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

PACS numbsgs): 14.70—e, 12.15.Ji, 12.66-i, 13.10+q

I. INTRODUCTION colliders[13], taking advantage of the increased sensitivity
to deviations from the SM allowed by the significantly
The experimental confirmation of the standard modelhigher c.m. energies of these machines.

(SM) is presently limited to the sector of the interaction of A particularly sensitive process where to study the trilin-
fermions with vector bosond], where an impressive agree- €ar gauge boson couplings is tépair production6]
ment is found. Another key ingredient of the SM, not tested
yet, is the interaction in the gauge-boson sector, which fol- ef+e sWH+WwW. 1)
lows from the non-Abelian structure of the electroweak sym-
metry and assures the renormalizability of the theory. Acdn this process the enhanced sensitivity to anomalous values
cordingly, in the physics program at planned high energyof those couplings reflects the partial compensation among
(and high luminosity colliders, much emphasis is given to the individual, \E-diverging contributions to the SM cross
precise measurements of th#Wy and WWZ couplings.  section (/s is the c.m. energy corresponding at the Born
Such measurements should eventually confirm the SM, devel to v, v, and Z exchange diagrams and their interfer-
maybe discover “anomalous” values of these couplings in-ences. Instead, the SM couplings are such that the gauge

dicating physics beyond the SM. cancellation exactly occurs in the asymptotic regime, and
While experiments at low energy and precision measureeonsequently the SM cross section has a decreasing behavior

ments ine*e~ annihilation at thez® pole can providendi-  with /s [14].

rect access to these constafi?s-4], only high energy collid- Considering the following modification of the- and

ers, well above the threshold fai-pair production, will ~Z-exchange amplitudes/(= v,Z):

allow directand unambiguous tests. In this regard, some lim-

its are available from Fermilab Tevatrds], and in the near AN)—= 2Z(N)+A2Z(V)=(1+ 1) 2(V), (2
future one can foresee experimental studies of boson self-

couplings at the CERN"e" collider LEP 200(6-9], and to wheref,’s linearly depend on the anomalous couplings, and
some extent at the DES¥p collider HERA[10]. A new jntroducing the relative deviation from the SM prediction for

stage in precision will be reached at the pLanpgd CERNhe cross sectioteither total, or differential, or integrated in
Large Hadron Collide(LHC) [11,12 and at thee™ e linear  ggme angular range
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Tanont® | #1(¥) +(1+F,). 2(y) +(1+f2). AZ)|? Due to s> 0¥, alsoAg*""xf, +f;. Clearly, the combi-
I nation ofa® ando" (or ¢“"*°) could be essential in order to
+|2(v)]%, significantly reduce the allowed region in thi (f) plane,

) ) ) ) ) ) by the intersection of the “orthogonal” correlation areas pro-
osw| 2 (0) + Ay + AD+] 202 (D ided by Eq.(8).

For realistic values of the electron longitudinal polariza-
tion, less than 100%, the determinationddt from the data
Buld be contaminated by the uncertainty in the polarization
itself, which allows the presence of some left-handed cross
section. Due tar'> ¢R, such an uncertainty could induce a
systematic error opR larger than the statistical error for this
cross section, and consequently the sensitivity would be di-

Here, taking into account th&/~ (W) helicities 7 (7'), for
later convenience the neutrino-exchange amplitude has be
divided into the |7—7'|<1 part .#,(v) plus the
|7—7'|=2 part._#%,(v). As evident in Eq(4), the amplitude
%5(v) does not interfere with the others. To first order in
f\, one obtains

A=A +A,, (5) minished. However, as shown in REL5], one can find “op-
y timal” kinematical cuts to drastically reduce this effect.
where In the generalC P-conserving case, the anomalous effec-
tive Lagrangian for trilinear gauge boson couplings depends
A=f(R,,TRz,+2R,.), A;=fx(R,z+R,z+2Rz2), on five constants, which are difficult to disentangle from

(6) each other by using just the unpolarized cross section, not
_ only due to the large number of parameters, but also due to
and (,j=v,v,2) 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
In Egs.(5)—(7), A’s are determined by linear combinations combined.
of noncancelling individually divergent contributions, and |n this paper we will present an estimate, along the lines
will increase, basically like a power ef In contrast, the SM  exposed above, of the bounds on the anomalous three-boson
cross section decreases at least as Thus, if we param-  coupling constants that can be obtained from the analysis of
etrize the sensitivity of procedd) to fy by, e.g., the ratio  the procese™e”—W"W~ based on the combination of po-
=Al(8al0), with do/ o the statistical uncertainty experi- larized cross sections, at the reference energy of the planned
mentally attainable on the SM cross section, such a sensitie*e™ linear colliders, namely 0.5 up to 1 TeV, with polarized
ity is powerlike enhanced with increasings, even at fixed electron beams and assuming that alg6W~ polarization
integrated luminosity, namely,” = \/L;ys. will be measured. A general discussion of the prospects and

