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We evaluate the constraints on anomalous trilinear gauge-boson couplings that can be obtained fro
study of electron-positron annihilation intoW pairs at a facility with either the electron beam longitudinally
polarized or both electron and positron beams transversely polarized. The energy ranges considered
analysis are the ones relevant to the Next Linear Collider and to CERN LEP 200. We discuss the possib
of a model-independent analysis of the generalCP-conserving anomalous effective Lagrangian, as well as
restriction to some specific models with reduced number of independent couplings. The combination o
servables with initial and final state polarizations allows us to separately constrain the different coupling
to improve the corresponding numerical bounds.

PACS number~s!: 14.70.2e, 12.15.Ji, 12.60.2i, 13.10.1q
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I. INTRODUCTION

The experimental confirmation of the standard mod
~SM! is presently limited to the sector of the interaction
fermions with vector bosons@1#, where an impressive agree
ment is found. Another key ingredient of the SM, not test
yet, is the interaction in the gauge-boson sector, which f
lows from the non-Abelian structure of the electroweak sy
metry and assures the renormalizability of the theory. A
cordingly, in the physics program at planned high ener
~and high luminosity! colliders, much emphasis is given t
precise measurements of theWWg andWWZ couplings.
Such measurements should eventually confirm the SM,
maybe discover ‘‘anomalous’’ values of these couplings
dicating physics beyond the SM.

While experiments at low energy and precision measu
ments ine1e2 annihilation at theZ0 pole can provideindi-
rect access to these constants@2–4#, only high energy collid-
ers, well above the threshold forW-pair production, will
allow directand unambiguous tests. In this regard, some li
its are available from Fermilab Tevatron@5#, and in the near
future one can foresee experimental studies of boson s
couplings at the CERNe1e2 collider LEP 200@6–9#, and to
some extent at the DESYep collider HERA @10#. A new
stage in precision will be reached at the planned CER
Large Hadron Collider~LHC! @11,12# and at thee1e2 linear
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colliders @13#, taking advantage of the increased sensitivity
to deviations from the SM allowed by the significantly
higher c.m. energies of these machines.

A particularly sensitive process where to study the trilin-
ear gauge boson couplings is theW-pair production@6#

e11e2→W11W2. ~1!

In this process the enhanced sensitivity to anomalous values
of those couplings reflects the partial compensation among
the individual,As-diverging contributions to the SM cross
section (As is the c.m. energy!, corresponding at the Born
level to g, n, andZ exchange diagrams and their interfer-
ences. Instead, the SM couplings are such that the gauge
cancellation exactly occurs in the asymptotic regime, and
consequently the SM cross section has a decreasing behavio
with As @14#.

Considering the following modification of theg- and
Z-exchange amplitudes (V5g,Z):

A~V!→A~V!1DA~V!5~11 f V!A~V!, ~2!

where f V’s linearly depend on the anomalous couplings, and
introducing the relative deviation from the SM prediction for
the cross section~either total, or differential, or integrated in
some angular range!:

D[
Ds

sSM
5

sanom2sSM

sSM
, ~3!

one has

Be-

el,
Y
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sanom}uA1~n!1~11 f g!A~g!1~11 f Z!A~Z!u2

1uA2~n!u2,

sSM}uA1~n!1A~g!1A~Z!u21uA2~n!u2. ~4!

Here, taking into account theW2 (W1) helicitiest (t8), for
later convenience the neutrino-exchange amplitude has b
divided into the ut2t8u<1 part A1(n) plus the
ut2t8u52 partA2(n). As evident in Eq.~4!, the amplitude
A2(n) does not interfere with the others. To first order i
f V one obtains

D5Dg1DZ , ~5!

where

Dg5 f g~Rng1RZg12Rgg!, DZ5 f Z~RgZ1RnZ12RZZ!,
~6!

and (i , j5g,n,Z)

Ri j5s i j /sSM, sSM[s~ f V50!5(
i , j

s i j . ~7!

In Eqs. ~5!–~7!, D ’s are determined by linear combination
of noncancelling individually divergent contributions, an
will increase, basically like a power ofs. In contrast, the SM
cross section decreases at least as 1/s. Thus, if we param-
etrize the sensitivity of process~1! to f V by, e.g., the ratio
S 5D/(ds/s), with ds/s the statistical uncertainty experi-
mentally attainable on the SM cross section, such a sensi
ity is powerlike enhanced with increasingAs, even at fixed
integrated luminosity, namely,1 S }AL ints.

As discussed in Ref.@15#, a dramatic improvement in the
sensitivity to anomalous values ofWWg andWWZvertices
should be obtained if the initial electron beam were longit
dinally polarized, and one could separately measure the cr
sections for botheL

2e1 (sL) andeR
2e1 (sR) annihilation. In

particular, although being suppressed byg2Z compensation
and thus leading to lower statistics,sR has the advantage of
being free of the neutrino-exchange contribution. In gener
A2(n) numerically dominates the SMs

unpol andsL, and is
not modified by anomalous trilinear couplings, so that
tends to diminish the sensitivity of these cross sections
such effects. Consequently, one can qualitatively expectsR

to allow improved constraints even in the case of just o
anomalous coupling taken as a free parameter.

In addition, for two~or more! free parameters, by them-
selves the cross sectionssL andsR separately provide cor-
relations among parameters rather than limits. In fact, fro
Eq. ~4! and the approximate relation A(g)
'2AR(Z)'AL(Z) at As@MZ , the deviations ofsL and
sR from the SM are easily seen to bring information on th
combinations

DsL} f g1 f Z , DsR} f g2 f Z . ~8!

1This behavior of the sensitivity of process~1! also applies to
other nonstandard effects, such as, e.g.,Z-Z8 mixing @15# and lep-
ton mixing @16#.
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Due tosL@sR, alsoDsunpol} f g1 f Z . Clearly, the combi-
nation ofsR andsL ~or sunpol) could be essential in order to
significantly reduce the allowed region in the (f g , f Z) plane,
by the intersection of the ‘‘orthogonal’’ correlation areas pro-
vided by Eq.~8!.

