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Deconstructing angular correlations in ZH , ZZ, and WW production at CERN LEP 2
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We apply a generalized spin-basis analysis to associated Higgs boson production and gauge boson pair
production at CERN LEP. This framework allows us to identify a choice of spin axes for the processes
e1e2→ZH, ZZ which leads to strikingly different correlations among the decay products, even well above
threshold. This spin basis optimizes the difference in the angular correlations for these two processes. In
contrast, the same distributions display little contrast when the helicity basis is used. We also apply this
technique to the case ofW boson pair production.@S0556-2821~98!04717-1#
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I. INTRODUCTION

The search for a light Higgs boson and the study of ga
boson pair production@1# are important physics goals of th
e1e2 collider LEP2 upgrade at CERN. If kinematically a
cessible to LEP2, the Higgs boson will be primarily pr
duced via the Bjorken processe1e2→ZH @2,3#. An irreduc-
ible physics background to this process is the production
Z boson pairs, which is most troublesome whenMH;MZ .
The clear separation of these two processes is required
convincing Higgs boson discovery or lower bound ma
limit. Kinematics as well as characteristic angular corre
tions will be useful in this separation. The study ofW boson
pair production is also interesting in its own right@4–6#, as it
involves vertices coupling three gauge bosons~especially
ZW1W2), vertices which to date are poorly probed expe
mentally. These couplings may be probed with varying
grees of sophistication by testing the predictions for the to
cross section, production angle distribution, and correlati
among the vector boson decay products. Hence for al
these processes,e1e2→ZH, ZZ andW1W2, we are keenly
interested in the angular correlations among the final s
particles. To disentangle these correlations it is very usefu
understand the spin correlations of the heavy particles
duced. These spin correlations as well as the subsequen
relations of the decay products are the focus of this pap

Until recently, most spin-related studies were carried
within the framework provided by the zero momentum fram
helicity basis~see, for example Refs.@3–6#!. For particles
which are ultra-relativistic, such as at the next generation
linear colliders, this is appropriate. However, for particl
which are only moderately relativistic, there is no reason
expect that the helicity basis will produce the best desc
tion of the physics involved. Indeed, for the case oft t̄ pro-
duction at low energypp̄ ande1e2 colliders, it was shown
in Refs.@7–9# that the helicity basis is far from optimal. I
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this paper we use the generalized spin basis introduce
Ref. @8# to describeZH, ZZ, andWW production and decay
at LEP2 energies. In particular, we write the polarized p
duction amplitudes in terms of the most gene
CP-conserving choice of spin axes, and from these exp
sions determine the choice of axes which leads to the m
distinctive correlations among the final state particles. W
argue that it is advantageous at LEP2 energies to tune
choice of spin axis to the experimental issue being inve
gated, rather than to simply use the helicity basis and try
unravel the contributions from what are in many cas
nearly-equally populated spin states.

For all three processes,e1e2→ZH, ZZ and W1W2,
much effort in the literature has been devoted to the anal
of various anomalous trilinear couplings@5,6,10#, employ-
ing, of course, the helicity basis. Rather than attempt to
work all of those studies in terms of the generalized sp
basis, we have chosen to concentrate on the picture wi
the standard model. It is clear from our results, however, t
such a study would be worthwhile, as we expect differe
spin bases to be optimal for the extraction/limitation of d
ferent anomalous couplings. Such an analysis would b
major extension of this work.

The remainder of this paper is organized as follows. Af
a brief discussion of our notation and conventions in Sec
we consider theZH/ZZ system within the generalized spi
basis framework~Sec. III!. For each process, we consider
detail the polarized production cross sections, and const
spin bases suggested by the expressions for the amplitu
We consider the decay of polarizedZ’s, and then link the
production and decay to study the correlations among
decay products. We are able to construct a basis in wh
these correlations differ significantly for theZH and ZZ
cases, whereas in the helicity basis the correlations are
tually non-existent. Section IV contains the correspond
analysis for theW1W2 system. In this case, matters are le
clear-cut, and we present several suggestions for bases w
may be useful under different circumstances. Finally, Sec
contains our conclusions. Explicit expressions for the po
ization vectors we employ for the massive vector bosons
the generalized spin basis appear in the Appendix.
© 1998 The American Physical Society15-1
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GREGORY MAHLON AND STEPHEN PARKE PHYSICAL REVIEW D58 054015
II. NOTATION AND CONVENTIONS

To describe the polarized production cross sections
ZH, ZZ, and WW discussed in this paper, we employ th
generic spin basis introduced by Parke and Shadmi in R
@8#, as illustrated in Fig. 1. ForZZ andWW, this is the most
general basis which conservesCP. We label the two par-
ticles produced in the collision byP1 and P2 . The zero
momentum frame~ZMF! production angleu* is defined as
the angle between the electron andP1 directions. The spin
states for the first particle are defined in its rest frame, wh
we decompose theP1 spin along the directionŝ1 , which
makes an anglej with the P2 momentum in the clockwise
direction. Likewise, theP2 spin states are defined in its re
frame along the directionŝ2 , which makes thesameanglej
with the P1 momentum, also in the clockwise direction. W
denote the two transverse polarization states

FIG. 1. The scattering process in~a! the zero momentum frame

~b! the rest-frame ofP1 and~c! the rest-frame ofP2 . ŝj is the spin
axis for Pj .
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1 and 2 and the longitudinal state by 0. Throughout th
paper we use the terms ‘‘transverse’’ and ‘‘longitudinal’’
refer to directions relative to the spin axis,not the direction
of motion of the particle. A generic vector boson spin will b
designated byl. If we sum over all of the polarizations o
the vector boson~s!, then the dependence onj drops out of
the result.

