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1 Introduction

So far, direct empirical evidence on electroweak phenomena has been restricted to vector-boson fermion
interactions. They have been experimentally investigated in numerous weak-decay processes as well as
in lepton-hadron and hadron-hadron scattering and in e+e~-annihilation. The experimental data are
in excellent agreement with the hypothesis of an underlying local SU{2)i X U(l)y symmetry [I].

The LEP precision data [2] and their implications for the MZo, Mw±, s\y connection also provide for
a bound [3] on the vacuum polarization due to bosonic loops. This upper bound may be considered as
indirect evidence for an SU(2)L X t/(l)y-symmetric interaction of the vector bosons with one another.

As indirect empirical evidence via loop effects can never replace direct tests, an exploration of
trilinear and quadrilinear interactions of the vector bosons among themselves via production and/or
scattering experiments will be indispensable for an unambiguous verification of the SU{2)L X U(l)y
electroweak theory. Measurements of e+e~ annihilation into W+W~ pairs in particular will allow for a
direct determination [4] of the trilinear ^W+W- and Z°W+W~ couplings and accordingly will provide
a direct test of the underlying SU(2)L X U(1)Y gauge symmetry.

Concerning vector-boson self couplings, there are two closely related questions to be answered. First
of all, one may ask the question of how well future data on e+e~ •-> W+W~ will be able to determine
the strengths of the interactions in the SU(2)z,x U(l)y lagrangian, i.e., the Z0W+W* coupling and the
electromagnetic and weak magnetic dipole interactions. Secondly, one may ask oneself to what extent
additional interactions, such as dimension-six-quadrupole or even CP-violating couplings not present
in the SU(2)x, x U(l)y theory, can be excluded by future data. Both questions will be discussed in the
present work.

In Section 2, we shall summarize the constraints on the fW+W~ and Z0W+W* couplings which
essentially follow from various symmetry requirements which are weaker than the ones embodied in the
SU(2)L X U(1)Y theory. Our theoretical considerations will lead to a well-defined systematic procedure
for the analysis of future data. The suggested procedure allows for a theoretically motivated increase
of complexity (i.e., an increase of the number of free coupling strengths) with increasing statistical
accuracy of the experimental data. A summary of the discussion is provided in Table 2.2. In Section
3, we shall discuss the helicity amplitudes for e+e~ -* W+W* and, in particular, we shall analyse the
high-energy limit of s » 4M(^, relevant at an'energy of 500 GeV, in some detail. In Section 4, we shall
present our results on the accuracy with which the various trilinear couplings can be measured. The
results are based on fitting the interaction parameters to artificially produced data on e+e* -» W+W*.
Final conclusion will be drawn in Section 5.

2 Theory of jW+W~ and Z0W+W- couplings

If Lorentz invariance only is required, a charged particle of spin 1 on its mass shell can have seven
couplings to a neutral vector particle such as the photon or the Z0. Taking into account the empirical
evidence for the validity of C and CP invariance in electromagnetic interactions, the number of a priori
free couplings in the -yW+W* case is reduced to two apart from e. The ̂ W+W* and Z0W+W'

1 Supported by the Ministry for Research and Technology (BMFT) of the Federal Republic of Germany and by the
programme PROCOPE of the DAAD for Franco-German scientific Collaboration
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couplings [5] are listed in Table 2.1.

dim. 4

dim. 6

-
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jW+W-
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9ZWW
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ZZ (P to

CP-violating

Z0W+W-

'"Z (P)

h (Ç)

Table 2.1: Trilinear Couplings among Vector Bosons. P- and C-
violation is indicated by the symbols / 'and (I

The magnetic dipole moment, nw, and the quadrupole moment, Qw, of the W± are related to the
couplings in Table 2.1 via

e
(I A7),

Qw = - (2- 1)

The interaction lagrangian corresponding to the above-mentioned couplings naturally splits into three
pieces

L = Li(C- and P — conserving)
+ ^2(CP - conserving, C - and P - violating)
+ L3(CP - violating) (2. 2)

respectively given by (W±, = d^Wf - duW±, Z^ = d»Zv - OvZ11)

L1 = -ie[A^W-^W+-W+^WJ)+ KyF
[ ( + +W-) + Kz

L2 =

and

1W
« _ dpW-aW+<I + 8"W+^W-0 -

L3 = iectgew[KzZllvW
+'ÀW-v+-~Zl'xW+

tiW-tt
u}

+ 8"Z^)W+W-,

(2.3)

(2.4)

where Z111, denotes the dual field tensor

A _ 1 7afl I1} c.\

Apo - lfpeapa • ^- °>
For the ensuing discussion, it will be useful to introduce parameters which represent deviations from
the SU(2)L X U(\)Y values of the various couplings. We define 2

<$z = gzww -

2 Note that the lagrangian (2.3) and, consequently, the amplitudes for e+e" -• W+W~ depend linearly on S2,xy,

etc.
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Xy ~ K 7 - I ,

xz = (KZ - I){clg6w + fa),

VZ = Xz^gOw- (2. G)