As discussed in Refl5], a dramatic improvement in the feasibility of measuring polarization effects W-pair pro-
sensitivity to anomalous values WWy andWWZvertices  duction can be found, e.g., in Ref8,17,18.
should be obtained if the initial electron beam were longitu-  Also, we study the region aroungs= 200 GeV appropri-
dinally polarized, and one could separately measure the crogse to LEP 200, since this machine will be operational in a
sections for botte_ e* (o) andege™ (o) annihilation. In  relatively near future. Here, initial longitudinal polarization
particular, although being suppressedijby Z compensation will not be available so that only unpolarized or transverse
and thus leading to lower statistias? has the advantage of beam polarization will exist. The latter is an attractive option
being free of the neutrino-exchange contribution. In generalate*e™ storage rings such as LEP 218,20, where elec-
#5(v) numerically dominates the SM"“"P andg", and is  tron and positron spins naturally align in opposite directions
not modified by anomalous trilinear couplings, so that itin the magnetic field of the accelerator. The transverse polar-
tends to diminish the sensitivity of these cross sections tdzation could be exploited to perform the model-independent
such effects. Consequently, one can qualitatively exp&ct analysis, assuming the possibility of measuring final
to allow improved constraints even in the case of just onaV" W~ polarizations also in this case. In fact, for the “trans-
anomalous coupling taken as a free parameter. verse” azimuthal asymmetri (precisely defined in the se-

In addition, for two(or more free parameters, by them- que), one has Arx. 25 ZR with .Z-=_2(v)+.#(7y)
selves the cross sectiond and o® separately provide cor- +.7-(Z) and.ZR=.7#(y)+.7%(Z) and, due to 7Z-> 7R,
relations among parameters rather than limits. In fact, fronthe deviation from the SM model &Arxf —f,. Conse-

Eq. (4 and the approximate relation .Z(y) quently, to obtain the allowed region in the,(f;) plane, in
~— _/R(Z)~.7-(Z) at s>M,, the deviations otr" and  this caseA; plays the same role as® in the previous ex-
oR from the SM are easily seen to bring information on theample in Eq.(8).
combinations Specifically, in Sec. Il we will introduce the standard pa-
rametrization of theWWy and WWZ vertices and will
Aa-Locnyrfz, AaRecfy—fz. (8)  briefly review current and expected bounds on these param-
eters from forthcoming experiments. In Sec. 11l we introduce
the helicity amplitudes and the corresponding observables
IThis behavior of the sensitivity of proce$$) also applies to  relevant to our analysis and in Sec. IV we present the result-
other nonstandard effects, such as, &gz’ mixing [15] and lep-  ing constraints (model-independent as well as model-
ton mixing [16]. dependent ongson the anomalous couplings from future

Rij=aijlosu, USME‘T(fVZO):iEj aij -
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e*e” linear colliders. Section V is devoted to a similar Il. TRILINEAR GAUGE-BOSON VERTICES

analysis at the energy of LEP 200 and, finally, Sec. VI con-

tains some concluding remarks. Formulas relevant to the We limit to the C- and P-invariant parts of theVWV
cross sections needed for our numerical analysis are cointeraction, which in general can be represented by the effec-
lected in the Appendix. tive Lagrangian with five independent couplind@d]:

Fetr=—1€[ A (W WS =W W, ) +F , WEHW 7] —iex,F W W™ —ie(cotby+ 8,)[ Z, (W™ #"W; —W* W)

youy

+2Z,, WHEW ] —iex,Z,, W FW ™+ ieI\)/ll—évF“W;#ijwr ie l\;/z

=5 ZMW W (9)
W

whereW, ,=d4,W, —d9,W, andZ,,=d,Z,—d,Z,. InEq.  |\,|~0.1 atfLdt=1fb™*, and in the longer term the had-
(9), e= V4mae, and 6y, is the electroweak angle. The rela- ron collider LHC would improve the Tevatron bounds for
tion of the above constants to those more directly connecte@K,,z and, 7 to an accuracy in the range0.01-0.1, as-

with W static properties is suming an integrated luminosity of 100 [12].
In the near perspective, some constraint onihé/y ver-
x,=Ak,=k,—1, y.,=\,, &;=g;—coty, tex to an accuracy of about 0.5 should be obtainable at
HERA from singleW production[10].
X;=Aky(cothy+ 55) = (ky;—1)g7, Indeed, the test of the trilinear gauge boson couplings
from the W pair production procesél) will be one of the
y,=\,COt0\y . (10) major items in the forthcoming physics program at LEP 200

[6-9], where an accuracy of 0.1 is expected from direct
With uy and Qy, the W magnetic and quadrupole electric measurements of the cross section. o
moments, respectively, In the more distant future, the Next Lineafe~ Collid-
ers(NLC's), with v/s=500 GeV[21,27, will probably pro-
e e vide the best opportunities to analyze gauge boson couplings
pw=oa— (1K, FN,), Qu=-— M_Z(ky_)\y)! (11)  with significant accuracy from the&/~ pair production pro-

w w 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-
(12) plingsvia a model-independent analysis, and look for devia-

tions 3from the SM with an accuracy up to some units
X 10",
In the next section, we present the helicity amplitudes and
e polarized observables relevant to the analysis of process

1.

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

5Z=x7= Xz=Y,=Yz= 0.

In the SM, the natural size afk, and\,, is aey/7m~10"3
[22]. In extensions of the SM such as those containing extrz?h
Higgs doublets, extra heavy fermiof3], or supersymmet-
ric extensiong 24,25, the deviations from the tree-level SM

values tend to b-e of the same order of magnitude as these IIl. HELICITY AMPLITUDES AND POLARIZED
one-loop corrections. CROSS SECTIONS

Briefly summarizing the present information and the fu- . ) ) .
ture perspectives concerning the anomalous couplings, In Born approximation, procesd) is described by the
rect constraints oW Wy and WWZ vertices have been ob- s 7> andZ exchange amplitudes in Fig. 1. The differential
tained by comparing low energy data/§{<2MW) with SM e

predictions for observables that can involve such vertices at
the loop level[3,26]. These limits are derived from a global
analysis of the data varying one parameter at a time and
keeping the remaining ones fixed at the SM values, and are
relatively weak with respect to the size of the SM correc-

tions: |Ak,|<0.12, |Akg|<0.08, |\,|<0.07, and || 3) b)
=<0.09 at 95% CL[26].