Note that although the Higgs boson is a scalar, we m
still define a spin axis for it as if it were a vector. The sp
zero character of the Higgs boson will be reflected in a la
of any dependence on the choice of this axis.

Within the generic spin basis framework, specific sp
bases are defined by stating the relationship betweenj and
u* ~and any other relevant event parameters!. For example,
the ubiquitous helicity basis is defined by fixing

j[p. ~1!

In this case, the spins are defined along the directions
motion of the particles as seen in the ZMF.

Another interesting basis is the beamline basis@7#, which
is defined by

sin j5
A12b2 sin u*

12b cosu*
; cosj5

cosu* 2b

12b cosu*
. ~2!

Hereb is the ZMF speed ofP1 . In this basis, the spin axis
for P1 is the electron direction. Furthermore, ifP1 and P2
have identical mass, then the spin axis forP2 is the positron
direction.

Later in this paper, we will encounter additional bas
whose definitions are inspired by the form of the matrix
ements for the processes under consideration.

Except for the fermion masses, which we set equal
zero, all input masses and coupling constants used in
computations presented in this paper are the central value
reported by the 1996 Particle Data Group@11#. Furthermore,
we also neglect the coupling between the electron and H
boson.

III. THE PROCESSES e1e2
˜ZH , ZZ AT LEP

If the Higgs boson is light enough to be observed
LEP2, then its production will be dominated by the proce
e1e2→ZH, for which the largest background ise1e2

→ZZ. This suggests the potential for difficulties should t
Higgs boson mass lie too close to the mass of theZ. In
particular, atAs5192 GeV, the tree-level cross section f
ZH is only 0.5 pb whenMH5MZ , compared to 1.2 pb for
ZZ. As noted by Brown@12#, this situation improves if
b-tagging is employed, as the Higgs boson decays mainl
bb̄ whereas theZ decays to this final state only 15% of th
time. Rather than rely onb-tagging, Kunszt and Stirling@13#
have considered the distribution of the angle that the de
leptons ine1e2→ZH/ZZ→ l l̄ jets make with the direction
of the beam in the ZMF. They find a significant difference
this distribution in theZH andZZ cases. Finally, Summer
@14# has added the effect of polarizing the beams on
distribution of Ref.@13#.

In this section we examine theZH and ZZ processes
5-2
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DECONSTRUCTING ANGULAR CORRELATIONS IN . . . PHYSICAL REVIEW D 58 054015
within the generalized spin basis framework. We begin
Sec. III A by analyzing the polarized production amplitud
for the processe1e2→ZH in great detail. The expression
for these amplitudes will show us how to construct a basi
which only transversely-polarizedZ’s are produced in asso
ciation with the Higgs boson. In Sec. III B we present pol
ized production amplitudes fore1e2→ZZ. After describing
the decay of polarizedZ’s ~Sec. III C!, we combine the pro-
duction and decay information to discuss the angular co
lations among the decay products in theZH/ZZ system~Sec.
III D !. Our analysis shows that the angular variable s
gested by Kleiss and Stirling@13#, while close to optimal,
may be improved upon, especially as theZH pair is pro-
duced further and further above threshold. In particular,
find that in the basis constructed in Sec. III A, certain dec
angular distributions are very different forZH versusZZ. In
contrast, these same distributions are nearly featureless i
helicity basis. We conclude this part of the paper in Sec. II
with a brief look at how the production of a pseudosca
Higgs boson would differ from the standard model Hig
boson.

Although we focus on the case whereM H;MZ , our re-
sults are more general, since the existence of our optim
basis for e1e2→ZH depends only on that process bei
kinematically allowed. It is also potentially useful at th
Tevatron, because the amplitude forqq̄8→WH has the same
spin structure as the amplitude fore1e2→ZH.

A. Polarized ZH production

To describe the processe1e2→ZH, we take particleP1
in Fig. 1 to be theZ, and particleP2 to be the Higgs boson
In general, the Higgs andZ have different masses (MH and
MZ respectively!, leading to the following connection be
tween the center-of-mass energyAs and speedbZ of the Z
boson:

bZ5
A@s2~MZ1MH!2#@s2~MZ2MH!2#

s2MH
2 1MZ

2 . ~3!

Rather than use Eq.~3! to eliminate one ofs or bZ from our
expressions, it is more convenient to use both quantities

If we neglect the electron mass, there is but a single d
gram for e1e2→ZH. It leads to the differential cros
section1

dsl~e1e2→ZH!

d~cosu* !
5

GF
2MW

2

cos2 uW

bZgZMZ
3

32ps3/2 S s1MZ
22MH

2

s2MZ
2 D 2

3$cos2 2uW@S L
l~bZ ,u* ,j!#2

14 sin4 uW@SR
l~bZ ,u* ,j!#2% ~4!

whereGF is the Fermi coupling constant,MW is the mass of
the W boson,uW is the Weinberg angle, andgZ is the usual

1All cross sections given in this paper are spin-averaged for
incoming particles.
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relativistic factor,gZ5(12bZ
2)21/2. The two terms in the

curly brackets come from the two possible chiralities of t
initial electron line. All of the spin information is containe
in the spin functions,SL,R

l , which are given by

S L
6~bZ ,u* ,j!5SR

7~bZ ,u* ,j!