For the anapole coupling, keeping the notation (2.3), we write zz- For the CP-violating interactions,
we will use the combinations

A = cXg6WK.z,
4 = cXg0w(kz - \z),
4 = ctgOwXz/2. (2. 7)

The interactions of the SU{2)i x U(1)Y theory are obtained from (2.3), (2.4) by inserting those values
of the couplings which are obtained for vanishing deviations (2.6), (2.7), i.e., for

Sz = xy = xz = y-, = yz = zz = A = A = 4 = 0- (2. 8)

We turn to an examination (refs. [6] to [10]) of the various interactions in lagrangian (2.2) in terms
of underlying symmetries, in particular in terms of SU(2)-symmetry breaking. This will allow us to
gain additional insight into the physical meaning of the various interactions in (2.3), (2.4). Moreover,
our examination will lead to a well-defined procedure for the empirical determination of the various
couplings and the associated tests of the SU(2)L X U(1)Y predictions (compare Table 2.2 at the end of
this section).

For the purpose of analyzing the 5l{/(2)x,-invariance properties of lagrangian (2.2), we return to
the unmixed primordial SU(2)L X U(1)Y base, W*, Bf1, in (2.3), (2.4) via the substitution (cjy =
cos Ow, sw = si

The CP-invariant lagrangian L1 in (2.3) then takes the form

L1 = C1W^u(W1* x W")

+
+

x W»7 ^
Mw

+ -^-B^iW^ W-»v) (2. 10)
Mw

The constants C1 to Ce are simple algebraic functions of the original parameters in L1, i.e.,

We refrain from giving the explicit expressions for the coefficients C{.
Based on the form (2.10) of lagrangian L1, we draw the following conclusions on its symmetry

properties3 :

3 The results of the ensuing discussion are well known ([6] to [10]), even though their present derivation [11] based
on (2.9), (2.10) is a novel one.
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i) Validity of local SU(2) symmetry allows for non-vanishing contributions of C1 and4 c5 only,

C1 + 0, C5 ± 0. (2. 12)

All other contributions have to vanish,

C2 = C3 - C4 = c6 = 0 . (2. 13)

From (2.12) and (2.13), using the explicit form of the coefficients a, one finds standard valaes for
the Z°W+W~ coupling and the dipole interactions,

azww = ctgfljy,

/C7 = Kz = I (2. 14)

but additional quadrupole interactions with the constraint [6]

X^ = X2Jt 0, (2. 15)

i.e., we remain with a single free parameter. Going back to lagrangian (2.3), we note that the
constraint (2.15) implies that the relative strength of the Z0- and the 7- quadrupole interaction is
determined by the same factor, ctgtfjy, which also determines the relative strength of the photon
and the Z0 standard gauge couplings. Imposing renormalizabiiity (no dimension-six contribution),
i.e.,

C6 = 0 (2. 16)

in addiiion to (2.13), implies that

A7 = Xz = 0 (2. 17)

and leads us back to the unmodified SU(2)L X U(l)y theory.

ii) Breaking of SU(2) symmetry in L\ according to (2.10) has two different sources. SU(2) is
broken by coupling of the W* to the B11 field (c2,C3,c6 ^ 0) as well as "intrinsically" (c4 ^ 0) [7],
i. e., even in the absence of the coupling to the B11 field. Accordingly, we proceed in two steps:

a ) Exclusion of intrinsic SU(2) violation [7] (restoration of SU(2) symmetry in the limit of
B11 —> 0). This assumption is motivated by an extrapolation of present empirical evidence on
electroweak interactions, in particular on the relative magnitude of W^ and Z0 masses and the
relative strengths of charged and neutral current interactions (p = 1), both of which require the
absence of intrinsic SU(2) breaking. In this case

Cl, C2, C3, C5 , C6 rfx 0 ( 2 . 18)

is allowed, while C4 has to necessarily vanish

c4 = 0. (2. 19)

From the explicit expressions of the constants c,- in terms of the couplings in (2.3) one finds that
four parameters are allowed to be free under these assumptions, the parameters

-y,A7,Az, (2. 20)

4 In analogy to the first term (ci ^ 0) in (2.10), the quadrupole term (cs ^ 0) originates [6] a» the trilinear part of

an interaction formed with the covariant derivative, u „„ = W^ + g(W^ X Wv), as required by local SU(2) symmetry.
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while the fifth parameter, Kz, becomes related to K7 and gzww via [7]

(/t~ — 1) tanôur . sw
Kz = I - - 2 —, i.e., Xz =-X7-. (2.21)

gzww cw
If, in addition, one restricts oneself to dimension-4 terms only (cs = Ce = 0), one. is left with two
free parameters,

gzww, K7. (2. 22)

Two specific different single-parameter cases are also contained in (2.22). First of all, by requiring
that the most divergent (quartic) one-loop contribution to the p parameter be absent [8], or,
equivalently, by excluding s2 contributions to the scattering of vector-bosons on each other [9],
one obtains a further constraint which leaves us with K7 as the only free parameter, while [8], [9],