Direct tests of trilinear gauge boson couplings at higher & WWVWW»
energies (/§>2MW) have been attempted in
pp—W=y, W=Z, andW"W~ at the Tevatron, still consid- Ve
ering one constant at a time as a free paranié&rin this T
case, limits are of the order of unity, and therefore are not yet et w
stringent enough to significantly test the SM. The expected ©)

sensitivities from future Tevatron experiments arek,|, FIG. 1. The Feynman diagrams for thkée™ —W*W~.
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TABLE I. Helicity amplitudes forete™ —W*twW~.
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cross section for initiag,, e, and finalW,, W,
expressed as

In Eq. (13), |p|=BwVs/2, Bw=1-4M2]/s, \==+1/2
—\ represents the electrofpositron helicities,
and7(7')=+1,0 are thew~ (W™) helicities.

The helicity amplitudes 2", are listed in Table 1, in a
form convenient to our analysi®1]. The notation is such
that t=Mg,—s(1— BwCosh)/2, v=(T3e—2QcSH)/2SnCw

with N\’ =

AN
dUTT’ |p|

AN 2
dcod  an S\/_l{’ , (s,c09)|°.

states can be

couplings of electrons to theZ boson &y=sinby,

Cw= C0Sy). The first column in Table | contains the relevant
combinations of coupling constants and propagators, while
the remaining two contain kinematical factors. In order to
(13 obtain the amplitude for definite electron helicity and
W™ helicities7 and7’, one has to sum the products of all the

relevant entries in the first column times the corresponding
kinematical factor in the same row times the common kine-
matical factor on top of the secortdr of the thirg column.

In a circular storage ring collider, such as LEP 200, trans-

verse polarization of electron and positron beams can natu-
rally occur. Thus, introducing foe~ ande™ the magnitudes
of longitudinal and transverse polarizationB, ,P/ and

anda=Tj/2syCy, Wheret is the momentum transfer and Pr,Pt, the averaged square of the matrix element for arbi-
v and a are, respectively, the SM vector and axial-vectortrarily polarized initial beams can be written [g,20



2394

AP+ 2|2

- 1 ,
[ AP=3{a-PP)I

+(PL=P)[|. 2" >~

2717
+2PP[cOS 2hy)RE 2T 27)
—sin(2pw)Im(. 2t 27*)]}, (14)

where ¢,y is the azimuthal production angle of th&~ and
A#* correspond tov=—\'=+1/2 for arbitraryW* helici-
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linear gauge boson couplings of E() are included and
allowed to vary independently. In this regard, as we shall see
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 | one easily finds that, for specific initial and
final state polarizations, the deviations from the SM of the
v andZ exchange amplitudes depend on the following com-
binations of anomalous couplings:

tiest, 7.

_ p2
Integrating over the anglé,, and assuming’/ =0, the AR (p)ox,, AAR(Z)= Xz+523iv)gg,
differential cross section reads >
(18
& - d0+ —dOﬁ sa sa a
dcow 4 (1+ PL)d cosy +(1- PL)d o9’ (15 A A7 ()XY, A AT (Z)*(XzTYz+267)0e ,(19)
where 2
a a 1-Bw a
do™” || A A3y, A Ar(Z)x yZ+5ZT g2.
—_—= ///;+’7 2.
d cosd 4ws\/§|"/ | (16) 0

In Egs.(18)—(20) the lower indiced.L, TL, andTT refer to
;he finalW~W™ polarizations, and the upper indexindi-
cates the initiak~ right-handed t) or left-handed () po-
larizations, withgR=s,,/c\, andg;=gR(1—1/2s3,) the cor-
responding electron couplings to tide

In order to assess the sensitivity of the different cross
sections to the gauge-boson couplings we divide the experi-
mentally significant range of the production angle &os
(which we take a$cosd|<0.98) into “bins,” and define the
x? function:

In practice, the initial electron longitudinal polarizatiéh
will not be exactly equal to unity, so that the measured cros
section will be a linear combination ef " ando ™~ as in Eq.
(15), with |P,|< 1. In what follows, we shall refer to “right-
handed” (@) and “left-handed” (@) cross sections the
casesP, =0.9 andP = —0.9, respectively. Such values of
P, seem to be obtainable at the NL.28].