5
1

&

@sin u* sin j

1A12bZ
2~cosu* cosj61!# ~5!

and

S L
0~bZ ,u* ,j!5SR

0~bZ ,u* ,j!

5A12bZ
2 cosu* sin j2sin u* cosj.

~6!

Summing over the three possible spins of theZ we obtain the
total ~unpolarized! differential cross section

(
l

dsl

d~cosu* !
5

GF
2MW

2

cos2 uW

bZgZMZ
3

32ps3/2 S s1MZ
22MH

2

s2MZ
2 D 2

3$124 sin2 uW18 sin4 uW%

3$2~12bZ
2!1bZ

2 sin2 u* %. ~7!

Equation~7! is independent of the spin axis anglej, as it
must be.

Since, in general, at each value ofu* we are allowed to
choose a different value ofj, it is useful to plot these ampli-
tudes in the cosu* -cosj plane. Consequently, we define th
quantity

f l~bZ ,u* ,j![

dsl~bZ ,u* ,j!

d~cosu* !

(
l8

dsl8~bZ ,u* ,j!

d~cosu* !

, ~8!

which is the fraction of the total cross section coming fro
the spin statel. In Fig. 2 we have plottedf l(bZ ,u* ,j) for a
collider energyAs5192 GeV and Higgs massMH5MZ .
These plots illustrate the features of the amplitude discus
below, and are an indispensable aid when the amplitude
comes complicated, as in theZZ andWW cases.

For j5p, we recover the usual helicity basis expressio
from Eqs.~4!–~6!:

S L
6~bZ ,u* ,p!5SR

7~bZ ,u* ,p!

5
1

&

A12bZ
2~612cosu* !;

S L
0~bZ ,u* ,p!5SR

0~bZ ,u* ,p!5sin u* . ~9!
e

5-3
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GREGORY MAHLON AND STEPHEN PARKE PHYSICAL REVIEW D58 054015
FIG. 2. Structure of thee1e2→ZH polarized production am-
plitudes in the cosu* -cosj plane forAs5192 GeV andMH5MZ

(bZ50.313). Plotted isf l(bZ ,u* ,j), the fraction of the total am-
plitude squared in each spin configuration@see Eq.~8!#. In all of the
plots, sinj>0.
05401
At high energy, the transverse amplitudes die off, leav
only the longitudinal amplitude.

An examination of Eq.~5! reveals that it is not possible t
make both of the transverse spin functionsS L

l andSR
l vanish

simultaneously. Consequently, it is impossible to make eit
of the transverse amplitudes of Eq.~4! vanish. There is, how-
ever, a zero in the longitudinal contribution, Eq.~6!, which
results from choosing

sin j5
sin u*

A12bZ
2 cos2 u*

; cosj5
A12bZ

2 cosu*

A12bZ
2 cos2 u*

,

~10!

i.e. tanj5gZ tanu* . The basis corresponding to this choic
theZH-transverse basis, will turn out to be very useful in t
study ofZH events. The nonvanishing spin functions in t
ZH-transverse basis are

S L
6
„bZ ,u* ,tan21~gZ tan u* !…

5SR
7
„bZ ,u* ,tan21~gZ tan u* !…

5
1

&

@A12bZ
2 cos2 u* 6A12bZ

2 #. ~11!

These functions are completely flat in cosu* at threshold,
and become proportional to sinu* for bZ→1. Note that the
existence of this basis does not depend on either the mac
energy or the Higgs mass: Eqs.~3! and ~10! remain well-
defined so long asAs>MZ1MH . In particular, forbZ→1,
we have

sin j→1; cosj→0, ~12!

that is, j→p/2. This is clearlynot the helicity basis.2 The
ZH-transverse basis is also the basis in which the1 and
2 components are each maximized.

For completeness, we mention theZH-longitudinal basis,
defined by tanj52gZ

21 cotu* . As its name suggests, th
ZH-longitudinal basis maximizes the fraction of longitudin
Z’s. This basis is potentially useful for large values ofbZ

2The absence of any longitudinal contribution whatsoever, eve
high energy, does not represent a violation of the vector bo
equivalence theorem, which is really a statement about the hel
basis.

TABLE I. Spin decompositions in selected bases fore1e2

→ZH at As5192 GeV andMH5MZ .

Spin
configuration

Helicity
basis

Beamline
basis

ZH-
transverse

basis

ZH-
longitudinal

basis

~0! 35.6% 3.5% 0.0%a 51.8%
~1! 32.2% 55.4% 57.4% 24.1%
~2! 32.2% 41.2% 42.6% 24.1%

aThis contribution is exactly zero, by construction.
5-4
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FIG. 3. Spin decomposition of thee1e2→ZH cross section as a function of the ZMF speedbZ of the Z boson, assuming thatMH

5MZ . Shown are the fractions of the total cross section in the~1!, ~2!, and~0! spin states for the helicity, beamline,ZH-transverse, and
ZH-longitudinal bases.
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since the fraction of longitudinalZ’s with increasing energy
approaches unity faster than in the helicity basis.

In Table I, we list the contributions to the total amplitud
for each of the three possibleZ spins as measured in th
helicity, beamline, ZH-transverse, andZH-longitudinal
bases. We employ a center-of-mass energyAs5192 GeV
and a Higgs massMH5MZ , the value which makes separ
tion of ZH andZZ events the most difficult. Note that in th
helicity basis, the three spin states are populated ne
equally. As we shall see below, this feature makes the he
ity basis a very poor choice for studying theZH/ZZ system.