Dimension
of couplings

dim. 4 only

dim. 4
and dim. 6

Symmetry

Lorentz-invariance
C-, P-invariance

No intrinsic
SU(2) violation

no s2-terms in W+W~,
etc.,' scattering

no A4-divergence in p

SU{2)L x SU (2)v x U (1)Y

Lorentz-invariance
C-, P-invariance

No intrinsic
SU(2) violation

Local 5*7(2) x Z/(1)

Lorentz-invariance
C-, P-violation

CP-violation
in addition

Number of
free couplings

3

2

1

1

5

4

1

6

9

Couplings

Sz,X7,xz

^z,X7;
XZ = - * 7 f £

x-r, XZ — x-rcw
i

C X7
Z ~ HWCW

Sz\x7 = xz =0

f>z,x7,xz,y7,yz

6z,x7,y7,yz-.

*z = -*i%

ctgtfjy y7 = yz £ 0;
Sz = x7 = xz = 0

f>Z,xi,2Z,

y-!,yz,zz
zx,z2,z3

in addition

Table 2.2: Constraints on the jW+W~ and Z0W+W couplings.
Compare (2.6) and (2.7) for the definitions of the couplings in terms of the
original parameters in lagrangian L in (2.2), (2.3), (2.4) and in Table 2.1.

i.e.,

= - tan I

67, = - ^ -

(Ky arbitrary),

arbitrary) (2. 23)

Kz, of course, being determined by (2.21).B A second realistic possibility of a single-parameter
framework is provided by putting

« 7 = 1 , (gzww arbitrary) (2. 24)

5 We note that constraint (2.23) corresponds to the requirement of Cj = 0 [12].
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and Kz = 1 according to (2.21). This latter case corresponds [13] to a specific gauge theory
with one extra triplet of vector bosons V± o based on the group SU(2)L X SU(2)V X U(l)y and
evaluated in the limit of My > Mw6- More precisely, the lagrangian L1 in this specific case
constitutes an effective lagrangian valid under the condition that My be much larger than the
energy at which the interactions among vector bosons are to be described.7

b ) Allowing for intrinsic SU(2) breaking in addition to breaking by BW+W~ terms, we arrive
at the most general CP-conserving case cf five free parameters [5], [15], [16],

gzww, «7> Kz, A7, ̂ z ^ 0) (2. 25)

and of even six free parameters, if we allow for the (C- and P-violating) anapole term, zz •£ 0.

The foregoing considerations on the restrictions implied bj -r-sentially invoking symmetry con-
straints, for easy reference, are summarized in Table 2.2. In this Table the constraints (2.21) and
(2.23) are given in terms of Xz and Sz (compare (2.6)), respectively.

A detailed discussion on the empirical determination of the free coupling strengths listed in Tables
2.1 and 2.2 will be given in Sections 3 and 4. We would like to stress at this point already that the
above considerations collected in Table 2.2 provide for a theoretically well-motivated procedure for the
analysis of future data based on a restricted set of only one or two free parameters, if limited statistics
will be available, or on the full set of five or even six or nine free parameters with more ample statistics.
We turn to a discussion of the CP-violating Lagrangian Lz in (2.4). The corresponding parameters are

listed in the last line of Table 2.2. It is worth noting that the presence of CP-violating Z0 interactions
requires [7] the simultaneous presence of either a CP-violating electromagnetic interaction or of an
interaction which violates SU(2) symmetry intrinsically. We briefly indicate the argument leading to
this conclusion, restricting ourselves to dimension 4 interactions8, A CP-violating interaction of the
photon and of the Z° has the form

[H1F10, + kzZ^W^W-"'. (2. 26)

In the W^Bf, base (2.9), it becomes

[ ( K 7 - - f tan Ow)EvU + fW*]W+"W", (2. 27)
cw

where, by definition, / is related to K7 and kz via

kz = -K 7 t an9w + — • (2- 28)
cw

The last term on the right-hand side of (2.27), for / ^ 0, violates SU(2) symmetry intrinsically B

According to (2.26) and (2.28), a CP-violating Z° interaction, kz ^ 0, requires intrinsic SU(2) violation,
/ ^ 0, or a CP-violating electromagnetic interaction, K7 •£ 0. As there exists good empirical evidence

6 Actually, the SU(;L X SU(2)V X U{1)Y theory also contains a modification of the Z°- and W±-fermion couplings
which is constrained to a negligibly small value, however, already by present data.

7 For an investigation of the case of finite Mv within such an extended gauge theory compare the work of Cvetiâ,
Grosse-Knetter and Kôgerler [14].

8 Similar arguments [7] can be applied to the dimension-six case.
9 Note that, in contrast to the CP-conserving SU(2)-invariant standard trilinear interaction among vector bosons,

there is no SU(2)-invariant extension of the last term in (2.26). In fact, the only SU(2)- invariant extension of this term
leads to a total derivative which is equivalent to the absence of such an interaction term:

W-^Wi - W+^w-) = -Iw^w* X W") = U^padHw"^ x w')).
2 3
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for the validity of CP-invariance in electrumagnetic interactions, and as intrinsic SU(2) violation might
also be considered as a somewhat remote possibility, one may also consider CP violation in Z°W+W~
interactions as a theoretically disfavored possibility.