Concerning the possibility of exploiting transverse beam
polarization, which will be taken into account for LEP 200
only, a suitable observable is the azimuthal asymmaAtry
defined as bins

X2=2i

NSM(i)_Nanon{i) 2

ONgm(i)

d(oA) (27 d%o @D

= d cosd Aoy cog 2py)ddy

dcosw “Jo
As it is conventional in this kind of analyses, the range of
. Ipl L cosé is divided into 10 equal bins for the NLC and into 6
:PTPT4Ws\/§Rq'/Z ATF). (17 bins for the LEP 200 case. In E(1), in a self-explaining

notationN(i) =L;,o;e is the expected number of events in
the ith bin, with o; the corresponding cross secti¢gither

i =pl= 0
In our numerical results we shall assuffg=P1=92.4%, the SM or the anomalous ope

which is the maximum attainable value.

do

Ziy1
IV. BOUNDS ON ANOMALOUS COUPLINGS FROM NLC oi=0(z 1Zi+1)=j (E) dz, (22)
Zj

Present constraints on anomalous couplings are obtained
by taking only one or two of them at a time as independentvhere z=cosf. For convenience, in the Appendix we give
free parameters, and fixing the remaining ones at the SNhe explicit expressions for the polarized integrated cross
values or, alternatively, by assuming specific models wheréectionso(z,z ;) with nonzero anomalous gauge boson
the couplings are related to each other so that the number eébuplings. The parameter,, introduced above is the effi-
degrees of freedom is reduced. Bounds derived in this waygiency forW* W™ reconstruction in the considered polariza-
although seemingly stringent, might not fully represent thetion state. We take the channel of lepton pags+{ uv) plus
real situation that can occur in general. Indeed, when allowtwo hadronic jets, and correspondingly a reference value
ing for more than one anomalous coupling, correlationssy=0.3, [18,29-3] as obtained from the relevant branch-
among these parameters and/or accidental cancellations ceng ratios. The actual value afy, for polarized final states
possibly reduce the sensitivity, if a restricted set of observimight be considerably smaller, depending on experimental
ables, such as the unpolarized differential or the total crosdetails[18], but definite estimates are presently not available.
section, is considered. To the purpose of making a significanAs a compensation, for the luminosity,,;, which every-
test by disentangling the various couplings, it should be dewhere appears multiplied by, , we make the rather conser-
sirable to apply a model-independent analysis, where all trivative choice compared with recent finding2]:
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FIG. 2. Allowed domains (95% C.L) for [x,,
Xz+ 67(3— B\ZN)/2] from e*e” —W, W[ with longitudinally polar-
ized electrons at/s=0.5 TeV and at/s=1 TeV, inputs as specified
in the text.

FIG. 3. Allowed domains (95% C.L) for (x,+y,,
Xz+Yyz+28;) from eTe” — W, W + WFW, with same inputs as
in Fig. 2.

[35], one finds elliptical contours which would give four
f L dt=20 fo-* (NLC 500, common intersections as allowed regions, three of them not
containing the SM values. Obviously, we are concentrating
here on the region surrounding zero values for anomalous
L dt=50 fo! (NLC 1000). 23) couplings. _Th_ls_ |nformat|o_n is not yet suffl(_:lent to d_|sen-
tangle the individual couplings, since from Fig. 2 we simply

) ) ) find the pair of inequalities
Finally, in Eq.(21), the uncertainty on the number of events

S8Ngy(i) combines both statistical and systematic errors for —af"<x,<aj", (25)
theith bin:
. _ . . 2 LL 3_3\2/\/ LL
5NSM(|)_\/NSM(|)+[5sysNSM(|)] ’ (24) _ﬁl <Xz+ 5zT<ﬁ2 ’ (26)

and the systematic error will be taken égs=2%. ) ) )
As a criterion to derive allowed regions for the coupling s?Lthat °”|LyLXv is separately constrained at this stage. Here,

constants, we will impose thag?<y2,, where y2, is a  *L2 and 871 are the prOJectlons.of the combined .allowed

number that specifies a chosen confidence level and in prife€@ On the horizontal and vertical axes, respectively, and

ciple can depend on the kind of analysis. EqE8)—(20) ~ their values can be directly read from Fig. 2.

show that each polarized cross section involves two well- 1urning to the other polarized cross sections, we repeat

defined combinations of anomalous couplings at a timeth® same analysis there. Frame™ —Wr W, +W/W; we

namely [X,,Xz+82(3—B4)/12], (X, +Y, Xz+Yyz+257),

and[y,,yz+ 52(1—,8\2,\,)/2]. Correspondingly, with two in- )

dependent degrees of freedom, in each separate case bounds 0.04
at the 95% C.L. are obtained by choosing,,=6 [33,34. 3
The samey?2;,=6 is taken in order to derive 95% C.L.
bounds on the coupling constants from the combination of
both initial longitudinal polarizationsdo®/dz (P, =0.9)
anddot/dz (P_=—0.9), for which the combineg? func-
tion is defined as the su®= x3+ x?.

We start the presentation of our numerical results from the
case of longitudinally polarizedV's, e e™ —W,_ W, , for

)
4

@
o
1 TeV \0STeV

=)

>

N
,

Y28, (1-BH)2
<
D\

both possibilities of electron beam longitudinal polarization. ‘;‘3‘:;’;‘;‘3
The resulting area allowed to the combinations of anomalous -0.04 |

couplings in Eq(18) at the 95% C.L. is depicted in Fig. 2, : : . .

for both \'s=0.5 and 1 TeV. Actually, as discussed in Ref. 003 002 -001 0 001 002 003

Yy

2This should be compared with the case of only one free param- FIG. 4. Allowed domains (95% C.L) for [y,.yz

eter, which occurs in various models, whegg;=4 should be +8,(1— B2,)/2] from e"e”—W; W5 with same inputs as in Fig.
taken to obtain the bounds at the same C.L. 2.
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TABLE Il. Model-independent limits on the fiv€ P-even nonstandard gauge boson couplings at the

95% C.L.