Because the Higgs boson mass is still unknown, we m
worry that the predictions for the spin compositions wou
depend strongly onMH , rendering this discussion pointles
For any particular machine energy and Higgs boson m
Eq. ~3! tells us the appropriate value ofbZ to use. In Fig. 3
we have plotted the fractional contribution of each of t
three spin components as a function ofbZ for the helicity,
beamline,ZH-transverse, andZH-longitudinal bases. We
05401
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see that in theZH-transverse basis, the spin composition
remarkably flat as a function ofbZ , except nearbZ51. In
fact, for MH*70 GeV, bZ&0.5 whenAs5192 GeV. So,
for the values ofMH and As accessible at LEP, the spi
composition in theZH-transverse basis is effectively con
stant. Contrast this to the beamline basis, which actually
incides with theZH-transverse basis atbZ50 and the helic-
ity basis forbZ→1! In this case, the spin composition is n
particularly stable.

A second reason for preferring a basis in which the s
composition is stable with respect to changes inbZ relates to
the effects of initial state radiation~ISR!. Although we have
neglected these effects in our computations, it is appa
what should happen qualitatively: some of the observ
events will be produced frome1e2 pairs with a center-of-
mass energy lower than the machine energy. Therefore,
smaller the dependence onbZ , the less sensitive the break
downs will be to the effects of ISR.

Finally, in Fig. 4 we compare the production angular d
5-5
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GREGORY MAHLON AND STEPHEN PARKE PHYSICAL REVIEW D58 054015
tributions of the polarized cross sections in the helicity a
ZH-transverse bases. We see that in the helicity basis,
identity of the dominant component depends on cosu* ,
whereas in theZH-transverse basis, the ratio of the two no
vanishing amplitudes is essentially constant.

B. Polarized ZZ production

We now turn to the processe1e2→ZZ. With our com-
parison toZH production in mind, we identify theZ which

decays leptonically withP1 and theZ which decays tobb̄
with P2 in Fig. 1.

The only diagrams forZZ production aret-channel elec-
tron exchange diagrams, one for each ordering of the
Z’s. For an initial fermion pair with left-handed chirality w
have

FIG. 4. Distribution in production angle of thee1e2→ZH
cross section forMH5MZ at As5192 GeV, broken down into the
contributions from the three possibleZ spins, for the helicity and
ZH-transverse bases.
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dsL
ll̄~e1e2→ZZ!

d~cosu* !

5
GF

2MW
4

32pMZ
2

cos4 2uW

16 cos4 uW
bg2

3F S L
ll̄~b,u* ,j!

122b cosu* 1b2 1
S L

ll̄~2b,u* ,j!

112b cosu* 1b2G2

,

~13!

while the result for right-handed chirality reads

dsR
ll̄~e1e2→ZZ!

d~cosu* !

5
GF

2MW
4

32pMZ
2

sin8 uW

cos4 uW
bg2

3F SR
ll̄~b,u* ,j!

122b cosu* 1b2 1
SR

ll̄~2b,u* ,j!

112b cosu* 1b2G 2

.

~14!

These expressions contain the common ZMF speedb of the
two Z’s, which is connected to the center-of-mass energy

b5A124MZ
2/s. ~15!

We have not combined the pairs of terms appearing in
square brackets in order to make manifest the similaritie
the W-pair amplitudes presented in Sec. IV.

All of the spin information is contained in the spin func

tions,SL,R
ll̄ , which may be written as

S L
12~b,u* ,j!52G1~b,u* ,j!G2~b,u* ,j! ~16!

S L
11~b,u* ,j!52G3~b,u* ,j!G4~b,u* ,j! ~17!

S L
10~b,u* ,j!5S L

02~b,u* ,j!

5&@G1~b,u* ,j!G4~b,u* ,j!

2G2~b,u* ,j!G3~b,u* ,j!# ~18!

S L
00~b,u* ,j!52b sin u* ~122b cosu* 1b2!

24G3~b,u* ,j!G4~b,u* ,j! ~19!

where
5-6
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DECONSTRUCTING ANGULAR CORRELATIONS IN . . . PHYSICAL REVIEW D 58 054015
G1~b,u* ,j!5~11cosu* cosj1A12b2 sin u* sin j!

2b~cosu* 1cosj!

G2~b,u* ,j!5~sin u* cosj2A12b2 cosu* sin j!

1b~sin u* 1A12b2 sin j!

G3~b,u* ,j!5sin j~b2cosu* !1A12b2 sin u* cosj

G4~b,u* ,j!5sin u* sin j2A12b2 cosj~b2cosu* !.

~20!

Since the replacementj→j1p has the effect of interchang
ing the 1 and 2 states, expressions for the remaining sp
combinations may be obtained from the relation

S L
ll̄~b,u* ,j!5S L

2l,2l̄~b,u* ,j1p!. ~21!

The total differential cross section is remarkably simp
Summing over the spins of bothZ’s and including both fer-
mion chiralities we obtain

(
l,l̄,C

dsC
ll̄

d~cosu* !

5
GF

2MW
4

16pMZ
2 cos4 uW

~cos4 2uW116 sin8 uW!b~12b2!