On the other hand, it is worth stressing that measurements of e+e~ -+ H7 +Jy- will provide for a
genuine experimental test [17] of CP-invariance which is entirely independent of any theoretical input
assumption. This test of CP invariance consists of comparing appropriate spin-density-matrix elements
of the produced W+ and W~ with each other. More about this in the subsequent sections.

3 Helicity Amplitudes, Cross Sections, Density Matrix Elements

At tree level, the process e+e~ -* W+W~ is determined by the sum of neutrino-, photon- and Z0-
exchange amplitudes. Compare Fig. 3.1. Denoting the helicity of the electron (positron) by A = ±1|2

w-

Fig. 3 .1 : Feynraan diagrams for e+e —

(A' - -A) and the helicities of the W~ and W+ by r = ±1,0 and T' = ±1,0, respectively, the helicity
amplitudes may be written as

FA T T .(S,COS0) = -f^s[C<">(A, f)M<£,(3, cos O)
7

+ E ^ ^ ' 6 ) + C^(X1S))Mi9XrAS, COS 0)] (3 .1)
J=I

In (3.1), s denotes the square of the center-of-mass energy and t the square of the four-momentum
transfer which is related to the center-of-mass scattering angle, 1?, via

/ = Ml,- S-{\-(3cos0), (3 .2)

where

0 = ( l_!^)i /». (3.3)
s

The first term in (3.1) corresponds to neutrino exchange. The second and third terms in (3.1) are
due to photon and Z0 exchange, respectively. They depend on the 7 and Z0 couplings contained in
lagrangian (2.2) and displayed in Tables 2.1 and 2.2.

Explicit expressions for the helicity amplitudes (3.1) can be read off from Table 3.1. The couplings
a and 6 appearing in column 1 of Table 3.1 (with s\y = sir 0\y and c\y = cos#iy) are defined as

a= — L - (-1+4S^r)1
 6 = ~ r ^ - (3-4)

4SwCw ASwCw
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Several useful conclusions on the contributions of the various couplings to the different helicity
amplitudes may immediately be drawn from Table 3.1:

r = r' = ±1 = -r' = ±1 -O1 r' = ±1,( = 1
^ (r'cos ,5-2A)

3 A - 1 cos <J - /? - cos iJ - 2rA c o s , - [costf(l +/32) -70]
IMv/ T'»inJJ
•/S (i-'co«tf-2A)

( « - 26A)

(a -24A)

(a -26A) 0 0

Table 3.1: The helicity amplitudes for e+c~ -+ W+W-. To obtain the
amplitude for definite electron helicity A = ±1/2 and definite r (W~) and r ' (M^+)
of the W±, the elements in the corresponding column have to be multiplied by
the common factor on top of the column. Subsequently, the elements in a specific
column have to be multiplied by the corresponding elements in the first column
and the sum over all elements is to be taken. In the last column, the amplitude
for the case of r = ±1, r ' = O is obtained by replacing r ' by —r in the elements
of this last column and by putting e = — 1 in addition.

i) The right-handed amplitudes (electron helicity A = 1/2) are entirely determined by •) and Z0

exchange. The (lefthanded) amplitude for production of . ector bosons of opposite transverse
helicities (r = - r ' = ±1) is entirely determined by neutrino exchange. Polarized electrons would
be helpful for discriminating 7-induced and Z°-induced couplings, such as x-, and .rz, etc.

ii) The amplitudes for the production of transverse vector bosons of equal helicity
(7- = T' = ±1) depend on the vector boson coupling bz and on the quadrupole interactions y.,
and yz- They also depend on the CP-violating interactions, z'2 and z'3.

iii) The amplitudes for the production of longitudinal vector bosons (r = r' = O) depend on bz and
on the dipole interactions, xy and x%-

iv) The longitudinal-transverse amplitudes (r - 0, r ' = ±1 or r = ±1 , r ' = 0) depend on all couplings
apart from the CP-violating coupling, :'3.

In view of the subsequent analysis of Section 4, it will also be instructive to consider the helicity
amplitudes in the limit of 5 >> AM^. By taking this limit in Table 3.1, we obtain the asymptotic
forms of the helicity amplitudes which can be read off from Table 3.2. Note that the first and the

*/•



second row of Table 3.1 are combined in a single first row in Table 3.2.

2 6

Sz

Xy,Xz

yy,yz

ZZ

4
. /
*2

4

r = T'= ±1

-^Asint?

-2*z(a-26A)

O

s/jr [*,-»(«-26A)]

O

O

tV22r(a-26A)

-»42r(a-26A)^-

T = -T' = ± 1

-^Asint?

