotation of the top stripe relative 

to the bottom stripe, using the PSM. We estimate that this error contributes about 

a 40 ppm12 uncertainty to the measurement of the beam energy. The most serious 

error is the systematic difference between the measured energy in the extraction 

line and the center of mass of the collision. If there is any residual dispersion at 

the IP, there could be a shift between the energy we measure in the extraction line 

and the energy at the IP. We conservatively estimate this error to be 30 MeV.13 

However, it is possible with increased understanding of the SLC, this error will 

. decrease. 

- 

COlVCLUSIONS 

Combining all the estimated systematic errors for the extraction line spectrom- 

eters, we expect that the energy of each beam can be measured to 20 MeV.13 The 

possible systematic shift between the center-of-mass energy and the energy mea- 

sured in the extraction lines is about 30 MeV. Therefore, combining these errors 

in quadrature, we expect to measure the mass of the 2’ to within 40 MeV. It is 

possible that the systematic study of p+p- pairs will reduce the uncertainty in the 

energy shift between the IP and the beam energy measurement, but only with a 

large sample of events can this study even be attempted. 
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Table 1: Width of 2’ into final states. We assume2: sin2 Bw = 

0.222, 2’ = 93 GeV, and crS = 0.13. Note that u and e refer 

to e, p and T; u refers to u and c quarks; d refers to d, s and b 

quarks. 

V 

1 

-1 + 4 sin2 ew 

l- $ sin2 8, 
-1 + Q sin’ 8, 

a 

1 

-1 

1 

-1 

r (MeV) 

176 

89 

321 

412 

2673 
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Table 2: Expected error on width measurement. 

Nz 

500 

1000 

2000 

Al--T Arinvisible AI’, scan 

(MeV) ww (Mm 
215 142 248 

156 105 175 

115 81 124 

82 62 

67 54 

78 

55 

14 
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Table 3: Expected errors on sin2 Bu, and 1 - Ar, if we fix 

A, or sin2 8,, respectively. 

I NZ 6 sin2 8, 6(1 - Ar) I 

10000 0.00036 0.033 
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FIGURECAPTIONS 
-. 

Figure 1: A diagram of the Mark II detector at the SLC. 

Figure 2: Schematic diagram of extraction line optics. 

Figure 3: (a) D ia g ram of the phosphorescent screen monitor (PSM). (b) Dia- 

gram of the secondary emission detector, the Wire Imaging Synchrotron Radiation 

Detector (WISRD). 

Figure 4: Examples of digitized synchrotron light stripes from the PSM. 

Figure 5: Energy determined for 100 consecutive pulses. 
- 

Figure 6: The shadowing of the wires strung over the wire frame holding the 

phosphorescent screen. The dips correspond to wires and the large pulse heights 

to 1000 pm gaps. 

Figure 7: The stability of the difference between two consecutive wires in pixels 

for each of the four PSM screens. 
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