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ABSTRACT

I discuss the measurement of the parity violating left-right
asymmetry in the scattering of high energy polarized electrons
from the atomic electrons in a liquid hydrogen target. The asym-
metry, due to the interference between the weak and electromag-
netic amplitudes, measures the product of the vector and axial-
vector couplings of the electron to the Z boson, and is thus pro-
portional to1�4 sin2 �W. The statistical power on the measure-
ment ofsin2 �W for a given luminosity increases linearly with
the incident beam energy. At NLC energies, one could achieve
�(sin2 �W) = 0:00006 in 2 � 107s, which would be precise
enough to probe the electroweak symmetry breaking sector at
the quantum loop level. This would complement direct high en-
ergy collider searches, provide an important crosscheck of the
electroweak theory and probe electron compositeness up to an
interaction scale of 50 TeV.

I. INTRODUCTION

Over the past two decades, experiments measuring weak neu-
tral current interactions have taken the lead in the study of elec-
troweak radiative corrections, providing the best indirect probes
to new high energy physics. Precision measurements ine+e�

andp�p colliders as well as fixed target experiments are contin-
uing to probe for physics beyond the standard model through
virtual effects and have provided important tests of the elec-
troweak theory at the quantum loop level. It would be a signif-
icant achievement if such indirect measurements were pushed
to a level where they became sensitive to the mass generating
mechanism of the electroweak theory.

However, studies have shown that it will be difficult to probe
the higgs sector of the theory through its manifestation in quan-
tum loop effects. Assuming that the mass of the top quark is
known to high precision from future collider experiments, a sig-
nificant measurement of the Higgs boson mass (assuming one
elementary Higgs scalar) through its manifestation in quantum
loop effects requires the measurement of the weak mixing angle
sin2 �W to an accuracy better than 0.0001 or a measurement of
the W boson mass to an accuracy better than 20 MeV. Such mea-
surements will be challenging in any existing or future collider.

In this paper, I describe a precision electroweak measurement
atQ2 �M2

Z which has the potential to provide a measurement
of the weak mixing anglesin2 �W with an accuracy of 0.00006.
This would be achieved via a precision measurement of the left-
right asymmetry (ALR) in the reactione�e� ! e�e�, using
the high energy polarized electron beam at the NLC scattering
off electrons in a liquid hydrogen target.

�Work supported by Department of Energy OJI Award, contract No. DE-
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II. PHYSICS MOTIVATION

One of the major goals of future high energy accelerators is to
search for new particles and interactions and elucidate the nature
of the particles and interactions that give rise to masses for the
fermions and gauge bosons. Whereas some physics signals have
the desirable feature of direct observation of an unambiguous
signature in a high energy collision, others produce only small
statistical samples with uncertain background contaminations.
These searches, especially the latter, are significantly comple-
mented and enhanced by probing for the virtual effects of new
particles and interactions in electroweak processes at energies
much lower than the scale of new physics.

Since the standard model is a renormalizable field theory, it is
possible to make accurate predictions for experimental observ-
ables at the level of electroweak radiative corrections. At the
loop level, particles that are much heavier than the energy scale
of the experiment can contribute to the corrections. Moreover,
due to the fact that the electroweak gauge symmetry is sponta-
neously broken, these effects do not vanish even if theQ2 of the
experiment becomes much smaller than the scale of the relevant
high energy physics. A recent example of the success of this
technique is the agreement between the direct measurement of
the top quark mass[1] and the indirect measurements extracted
from the partial width and asymmetry measurements from the
LEP/SLC experiments[2].

By the end of the LEP-II and Fermilab collider programs, pre-
cision measurements would have achieved significant sensitiv-
ity to new physics at the TeV scale. However, the lack of signif-
icant deviation does not necessarily rule out all sources of new
virtual effects at the TeV scale. Further, such loop measurements
would have shed little light on the nature of electroweak sym-
metry breaking, which requires precision measurements which
are a factor of five better than current measurements. Improved
precision electroweak measurements would become especially
significant if new physics is found at a high energy collider.