(2A-l)(co6«+2r*)
2iJ,(l-co«<»)

O

O

O

O

O

O

T - T' - O

-•',-Asinrf

-S2 (a - 26A) j ^

^ r [ * 7 - x , («-26A)]

O

Q

O

O

O

T = O, T' = ± l , f = 1
, (r'co.«-2X)

e À 2,/2

- 2 « 2 ( « - 2 6 A ) ^

g [.T7 - X 2 (a -26A)]

^ [ V 7 - V z ( G - 2 6 A ) ]

-*i {£)*{*-W
-i«îi^(a-2t\ic

tV2^(«-2U)f

O

Tkble 3.2: The leading terms in 3 for the helicity amplitudes of e+e -*
W+W". A helicity amplitude corresponding to a definite value of A = ±1/2 and
r, =s ±1,0 is obtained by multiplication, of the corresponding column with the
factor on top of the column and subsequent summation over all elements in this
column. The first column in this Table is to indicate the dependence on the 6pecific
couplings. In the last column, the amplitude for the case of r = ±1, r' = 0 is
obtained by replacing T1 by - r in the elements of this last column and by putting
€ = - 1 in addition.

Before commenting further on the content of Table 3.2, we give the formulae for the differential
cross section

da

dœsé
s, cos7?) I 2 , (3- 5)

where ( 'p (= 0\/s/2, and for '\. unnormalized density matrix elements,

(3. 6)

in terms of the helicity amplitude (3.1). We also define the differential cross sections for correlated
spins of the produced W~ and W+,

daLL daTT

dcostf' dcostf' dcosi9'
(3- 7)

which correspond to the production of two longitudinally {LL - r = r ' = Q), two transversely (TT ~
T = ±T'-T T1 = ±1) and one longitudinally plus one transversely (TL ~ r = 0,r - ±1 etc.) polameo
vector boson. Returning to Table 3.2, from the first row of this table, we conclude that for standard

SU(2)Lx U(1)Y couplings

da T7" da LL daLT

dcosti~ s' dcosti s2'
(3. 8)

The cross section for production of transverse vector bosons of the same polarization (r - r» -±1)
contained in daTT even drops as 1/s3. Finally, the dominant cross section is the cross sect.on da
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which is due to neutrino exchange and develops the corresponding extremely strong forward peak. For
numerical results which illustrate the mentioned conclusions, we refer to Figs. 3.2 and 3.3.

(p
b

I

î
I

QJ
+QJ

10

10- i

o

10-2

200 400 600 800 1000

E (GeV)

Fig. 3.2: The energy dependence of the total cross section, a (e+e -+W+W )
and of the cross sections crTT,crLL and aLT corresponding to correlations
of the spins of the produced vector bosons.

From Table 3.2, using the connection (3.5) between the helicity amplitudes and the cross section,
one also reads off the following properties of the various anomalous couplings:

i) A deviation from universality, 6Z £ 0, implies that doLL grows with a full power of s, i. e.,
daLL ~ s, while daTL ~ const.

ii) Dipole interactions, xy,xz ^ 0, lead to daLL ~ s.

iii) Quadrupole interactions, yy, yz ^ 0, imply that daTT ~ s

iv) The anapole term leads to aTL ~ 52.

v) The various CP-violating couplings lead to daLT ~ const for^ ,^ £ 0, while daTT ~ s for z'3 ̂  0.

We conclude that quite generally we expect a strong increase in sensitivity with energy in the search
for such anomalous effects in e+e~ -> W+W~. The detailed numerical analysis of the next section will
confirm this conclusion.

We turn to the test of CP-invariance in e+e" - W+W~. CP-invariance implies for the helicity

amplitudes

I?. Jm,^- F, _, Jroue). (3- 9)
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" ' I • " I • • i 1 • • < I • • . d i t )

-1 - . 6 - . 2 .2 .6 .98 .98

Pig. 3.3: The angular distribution for production of W + W pairs at
v/5 = 500GeV for a) -1.0 < costf < -f-0.98, and b) 0.98 < cost9 < 1.0. As
in Fig. 3.1, we show the total cross section as well as the cross sections for
correlated spins of the vector bosons.

(-A')

7
W+(A'!

Fig. 3.4: The result of a CP transformation on the amplitude for
e + e -
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Compare Fig. 3.4. As an immediate consequence, one finds that CP-invariance implies that the
imaginary parts of the density matrices of the W" and W+ are related via [17]

Im „ £ < - > = Im P ^ 1

Im JH0-W = Im , £ < - * ) . (3.10)

Any violation of these equalities implies CP-violation, i. e., these equalities10 provide for a genuine
and unique test of CP-invariance of the interactions responsible for the reaction e+e~ —* W+ W~. For
further details and also for the projections to be applied to the data in order to extract the density
matrix elements, we refer to [17].