3
2~12b2!31b2@81~12b2!2#24b4 sin4 u*

@~12b2!214b2 sin2 u* #2
.

~22!

Of the nine spin configurations, there are only six which
independent, sinceCP invariance forces the equality of th
~11! and ~22! components, as well as the equality of t
(60) and (07) components@5#. Therefore, for the rest o
the paper we will refer to @(11)1(22)#, @(10)
1(02)#, and@(01)1(20)# as single components.

One of the ways which theC and P violation present in
the weak interactions manifests itself is as the different p
actors in Eqs.~13! and~14!. The spin functions, on the othe
hand, obey these symmetries, and are connected by

S R
ll̄~b,u* ,j!5S L

2l,2l̄~b,u* ,j!. ~23!

Because of the somewhat complicated form of the am
tudes, it is instructive to plot the amplitudes for each of t
six independent spin configurations in the cosu* -cosj plane.
In Fig. 5, we have plotted the quantity3

3Implicit in this definition is a sum~in both numerator and de
nominator! over the chirality of the initial electron line.
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f ll̄~b,u* ,j![

dsll̄~b,u* ,j!

d~cosu* !

(
l8l̄8

dsl8l̄8~b,u* ,j!

d~cosu* !

~24!

~i.e. the fraction of the total amplitude in a given spin co
figuration! for a machine center-of-mass energy of 192 Ge
Visible in the plots is the fact that the~00! contribution is
exactly twice the@(11)1(22)# contribution for all val-
ues ofu* andj @see Eqs.~13!, ~17! and~19!#. Also notewor-
thy are the broad minima in the~12!, ~21!, ~00!, and
@(11)1(22)# components in the vicinity of the
diagonal.4 The @(10)1(02)# and @(01)1(02)# contri-
butions have corresponding maxima in this region.

In Table II we give the fraction of the total amplitud
coming from each of the six independent spin configuratio
in the four bases tabulated forZH. In two of the bases~he-
licity and ZH-longitudinal!, the high degree of symmetr
present in Eqs.~13! and~14! resulting from the two identica
final state particles manifests as the equalities (12)
5(21) and@(10)1(02)#5@(01)1(20)#. It is impor-
tant to note that wedefinethe ZH-transverse basis in term
of Eqs. ~3! and ~10!, even when we are dealing withZZ
production. Thus, the spin breakdowns in this basis dep
on the Higgs boson mass via the value assigned tobZ . For
bZ&0.5 ~the interesting region!, the curve traced out by the
ZH-transverse basis in the cosu* -cosj plane lies near the
diagonal, an area in the cosu* -cosj plane where the contri-
butions from the various spins are relatively stable. Thus
is not surprising to find that forbZ&0.5 and As
5192 GeV, there are no significant deviations from the e
tries for theZH-transverse basis in Table II.

In Fig. 6 we have have plotted the fraction of the to
amplitude in each of the spin components using the heli
and ZH-transverse bases as a function ofb. In the helicity
basis, we find that the~12! and ~21! contributions are
always equal, as are the@(10)1(02)# and @(01)
1(20)# contributions. Consequently, if we look at th
population of the spin states for one of theZ’s while sum-
ming over the otherZ, we find that the1 and2 states are
populated equally. Furthermore, at threshold, this inclus
breakdown is precisely 1/3 for each spin, and this chan
relatively slowly with increasingb. The situation is consid-
erably better in theZH-transverse basis, where no two of th
six spin contributions are equal, and where there is a rea
able difference in the inclusive contributions. While we ha
usedbZ5b ~i.e. MH5MZ) in preparing these plots, we hav
verified that for the range accessible to LEP, the depende
on the Higgs boson mass is inconsequential.

In Fig. 7 we compare the angular distributions of the p
larized production cross sections in the helicity a
ZH-transverse bases atAs5192 GeV. In the helicity basis
there is a complicated interplay among the six spin com

4None of these components actually vanish in this region, ho
ever.
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FIG. 5. Structure of thee1e2→ZZ polarized production amplitudes in the cosu* -cosj plane forAs5192 GeV (b50.313). Plotted is

f ll̄(b,u* ,j), the fraction of the total amplitude squared in each spin configuration@see Eq.~24!#. In all of the plots, sinj>0.
054015-8
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TABLE II. Spin decompositions in selected bases fore1e2→ZZ at As5192 GeV andMH5MZ . The
entries in the second part of the table are the inclusive fractions obtained when we sum over all possible spins
of the secondZ.

Spin
configuration

Helicity
basis

Beamline
basis

ZH-transverse
basis

ZH-longitudinal
basis

~00! 11.7% 5.6% 0.0%a 0.1%
~12! 22.6% 4.2% 0.3% 25.7%
~21! 22.6% 2.4% 0.2% 25.7%

(11)1(22) 5.8% 2.8% 0.0%a 0.0%a

(10)1(02) 18.7% 54.6% 64.1% 24.2%
(01)1(20) 18.7% 30.4% 35.4% 24.2%

(01)1(00)1(02) 30.4% 48.1% 49.7% 24.4%
(11)1(10)1(12) 34.8% 32.9% 32.4% 37.8%
(21)1(20)1(22) 34.8% 19.0% 17.9% 37.8%

aThis component is small, but nonzero.