For realistic values of the electron longitudinal polariza-
tion, less than 100%, the determination ofsR from the data
could be contaminated by the uncertainty in the polarization
itself, which allows the presence of some left-handed cross
section. Due tosL@sR, such an uncertainty could induce a
systematic error onsR larger than the statistical error for this
cross section, and consequently the sensitivity would be di-
minished. However, as shown in Ref.@15#, one can find ‘‘op-
timal’’ kinematical cuts to drastically reduce this effect.

In the generalCP-conserving case, the anomalous effec-
tive Lagrangian for trilinear gauge boson couplings depends
on five constants, which are difficult to disentangle from
each other by using just the unpolarized cross section, not
only due to the large number of parameters, but also due to
possible accidental cancellations which might reduce the
sensitivity of this observable. To separate the coupling con-
stants, and constrain their values in a model-independent
way, measurements of the cross sections for polarized final
W’s and both initial longitudinal polarizations should be
combined.

In this paper we will present an estimate, along the lines
exposed above, of the bounds on the anomalous three-boson
coupling constants that can be obtained from the analysis of
the processe1e2→W1W2 based on the combination of po-
larized cross sections, at the reference energy of the planned
e1e2 linear colliders, namely 0.5 up to 1 TeV, with polarized
electron beams and assuming that alsoW1W2 polarization
will be measured. A general discussion of the prospects and
feasibility of measuring polarization effects inW-pair pro-
duction can be found, e.g., in Refs.@8,17,18#.

Also, we study the region aroundAs5200 GeV appropri-
ate to LEP 200, since this machine will be operational in a
relatively near future. Here, initial longitudinal polarization
will not be available so that only unpolarized or transverse
beam polarization will exist. The latter is an attractive option
at e1e2 storage rings such as LEP 200@19,20#, where elec-
tron and positron spins naturally align in opposite directions
in the magnetic field of the accelerator. The transverse polar-
ization could be exploited to perform the model-independent
analysis, assuming the possibility of measuring final
W1W2 polarizations also in this case. In fact, for the ‘‘trans-
verse’’ azimuthal asymmetryAT ~precisely defined in the se-
quel!, one has AT}A

LAR with AL5A(n)1A(g)
1AL(Z) andAR5A(g)1AR(Z) and, due toAL@AR,
the deviation from the SM model isDAT} f g2 f Z . Conse-
quently, to obtain the allowed region in the (f g , f Z) plane, in
this caseAT plays the same role assR in the previous ex-
ample in Eq.~8!.

Specifically, in Sec. II we will introduce the standard pa-
rametrization of theWWg and WWZ vertices and will
briefly review current and expected bounds on these param-
eters from forthcoming experiments. In Sec. III we introduce
the helicity amplitudes and the corresponding observables
relevant to our analysis and in Sec. IV we present the result-
ing constraints ~model-independent as well as model-
dependent ones! on the anomalous couplings from future
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e1e2 linear colliders. Section V is devoted to a simila
analysis at the energy of LEP 200 and, finally, Sec. VI co
tains some concluding remarks. Formulas relevant to t
cross sections needed for our numerical analysis are c
lected in the Appendix.
-
he
ol-

II. TRILINEAR GAUGE-BOSON VERTICES

We limit to the C- and P-invariant parts of theWWV
interaction, which in general can be represented by the effec-
tive Lagrangian with five independent couplings@21#:
Leff52 ie@Am~W2mnWn
12W1mnWn

2!1FmnW
1mW2n#2 iexgFmnW

1mW2n2 ie~cotuW1dZ!@Zm~W2mnWn
12W1mnWn

2!

1ZmnW
1mW2n#2 iexZZmnW

1mW2n1 ie
yg

MW
2 F

nlWlm
2 Wn

1m1 ie
yZ
MW

2 Z
nlWlm

2 Wn
1m , ~9!
s

s

-
-

d
ss
whereWmn
6 5]mWn

62]nWm
6 andZmn5]mZn2]nZm . In Eq.

~9!, e5A4paem anduW is the electroweak angle. The rela
tion of the above constants to those more directly connec
with W static properties is

xg[Dkg5kg21, yg[lg , dZ[gZ2cotuW ,

xZ[DkZ~cotuW1dZ!5~kZ21!gZ ,

yZ[lZcotuW . ~10!

With mW andQW theW magnetic and quadrupole electric
moments, respectively,

mW5
e

2MW
~11kg1lg!, QW52

e

MW
2 ~kg2lg!, ~11!

and a similar interpretation holds for theWWZcouplings.
At the tree level, the SM values of these couplings are

dZ5xg5xZ5yg5yZ50. ~12!

In the SM, the natural size ofDkg andlg is aem/p;1023

@22#. In extensions of the SM such as those containing ex
Higgs doublets, extra heavy fermions@23#, or supersymmet-
ric extensions@24,25#, the deviations from the tree-level SM
values tend to be of the same order of magnitude as th
one-loop corrections.

Briefly summarizing the present information and the fu
ture perspectives concerning the anomalous couplings,indi-
rect constraints onWWg andWWZ vertices have been ob-
tained by comparing low energy data (As,2MW) with SM
predictions for observables that can involve such vertices
the loop level@3,26#. These limits are derived from a globa
analysis of the data varying one parameter at a time a
keeping the remaining ones fixed at the SM values, and
relatively weak with respect to the size of the SM corre
tions: uDkgu<0.12, uDkZu<0.08, ulgu<0.07, and ulZu
<0.09 at 95% CL@26#.

Direct tests of trilinear gauge boson couplings at high
energies (As.2MW) have been attempted in
pp̄→W6g, W6Z, andW1W2 at the Tevatron, still consid-
ering one constant at a time as a free parameter@5#. In this
case, limits are of the order of unity, and therefore are not y
stringent enough to significantly test the SM. The expect
sensitivities from future Tevatron experiments areuDkgu,
-
ted
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ulgu;0.1 at*Ldt51 f b21, and in the longer term the had-
ron collider LHC would improve the Tevatron bounds for
Dkg,Z andlg,Z to an accuracy in the range;0.01–0.1, as-
suming an integrated luminosity of 100 fb21 @12#.

