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We show from general principles that there must be a center-of-mass energy iso where the
polarization asymmetry A = Ao(pe -+ Wv)/o(pe ~ Wv) for circularly polarized photon and
electron beams vanishes. In the case of the standard model, the crossing point where the asymmetry
changes sign occurs in Born approximation at ps~, = 3.1583.. .M~ 254 GeV. We demonstrate
the sensitivity of the position of the polarization asymmetry zero to modification of the SM trilinear
plVTV coupling. Given reasonable assumptions for the luminosity and energy range for the Next
Linear Collider with a backscattered laser beam, we show that the zero point, ~sq, of the polarization
asymmetry may be determined with sufBcient precision to constrain the anomalous couplings of the
TV to better than the 170 level at 9570 C.L. In addition to the fact that only a limited range of
energy is required, the polarization asymmetry measurements have the important advantage that
many of the systematic errors cancel in taking cross section ratios. The position of the zero thus
provides an additional weapon in the arsenal used to probe anomalous trilinear gauge couplings.

PACS number(s): 13.40.Em, 13.10.+q, 13.88.+e, 14.70.Fm

I. INTRODUCTION

Precision measurements of Z-pole observables at the
CERN e+e collider LEP and SLAC Linear Collider
(SLC) [1] combined with the new W mass determina-
tions [2] and the discovery of the top quark at the Fermi-
lab Tevatron [3,4] have demonstrated that the standard
model (SM) provides an excellent description of physics
below the electroweak scale. There are many reasons to
believe, however, that new physics beyond the SM must
exist, but it remains unclear just how or where it will
6rst be directly observed. The scale of such new physics
may not be far away, perhaps 1 TeV, in which case it
will surely manifest itself at existing or planned colliders.

One of the most sensitive measures of new physics
beyond the SM are the values of the electroweak mo-
ments of the various leptons, quarks, and gauge bosons.
In the SM, the anomalous magnetic moments Lp
(g —2)eS/2M of spin S =

2 and S = 1 fundamental fields
(with mass M) and the anomalous electric quadrupole
moments EQ = Q + e/M of the vector bosons van-
ish at the tree level due to the requirements of gauge
invariance and renormalizability, thus ensuring a quan-
tum field theory which has maximally convergent high-
energy behavior. Deviations kom these canonical values
of the magnetic dipole and electric quadrupole moments
beyond the usual SM radiative corrections [5] may reflect
new physics or new interactions at high energies such as
supersymmetry [5], technicolor, or compositeness [6].

Precision measurements at the Z pole and elsewhere
have already placed rather stringent restrictions on
anomalous (V = p, Z)ff couplings [7]. However, di-
rect experimental probes of the trilinear gauge boson cou-
plings, VW+W, are still at a rather early stage [8—10].

If the energy scale of the new physics is indeed of order
1 TeV, it is anticipated on rather general grounds that
these anomalous trilinear couplings can be no larger than

10 [ll]. Experiments have yet to achieve sensitiv-
ity at this level. However, it is expected that the vector
boson couplings will eventually be probed at the preci-
sion of 1% or better at high-energy hadron and e+e
colliders through processes such as W-pair production
&om fermion pair annihilation, e+e ~ W+W, qq ~
W+R, and associated production, qq' ~ WZ, p.

The advent of backscattered laser beams at e+e col-
liders will allow tests of the anomalous couplings of the
gauge bosons through measurements of the high-energy
photon collision processes pp ~ W+W, pp ~ Z Z,
pe —+ Z p, and pe —+ Wv. A distinctive feature of the
pe ~ Wv process is that it isolates the on-shell photon
pWW vertex in a model-independent manner. In this
paper we shall show that measurements of the pe —+ Wv
cross section with polarized photon and polarized elec-
tron beams can be used to test novel features of the
canonical couplings of the R' and provide high precision
measurements of its magnetic and quadrupole moments
at a precision below 1'Fo.