4 On the empirical determination of the ^W+W~ and Z°W+W~ cou-
plings

4.1 Generation of data and fitting procedure.

We turn to the question of how well future measurements of e+e~ —• W+W~ will be able to determine
the various trilinear coupling strengths. From the observed events of

e+e~ —> V7±(-+ qq) + W*{-* e, fi), (4. 1)

one will be able to extract the differential cross section

da , , _

and, by a detailed analysis of the decay distributions of the W^, the various density matrix elements

pj^(costf) (4. 3)

as well as the production cross sections with correlated spins of the W+ and W~,

daTT daLL daLT

dcostf' dcostf' dcosi?'
(4.4)

Here, T and L refer to transverse (W^-helicity = ±1) and longitudinal (W^-helicity = 0), respectively.
The accuracy up to which the various coupling strengths can be measured is best determined by
artificially generating data and by fitting them subsequently.11

For the generation of data, we assume an integrated luminosity of

/
J Ldt= 10/6-\ (/VIC). (4. 5)

Data are generated in accordance with the standard SU{2)i x t/(l)y theory by multiplying the calcu-
lated cross sections with the luminosity. Upon taking into account the branching ratios for the decay
modes in (4.1), one obtains a total of

2900 events at LEP 200 (4. 6)

and
21400 events at the NLC. (4.7)

10 CP-invariance implies analogous equalities between the real parts of the W and W + density matrices. These
equalities for the real parts can be violated by CP-violating loop corrections only, in contrast to (3.10), and, accordingly,
do not provide for sensitive tests of CP-invariance.

11 In the real world, standard radiative corrections, which are dominated by bremsstrahlung are to be applied.
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Besides the statistical error, a 2% systematic error12 is taken into account in the data by addition in
quadrature.

A x2 minimization method was used to fit the data, subdivided into 10 bins over the angular range
of —0.98 < COSi? < +0.98, i. e., the very forward and backward regions were excluded by an angular
cut corresponding to about fl — 10°. It turned out that the precise value of this cut didiiot much affect
the results of the fits, even though such a cut at an energy of 500 GeV removes roughly one half of the
events due to the very strong forward peak. The weak dependence on the value of the cut is largely
due to the fact that the forward peak, caused by neutrino exchange, does not depend on the -)W+W~
and Z0W+W- couplings.

On the basis of the fits, various questions related to the accuracy with which the couplings can be
extracted from the data can be analysed. In Section 4.2, we will in particular analyse the dependence
of the results for the extracted couplings

i) on the number of free couplings assumed in the fit,

ii) on which of the measurable quantities is actually extracted from the data (differential cross section
only, spin correlation in addition, density matrix elements),

iii) on the e+e~ energy (the NLC at 500 GeV versus LEP at ISO GeV).

4.2 Results on the sensitivity in the experimental determination of the -yW+W~
and Z°W+W~ couplings.

We follow the procedure outlined in Section 2 and summarized in Table 2.2. Accordingly, in fitting
the generated data, we increase the number of free parameters in a systematic manner by relaxing the
underlying symmetry requirements.

Concerning the fitting procedure itself, some technical remarks are to be made13:

i) All allowed domains for the fit parameters to be given correspond to 95% confidence level (i. e.,
X2 = Xmin + 3-84,5.99,9.49,..., etc., for one, two, four,..., etc, simultaneously free fit parameters).

ii) The possibility of error domains which are asymmetric around the minimum (S. M.) value is
explicitly taken into account in the fitting procedure. Such asymmetric domains can arise from
the non-linear (quadratic) dependence of the observables on the fit parameters. Also, correlations
among the fit parameters are taken into account, since potentially large cancellations among
different parameters and/or different helicity amplitudes are present, especially at high energies

We start by fitting a single free parameter. According to Table 2.2, three different cases are to be
discriminated. The results of the corresponding one-parameter fits are given in Tables 4.1 to 4.3. The
fit parameter as well as the theoretical assumptions are mentioned in the captions to Tables 4.1 to 4.3.

From the results in Tables 4.1 to 4.3 we draw the following conclusions:

i) A full analysis of the data including spin-correlated cross sections and density matrix elements
diminishes the errors in the extracted parameters by about a factor of three. Moreover, the full
analysis leads to much more symmetric domains for the fit parameters, as it largely reduces the
possibility of cancellations among different helicities. This feature of the analysis will essentially

12 Actually, the results on the fitted couplings do not sensitively depend on the systematic error as long as it is below
5%, approximately.

13 The fits are obtained by using the minimization program MINUIT which provides for the adequate tools of treating
i) and ii) in a consistent manner.



• 3 1

remain in the multi-parameter case, apart from large cancellations remaining among <$z,
when simultaneously free, as will be illustrated.

Fitted quantity

da j _
dcostf - dG

da,daLL,daLT

da,daLL,daLT,
and Pr1T2 (COST?)

LEP: 190 GeV

0.16 < S2 < 0.19

-0.86 10-i <6Z < 0.92 10-i

-0.62 IQ-1 < S2 < 0.64 10-1

NLC: 500 GeV

-0.18 10"! < S2 <0.10

-0.86 lu"2 < Sz < CIl 10"1

-0.56 lu"2 < S2 < 0.60 lu"2

Table 4.1: Fit parameter and only deviation from SU (2)L x U (1)Y

is Sz = 9ZWW — ctg#n/. Test of the universality of vector boson interac-
tions. Theoretical motivation: Extended gauge theory based on SU (2)L x
SU {2)v xU (l)y evaluated in the limit of my —> oo, i. e., my >> 500GeF.