In the near perspective, some constraint on theWWg ver-
tex to an accuracy of about60.5 should be obtainable at
HERA from singleW production@10#.

Indeed, the test of the trilinear gauge boson coupling
from theW pair production process~1! will be one of the
major items in the forthcoming physics program at LEP 200
@6–9#, where an accuracy of;0.1 is expected from direct
measurements of the cross section.

In the more distant future, the Next Lineare1e2 Collid-
ers ~NLC’s!, with As>500 GeV@21,27#, will probably pro-
vide the best opportunities to analyze gauge boson coupling
with significant accuracy from theW6 pair production pro-
cess~1!, due to the really high sensitivity of this reaction at
such energies, in particular if initial beam polarization will
be available. Depending on the c.m. energy and the inte
grated luminosity, it should be possible to test those cou
plingsvia a model-independent analysis, and look for devia-
tions from the SM with an accuracy up to some units
31023.

In the next section, we present the helicity amplitudes an
the polarized observables relevant to the analysis of proce
~1!.

III. HELICITY AMPLITUDES AND POLARIZED
CROSS SECTIONS

In Born approximation, process~1! is described by the
n, g, andZ exchange amplitudes in Fig. 1. The differential

FIG. 1. The Feynman diagrams for thee1e2→W1W2.
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TABLE I. Helicity amplitudes fore1e2→W1W2.

e2l
1 el

2→WL
1WL

2 t5t850

2
e2Sl

2
sinu

2l21

4tsW
2

S

2MW
2 Fcosu2bWS11

2MW
2

S DG
2
2

S
1
2 cotuW
S2MZ

2 ~v22al! 2bWS11
S

2MW
2 D

2
xg

S
1
xZ1dZ~32bW

2 !/2

S2MZ
2 ~v22al! 2bW

S

MW
2

e2l
1 el

2→WT
1WT

2 t5t8561 t52t8561

2
e2Sl

2
sinu 2

e2Sl

2
sinu

2l21

4tsW
2

cosu2bW 2cosu22tl

2
2

S
1
2 cotuW
S2MZ

2 ~v22al!
2bW

0

2
yg

S
1
yZ1dZ~12bW

2 !/2

S2MZ
2 ~v22al! 2bW

S

MW
2

0

e2l
1 el

2→WT
1WL

2 t50,
t8561

t561,
t850

2
e2Sl

2A2
~t8cosu22l!

e2Sl

2A2
~t cosu12l!

2l21

4tSW
2

AS
2MW

@cosu~11bW
2 !22bW#

AS
2MW

@cosu~11bW
2 !22bW#

2
2MW

AS
t8sin2u

t8cosu22l
2
2MW

AS
t sin2u

t cosu12l

2
2

S
1
2 cotuW
S2MZ

2 ~v22al! 2bW

AS
MW

2bW

AS
MW

2
xg1yg

S
1
xZ1yZ12dZ

S2MZ
2 ~v22al! 2bW

AS
MW

2bW

AS
MW
le

g
-

-
u-

i-
cross section for initialel8
1 el

2 and finalWt8
1Wt

2 states can be
expressed as

dstt8
ll8

d cosu
5

upW u

4psAs
uAtt8

ll8~s,cosu!u2. ~13!

In Eq. ~13!, upW u5bWAs/2, bW5A124MW
2 /s, l561/2

with l852l represents the electron~positron! helicities,
andt(t8)561,0 are theW2 (W1) helicities.

The helicity amplitudesAtt8
ll8 are listed in Table I, in a

form convenient to our analysis@21#. The notation is such
that t5MW

2 2s(12bWcosu)/2, v5(T3,e22QesW
2 )/2sWcW ,

anda5T3,e/2sWcW , wheret is the momentum transfer and
v and a are, respectively, the SM vector and axial-vect
or

couplings of electrons to theZ boson (sW5sinuW,
cW5cosuW). The first column in Table I contains the relevant
combinations of coupling constants and propagators, whi
the remaining two contain kinematical factors. In order to
obtain the amplitude for definite electron helicityl and
W7 helicitiest andt8, one has to sum the products of all the
relevant entries in the first column times the correspondin
kinematical factor in the same row times the common kine
matical factor on top of the second~or of the third! column.

In a circular storage ring collider, such as LEP 200, trans
verse polarization of electron and positron beams can nat
rally occur. Thus, introducing fore2 ande1 the magnitudes
of longitudinal and transverse polarizations,PL ,PL8 and
PT ,PT8 , the averaged square of the matrix element for arb
trarily polarized initial beams can be written as@19,20#
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uAu25
1

4
$~12PLPL8 !@ uA1u21uA2u2#

1~PL2PL8 !@ uA1u22uA2u2#

12PTPT8@cos~2fW!Re~A1A2* !

2sin~2fW!Im~A1A2* !#%, ~14!

wherefW is the azimuthal production angle of theW2 and
A6 correspond tol52l8561/2 for arbitraryW7 helici-
ties t,t8.

Integrating over the anglefW , and assumingPL850, the
differential cross section reads

ds

d cosu
5
1

4 F ~11PL!
ds1

d cosu
1~12PL!

ds2

d cosuG , ~15!

where

ds1,2

d cosu
5

upW u

4psAs
uA1,2u2. ~16!

In practice, the initial electron longitudinal polarizationPL
will not be exactly equal to unity, so that the measured cro
section will be a linear combination ofs1 ands2 as in Eq.
~15!, with uPLu,1. In what follows, we shall refer to ‘‘right-
handed’’ (sR) and ‘‘left-handed’’ (sL) cross sections the
casesPL50.9 andPL520.9, respectively. Such values o
PL seem to be obtainable at the NLC@28#.

Concerning the possibility of exploiting transverse bea
polarization, which will be taken into account for LEP 20
only, a suitable observable is the azimuthal asymmetryAT ,
defined as

d~sAT!

d cosu
52E

0

2p d2s

d cosu dfW
cos~2fW!dfW

5PTPT8
upW u

4psAs
Re~A1A2* !. ~17!

In our numerical results we shall assumePT5PT8592.4%,
which is the maximum attainable value.