A remarkable consequence of the canonical coupli'ngs of
fermions and gauge bosons in the SM is that the integral
that appears in the Drell-Hearn-Gerasimov (DHG) sum
rule [12,13] vanishes. This interesting observation was
first made for quantum electrodynamics and also for the
more general case of the SM by Altarelli, Cabibbo, and
Maiani [14]. Even more generally, one can use a quantum
loop expansion to show [15] that the logarithmic integral
of the spin-dependent part of the photoabsorption cross
section: i.e. ,

0556-2821/95/52(9)/4929(7)/$06. 00 4929 1995 The American Physical Society



4930 BRODSKY, RIZZO, AND SCHMIDT 52

for any 2 + 2 SM process pa ~ bc at the Born level.
The particles a, b, and c are arbitrary (so long as a car-
ries nonzero spin) and can be identified as leptons, pho-
tons, gluons, quarks, elementary Higgs, vector bosons,
supersymmetric particles, etc. Here v is the photon lab-
oratory energy and Ao (v) = 0~(v) —0~(v) is the differ-
ence between the photoabsorption cross section for par-
allel and antiparallel photon and target helicities. Sim-
ilar arguments also imply that the DHG integral van-
ishes at the tree level for virtual photoabsorption pro-
cesses such as lp ~ lQQ (with Q being a heavy fermion)
and lg —+ lQQ, the lowest-order sea-quark contribution
to polarized deep-inelastic photon and hadron structure
functions. Of course the sum rule does receive individual
nonzero contributions in higher-order perturbation the-
ory in the SM &om quantum loop corrections and the
production of higher particle number final states. How-
ever, the DHG sum rule predicts that the final result is
very small, of order o. times the square of the target's
anomalous magnetic moment. The DHG sum rule thus
also provides a highly nontrivial consistency check on cal-
culations of the polarized cross sections.

In principle, one could use measurements of the log-
arithmic integral of the polarized photoabsorption cross
section in Eq. (1) as a way to isolate the higher-order
radiative corrections and bound the deviations from the
canonical SM couplings. Some of the most interesting
applications and tests of the DHG sum rule in the SM
would be to apply Eq. (1) to the reactions pp -+ W+ W
pp ~ Z Z, pe —+ Ze, and pe ~ Wv. The delicate can-
cellation of the positive and negative contributions [16]
of Ao (pe ~ Wv) to the DHG integral calculated in Born
approximation is evident in Fig. 1. On the other hand,
if the W were to have nonzero anomalous magnetic and
electric quadrupole moments, i.e. , Spiv, AQiv g 0, then
the DHG integral for pe ~ TV„ is not zero since the can-
cellations no longer take place [13]. In fact if the W had
a pointlike anomalous magnetic moment, then the DHG

integral for the 2 -+ 2 process diverges logarithmically at
high energies.

In this paper we shall exploit the fact that the van-
ishing of the logarithmic integral of Acr in the Born ap-
proximation also implies that there must be a center-
of-mass energy ~so where the polarization asymmetry
A = 40/o possesses a zero, i.e., where Ao(pe ~ Wv)
reverses sign. We shall demonstrate the sensitivity of
the position of this zero or "crossing point" (which oc-
curs at i/s, = 3.1583.. .Miv 254 GeV in the SM) to
modifications of the SM trilinear plVW coupling. As we
will see, given reasonable assumptions for the luminosity
and energy range for the Next Linear Collider (NLC),
the zero point, ~so, of the polarization asymmetry may
be determined with sufBcient precision to constrain the
anomalous couplings of the W to better than the 1%
level at 95% C.L. Since the zero occurs at rather mod-
est energies where the unpolarized cross section is near
its maximum, we will also see that an electron-positron
collider with i/s = 320—400 GeV is sufficient for our anal-
ysis, whereas other techniques [17,18] aimed at probing
the anomalous couplings through the pe ~ R"v process
require significantly larger energies. In addition to the
fact that only a limited range of energy is required, the
polarization asymmetry measurements have the obvious
advantage that many of the systematic errors cancel in
taking cross-section ratios. The position of the zero thus
provides an additional weapon in the arsenal used to
probe anomalous trilinear gauge couplings.