Vs(Tev) x,(1073) y,(1079) 87(1073) Xz(10°%) y2(10°%)
0.5 —2.0-2.2 —11.0-10.6 —52-45 —51-59 —22—-30
1 —0.6-0.6 —3.2-34 —19-16 —18—20 —5.7-6.2

obtain the allowed region for the combinations of couplingNumerically, which of the two is the most restrictive one
constants in Eq(19), depicted in Fig. 3. This leads to the depends on the value of the center of mass energy: indeed, it

following inequalities, analogous to Eq®5) and (26): turns out that for/s=500 GeV the most stringent bound on
L L y, is determined by Eq(34), while Eq.(29) gives the most
Tap <Xy, <ap, (27 restrictive condition for 1 TeV.
L L The numerical results from these relations, and the chosen
—B1 <Xztyz+26;<B;". (28)  inputs for the luminosity and the initial polarization quoted
) .o T ) . previously, are summarized in Table II.

Finally, frome™e™ — Wy W5 one obtains for the combi- In a previous, model-independent, analysis of
nations of coupling constants in E@O) the allowed regions CP-conserving anomalous couplinggb], instead of the bin-
depicted in Fig. 4, and the corresponding inequalities ning procedure followed here we used polarized cross sec-

Ty < 1T 29 tions integrated in angular ranges appropriately chosen in

ap =Y,saz order to optimize the sensitivity to these parameters. Numeri-

2 cally, the results are qualitatively comparable, but the bin-

_BIT<Yz+ 1-Bw 5Z<'3‘£T. (30) ning procedure leads to constraints improved by 10-50%,

depending on the particular ca$e.

) o o It should be interesting to specialize the procedure out-
One can notice that, with initial state polarization, the chanjjned above to the discussion of few model examples for
nele’e” —WyW; can separately constrajn,. The limits  nonstandard anomalous trilinear gauge boson couplings,
in Fig. 4 are less restrictive compared to the previous casegshere the number of such parameters is decreased. A popular
because they are determined by the larger width of the regioffamework is that in which anomalous values of the cou-
allowed by the left-handed cross section, which is dominategjings reflect some new interaction effective at a mass scale
by the|7—7'|=2 amplitude 7,(v) [see Eq(4)] and there- A much higher than the Fermi scale. Correspondingly, at our
fore has a reduced sensitivity to anomalous couplings. Moregower) energy scales, such effects represent corrections to
over, comparing Fig. 4 to Figs. 2 and 3, one can notice thaghe SM suppressed by inverse powers/of As a natural
the bound resulting frors® has now a quite different shape. requirement, given the observed phenomenological success
This is the dramatic effect of the contamination of the right-of SU(2)x U(1), such a gauge symmetrgspontaneously
handed cross section by the much bigger left-handed one f@j;oken and withy, W, and Z the corresponding gauge
PL not exactly equal to unityR, =0.9), as it can be seen posons is imposed also on the new interactidig]. The
from Eq. (15). weak interaction is then described by an effective Lagrangian

By combining Eqs(26)—(30), one can very simply disen- of the form
tangle the bounds fof,, x;, andyy:
f(d)

1 1 ) kK (d)
Bw Bw
_ a2 3-8 where “Zg), is the SM interaction and the second term is the
_ ,B&L+ 2W31)<Xz<,85L+ ZWBZ! (32 source of anomalous trilinear gauge boson couplings. This
2Bw 2Bw term takes the form of an expansion in inverse powers of

_r - A, where ¥ are dimensiond gauge invariant operators
BIT_’_—ﬂZWBl)<yZ<ﬂ-2rT+—BZWBZ' (33 Mmade ofy, W, Z and Higgs fields, and{® are coupling
2Bw 2Bw constants, not fixed by the symmetry. From the good agree-
ment of the measured lepton couplings with the SM ones,

whereB; ="+ 81T+ Bt andB,= g5+ B3 "+ B1-. Add-
ing these constraints to those in E¢&5) and(29) for x,, and
Yy, we finally obtain separate bounds for the five anomalous 3the possibility to derive a separate bound by a similar analysis
couplings that determine the general expansion of8gIn  aiso on the anapole couplirzg (in the notation of Ref{21]), which
this regard, we should notice the simplicity of this procedureyiolates bothC and P but conservesCP, was previously consid-
to determine separate constraints on the trilinear couplingsered in Ref[35]. CP-odd anomalousVWy couplings are indepen-
Actually, in addition to Eq(29) there is one more condi- dently (and stringently constrained by the limit on the neutron
tion ony,, from the combination of Eq$25) and (27): electric dipole momen{t36].
4Alternatives to imposing this symmetry have also been consid-
—(a] +a5")<y,<ai"+aj". (34 ered, see, e.qg., Rd_13p7]. ° / ’
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FIG. 5. Allowed domaing95% C.L) for (x,,d) for the mod-
els with three[2] and two [40] independent couplings from
e"e”—W, W, with polarized electrons at/s=0.5 TeV and

Js=1 TeV.
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FIG. 6. Allowed domaing95% C.L) for (x,,y,) for the mod-
els with two independent couplingslISZ scenarid?2]) from o' of
processe™e”—W," W, at \/s=0.5 TeV. The notation “unpol” re-
fers to unpolarizedV* final states.

one assumes that such couplings remain unaffected by the
new physics. Truncation of the sum in E85) to the lowest
significant dimensiond==6, limits the number of allowed
independent operatofand their corresponding constants

three[2,4,38,39:

A= TITW,, WPPWET,

(6) —
O =

(D, ®)"'W#"(D,d),

o9 =(D,2)'B*(D, D).