IV. BOUNDS ON ANOMALOUS COUPLINGS FROM NLC

Present constraints on anomalous couplings are obta
by taking only one or two of them at a time as independe
free parameters, and fixing the remaining ones at the
values or, alternatively, by assuming specific models wh
the couplings are related to each other so that the numbe
degrees of freedom is reduced. Bounds derived in this w
although seemingly stringent, might not fully represent t
real situation that can occur in general. Indeed, when allo
ing for more than one anomalous coupling, correlatio
among these parameters and/or accidental cancellations
possibly reduce the sensitivity, if a restricted set of obse
ables, such as the unpolarized differential or the total cr
section, is considered. To the purpose of making a signific
test by disentangling the various couplings, it should be
sirable to apply a model-independent analysis, where all
ss

f

m
0

ned
nt
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e
w-
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v-
ss
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e-
tri-

linear gauge boson couplings of Eq.~9! are included and
allowed to vary independently. In this regard, as we shall se
below, polarization not only allows to disentangle the bounds
for the different constants in a simple, analytic, way, but also
leads to definite improvements in the accuracy of the con
straints.

Using Table I one easily finds that, for specific initial and
final state polarizations, the deviations from the SM of the
g andZ exchange amplitudes depend on the following com-
binations of anomalous couplings:

DALL
a ~g!}xg , DALL

a ~Z!}S xZ1dZ
32bW

2

2 Dgea ,
~18!

DATL
a ~g!}xg1yg , DATL

a ~Z!}~xZ1yZ12dZ!ge
a ,

~19!

DATT
a ~g!}yg , DATT

a ~Z!}S yZ1dZ
12bW

2

2 Dgea .
~20!

In Eqs.~18!–~20! the lower indicesLL, TL, andTT refer to
the finalW2W1 polarizations, and the upper indexa indi-
cates the initiale2 right-handed (1) or left-handed (2) po-
larizations, withge

R5sW /cW andge
L5ge

R(121/2sW
2 ) the cor-

responding electron couplings to theZ.
In order to assess the sensitivity of the different cross

sections to the gauge-boson couplings we divide the exper
mentally significant range of the production angle cosu
~which we take asucosuu<0.98) into ‘‘bins,’’ and define the
x2 function:

x25(
i

bins FNSM~ i !2Nanom~ i !

dNSM~ i ! G2. ~21!

As it is conventional in this kind of analyses, the range of
cosu is divided into 10 equal bins for the NLC and into 6
bins for the LEP 200 case. In Eq.~21!, in a self-explaining
notationN( i )5L ints i«W is the expected number of events in
the i th bin, with s i the corresponding cross section~either
the SM or the anomalous one!:

s i[s~zi ,zi11!5E
zi

zi11S ds

dzDdz, ~22!

wherez5cosu. For convenience, in the Appendix we give
the explicit expressions for the polarized integrated cros
sectionss(zi ,zi11) with nonzero anomalous gauge boson
couplings. The parameter«W introduced above is the effi-
ciency forW1W2 reconstruction in the considered polariza-
tion state. We take the channel of lepton pairs (en1mn) plus
two hadronic jets, and correspondingly a reference value
«W.0.3, @18,29–31# as obtained from the relevant branch-
ing ratios. The actual value of«W for polarized final states
might be considerably smaller, depending on experimenta
details@18#, but definite estimates are presently not available
As a compensation, for the luminosityL int , which every-
where appears multiplied by«W , we make the rather conser-
vative choice compared with recent findings@32#:
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E L dt520 fb21 ~NLC 500!,

E L dt550 fb21 ~NLC 1000!. ~23!

Finally, in Eq.~21!, the uncertainty on the number of even
dNSM( i ) combines both statistical and systematic errors
the i th bin:

dNSM~ i !5ANSM~ i !1@dsystNSM~ i !#2, ~24!

and the systematic error will be taken asdsyst52%.
As a criterion to derive allowed regions for the couplin

constants, we will impose thatx2<xcrit
2 , where xcrit

2 is a
number that specifies a chosen confidence level and in p
ciple can depend on the kind of analysis. Eqs.~18!–~20!
show that each polarized cross section involves two w
defined combinations of anomalous couplings at a tim
namely @xg ,xZ1dZ(32bW

2 )/2#, (xg1yg ,xZ1yZ12dZ),
and @yg ,yZ1dZ(12bW

2 )/2#. Correspondingly, with two in-
dependent degrees of freedom, in each separate case bo
at the 95% C.L. are obtained by choosing2 xcrit

2 56 @33,34#.
The samexcrit

2 56 is taken in order to derive 95% C.L
bounds on the coupling constants from the combination
both initial longitudinal polarizations,dsR/dz (PL50.9)
anddsL/dz (PL520.9), for which the combinedx2 func-
tion is defined as the sumx25xR

21xL
2 .

We start the presentation of our numerical results from
case of longitudinally polarizedW’s, e2e1→WL

2WL
1 , for

both possibilities of electron beam longitudinal polarizatio
The resulting area allowed to the combinations of anomal
couplings in Eq.~18! at the 95% C.L. is depicted in Fig. 2
for both As50.5 and 1 TeV. Actually, as discussed in Re

2This should be compared with the case of only one free par
eter, which occurs in various models, wherexcrit

2 54 should be
taken to obtain the bounds at the same C.L.

FIG. 2. Allowed domains ~95% C.L.! for @xg ,
xZ1dZ(32bW

2 )/2# from e1e2→WL
1WL

2 with longitudinally polar-
ized electrons atAs50.5 TeV and atAs51 TeV, inputs as specified
in the text.
ts
for

g

rin-

ell-
e,

unds

.
of

the

n.
ous
,
f.

@35#, one finds elliptical contours which would give four
common intersections as allowed regions, three of them no
containing the SM values. Obviously, we are concentrating
here on the region surrounding zero values for anomalou
couplings. This information is not yet sufficient to disen-
tangle the individual couplings, since from Fig. 2 we simply
find the pair of inequalities

2a1
LL,xg,a2

LL , ~25!