A. Probing Higgs Physics at the Loop Level

It is likely that experiments at new high energy colliders, if
they are built, will provide clues to the mechanism of mass gen-
eration. However, while they would provide information on ori-
gin of W/Z mass generation, there would have to be significant
accumulation of data from more than one collider before it is
possible to demonstrate that the same mechanism is responsible
for fermion mass generation as well.

As has been recently pointed out[3], precision measurements
of electroweak radiative corrections would provide new infor-
mation since they would be sensitive to the mass and couplings
of all new scalars. For example, radiative corrections could pro-
vide additional evidence from which to determine whether the
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correct theory of nature is supersymmetric. Assuming the exis-
tence of a single elementary Higgs scalar and assuming that the
top quark mass will be known in the future with a precision of 1
GeV, a mass of the Higgs scalar could be determined with a frac-
tional precision of 10% with a measurement of the weak mixing
angle�(sin2 �W) = 0:00006[3].

A measurement ofsin2 �W with such precision or alterna-
tively the measurement of the W mass with equivalent precision
will be very difficult in high energy collisions (Q2 � M

2
Z
) in

currently envisioned colliders. It is therefore interesting to con-
sider electroweak measurements with fixed targets, such as the
measurement considered in this paper.

B. New Contact Interactions

A large class of new physics effects are just new four-Fermi
contact interactions at low energy and cannot therefore be ac-
counted for by the oblique correction formalism of the previ-
ous section. Since the amplitudes of such contact interactions
are real, they do not interfere with the purely imaginary elec-
troweak amplitude on the Z pole and thus cannot be easily ob-
served at LEP and SLC. Important examples of such new in-
teractions are those produced by new Z0 bosons with negligible
mixing to the Z0, fermion substructure and leptoquarks[4]. Cer-
tain supersymmetric models can also produce low energy con-
tact interactions, if for example there are significant differences
between the masses of left- and right-handed superparticles[5].
To search for such interactions efficiently, additional precision
experiments must be carried out far from the Z0 resonance with
comparable sensitivity.

We use the formalism for new four-fermion contact interac-
tions as that discussed more than a decade ago in the context
of quark and lepton substructure[6]. The formalism is primarily
used to provide a framework to evaluate the sensitivity of differ-
ent experiments. Considering only helicity and flavor conserv-
ing interactions, the general four-fermioncontact interaction La-
grangian takes the form

Lab =
X

h1;h2=L;R

kab
4�

�2ab

�
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where L = 1

2
(1 � 
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2
(1 + 
5) are the usual

chirality projections of the fermion spinors.�ab is the compos-
iteness scale for contact interactions between flavorsa andb and
kab =

1

2
for a = b andkab = 1 otherwise. One can distinguish

new physics scenarios corresponding to various linear combina-
tions of the couplings�.

The sensitivity of high energy electroweak measurements to
contact interactions arises from interference terms in the cross
section between the electroweak and new contact interaction
amplitudes[6]:
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Measurement of a weak neutral current amplitudeAZ at lowQ2

is also sensitive to contact interactions due to the fact that one is

looking for a deviation from a small quantity:
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From the two relations given above, it is apparent that the sen-
sitivity of low energy weak neutral current amplitudes to con-
tact interaction scales is similar to high energy collisions with a
center of mass energy of about 100 GeV. If specific low energy
processes are chosen where the effective electroweak coupling
is small, the relative sensitivity is further enhanced. Further-
more, asymmetry measurements are capable of measuring weak
neutral current amplitudes with fractional accuracies much bet-
ter than 1%. Thus, carefully chosen low energy measurements
could have higher sensitivity than that envisioned in current and
future colliders. For the measurement considered in this paper,
the contact interaction scales that are probed are of the order of
50 TeV.

III. PARITY VIOLATING ELECTRON
SCATTERING

Polarized electron scattering off unpolarized targets provides
a clean window to study weak neutral current interactions. One
measures an asymmetry defined by

ALR =
�R � �L

�L + �L
(4)

where�R (�L) is the scattering cross-section from incident right
(left) handed electrons. A non-zero asymmetry constitutes par-
ity nonconservation and signals the presence of pseudo-scalar
terms in the cross-section. AtQ2 � M

2
Z
, the pseudo-scalar

terms are dominated by the interference between the weak and
electromagnetic amplitudes.ALR is thus proportional to the ra-
tio of these amplitudes, and rises withQ2[7]. At Q2 � 1 GeV2,
ALR ' 10�4.