(36)

Here, ® is the Higgs doublet and, in terms of tBeand W
field strengthsB“’=i(g’/2)B**, W-"=i(g/2)7- W~ with
7 the Pauli matrices. Therefore, in such a model, only threelo not hold any longer when dimension-eiglor highe)
anomalous couplings are independent:

_% =§(6) M
A2’ Yy= Twww 2A2

(37)

X, =cog (T + 1))

M 2
52 COtHWfW 2A2 f XZ: - tanHWXy y yz: COtGWyy .

(38

According to Eqs(37) and(38), in this model there are only
three independent couplings which can be chosen t,be
Yy, and ;. As mentioned in Ref[2], the correlations be-
tween different anomalous trilinear gauge-boson couplings
exhibited in Eqs(37) and (38) are due to the truncation of
the effective LagrangiafB5) at the dimension-six level, and

operators are included.

TABLE lII. Limits on anomalous gauge boson couplings at the 95% C.L. for the models with three, two, and one independent parameters.

Model with three independent anomalous constéz]sxy, Yy 07,
=—tandyX,, yz=Cotbyy,

Vs(Tev) x,(107%) 857(107%) x2(107°) y,(107%) y2(107%)
0.5 —-2.0-2.2 —3.8-3.8 -12-11 —-7.0-75 —12.8-13.7
1 —0.6-0.6 -1.1-11 —-0.3-0.3 —4.0-45 —-7.3-8.2
Model with two independent anomalous constd@is x,,, vy,
67=X,[2 SiNGuCOSBy, Xz= —tandyX,, yz=Cotbyy,
Vs(Tev) X,(107%) 5,(107%) Xz(10°%) y,(1079) yz(107%)
0.5 -1.8-1.8 -2.1-21 -1.0-1.0 -6.6-6.8 -12.1-12.4
1 -0.5-05 -0.6-0.6 -0.3-0.3 -3.0-24 —-55-44
Model with one independent anomalous consfddd: x.,,
= —tanfy X, = —Sinffyd;
Vs(TeV) X,(1073) 82(10°3) Xz(1073) Yy Yz
0.5 -1.1-11 —2.6-2.6 —0.6-0.6 0 0
1 —-0.3-0.3 -0.8-0.8 —-0.2-0.2 0 0
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FIG. 7. Alowed domains (95% C.L) for FIG. 8. Same as Fig. 7, forx(+y, x;+y;+25,) from

[xy,xz+5z(3—,8\2,\,)/2] from e*e” =W W, with unpolarized eteT W Wy +Wiw .
(6" and transversely polarizedA{) initial ete” beams at

a\{fe:\?Sgn?b?;/é;igzu;;ﬁiofgﬁgﬂed in the text. The hatched alloweolpolarized cross sections. For an illustration, in Fig. 6 we also
. T .

report the region allowed by the cross section for unpolarized
. ) W’s.
Further reduction in the number of the anomalous Taple |1l summarizes the numerical bounds that can be

couplings occurs in the “Hagiwara-Ishihara-Szalapski-gptained from our analysis for the models of anomalous cou-
Zeppenfeld (HISZ) scenario” [2], where the relation pjings considered here.

f©)=£{® in Egs.(37) and(39) is assumed. In this case, the
WWZ couplings are so related:

V. BOUNDS ON ANOMALOUS COUPLINGS
1 FROM LEP 200

67=5 sinewcosﬁwxy’ Xz= —tangwX,, Yz=Cothwy,. At this facility, no initial beam longitudinal polarization is
(39 planned[42]. As anticipated in Sec. |, to perform a model-
independent analysis of all fiv€ P-even couplings follow-

, .. ing the procedure above""° can play the role ofr" (hav-
Another way to reduce the number of independent tnhn-ing a similar dependence on these couplingand the

ear anomalous couplings starts_from imposin_g jgst global Jimuthal asymmetrA; in Eq. (17) can be combined with
SU(2), symmetry on the Lagrangian in E). This directly ;unpol 1 give the bounds. Thus, we assume that the trans-
implies the relationxz= —tandyx, , the same as in E438).  grse polarization of initial beams will be available, and that

Further reduction is obtained by neglecting dimension-sixpe finajws polarizations could be measured with the same
quadrupole operators, so thaj=y,=0, and by cancelling

the orders? tree-level unitarity violating contributions to
WW scattering, which in turn leads to the condition 1

d7=X, Isind\coshy [40,41]. /
For the model with three parameters, the region allowed

to (x,,67), presented in Fig. 5, corresponds\Wy W, pro- 4
duction, combining both left-handed and right-handed initial /
polarization. Comparing to the results in Table Il, we notice N
that 6, can be more tightly constrained in this case than in
the general one. Concerning the third independent coupling,
y,. the best bounds are obtained from the combination of
W, W, and W W5 production channels. In the case of the

° N\
Ag
two-parameter model of Ref40], the bounds orx, and DT Unpol
&7 are obtained in the same way as above, and are humeri-
cally identical.
The bounds relevant to the two-parameter model of Ref. -1 03 0 '

[2] are shown in Fig. 6. In this case, due to relati@9) -1 0.5 1
among the couplingsr" numerically proves to be more sen- Yy

sitive than oR. Concerning final state polarizations, the

bound onx, is obtained fr_orrt\/_\/LWL production, while that FIG. 9. Same as Fig. 7, fofy,,yz+ 8,(1—B3)/2] from
ony, involves the combination of bothL and TL+LT  e‘e —WyW;.

o
n
T

yz+6(1-Bw)/2

=3
n
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TABLE IV. Model-independent limits on the fiv€ P-even nonstandard gauge boson couplings at the
95% C.L. for LEP 200.