II. CALCULATION OF THE POLARIZATION
ASYMMETRY

The total polarization-dependent cross section for
pe —+ Wv, in the case where only the C- and P-
conserving anomalous TV@'p couplings are nonzero, can
be written in the form

= ( —P)( „„+(,.) .
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Here, —1 & P & 1 denotes the initial e beam polariza-
tion, 0~ ~

= Ao, and the Stokes' parameter, —1 ( ( ( 1,
describes the circular polarization of the backscattered
laser photon. gs,~ is the center-of-mass energy of the
e-p collisions. We shall consider deviations from the
SM where the W has pointlike (momentum-independent)
anomalous magnetic and quadrupole couplings. The
polarization-dependent part of the cross section, 0~ ~, is
then given by

o'z~~ = [Ti + (Av + A) T2 —AKTs AT4], (3)32m'

where x = y2 = s,~/Mi22. , o = ~2G~n 49.8 pb, and
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FIG. 1. The Born cross section di8erence Aa. for the stan-
dard model process pe —+ TVv for parallel minus antiparallel
electron-photon helicities as a function of y. The logarithmic
integral of Ao. vanishes in the classical limit.

Ti ———24 —80x + 104x —32x(3 + x) ln(x),
T, = x + 2x' —3x' + 4x' ln(x),

T, = 48x(1 —x) +16x(2+*)ln(x),
T4 ——64x(1 —x) + 32x(1 + x) ln(x) .
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We have used the standard notation of Hagiwara et
al. [19] for the anomalous static moments of the W:
Ap~ = zM (AK + A) and AQ~ = M,

' (AK —A).
The corresponding polarization-independent term cr„ is
given by

0.„„=0 [Ts + A r.Ts —A(A + A~) T7

~A Ts+ (Av + A) Tg],

where

( i)~ 5 7l
T5 ——il ——ill+ —+ 4'~

1 1 ) ln(x)—/2+ —+ —,
[x x2) x

—1+x+ 2x' 2+ 3 ln(x)
2.2 2.

(6)

1(
Tr = —

~

-1+ —+»(x)
I ~

2 ( x )
(—1+x)'

8 Sx
1+2x+ x

322
1+ (1 —*)ln(x)

Sx

~~-~(x) d
1 x

for the tree graph SM cross section where the couplings
of all the particles involved in the process are canoni-
cal. (The electron mass is also neglected here. ) In [15]
it was pointed out that the vanishing of the above inte-
gral is due to a rather delicate cancellation between the
regions where 0~ ~ is positive (y = ~s,&/Mw ( yo) and
regions where it is negative (y ) yo). Here we denote the
crossover point where the integrand vanishes (i.e., the
zero position) by yo 3.1583.. . in the SM case. When
anomalous R'TVp couplings are present, several things
happen. First, since the couplings are no longer canoni-
cal the DHG sum rule will be violated. Indeed, since the
pe —+ TVv cross section is not well behaved in the y —+ oo
limit when these pointlike anomalous couplings are non-
zero, we might also expect that the DHG integral does
not even converge. This expectation is indeed realized
by performing an explicit calculation employing a cutoff
parameter, x~ && 1; to leading order in x we obtain

These results were obtained through the use of MATHE-
MATICA and REDUCE and differ somewhat in their non-
SM terms &om other explicit results in the literature.
However, the integration over angles of the helicity am-
plitudes obtained by Raidal [18] nicely reproduces the
above expressions. Note that the efFective values of Lx
and A that are probed in the pe —+ TVv reaction are for
on-shell photons and may be in principle different &om
those probed in e+e + R'+TV where the photon is
timelike with q2 & 4M~.

In its pe ~ Wv manifestation, the DHG sum rule
implies that

(i.e. , dropping all terms of order x z or higher)

&~-~(x) d
1 x

= —(b,K+A)' iS —6ln(x ) —8, ( ln(x )
64 xnan

—16A + 64
i

1 + A + —Are
i

ln(x ) ( 1

xm 2 )
(8)

where we then take x —+ oo. Here we see that nonzero
values of the sum LK+ A result in the DHG integral be-
coming logarithmically divergent. (Of course, as x gets
large new physics effects, such as form factors and new
particle production, arise to prevent the integral &om
truly diverging. This apparent divergence is simply the
result of the break down of the pointlike approximation
for the anomalous couplings. ) If Ap~ =

&M (Dr+A) =
0 then the integral converges and yields a finite result
proportional to A. Note that the well-known radiation
amplitude zero [20] (which takes places at cos0 = 1 in
both the do~ ~ and do.„„angular distributions) also oc-
curs for this process whenever Lv + A = 0. Thus, if we
could determine the value of the DHG integral directly
from experimental data it would provide us a unique han-
dle on possible nonzero values of LK and A.