FIG. 6. Spin decomposition of thee1e2→ZZ cross section as a function of the ZMF speedb of theZ boson. The plots on the top show
the fractions of the total cross section in the~00!, ~12!, ~21!, @(10)1(02)#, @(01)1(20)#, and@(11)1(22)# spin states for the
helicity andZH-transverse bases. The plots on the bottom show inclusive fractions where we have summed over all possible sp
otherZ, e.g., (0x)[(01)1(00)1(02). The curves for theZH-transverse basis are drawn for the caseMH5MZ .
054015-9
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GREGORY MAHLON AND STEPHEN PARKE PHYSICAL REVIEW D58 054015
nents, whereas in theZH-transverse basis the two domina
components appear in approximately the same ratio, in
pendent of cosu* .

C. Polarized decays

The Z f f̄ coupling violates both parity and flavor unive
sality. Thus, the angular distributions for the decay of pol
ized Z bosons are forward-backward asymmetric, and
pend on which fermions appear in the final state. Neglec
the mass of the final state fermions,5 we obtain the following
angular distributions in the rest frame of the decayingZ:

1

G f

dG6

d~cosx!
5

3

8
@a f~17cosx!21~12a f !~16cosx!2#

~25!

5Inclusion of the finite mass effects would result in straightfo
ward but messy modifications to Eqs.~25! and ~26!. These effects
are greatest forb-quarks, where they are less than a few percen

FIG. 7. Distribution in production angle of thee1e2→ZZ cross
section atAs5192 GeV, broken down into the six independe
spin combinations for the helicity andZH-transverse~with MH

5MZ) spin bases. Only two spin components contribute above
1% level in theZH-transverse basis.
05401
e-

-
-
g

for the transverse polarizations and

1

G f

dG0

d~cosx!
5

3

4
sin2 x ~26!

for the longitudinal polarization. These distributions ha
been normalized to unit area by inclusion of the partial wid
G f for the decayZ→ f f̄ . We takex to be the angle betwee
the direction of motion of the fermion and the spin axis
seen in theZ rest frame, and absorb the dependence on
couplings between left- and right-handed chirality fermio
to the Z into the factora f . For convenience, we have co
lected the values ofa f in Table III. The corresponding dis
tributions are plotted in Fig. 8. Unfortunately, the deca
with the most distinct distributions,Z→nn̄ are invisible.
Furthermore, charge and flavor identification for decays
quarks ~which appear as two jets! is virtually impossible,

e

TABLE III. Coefficients forZ decay. The numerical values ar
for sin2 uW50.2315. The final entry is for a jet of undetermine
charge.

Fermion a f Value

u,c ~324 sin2 uW!2

9224 sin2 uW132 sin4 uW

0.834

d,s,b ~322 sin2 uW!2

9212 sin2 uW18 sin4 uW

0.968

e,m,t ~122 sin2 uW!2

124 sin2 uW18 sin4 uW

0.574

n 1 1.000

j 1
2 0.500

FIG. 8. Angular distributions for the decay of a polarizedZ. x is
the angle between the direction of the fermion~n, e, m, t,
u, d, s, c, or b) and the chosen spin axis, as viewed in theZ rest
frame.
5-10
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FIG. 9. Double differential decay distributions (1/s)d2s/@d(cosxZ)d(cosxH)# for the processese1e2→ZH/ZZ→ l l̄ bb̄ in the helicity

andZH-transverse bases, usingMH5MZ . xZ (xH) is the angle between the lepton (b jet! and the spin axis, as viewed in thel l̄ (bb̄) rest
frame. In the absence of charge identification for theb’s, these plots should be folded about cosxH50. For completely uncorrelated decay
this distribution would have a uniform value of 1/4.
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except perhaps forb quarks. ForZ→ l l̄ , we have a fairly
large overlap between the1 and2 distributions. All of these
features lead us to conclude that it may not be possible
distinguish between the1 and2 polarizations. However, a
we shall see below, the difference between the6 and 0 states
is sufficient for separatingZH and ZZ, provided that the
appropriate spin basis is used.

Naturally, since the Higgs boson is a scalar, its de
angle distributions will be completely flat.

D. Correlations

In this section we will put everything together to discu
the correlations among theZH/ZZ decay products. For con
creteness, we take the final state to bel l̄ bb̄, the l l̄ coming
from a decayingZ, and thebb̄ from the Higgs boson or
otherZ. The results we present do not change very muc
we consider aqq̄bb̄ final state: since it is not possible to te
05401
to

y

if

which light jet is theq and which is theq̄, all distributions in
the Z decay anglexZ defined below would be symmetri
about cosxZ50. On the other hand,a l is only slightly larger
than 1/2, leading to small asymmetries between positive
negative values of cosxZ .

In order to display the advantages of using t
ZH-transverse basis defined by Eq.~10!, we consider a scat
ter plot in the decay anglesxZ andxH , defined as follows.
On theZ→ l l̄ side of the event, letxZ be the angle between
the l emission direction and theZ spin axis in theZ rest
frame. On theZ/H→bb̄ side of the event, letxH be the
angle between theb emission direction6 and theZ/H spin
axis in theZ/H rest frame. In Fig. 9 we present this distr
bution for ZH and ZZ production for the helicity and

6If charge identification is not available for theb jets, then the
distributions presented here should be folded about cosxH50.
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FIG. 10. One dimensional differential decay distributions for the processese1e2→ZH/ZZ→ l l̄ bb̄ in the helicity andZH-transverse

bases, usingMH5MZ . xZ (xH) is the angle between the lepton (b jet! and the spin axis, as viewed in thel l̄ (bb̄) rest frame. In the absenc
of charge identification for theb’s, these plots should be folded about cosxH50.
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ZH-transverse bases forAs5192 GeV andMH5MZ . The
difference between the two plots is dramatic: in the helic
basis, the two distributions are nearly flat, while there is s
nificant structure when theZH-transverse basis is used. Th
difference is underscored by the plots in Fig. 10, which co
pare the 1-dimensional distributions in cosxZ and cosxH .
Clearly, the angular information contained in an analysis e
ploying theZH-transverse basis provides a useful handle
the separation ofZH andZZ events, even whenMH;MZ .
In contrast, the helicity angles are virtually useless in t
respect.