Fitted quantity

dtr — tin
dcosti — aa

da,daLL,d<rLT

da,daLL,daLT

and Pr1V2 (cost?)

LEP: 190 GeV

0.53 IO-1 < I 7 < 0.60 IO-1

-0.29 IO-1 < X7 < 0.30 10"1

-0.21 10"1 < X1 < 0.22 IO-1

NLC: 500 GeV

0.42 lu"2 < i 7 < 0.49 lu"2

-0.19 IO-2 < X7 < 0.20 lu"2

-0.13 lu"2 < i 7 < 0.14 lu"2

Table 4.2: Fit parameter I 7 = K7 — 1. Additional deviations from
SU(2)L x U(1)Y constrained by xz = - X 7 ^ - , Sz = sw^cw- Theoretical
motivation: Exclusion of intrinsic SU(2) violation and exclusion of quartic
one-loop divergences in p as well as exclusion of s2 terms in high-energy
W+W~, etc., scattering.

Fitted quantity

j^-» ~da

datdoTT,daLT

da,daTT,daLT

and PTIT2 (cost?)

LEP: 190 GeV

-CZi 10-i < y 7 < 1.1 10-1

-0.59 10-i < y7 < 0.65 1O-1

-0.39 10-1 < y7 < 0.41 IQ-1

NLC: 500 GeV

-1.0 lu"2 < y7 < 1.9 l u ' 2

-0.64 lu"2 < y7 < 0.93 10"2

-0.15 lu- 2 < y7 < 0.15 IO-2

Table 4.3: Fit parameter y7 = A7. Additional deviation from SU (2)^x
U (I)y standard electroweak theory given by Xz = A7. Theoretical motiva-
tion: Non-standard dimension-six quadrupole interactions constrained by
validity of local SU (2)L x U ( l ) y symmetry.

ii) Raising the energy from 190 GeV to 500 GeV diminishes the errors in the extracted quantities (i.
e., the bounds on various anomalous couplings) by about an order of magnitude.

iii) At 500 GeV, tha bounds on the anomalous couplings become of the order, of 10~3. This is the
order of magnitude at which such anomalous effects appear as a result of loop corrections [18].

We turn to the case of two free parameters, Sz, Z7, as listed in the second line of Table 2.2. The
results of the fit are represented in the contour plots shown in Fig. 4.1.
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Several conclusions can immediately be drawn from Fig. 4.1:

i) The bounds on a:7 and Sz are significantly weaker than the bounds in Tables 4.1 to 4.3
deduced from one-parameter fits. This is due to the correlations between x7 and 6z which
may be explicitly identified in the high-energy form of the helicity amplitudes in Table 3.2.

X

o -

- . 2
- . 3

\

\ \

\ \

\ \

\

\

\ ;•

- . 0 1 .01

\ X •«Sfc»' • • • • \

- . 2 - . 1 .1 .2

Fig. 4 .1: Conton»-plot, fit parameters X7 and <$£. Additional deviation
from SU(2)L x U(l)Y constrained by xz = - I 7 ^ . Theoretical motiva-
tion: Exclusion of intrinsic SU(2) violation. The contour (— —) results
from fitting all observables at 190 GeV, the full lines (—) correspond to 500
GeV. The dashed contour (- -) is obtained from the angular distribution
{da), the dotted one (...) by taking into account da only.

ii) The gain in sensitivity when raising the energy from 190 GeV to 500 GeV is enormous.

iii) Again, as in the one-parameter case, there is a significant gain of sensitivity if besides the
angular distribution also the polarization of the produced W± bosons is taken into account.

In Figures 4.2a to 4.2c, we show the results of an analysis in terms of four (Sz,x^,yy, yz), and,
for the energy of 500 GeV, in addition the results of fits with eix (Sz,x-,,xz,yi,yz,zz) free pa-
rameters.

We note that the contours give the maximally allowed range for each choice of two parameters,
i. e., for a point inside of a contour, there exists a set of values of the remaining fit parameters
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which yields a good fit, while for a point outside of each contour there is no such fit.
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Fig. 4.2a: Contour plots from fits to four (6z,^T,y-r,yz) and six
{6z,x-f,xz,yy,yz,zz) free parameters. The four-parameter case is moti-
vated by excluding intrinsic SU(2) violation (i. e., xz = — X7^-) as well as
C- and P-violation {zz = 0), while allowing for dimension-six quadrupole
interactions. The contours are based on fitting all observables at 190 GeV
(- -) and at 500 GeV (—). The dotted curves refer to six free parameters.

By comparing Figures 4.2a, b, c with Fig. 4.1, one finds that the transition from two parameters,
6z,Xf, to four free parameters Sz,xy,y^,yz does not dramatically change the contours. This is
to be expected from the results in Tables 3.1 and 3.2, as xy,xz and yy,yz appear in different
helicity amplitudes, respectively, thus allowing for a clear separation of X^, Xz and yy,yz v ' a the
spin-correlated cross sections, daTT and daLIj. The growth of the contours in Figures 4.2a to 4.2c,
when passing to six free parameters (at 500 GeV) is due to the strong correlations between I7 , xz

and Sz- No such growth is seen in the y-,,yz plane of Fig. 4.2c. This is due to the mentioned
helicity properties of the yy,yz quadrupole interactions. Other contours, e.g., the contour in the
XT> Vt plane, can be visualized from the contours we are showing.