2b1
LL,xZ1dZ

32bW
2

2
,b2

LL , ~26!

so that onlyxg is separately constrained at this stage. Here
a1,2
LL and b1,2

LL are the projections of the combined allowed
area on the horizontal and vertical axes, respectively, an
their values can be directly read from Fig. 2.

Turning to the other polarized cross sections, we repea
the same analysis there. Frome1e2→WT

1WL
21WL

1WT
2 we

am-

FIG. 3. Allowed domains ~95% C.L.! for (xg1yg ,
xZ1yZ12dZ) from e1e2→WL

1WT
21WT

1WL
2 with same inputs as

in Fig. 2.

FIG. 4. Allowed domains ~95% C.L.! for @yg ,yZ
1dZ(12bW

2 )/2# from e1e2→WT
1WT

2 with same inputs as in Fig.
2.
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TABLE II. Model-independent limits on the fiveCP-even nonstandard gauge boson couplings at th
95% C.L.

As(TeV) xg(10
23) yg(10

23) dZ(10
23) xZ(10

23) yZ(10
23)

0.5 22.022.2 211.0210.6 252245 251259 222230
1 20.620.6 23.223.4 219216 218220 25.726.2
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obtain the allowed region for the combinations of coupli
constants in Eq.~19!, depicted in Fig. 3. This leads to th
following inequalities, analogous to Eqs.~25! and ~26!:

2a1
TL,xg1yg,a2

TL , ~27!

2b1
TL,xZ1yZ12dZ,b2

TL . ~28!

Finally, from e1e2→WT
1WT

2 one obtains for the combi-
nations of coupling constants in Eq.~20! the allowed regions
depicted in Fig. 4, and the corresponding inequalities

2a1
TT,yg,a2

TT, ~29!

2b1
TT,yZ1

12bW
2

2
dZ,b2

TT. ~30!

One can notice that, with initial state polarization, the cha
nel e1e2→WT

1WT
2 can separately constrainyg . The limits

in Fig. 4 are less restrictive compared to the previous ca
because they are determined by the larger width of the reg
allowed by the left-handed cross section, which is domina
by the ut2t8u52 amplitudeA2(n) @see Eq.~4!# and there-
fore has a reduced sensitivity to anomalous couplings. Mo
over, comparing Fig. 4 to Figs. 2 and 3, one can notice t
the bound resulting fromsR has now a quite different shape
This is the dramatic effect of the contamination of the righ
handed cross section by the much bigger left-handed one
PL not exactly equal to unity (PL50.9), as it can be seen
from Eq. ~15!.

By combining Eqs.~26!–~30!, one can very simply disen
tangle the bounds fordZ , xZ , andyZ :

2
1

bW
2 B2,dZ,

1

bW
2 B1 , ~31!

2S b1
LL1

32bW
2

2bW
2 B1D ,xZ,b2

LL1
32bW

2

2bW
2 B2 , ~32!

2S b1
TT1

12bW
2

2bW
2 B1D ,yZ,b2

TT1
12bW

2

2bW
2 B2 , ~33!

whereB15b1
LL1b1

TT1b2
TL andB25b2

LL1b2
TT1b1

TL . Add-
ing these constraints to those in Eqs.~25! and~29! for xg and
yg , we finally obtain separate bounds for the five anomalo
couplings that determine the general expansion of Eq.~9!. In
this regard, we should notice the simplicity of this procedu
to determine separate constraints on the trilinear couplin

Actually, in addition to Eq.~29! there is one more condi
tion on yg from the combination of Eqs.~25! and ~27!:

2~a1
TL1a2

LL!,yg,a1
LL1a2

TL . ~34!
ng
e

n-

ses,
ion
ted

re-
hat
.
t-
for

-

us

re
gs.
-

Numerically, which of the two is the most restrictive one
depends on the value of the center of mass energy: indeed
turns out that forAs5500 GeV the most stringent bound on
yg is determined by Eq.~34!, while Eq. ~29! gives the most
restrictive condition for 1 TeV.

The numerical results from these relations, and the chos
inputs for the luminosity and the initial polarization quoted
previously, are summarized in Table II.

In a previous, model-independent, analysis o
CP-conserving anomalous couplings@35#, instead of the bin-
ning procedure followed here we used polarized cross se
tions integrated in angular ranges appropriately chosen
order to optimize the sensitivity to these parameters. Numer
cally, the results are qualitatively comparable, but the bin
ning procedure leads to constraints improved by 10–50%
depending on the particular case.3

It should be interesting to specialize the procedure ou
lined above to the discussion of few model examples fo
nonstandard anomalous trilinear gauge boson coupling
where the number of such parameters is decreased. A popu
framework is that in which anomalous values of the cou
plings reflect some new interaction effective at a mass sca
L much higher than the Fermi scale. Correspondingly, at ou
~lower! energy scales, such effects represent corrections
the SM suppressed by inverse powers ofL. As a natural
requirement, given the observed phenomenological succe
of SU~2!3U(1), such a gauge symmetry~spontaneously
broken and withg, W, and Z the corresponding gauge
bosons! is imposed also on the new interactions4 @2#. The
weak interaction is then described by an effective Lagrangia
of the form

LW5LSM1(
d

(
k

f k
~d!

Ld24O k
~d! , ~35!

whereLSM is the SM interaction and the second term is the
source of anomalous trilinear gauge boson couplings. Th
term takes the form of an expansion in inverse powers o
L, whereO k

(d) are dimensiond gauge invariant operators
made ofg, W, Z and Higgs fields, andf k

(d) are coupling
constants, not fixed by the symmetry. From the good agre
ment of the measured lepton couplings with the SM one

3The possibility to derive a separate bound by a similar analys
also on the anapole couplingzZ ~in the notation of Ref.@21#!, which
violates bothC andP but conservesCP, was previously consid-
ered in Ref.@35#. CP-odd anomalousWWg couplings are indepen-
dently ~and stringently! constrained by the limit on the neutron
electric dipole moment@36#.
4Alternatives to imposing this symmetry have also been consid

ered, see, e.g., Ref.@37#.
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one assumes that such couplings remain unaffected by
new physics. Truncation of the sum in Eq.~35! to the lowest
significant dimension,d56, limits the number of allowed
independent operators~and their corresponding constants! to
three@2,4,38,39#:

OWWW
~6! 5Tr@ŴmnŴ

nrŴr
m#,

OW
~6!5~DmF!†Ŵmn~DnF!,

OB
~6!5~DmF!†B̂mn~DnF!. ~36!