The experimental techniques necessary to measure such small
asymmetries have been established in past experiments using
nuclear targets[8, 9, 10]. In this paper, I consider the Møller scat-
tering of polarized electrons off atomic electrons, a purely lep-
tonic reaction which is calculable to high accuracy in the elec-
troweak theory. This process has recently been investigated with
the aim of developing an experimental proposal using the 50
GeV polarized electron beam at SLAC[11]. The total unpolar-
ized cross section is given by

d�

d
=

�
2

2mE

(3 + cos2�)2

sin4�
(5)

where� is the fine structure constant,E is the incident beam en-
ergy,m is the electron mass and� is the scattering angle in the
center of mass frame. The parity-violating asymmetryALR is
given by

ALR = mE
GFp
2��

16 sin2�

(3 + cos2�)2
gee: (6)

whereGF is the Fermi coupling constant,� is the scattering an-
gle in the center of mass frame, and

gee � �e� � gVe � gAe =
1

2
� 2 sin2 �W (7)
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is the effective weak neutral current coupling governing Møller
scattering.

We summarize the salient features of the experimental mea-
surement below:

� The cross-section for Møller scattering is large, providing
the high rates required to obtain a small statistical error in
a reasonable length of time.

� This reaction is a clean and independent test of electroweak
radiative corrections and is complementary to collider mea-
surements carried out at the electroweak scale.

� The asymmetryALR in Møller scattering measures1 �
4 sin2 �W which is small,1 leading to less stringent require-
ments on the systematics of the beam polarization, deter-
mination of the experimental< Q2 > and other normal-
ization uncertainties.

� The small numerical value ofgee results in enhanced sen-
sitivity to sin2 �̂W(0). The predicted value ofsin2 �W at
Q2 = 0 is about 0.2373. Therefore, for Møller scattering,

gee / 1� 4 sin2 �̂W(0) =)
�(sin2 �̂W(0))

sin2 �̂W(0)
' 0:06

�gee

gee
:

(8)
� For electrons from a hydrogen target, the only relevant

background is elastic electron-protonscattering at very low
Q2, which is well understood and can be kinematically sup-
pressed.

� The accuracy in the measurement of the weak mixing angle
could possibly be the best ever from a single process.

ALR for Møller scattering rises linearly with the beam en-
ergy and the beam polarization. The viability of this measure-
ment is thus improved dramatically by the availability of polar-
izations in excess of 80% and by the high available beam en-
ergy. Even so, the raw asymmetry is small,� 2 � 10�6, and
the goal is to reach a statistical error better than10�8. The chal-
lenge is to achieve this statistical error as well as keep the sys-
tematic error to a few parts per billion (ppb). This is possible
by devising several methods of reversing the sign of the asym-
metry and by incorporating techniques developed in previous
experiments[8, 10] to control systematic errors.

IV. EXPERIMENTAL DESIGN

The behavior of the differential cross section (Eqn. 5), domi-
nated by one photon exchange, is shown in Fig. 1. The energy
E0 of the scattered electron in the laboratory frame is related to
the beam energyE and the center of mass scattering angle�

byE0 = 1

2
E(1 + cos�). The cross-section has a minimum at

E0 = 1

2
E (cos� = 0) and diverges atE0 = 0 andE0 = E. For

E = 250 GeV,E0 = 125 GeV and 100% beam polarization,
ALR is 1.4�10�6. Radiative corrections reduce this asymmetry
by more than 40%[12].

1We use the definitionssin2 �̂W(0) � sin
2 �W(Q2 � M2

Z
) and

sin
2 �̂W(MZ) �

1

4
(1 � gVe=gAe), where the couplings are measured at

Q2 = M2

Z
. For the purposes of estimating the error onsin

2 �W, the specific
choice of definition ofsin2 �W is unimportant.