Figures 4.3a and 4.3b show results from a fit with six free parameters in additional planes not
existing in the four-parameter case, again comparing the energies of 190 GeV and 500 GeV with
each other. The anapole (zz) interaction in particular, but also the dimension-six quadrupole
(y-y) term, show a strong dependence on energy resulting in a particularly large improvement
of the bounds on these parameters when increasing the energy. Finally, in Fig. 4.3b, we show
the comparatively !ow sensitivity in the six-parameter fit under variation of xz and z7. It is
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Fig. 4.4a,b: Contour plots for CP-violating couplings, based on fitting
all observables at 190 GeV (- -) and at 500 GeV (—), or fitting only the
three CP-sensitive combinations (3.10), at 500 GeV (...).
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duo to strong correlations among X1,xz and 6Z. For instance, if without particular theoretical
justification, one imposes ihe constraint Sz = 0, one observes strong correlations which are easily
understandable from the high-energy behaviour of Table 3.2.

Finally, in Figures 4.4a, b, we turn to the inclusion of CP-violating interactions in a nine-parameter
fit. The increase in sensitivity with increasing energy is particularly large for the case of the
dimension-six coupling, z'3. As previously noted, CP-invariance may be tested independently of
any additional theoretical input by comparing appropriately chosen (imaginary parts of) spin
density matrix elements of the W^ and W~. If these density matrix elements only are fitted,
the results of the fits at 500 GeV for the CP-violating couplings turn out not to be significantly
different from the all-parameter fits. One observes that z'3 is constrained to be very small at 500
GeV, and z[, z'2 become completely correlated. This behaviour can be traced back to the defining
relation (2.7) and the high-energy behaviour of the relevant CP-observables (3.10).

5 Conclusions

i) Assuming Lorentz invariance, the trilinear interactions among vector bosons depend on five
(if C-, P-violation is excluded), six (if C-, P-violation is allowed) or even nine (if CP-violation
is allowed) independent coupling constants. If CP-violation is disregarded for triple vector-
boson vertices and a somewhat decent high-energy behaviour for vector boson scattering is
required or, equivalently, if the most violent divergences in boson loops are excluded, only
certain single-parameter models remain viable. Examples of such models were given. They
involve K7, gzww and A7, respectively, as the single free parameter. This free parameter
then also determines the remaining couplings in these models which generally assume values
different from their standard ones. Models with more than a single free coupling generally
lead to extremely bad high-energy and boson-loop behaviour and require an (unknown) even
more radical departure at high energies from the simple SU{2)i, X U(l)y picture.

ii) Independent of theoretical prejudice, the investigation of the reaction e+e~ —* W+W~ allows
for an accurate exploration of the dynamical properties of vector bosons in their trilinear
interactions. A sufficiently high e+e~ energy will be a big bonus in such experiments. An
increase of the e+e~ energy from 190 GeV (LEP-2) to 500 GeV (NLC), assuming integrated
luminosities of 500 pb" 1 (LEP-2) and 10 fb"1 (NCL), respectively, leads to an increase in
sensitivity of one full order of magnitude in the triple vector-boson couplings. According
to Table 4.2, for instance, the expected error in the anomalous magnetic dipole moment,
K1, of the W* will decrease from ±0.02 at 190 GeV to ±0.001 at 500 GeV. The increase in
sensitivity with increasing energy by (at least) one order of magnitude remains true if the data
are subjected to a multi-parameter, model-independent analysis. This is seen in the various
contour plots shown in Section 4. Absolute errors in the multi-parameter case, however,
increase by about an order of magnitude relative to the single-parameter cases. Typically,
as inferred from Fig. 4.2a, in a four-parameter fit, the anomalous magnetic dipole moment,
K7, is being constrained to -0.2 < K7 - 1 < 0.6 at 190 GeV and to -0.005 < « 7 - 1 < 0.015
at 500 GeV.

iii) It is worth noting that an analysis of the polarization properties of the W^ (i.e., a measure-
ment of decay distributions) plays an important role in the above mentioned extraction of
the triple boson couplings from the experimental data. Definite W* helicities select specific
interactions (compare Tables 3.1 and 3.2), and a polarization measurement thus allows to
precisely isolate these interactions.

iv) In summary: our present empirical knowledge on voctor-boson (W^, Z0,7) dynamics, the
gauge boson sector of the SU(2)L X U(\)Y eloctroweak theory, is an indirect knowledge at
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best. A direct exploration of W^, Z0, f (trilincar) dynamics together with the search for the
Higgs-particle and the measurements of the top-quark properties provide for ample reason
to go ahead with a high-energy e+e~~ linear-collider project.
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