Here,F is the Higgs doublet and, in terms of theB andW
field strengths:B̂mn5 i (g8/2)Bmn, Ŵmn5 i (g/2)tW•WW mn with
tW the Pauli matrices. Therefore, in such a model, only th
anomalous couplings are independent:

FIG. 5. Allowed domains~95% C.L.! for (xg ,dZ) for the mod-
els with three @2# and two @40# independent couplings from
e1e2→WL

1WL
2 with polarized electrons atAs50.5 TeV and

As51 TeV.
the

ee

xg5cos2uW~ f B
~6!1 fW

~6!!
MZ

2

2L2 , yg5 fWWW
~6!

3MW
2 g2

2L2 ,

~37!

dZ5cotuWfW
~6!

MZ
2

2L2 , xZ52tanuWxg , yZ5cotuWyg .

~38!

According to Eqs.~37! and~38!, in this model there are only
three independent couplings which can be chosen to bexg ,
yg, anddZ . As mentioned in Ref.@2#, the correlations be-
tween different anomalous trilinear gauge-boson couplin
exhibited in Eqs.~37! and ~38! are due to the truncation of
the effective Lagrangian~35! at the dimension-six level, and
do not hold any longer when dimension-eight~or higher!
operators are included.

FIG. 6. Allowed domains~95% C.L.! for (xg ,yg) for the mod-
els with two independent couplings~HISZ scenario@2#! from sL of
processe1e2→WL

1WL
2 at As50.5 TeV. The notation ‘‘unpol’’ re-

fers to unpolarizedW6 final states.
eters.
TABLE III. Limits on anomalous gauge boson couplings at the 95% C.L. for the models with three, two, and one independent param

Model with three independent anomalous constants@2#: xg , yg , dZ ,
xZ52tanuWxg , yZ5cotuWyg

As(TeV) xg(10
23) dZ(10

23) xZ(10
23) yg(10

23) yZ(10
23)

0.5 22.022.2 23.823.8 21.221.1 27.027.5 212.8213.7
1 20.620.6 21.121.1 20.320.3 24.024.5 27.328.2

Model with two independent anomalous constants@2#: xg , yg ,
dZ5xg/2 sinuWcosuW , xZ52tanuWxg , yZ5cotuWyg

As(TeV) xg(10
23) dZ(10

23) xZ(10
23) yg(10

23) yZ(10
23)

0.5 21.821.8 22.122.1 21.021.0 26.626.8 212.1212.4
1 20.520.5 20.620.6 20.320.3 23.022.4 25.524.4

Model with one independent anomalous constant@41#: xg ,
xZ52tanuW xg52sin2uWdZ

As(TeV) xg(10
23) dZ(10

23) xZ(10
23) yg yZ

0.5 21.121.1 22.622.6 20.620.6 0 0
1 20.320.3 20.820.8 20.220.2 0 0
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Further reduction in the number of the anomalo
couplings occurs in the ‘‘Hagiwara-Ishihara-Szalaps
Zeppenfeld ~HISZ! scenario’’ @2#, where the relation
f B
(6)5 fW

(6) in Eqs.~37! and ~38! is assumed. In this case, th
WWZcouplings are so related:

dZ5
1

2 sinuWcosuW
xg , xZ52tanuWxg , yZ5cotuWyg .

~39!

Another way to reduce the number of independent tril
ear anomalous couplings starts from imposing just glo
SU~2! L symmetry on the Lagrangian in Eq.~9!. This directly
implies the relationxZ52tanuWxg , the same as in Eq.~38!.
Further reduction is obtained by neglecting dimension-
quadrupole operators, so thatyg5yZ50, and by cancelling
the orders2 tree-level unitarity violating contributions to
WW scattering, which in turn leads to the conditio
dZ5xg /sinuWcosuW @40,41#.

For the model with three parameters, the region allow
to (xg ,dZ), presented in Fig. 5, corresponds toWLWL pro-
duction, combining both left-handed and right-handed init
polarization. Comparing to the results in Table II, we noti
that dZ can be more tightly constrained in this case than
the general one. Concerning the third independent coupl
yg , the best bounds are obtained from the combination
WLWL andWLWT production channels. In the case of th
two-parameter model of Ref.@40#, the bounds onxg and
dZ are obtained in the same way as above, and are num
cally identical.

The bounds relevant to the two-parameter model of R
@2# are shown in Fig. 6. In this case, due to relation~39!
among the couplings,sL numerically proves to be more sen
sitive than sR. Concerning final state polarizations, th
bound onxg is obtained fromWLWL production, while that
on yg involves the combination of bothLL and TL1LT

FIG. 7. Allowed domains ~95% C.L.! for
@xg ,xZ1dZ(32bW

2 )/2# from e1e2→WL
1WL

2 with unpolarized
(sunpol) and transversely polarized (AT) initial e1e2 beams at
As5200 GeV, inputs as specified in the text. The hatched allow
area: combination ofsunpol andAT .
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polarized cross sections. For an illustration, in Fig. 6 we als
report the region allowed by the cross section for unpolarize
W’s.

Table III summarizes the numerical bounds that can b
obtained from our analysis for the models of anomalous co
plings considered here.

V. BOUNDS ON ANOMALOUS COUPLINGS
FROM LEP 200

At this facility, no initial beam longitudinal polarization is
planned@42#. As anticipated in Sec. I, to perform a model-
independent analysis of all fiveCP-even couplings follow-
ing the procedure above,sunpol can play the role ofsL ~hav-
ing a similar dependence on these couplings!, and the
azimuthal asymmetryAT in Eq. ~17! can be combined with
sunpol to give the bounds. Thus, we assume that the tran
verse polarization of initial beams will be available, and tha
the finalW’s polarizations could be measured with the sam

ed

FIG. 8. Same as Fig. 7, for (xg1yg ,xZ1yZ12dZ) from
e1e2→WL

1WT
21WT

1WL
2 .