Kunszt and Stirling@13# have noted significant angula
correlations in the ZMF between the direction of the fin
state charged leptons and the beam direction. Effectively
is the beamline basis. At threshold, the beamline basis c
cides with the optimal (ZH-transverse! basis, and the ZMF
coincides with theZ rest frame. At LEP2,b;1/3, i.e. not
that far above threshold. Thus, even though they do not
the optimal basis, Kunszt and Stirling do see non-trivial a
gular correlations. The largest possible correlations, h
05401
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-
n

s

l
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n-
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-
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ever, are obtained using the lepton direction relative to
ZH-transverse basis spin axis in theZ rest frame. Further-
more, the gap between their distribution and the optimal o
widens as we move further above threshold.

An issue which may be raised concerns the effect of fin
detector resolution on the ability of the experimentalists
accurately measure the decay angles we have proposed
pecially since they have been defined in the rest frame
the parent particles, not the lab frame. To get an estimat
the size of these effects, we introduced Gaussian ene
smearing with a width set by 50%/AE into the energies of
the charged leptons and theb quarks, and then compared th
decay angles reconstructed solely from the smeared
menta to the actual decay angles. We take the root m
square deviation of this difference to be an estimate of
error introduced by the smearing. Since the definition oj
depends both on the speed of the parent boson as well a
production angle, the detailed values of our error estim
will vary with the machine energy, choice of basis, and t
process (ZH or ZZ) in which the bosons were produce
5-12
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DECONSTRUCTING ANGULAR CORRELATIONS IN . . . PHYSICAL REVIEW D 58 054015
Typical values atAs5192 GeV andMH5MZ ared(cosx)
;O(0.05), for all three bases. To see the effects of t
angular smearing, an experimentalist would need to use
of approximately this size or smaller. The total number
events observed will probably not be large enough to war
such a large number of bins in the cosx plots. Although a
more detailed study using the full-blown detector simulat
is clearly needed, it would appear that it is possible to m
sure the indicated angles with sufficient precision.

The amplitudes for the processese1e2→ZH/ZZ→ l l̄ bb̄
can be written as a sum over the spin states of the inter
diate massive particles of the production times the de
amplitudes for each spin component. In the clas

FIG. 11. The relative importance of the interference terms in

ZH-transverse, beamline and helicity bases ine1e2→ZH→ l l̄ bb̄

at As5192 GeV. Plotted is the differential distribution inÎ, the
value of the interference term normalized to the square of the t
matrix element.

FIG. 12. The relative importance of the interference terms in

ZH-transverse, beamline and helicity bases ine1e2→ZZ→ l l̄ bb̄ at
As5192 GeV. Plotted is the differential distribution inÎ, the value
of the interference term normalized to the square of the total ma
element.
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cal limit there is no interference between these amplitud
However, in general, these amplitudes do interfere. The
of these interference terms can be used as a measure of
well the classical result for a particular basis describes
full process: if the interference terms are small, then the c
sical picture captures nearly all of the physics. On the ot
hand, if the interference terms are large, a significant amo
of the physics is omitted from the classical picture.

To quantify these considerations, at each kinematic po
for a given process, we may define the quantityÎ, the value
of the interference terms for a given spin basis divided by
total 2→4 matrix element squared. For a process contain
N independent intermediate spin configurations,Î can range
from 2` ~total destructive interference! to (N21)/N ~total
constructive interference!. A plot of ds/dÎ displays the rela-
tive importance of the various values ofÎ. Clearly, in the
ideal case where classical intuition captures all of the ph
ics, this distribution will be a delta function centered
Î50. Figure 11 compares the helicity, beamline
ZH-transverse bases forZH production and decay, wherea
Fig. 12 does the same forZZ. For the signal (ZH), we see
that the peaking inÎ is about an order of magnitude great
in the ZH-transverse basis than in the beamline basis. T
helicity basis shows essentially no peaking. For the ba

e
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e

ix

FIG. 13. Distribution in production angle of thee1e2

→W1W2 cross section atAs5192 GeV. Plotted are the (g/Z)R ,
(g/Z)L and neutrino contributions, plus the absolute value of
interference term between (g/Z)L and n. To the left ~right! of the
zero at cosu*'0.87, the interference term is negative~positive!.

TABLE IV. Breakdown of the total cross section for the proce
e1e2→W1W2 at tree level withAs5192 GeV.

Diagram~s! Contribution Fraction

(g/Z)R 0.2 pb 1.0%
(g/Z)L 13.8 pb 70.6%

n 36.7 pb 188.0%
Inf@(g/Z)L ,n# 231.1 pb 2159.6%

Total 19.5 pb
5-13
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GREGORY MAHLON AND STEPHEN PARKE PHYSICAL REVIEW D58 054015
ground (ZZ), the difference is not as dramatic, but it is st
clear that theZH-transverse basis gives the smallest interf
ence terms, and hence the superior description.