Vs(GeV) X,(107%) y,(10°%) 5,(107%) Xz(107%) yz(10°1)
200 -0.9-1.0 —-2.0-29 —26.4-23.6 —32.8-36.7 —10.6-13.1
230 —0.5-0.6 —1.4-2.0 —15.6-13.8 —18.5-20.8 —5.7-7.6

efficiency used in the previous sections. Due to the limitedhe expected sensitivities, for the same model examples con-
statistics provided by the luminosity at LEP 200: sidered in the previous section, are exposed in Table V.

j Ldt=500 pb* (LEP 200, (40) VI. CONCLUDING REMARKS

One of the basic points of the analysis presented above is
we take six equal bins in order to have a significant numbethe use of finaW™ polarization to group the five indepen-
of events per beam and, furthermore, we assume the sandent anomalous trilinear gauge boson couplings into pairs of
systematic uncertainty as in ER4) as well as the same “effective” combinations as in Eqs(18)—(20), via the spe-
reconstruction efficiency,. By performing the same kind cific dependence of the helicity amplitudes relevant to the
of analysis presented in the previous section, we would findonsidered differential cross sections. Such cross sections for
for the combinations of anomalous couplings relevant to EqspolarizedW’s should be obtained experimentally from angu-
(18)—(20) the 95% C.L. allowed regions presented in Figs.lar distributions of theV* decay product§8]. This leads to
7-9, respectively. These are the analogues of Figs. 2—4 far simplified two-dimensional analysisather than a three- or
the case of NLC. Quite similarly, the constraints at LEP cor-a five-dimensional onefor each final polarization and, by a
respond to the combinations of the bounds frém and 42 procedure, bounds in the two-parameter planes of the
o' for W W, W W+W;W,, and W;W; production,  corresponding pairs of “effective” coupling constants are
respectively. In the last case, from Fig. 9 one can notice thagbtained.
the azimuthal asymmetry is not so helpful to minimize the The initial electron beam polarizatideither longitudinal
combined allowed region, which therefore in almost entirelyor transversgeturns out to have a fundamental role in drasti-
determined byr“"P°! cally reducing the above-mentioned two-dimensional al-

By combining the analogues of Eq®5)—(34), one can lowed regions. Finally, by combining Eq$25)—(30), one
disentangle the bounds for the different couplings constantgan obtain separate bounds for each of the fBfe-even
The numerical results are presented in Table IV for two val-couplings. Thus in summary, while the specific dependence
ues of the c.m. energy, name{z(éz 200 and 230 GeV, and of the final state polarization on the anomalous couplings
the luminosity in Eq.(40). As expected, the constraints be- allows a model-independent analysis of the general case, ini-
come more stringent with increasing energy. tial beam polarization can be used to further restrict the

Concerning the application of this approach to modelsbounds.
with a reduced number of independent anomalous couplings, From the numerical point of view, the bounds presented in

TABLE V. Limits on anomalous gauge boson couplings at the 95% C.L. for the models with three, two, and one independent parameters
for LEP 200.

Model with three independent anomalous constéh]sxy, Yy, 07,
Xz=—tanfyX, , Yz=Cotbyy,

Vs(Gev) x,(1079) 6,(10°%) xz(107%) y,(107%) yz(107%)
200 ~0.86-0.94 -1.2-13 ~0.51-0.47 ~1.4-22 ~2.56-4.02
230 ~0.52-0.62 -1.0-11 ~0.34-0.28 ~1.0-2.0 ~1.8-3.66

Model with two independent anomalous constd@is x,,, .,
67=X,[2 SiNGuCOSBy, Xz= —tandyX,, yz=Cotbyy,

Vs(GeV) x,(107%) 5,(10°h) xz(10°%) y,(107%) yz(107%)
200 —-0.6-0.7 —0.71-0.83 —0.38-0.33 -15-15 —-2.7-2.2
230 —0.42—-0.48 —0.5-0.57 —0.26-0.23 —-1.1-1.2 —2.0-2.2

Model with one independent anomalous consfddd: .,
Xz= —tanby X, = —sinféy &7

Js(GeV) X,(107%) 8,(1071) Xz(10° %) Yy Yz
200 —-0.39-041 —0.93-0.97 —-0.22-0.21 0 0
230 —0.30-0.33 —-0.71-0.78 —-0.18-0.16 0 0
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Tables II-V are rather stringent and clearly, for a more com- Fr=v —gR(v,+ v+ (gR v5)2

plete test of the SM, the electroweak correctif?@| can be 4 7Yy Gz tY,02) Xat (e X2) 0V,

included in the analysis. Furthermore, the sensitivity to 1 1

anomalous couplings indicated by these results crucially de- F§=§(x7— 96Xz X2)%, FIOZE(yy_ 98Yz x2)%

pends on the chosen inputs, in particular on the assumed

value of the polarized™ reconstruction efficiency, so that

the analysis needs to be supplemented by a more detailed Fflzz[xyyy— g?(xyyz+xzyy)-)(z+(g§-XZ)szyz].

knowledge of the experimental performances. (A3)
Finally, we recall that the procedure presented here is

based on the differentialv"W" production cross section. The remaining="* are zero. For the case of left-handed elec-

However, looking for further increased sensitivity to the tyons(and right-handed positrons

anomalous couplings, it might be worthwhile to apply a

similar analysis to more detailed observables including an- B 1 3 L 5

gular distributions ofW* and W~ decay products, such as Fo=Tez 1 =2(1-09z8¢"x2)"

those considered in RefE8,9], and try to assess there the W

distinguished role of initiak™ e~ polarization.