FIG. 9. Same as Fig. 7, for@yg ,yZ1dZ(12bW
2 )/2# from

e1e2→WT
1WT

2 .
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TABLE IV. Model-independent limits on the fiveCP-even nonstandard gauge boson couplings at th
95% C.L. for LEP 200.

As(GeV) xg(10
21) yg(10

21) dZ(10
21) xZ(10

21) yZ(10
21)

200 20.921.0 22.022.9 226.4223.6 232.8236.7 210.6213.1
230 20.520.6 21.422.0 215.6213.8 218.5220.8 25.727.6
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in
efficiency used in the previous sections. Due to the limit
statistics provided by the luminosity at LEP 200:

E Ldt5500 pb21 ~LEP 200!, ~40!

we take six equal bins in order to have a significant numb
of events per beam and, furthermore, we assume the s
systematic uncertainty as in Eq.~24! as well as the same
reconstruction efficiency«W . By performing the same kind
of analysis presented in the previous section, we would fi
for the combinations of anomalous couplings relevant to E
~18!–~20! the 95% C.L. allowed regions presented in Fig
7–9, respectively. These are the analogues of Figs. 2–4
the case of NLC. Quite similarly, the constraints at LEP co
respond to the combinations of the bounds fromAT and
sunpol for WLWL , WLWT1WTWL, andWTWT production,
respectively. In the last case, from Fig. 9 one can notice t
the azimuthal asymmetry is not so helpful to minimize th
combined allowed region, which therefore in almost entire
determined bysunpol.

By combining the analogues of Eqs.~25!–~34!, one can
disentangle the bounds for the different couplings consta
The numerical results are presented in Table IV for two v
ues of the c.m. energy, namelyAs5200 and 230 GeV, and
the luminosity in Eq.~40!. As expected, the constraints be
come more stringent with increasing energy.

Concerning the application of this approach to mode
with a reduced number of independent anomalous couplin
d

er
me

nd
s.
s.
for
r-

at
e
ly

ts.
l-

-

ls
gs,

the expected sensitivities, for the same model examples co
sidered in the previous section, are exposed in Table V.

VI. CONCLUDING REMARKS

One of the basic points of the analysis presented above
the use of finalW6 polarization to group the five indepen-
dent anomalous trilinear gauge boson couplings into pairs
‘‘effective’’ combinations as in Eqs.~18!–~20!, via the spe-
cific dependence of the helicity amplitudes relevant to th
considered differential cross sections. Such cross sections
polarizedW’s should be obtained experimentally from angu
lar distributions of theW6 decay products@8#. This leads to
a simplified two-dimensional analysis~rather than a three- or
a five-dimensional one! for each final polarization and, by a
x2 procedure, bounds in the two-parameter planes of t
corresponding pairs of ‘‘effective’’ coupling constants are
obtained.

The initial electron beam polarization~either longitudinal
or transverse! turns out to have a fundamental role in drasti
cally reducing the above-mentioned two-dimensional a
lowed regions. Finally, by combining Eqs.~25!–~30!, one
can obtain separate bounds for each of the fiveCP-even
couplings. Thus in summary, while the specific dependen
of the final state polarization on the anomalous coupling
allows a model-independent analysis of the general case, i
tial beam polarization can be used to further restrict th
bounds.

From the numerical point of view, the bounds presented
meters
TABLE V. Limits on anomalous gauge boson couplings at the 95% C.L. for the models with three, two, and one independent para
for LEP 200.

Model with three independent anomalous constants@2#: xg , yg , dZ ,
xZ52tanuWxg , yZ5cotuWyg

As(GeV) xg(10
21) dZ(10

21) xZ(10
21) yg(10

21) yZ(10
21)

200 20.8620.94 21.221.3 20.5120.47 21.422.2 22.5624.02
230 20.5220.62 21.021.1 20.3420.28 21.022.0 21.823.66

Model with two independent anomalous constants@2#: xg , yg ,
dZ5xg/2 sinuWcosuW , xZ52tanuWxg , yZ5cotuWyg

As(GeV) xg(10
21) dZ(10

21) xZ(10
21) yg(10

21) yZ(10
21)

200 20.620.7 20.7120.83 20.3820.33 21.521.5 22.722.2
230 20.4220.48 20.520.57 20.2620.23 21.121.2 22.022.2

Model with one independent anomalous constant@41#: xg ,
xZ52tanuW xg52sin2uW dZ

As(GeV) xg(10
21) dZ(10

21) xZ(10
21) yg yZ

200 20.3920.41 20.9320.97 20.2220.21 0 0
230 20.3020.33 20.7120.78 20.1820.16 0 0
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Tables II–V are rather stringent and clearly, for a more com
plete test of the SM, the electroweak corrections@20# can be
included in the analysis. Furthermore, the sensitivity
anomalous couplings indicated by these results crucially d
pends on the chosen inputs, in particular on the assum
value of the polarizedW6 reconstruction efficiency, so that
the analysis needs to be supplemented by a more deta
knowledge of the experimental performances.

Finally, we recall that the procedure presented here
based on the differentialW1W2 production cross section.
However, looking for further increased sensitivity to th
anomalous couplings, it might be worthwhile to apply
similar analysis to more detailed observables including a
gular distributions ofW1 andW2 decay products, such as
those considered in Refs.@8,9#, and try to assess there the
distinguished role of initiale1e2 polarization.
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APPENDIX

The integrated cross section of process~1! defined in Eq.
~22! can be generally expressed, for arbitrary degrees of lo
gitudinal polarization of electrons (PL) and positrons (P̃L),
as (z[cosu)

s~z1 ,z2!5
1

4
@~11PL!•~12 P̃L!s1~z1 ,z2!

1~12PL!•~11 P̃L!s2~z1 ,z2!#. ~A1!