In practice, the collider energy as well as the maximum
energy &action carried by the backscattered laser light
are restricted. For a 500 GeV (1 TeV) e+e collider, only
the range 1 ( y & 5.4 (10.4) is kinematically accessible.
This range is far too small to allow a direct confrontation
with the sum rule since we are still very far &om the
asymptotic region. Thus we must turn to more subtle
methods.

Since the null result of the DHG sum rule arises from
a delicate cancellation not present when anomalous cou-
plings exist it is clear that these couplings must modify
both the shape of 0'~ ~(x) as well as the location of the
place where the integrand vanishes, y = yo. Past anal-
yses [17] have focused on the overall shape of the polar-
ization asymmetry, whereas here we will focus mainly on
the zero's position. Figures 2(a) and 2(b) show the sep-
arate Lv and A dependence of the value of yo. Several
features are immediately apparent from these plots: (i)
If A = 0, then the deviation of Lr from zero perturbs
the value of yo to smaller values; (ii) if Ar = 0, the
variation of A &om zero can push yo in either direction
depending on the sign of A; (iii) the value of yo shows
a significantly greater sensitivity to nonzero values of A

than LK.. Thus if measurements determine that the en-
ergy where the polarization asymmetry changes sign is
higher than that predicted by the SM, then A must be
nonzero. It is also apparent that probing the location of
the asymmetry zero will lead to a stronger bound on A

and on LK.
In order to ascertain how much quantitative informa-

tion we can obtain on the values of Lx and A &om mea-
suring the crossing point yo, we must perform a Monte
Carlo study. Specifically, we will first want to know the
constraints we can place on these anomalous coupling pa-
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FIG. 3. ADH~ in the region near the SM value of yo. The
solid curve is the SM prediction w'hile the others, from top to
bottom on the left, are for A = —0.1, AK = —0.2. Ae = 0.2,
A = 0.1, respectively.
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FIG. 2. Separate Ae and A dependence of the value of yo.

rameters if the SM situation is realized. We take the y
region surrounding the SM value of yo and divide it into
11 bins each of width Ly = 0.2. Note we have not yet
tried to optimize either bin size or the distribution of in-
tegrated luminosity. Instead. of considering o~ ~, we form
an asymmetry using the ratio of both cross sections

(9)

thus removing a number of systematic errors &om the
analysis. Figure 3 shows that not only does the value
of y0 change when anomalous couplings are present, but
so too does the shape of ADHc in the region near the
zero. We assume as input into our Monte Carlo study
that each Ly bin receives an equal integrated luminosity
of 5 fb i and that the e beam is 90% left-handed po-
larized, i.e., P = —0.90. Next we generate Monte Carlo
"data" (assuming the SM is correct) and try to fit the
resulting distribution to the Lw- and A-dependent func-
tional form of ADHG. If A(Ae) is zero, this procedure
yields the fit shown in the first line of Table I (with 95%%uo

C.L. errors). If we assume that both b,~ and A nonzero,
we obtain the 95%%uo C.L. allowed region shown in Fig. 4.
As we have anticipated, we obtain a fair more restricted

TABLE I. 95'pp C.L. constraints on Ae and A for the dif-
ferent scenarios described in the text.
~s GeV 8/bin fb Nb;„,
500 5 11

500 2.5

500

500 1.25 44

—0 008+—0.054

p pp2+0. 011—0.012

0 pp14+0. 0087—0.0086

0 QQ37+0.0139—0.0140

1000 2.5 47 0.002+ 0.011

o ooo4+' ""—0.0086

0.0029+ 0.0086

0.0022+ o.oo62—0.0063

0.0005+ 0.0092

p pp 12+0.0078—0.0080

range of A than we do Le. We expect that somewhat
better limits may be obtainable by optimization of our
parameters. Notice that we have only performed our fit
by covering the y region 2.0—4.2, which could just as well
have been done by an e+e collider with v s 420 GeV
with the same integrated luminosity.