Fo= (1_gzg|é'Xz),

25,
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Fo=——(Y.—Y-0% x5),
APPENDIX 7 45\2/v(yy Yz9¢" Xz)
The integrated cross section of procéssdefined in Eq. 1 .
(22) can be generally expressed, for arbitrary degrees of lon- Fo ZE(Xy— UeXz° X2)%
gitudinal polarization of electronsP() and positrons®,),
as (z=co9)

F_—E( L 2

1075 Yy~ 9eYz X2)%
1 -

0'(21!22):Z[(1+PL)‘(1_PL)U+(21-Z2)

1
~ Fllzi[xyyy_glé(xyyz+xzyy)'XZ+(gIé'XZ)2XZyZ]'
+(1-P)-(1+P)o (z1,25)]. (A1)

(Ad)
The corresponding integrated cross sections for polarized firpo remainingF ~ are zero. EquationéA3) and (A4) are
nal W's, to be inserted in EqA1), can be written as obtained in the approximation where the imaginary part of

the Z boson propagator is neglected. Accounting for this ef-

_ _ fect requires the replacemengs-Rey and y?>—|x|? in the
+’ — +’ 7).

Tap (21'22)_C2‘O Fir Chap(21.22), (A2) right-hand sides of EqgA3) and (A4).
In Eq. (A2), for the longitudinal (L) cross sections

whereC=ma2 Bu/2s, the helicities of the initiat* e~ and ~ o(e" e —W W),

final WW~ states are labeled as,— (A=—\'=*1/2) S

andaB=(LL,TT,TL), respectively. In Eq(A2) we use the 7, | (z)= W[33(30—34)—4M w(3s+4M3)(Jo—Jy)

following notation: 7 ,4(21,25) = 0p(22) = i, ap(Z1) w

where; 5 are functions of the kinematical variables which

i=11

characterize the various possibilities for the fidal W~ po- —4(st 2M\2N)| p|s\/§(J1—J3)],

larizations(or the sum over all polarizations for unpolarized B 125M — 16M°

W's). TheF; are combinations of coupling constants, where 1 (2)= W4 w .

the anomalous trilinear gauge boson couplings explicitly ap- ’ 8sMy

pear. For the case of right-handed electr@arsd left-handed R

positrons we have, withy, the Z boson propagator: |p|sy/s(s+2M2)
Co(2)= ZIVES (I1=13)

Fi=2(1-gz05 x2)% 3 125M3,— 16MS
S°— W W

lo—15),
F3 =X,—08(Xz+X,02) X2+ (98" x2)°UzXz, 4AMyy o=t
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s?—2Més—8My,
2My,

{O31(2)= 1

Ca(D=0C511 (D) =C711(2)=Cg11(2)=
=011;1(2)=0,

“101L(2)

OgLL(2)= M4 [(8My+2sMg,—s?) (19— 1)

+2s|p| V(11— 13)],

slp|?
M2 Ki.
W

Og(2)=2—7 (A5)

For the transverseT(T) cross sections-(e*e™ —W; W),
Oori(2)=45[s(Jg— I4) — 2M3(Jo—J)

—2[p|\s(3;—33)],

>

3 4)p|

Mw i
SgCat(2)=

4
W
2

O111(2)= —C111(2)= Ky,

2

M - >
Cor(D)= = Crri(2) = 4IpIVs(11— 15— 8|pI*(1o—12),

O311(2)=COs71(2) = O 11(2) = Og11(2) = C971(2)
=n1711(2)=0.

Finally, for the production of one longitudinal plus one trans-
verse vector bosonT(L+LT),

(AB)

“or(2)= MZ, [SZ(Jo+J4) 4|p|\/s(4|p|23; +535)
(A7)
+AM(Jo+J2) +25(s— 6MG) I~ 4s MG J],
2011U(2)=C37(2)=Oa7(D)=C117U(2) =209 71(2)
2 (2)= 8p|*
~10,TL M2 29
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Iplf

M,

Ca1U(2)=C1(2)=C77(2)= [4]p|?I 1+l

—2[p[\s(lo+12)],

(D 16/p|3\sZ
Os1(2) = ——7—,
5TL MCV

16s|p|?

—r Mo+ 2[plVsli— (s=My)I].
w

Cgr1(2)=

In Egs. (A5)—(A7) the functions I,
(d=M3—s/2, b=sB%/2, t=d+b2):

J, and K are

lo(2) ——In|t|
1
11(z2)= F(t_d In[t]),

1(t?
|2(Z)=E§ 5—2dt+d2|n|t| )

1/t P
I3(Z):F g—T-FBd t—d In|t| ,
JO(Z):_Ey

d
Ji(2)= (In|t|+

2

d
Jy(2)= (t—2d|n|t|——)

1(t2 ) d®
J3(Z)=F E—3dt+3d In|t|+T ,

2 4

t3 d
+6d%t—4d%In|t|— T) ,

1
34(Z)=§<§—

2

3

ZZIE. (A8)
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