As shown in Fig. 1, the asymmetry is maximal atE0 = E=2

(cos� = 0) and falls to zero atE0 = 0 andE0 = E. For
the experimental design, an important parameter is the figure of
merit (f.o.m.), which quantifies the variation of the achievable
statistical error for fixed luminosity. For Møller scattering, the
f.o.m. varies slowly withcos� and is maximal atE0 = E=2.
It is therefore possible to design an experiment to accept a large
scattered energy bite, making a small statistical error feasible.

A. General Considerations

The polarized source at NLC would generate6 � 1011 elec-
trons per pulse train with 80% beam polarization at a repetition
rate of 180 Hz, with the ability to assign the sign of the beam po-
larization on a pulse train to pulse train basis. The experimen-
tal asymmetry would be measured by rapidly flipping between
the two possible electron beam helicity states while keeping all
other experimental parameters virtually unchanged and then av-
eraging the fractional difference in the cross-section over many
such complementary pairs of pulses.

The critical requirement in an asymmetry measurement is the
control of the differences in the beam characteristics between
left- and right-handed pulses to a negligible level. Another im-
portant aspect is the reversal of the sign of the experimental
asymmetry by several independent methods. The relevant ex-
perimental techniques have been developed and employed suc-
cessfully in previous measurements[8, 10].

Since we need to achieve a statistical error better than10�8 on
ALR, more than107 scattered electrons must be detected every
beam pulse. Liquid hydrogen is the natural choice to provide a
dense electron target thickness. It provides the least amount of

Figure 1: The behaviour of the asymmetry, and the differencital
cross-section is shown as a function ofj cos�j, the scattering
angle in the center of mass frame.
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radiation loss for a given target electron thickness. Further, the
dominant background for a hydrogen target atQ2 � 0:1GeV2 is
elastic electron-proton scattering, which is well understood and
has a small electroweak asymmetry. To achieve the necessary
rate, scattered electrons from a 1.5 meter hydrogen target in the
energy range from 50 to 125 GeV in the full range of the azimuth
must be detected. The luminosity for such a target with NLC Ib
parameters is7:6� 1038=cm2=sec and the total cross section is
4 �Barn.

B. Spectrometer

For Møller scattering, there is a kinematical correlation be-
tween the scattered electron energyE0 and the laboratory scat-
tering angle. For an incident beam energy of 250 GeV, the range
of scattering angles for50 < E0 < 200 GeV is 1 to 4 mrads.
Since we are dealing with identical particles, a good event gives
rise to an electron at an azimuthal angle�with energyE0 simul-
taneously with another electron at an azimuthal angle of� � �
with energyE�E0. The full available solid angle in the azimuth
for scattered electrons from 50 to 200 GeV is thus obtained by
detecting 50 to 125 GeV electrons over 2� radians in�.

Since the scattering angles are small, the spectrometer can be
designed with quadrupoles, the scattered beam always staying
within the magnet apertures. A quadrupole doublet or triplet
would bring the scattered electrons to a compact ring focus
downstream. The background consists of high energy electrons
(� 250 GeV) from elastic scattering of the primary beam off
protons in the target. Additionally, some of the primary elec-
trons radiate high energy photons before scattering off the pro-
tons, giving rise to a background of low energy electrons (�
10� 50 GeV) as well.

We have investigated the spectrometer design using a
GEANT[13] Monte Carlo simulation of1:6 � 108 250 GeV
electrons traversing a 1.5 meter hydrogen target. Figure 2
shows the energy distribution of signal and elastic e�p scat-
tering background electrons in the scattered angular range
2 < �lab < 4 mrad in the full range of the azimuth. A
quadrupole spectrometer would be designed to select the
momentum range between 40 and 125 GeV. Within this range,
the background from electron-proton scattering is about 15%
and the loss of signal due to radiation in the target is 12%.

C. Statistical and Systematic Errors

The integrated Møller cross-section for scattered electrons
over the range 40 to 125 GeV is 4.1�barns for an incident beam
energy of 250 GeV and the loss of rate due to the thick target is
12%. The scattering rate for an incident beam of6� 1011 elec-
trons is 1.5�107 per pulse. The subtraction of the 10% back-
ground will degrade the statistical error by 5% and appropriate
reweighting of the scattered flux should keep the cumulative fig-
ure of merit to within 85% of the maximum (at 125 GeV).