Do the constraints improve if we fit ADHG over the en-
tire y range accessible at 500 GeV collider with the same
total integrated luminosity'? To address this question, we
now take 22 bins of width Ly = 0.2 covering the range
1 & y & 5.4 with an integrated luminosity of 2.5 fb
per bin and redo our fit. (We again note that we have
not tried to optimize either the bin size or the distribu-
tion of integrated luminosity; we are simply seeing the
sensitivity of our results to different fit assumptions. ) In
the case that either Lv. or A is zero we And the fit values
displayed in Table I. The result in the case where both
anomalous coupling parameters are nonzero is shown as
the solid curve in Fig. 5. In either case we see no substan-
tial improvement in the bounds we can obtain on A but
fitting the entire accessible y range significantly reduces
the allowed range of b, K at 95% C.L.

If we keep the collider energy fixed and double the in-
tegrated luminosity per bin, how do our results change
for the SM example because of the improved statistics?
In the case where either Ae or A is nonzero we And the
values shown in Table I. If both parameters are nonzero,
we obtain the allowed region shown as the dashed curve
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FIG. 4. 95'p0 C.I . in the Ax-A plane for the 11-bin 6t de-
scribed in the text. s labels the SM prediction.

in Fig. 5. The doubling of the statistics results in a signif-
icantly smaller allowed range for both of the anomalous
coupling parameters.

How does the size of the bin eKect these results? If we
double the number of bins (i.e., change to Ey = 0.1) and
keep the total integrated luminosity and center-of-mass
energy fixed for the same total y range, do we improve our
sensitivity? In the case mhere either Lx or A is zero we
find the values shown in Table I. The results in the case
where both anomalous coupling parameters are nonzero
is shown as the dash-dotted curve in Fig. 5. In this case
we see a very slight degradation of the limits obtained
previously but no truly significant changes.

What happens at a 1 TeV collider with higher inte-
grated luminosity? Since fitting the entire distribution
gave the best results in the 500 GeV case, we mill consider
only this situation. We keep the bin size and integrated
luminosity per bin fixed, but extend the y range up to
10.4, and repeat the above procedure. In the case that

either Ae or A vanishes we obtain (with 95% C.L. errors)
the values in Table l. When both anomalous couplings
are present, we obtain the 95% C.L. allowed region inside
the dotted curve in Fig. 5. The size of the allowed region
in this case is somewhat smaller than the corresponding
one obtained for the 500 GeV collider but not as signif-
icantly improved as that obtained by doubling the lumi-
nosity in the 500 GeV case. A short analysis shows that
essentially all of the improvement in the A determination
comes from increasing the integrated luminosity whereas
the improved Le determination derives both &om better
statistics as well as the expanded energy range covered
by the 6t.

Thus, given fixed integrated luminosity, the value of
A is well constrained &om fits to the data in the region
near yp whereas, the optimal limits on Lr requires data
fit over a large energy range.

Let us now suppose that one or both LK or A, are
nonzero at the percent level; can such anomalies be dis-
tinguished &om the SM? For purposes of comparison, we
again consider a 500 GeV machine with 8 = 55 fb
equally distributed over 22 bins with Ly = 0.2 which
covers the range 1 & y & 5.4. Figure 6 shows two sim-
ple cases with their corresponding 95% C.L. ellipses: (i)
Av = —0 02 with A = —0 01, and (ii) Ae = 0 02 with
A = 0.01. In either case we see that the SM is excluded at
95% C.L.; i.e. , the ellipses do not overlap the SM result.
The non-SM and SM cases are thus seen to be cleanly
separated. The polarization asymmetry zero can be used
to constrain Le and A if the SM is realized, but it can also
discover anomalous couplings if they are indeed present.

Thus far we have only considered an equal distribution
of integrated luminosity in a fairly wide region surround-
ing yo. What happens in the reverse scenario, i.e. , when
we concentrate all of our luminosity in a single bin sur-
rounding the SM value of yo 3.158? In this case an
e+e collider with an energy of only ~s 320 GeV is
needed. From the previous discussion we expect to ob-
tain a relatively very poor constraint on Le since the
energy range is so limited. As a benchmark, let us again
take 8 = 55 fb and consider bin widths of Ay = O.l,
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FIG. 5. The solid (dashed, dash-dotted, dotted) curve cor-
responds to the second (third, fourth, Mth) case described in
Table I. s labels the SM prediction.

FIG. 6. 95/0 C.I. regions in the A~-A plane for the SM
case as well as for the Ae and A values marked by an x. Note
that these cases do not have overlapping allowed regions.
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