The corresponding integrated cross sections for polarized
nalW’s, to be inserted in Eq.~A1!, can be written as

sab
1,2~z1 ,z2!5C(

i50

i511

Fi
1,2

O i ,ab~z1 ,z2!, ~A2!

whereC5paem
2 bW/2s, the helicities of the initiale

1e2 and
final W1W2 states are labeled as1,2 (l52l8561/2)
andab5(LL,TT,TL), respectively. In Eq.~A2! we use the
following notation: O i ,ab(z1 ,z2)[O i ,ab(z2)2O i ,ab(z1),
whereO i ,ab are functions of the kinematical variables whic
characterize the various possibilities for the finalW1W2 po-
larizations~or the sum over all polarizations for unpolarize
W’s!. TheFi are combinations of coupling constants, whe
the anomalous trilinear gauge boson couplings explicitly a
pear. For the case of right-handed electrons~and left-handed
positrons! we have, withxZ theZ boson propagator:

F1
152~12gZge

R
•xZ!2,

F3
15xg2ge

R~xZ1xggZ!•xZ1~ge
R
•xZ!2gZxZ ,
-

o
e-
ed

iled

is

n-

e
y
ce
o.
f

n-

fi-

e
p-

F4
15yg2ge

R~yZ1yggZ!•xZ1~ge
R
•xZ!2gZyZ ,

F9
15

1

2
~xg2ge

RxZ•xZ!2, F10
1 5

1

2
~yg2ge

RyZ•xZ!2,

F11
1 5

1

2
@xgyg2ge

R~xgyZ1xZyg!•xZ1~ge
R
•xZ!2xZyZ#.

~A3!

The remainingF1 are zero. For the case of left-handed ele
trons ~and right-handed positrons!,

F0
25

1

16sW
4 , F1

252~12gZge
L
•xZ!2,

F2
252

1

2sW
2 ~12gZge

L
•xZ!,

F3
25xg2ge

L~xZ1xggZ!•xZ1~ge
L
•xZ!2gZxZ ,

F4
25yg2ge

L~yZ1yggZ!•xZ1~ge
L
•xZ!2gZyZ ,

F6
252

1

4sW
2 ~xg2xZge

L
•xZ!,

F7
252

1

4sW
2 ~yg2yZge

L
•xZ!,

F9
25

1

2
~xg2ge

LxZ•xZ!2,

F10
2 5

1

2
~yg2ge

LyZ•xZ!2,

F11
2 5

1

2
@xgyg2ge

L~xgyZ1xZyg!•xZ1~ge
L
•xZ!2xZyZ#.

~A4!

The remainingF2 are zero. Equations~A3! and ~A4! are
obtained in the approximation where the imaginary part
theZ boson propagator is neglected. Accounting for this
fect requires the replacementsx→Rex andx2→uxu2 in the
right-hand sides of Eqs.~A3! and ~A4!.

In Eq. ~A2!, for the longitudinal (LL) cross sections
s(e1e2→WL

1WL
2),

O 0,LL~z!5
s

4MW
4 @s3~J02J4!24MW

4 ~3s14MW
2 !~J02J2!

24~s12MW
2 !upW usAs~J12J3!#,

O 1,LL~z!5
s3212sMW

4 216MW
6

8sMW
4 K1 ,

O 2,LL~z!5
upW usAs~s12MW

2 !

2MW
4 ~ I 12I 3!

2
s3212sMW

4 216MW
6

4MW
4 ~ I 02I 2!,
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,O 3,LL~z!5
s222MW

2 s28MW
4

2MW
4 K1 ,

O 4,LL~z!5O 5,LL~z!5O 7,LL~z!5O 8,LL~z!5O 10,LL~z!

5O 11,LL~z!50,

O 6,LL~z!5
s

2MW
4 @~8MW

4 12sMW
2 2s2!~ I 02I 2!

12supW uAs~ I 12I 3!#,

O 9,LL~z!52
supW u2

MW
4 K1 . ~A5!

For the transverse (TT) cross sectionss(e1e2→WT
1WT

2),

O 0,TT~z!54s@s~J02J4!22MW
2 ~J02J2!

22upW uAs~J12J3!#,

O 1,TT~z!5
MW

2

2s
O 4,TT~z!5

MW
4

s2
O 10,TT~z!5

4upW u2

s
K1 ,

O 2,TT~z!5
MW

2

s
O 7,TT~z!54upW uAs~ I 12I 3!28upW u2~ I 02I 2!,

O 3,TT~z!5O 5,TT~z!5O 6,TT~z!5O 8,TT~z!5O 9,TT~z!

5O 11,TT~z!50. ~A6!

Finally, for the production of one longitudinal plus one trans
verse vector boson (TL1LT),

O 0,TL~z!5
2s

MW
2 @s2~J01J4!24upW uAs~4upW u2J11sJ3!

14MW
4 ~J01J2!12s~s26MW

2 !J224sMW
2 J0],

~A7!

2O 1,TL~z!5O 3,TL~z!5O 4,TL~z!5O 11,TL~z!52O 9,TL~z!

52O 10,TL~z!5
8upW u2

MW
2 K2 ,
-

O 2,TL~z!5O 6,TL~z!5O 7,TL~z!5
4upW uAs
MW

2 @4upW u2I 11sI3

22upW uAs~ I 01I 2!#,

O 5,TL~z!5
16upW u3Asz2

MW
4 ,

O 8,TL~z!5
16supW u2

MW
4 @MW

2 I 012upW uAsI12~s2MW
2 !I 2#.

In Eqs. ~A5!–~A7! the functions I , J, and K are
(d5MW

2 2s/2, b5sbW
2 /2, t5d1bz):

I 0~z!5
1

b
lnutu,

I 1~z!5
1

b2
~ t2d lnutu!,

I 2~z!5
1

b3 S t
2

2
22dt1d2lnutu D ,

I 3~z!5
1

b4 S t
3

3
2
3dt2

2
13d2t2d3lnutu D ,

J0~z!52
1

bt
,

J1~z!5
1

b2 S lnutu1
d

t D ,
J2~z!5

1

b3 S t22dlnutu2
d2

t D ,
J3~z!5

1

b4 S t
2

2
23dt13d2lnutu1

d3

t D ,
J4~z!5

1

b5 S t
3

3
2
4dt2

2
16d2t24d3lnutu2

d4

t D ,
K1,2~z!5z7

z3

3
. ~A8!
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