The largest source of experimental normalization error is ex-
pected to be due to the beam polarization measurement. The cur-
rent limit of the technology of compton polarimetry, based on
experience at the SLD experiment is expected to be about 0.3%.
The dominant background of elastic e�p scattering would be

suppressed to be below 10% of the signal. The asymmetry is
not very sensitive to the background fraction, since the stan-
dard model prediction for the low energy effective neutral cur-
rent coupling for e�p scattering is the same as for Møller scat-
tering.

Radiative corrections toALR in Møller scattering has been re-
cently investigated[12]. The authors found that the tree level
prediction is reduced by more than 40%. This has no direct im-
pact on the projected statistical sensitivity of the measurement.
In fact, it alleviates the systematic error from normalization un-
certainties such as the beam polarization. The estimation of the
hadronic loop uncertainties, however, will have to be signifi-
cantly better than is currently known, and will have to be im-
proved before the measurement can be interpreted.

The salient features of the measurement and the projected er-
rors are summarized in Table I. It can be seen that one year runs,
each at 250 GeV and 500 GeV, provides a cumulative measure-
ment ofsin2 �W with an accuracy of 0.00006.

V. NEW PHYSICS REACH

In the presence of new contact interactions, the deviation in
the effective coupling measured in polarized Møller scattering
can be expressed as

gee(meas:)� gee(S:M:) = ��
p
2

GF

(�RR � �LL)

�2
ee

: (9)

Figure 2: The simulated energy spectrum from Møller and elas-
tic proton scattered electrons from1:6� 108 incident 250 GeV
electrons on a 1.5 meter long liquid hydrogen target is shown in
the angular range2 � �lab � 4 mrad. The points show the to-
tal contribution while the histogram shows the contribution from
the e�p background.
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Table I: The important parameters of theALR measurement are
shown, assuming a run of107s at each beam energy, 90% beam
polarization and a polarimetry systematic error of 0.3%.

NLC Ib NLC IIb
Ebeam (GeV) 250 500
�tot (�Barn) 4 2
Rate (Hz) 2:8� 109 1:4� 109

ALR 1:4� 10�6 2:9� 10�6

�(ALR(stat)) 6:0� 10�9 8:5� 10�9

�(ALR(syst)) 2:5� 10�9 5:0� 10�9

�(sin2 �W) 0.000092 0.000082

This would lead to a 95% confidence level limit of 63 TeV for
�ee for the specific combination of couplings�LL = ��RR =
�1. This limit is better than that achievable at the NLCe+e�

collider and compares well with the limits obtainable at a high
energye�e� collider.

As an example of the discovery potential of lowQ2 measure-
ments to new gauge bosons, we consider the effect onAee of a
new neutral bosonZ�[14], which arises in SO(10) and E6 grand
unified theories. If we assume that any mixing with the Z0 is
negligibly small, the contact interaction mediated by a new vec-
tor boson of massMZ0 will give rise to a contribution to the
asymmetry which can be quantified as

4�

�2ee
(�RR � �LL) = 8

GFp
2

�
MZ

MZ0

�2�
g2

g1

�2
(g02
Re � g02

Le); (10)

whereg2=g1 is the ratio of the gauge couplings of the interac-
tions mediated by the Z0 and Z0 bosons andg0

Re (g0

Le) is the cou-
pling of right- (left-) handed electrons to the Z0 boson. For the
Z� model,�ee � 63 TeV corresponds toMZ� � 2:7 TeV.

VI. CONCLUSIONS

A fixed target experiment measuring the parity violating
asymmetry in the processe�e� ! e�e� would nicely com-
plement the physics program at the NLC. Such a measurement
would probe the electron compositeness scale at the level of 50
TeV. The experiment has the potential to provide the single best
measurement of the weak mixing angle,�(sin2 �W) = 0:00006,
better than that achievable in precision measurements in future
high energy colliders. Such a measurement would thus probe the
symmetry breaking sector of the electorweak theory at the quan-
tum loop level and provide important clues towards the ultimate
theory of nature.

I would like to thank Emlyn Hughes, Charles Prescott and
Paul Souder for useful discussions and comments.
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