E. Pseudoscalar Higgs boson

Although the Higgs boson of the standard model is una
biguouslyCP-even, for the sake of comparison, it is use
to consider how the spin correlations differ for aCP-odd
Higgs bosonA ~commonly referred to as a pseudoscalar!, a
feature of two-doublet Higgs boson models. Although a tr
level ZZA coupling is forbidden, such a coupling can b
generated at the one-loop level@15#. Following Ref.@3#, we
write the ~effective! ZZA vertex as

2
igMZ

cosuW

h

L2
k1

mk2
n«mnab , ~27!

wherek1 and k2 are the 4-momenta of the twoZ’s, h is a
dimensionless coupling constant, andL is the mass scale a
which this vertex is generated. This coupling leads to
differential cross section

dsl~e1e2→ZA!

d~cosu* !
5

GF
2MW

2

cos2 uW
S MZ

L D 4

3
bZ

3gZMZ

32ps1/2 S s1MZ
22MH

2

s2MZ
2 D 2

3$cos2 2uW@ S̃L
l~u* ,j!#2

14 sin4 uW@ S̃R
l~u* ,j!#2%. ~28!

In this case the spin functions are independent of energy

S̃L
6~bZ ,u* ,j!5S̃R

7~bZ ,u* ,j!

5
1

&

~cosu* 6cosj!;

S̃L
0~u* ,j!5S̃R

0~u* ,j!5sin j . ~29!

Thus, the total~unpolarized! differential cross section is

(
l

dsl

d~cosu* !
5

GF
2MW

2

cos2 uW
S MZ

L D 4

3
bZ

3gZMZ

32ps1/2 S s1MZ
22MH

2

s2MZ
2 D 2

3~124 sin2 uW18 sin4 uW!

3~22sin2 u* !, ~30!

in agreement with Ref.@3#.
It is clear from the especially simple form of the sp

functions, Eq.~29!, that the optimal basis forZA is the he-
licity basis, independent of the machine energy. Only
helicity basis has the property that one of the three am
tudes~the longitudinal one! vanishes.
05401
-

-
l

-

e

e
i-

Because thej dependence of theZH andZA amplitudes
differs so greatly, a measurement of theZ spin composition
of a Higgs boson signal for different choices ofj could po-
tentially differentiate between the two cases. In particular
would be useful to measure the fraction of longitudina
polarizedZ’s in a sample ofZH candidates in both the he
licity and ZH-transverse bases. For the signal events, a sc
Higgs boson should show no longitudinalZ’s in the
ZH-transverse basis, while for a pseudoscalar Higgs bo
this would occur only in the helicity basis.

IV. THE PROCESS e1e2
˜W1W2 AT LEP

With the crossing of theW-pair production threshold a
LEP2, it is now possible to probe the electroweak sector
the standard model in new ways. The tree-level diagrams
e1e2→W1W2 contain triple gauge boson vertices (WWg
andWWZ), allowing direct studies of the Yang-Mills struc
ture of the theory. The precise form of these couplings p
dicted by the SU~2!3U~1! nature of the underlying theory i
reflected in the various angular distributions associated w
the WW events@1,5,6#. If we allow the strengths of the ex
isting WWg andWWZcouplings to vary, or if we introduce
new ones, then not only will the differential distribution i
the production angleu* be affected, but the shares of th
total cross section coming from the different spin states
theW’s will also vary. This second effect will show up in th
distributions in the angles between the decay products
suitably defined spin axes.

As mentioned in the Introduction, a complete reworki
of the anomalous trilinear couplings analysis using our g
eralized spin basis, while worthwhile, would be a major e
tension of this work. Nevertheless, the general means of
ceeding should be clear: for each anomalous couplin
computation of the polarized differential cross sections a
function of j is required. By examining the functional form
of these cross sections~with the aid of contour plots in the
cosu* -cosj plane!, a basis may be constructed which hig
lights the deviations introduced by the anomalous coupli
The decay angular distributions in this basis then encode
consequences of the new physics being investigated.

In the standard model, three diagrams contribute to
total e1e2→W1W2 cross section. We regroup these thr
diagrams into three contributions as follows. First, we n
that the two diagrams involving ans-channel photon orZ
boson contribute for both possible chiralities of the init
fermion line. Thus, the first two contributions to the tot
cross section will be referred to as the (g/Z)L and (g/Z)R
pieces.7 The third diagram involves thet-channel exchange

7From our point of view, the interference between the photon a
the Z is trivial in the sense that it shows up as a (W) spin-
independent prefactor: no choice of spin basis for theW’s can make
these two contributions easier or harder to separate. Note tha
contribution from the photon alone may be determined from E
~31! and~32! by taking theZ mass to infinity, and dropping the las
term of Eq.~31!.
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FIG. 14. Structure of thee1e2→W1W2 polarized production amplitudes in the cosu* -cosj plane forAs5192 GeV (b50.548).

Plotted isf ll̄(b,u* ,j), the fraction of the total amplitude squared in each spin configuration@see Eq.~24!#. In all of the plots, sinj>0.
054015-15
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GREGORY MAHLON AND STEPHEN PARKE PHYSICAL REVIEW D58 054015
of a neutrino and contributes only when the initial fermi
line is left-handed. It will form the third contribution, whic
we will refer to as the neutrino piece.

Before presenting the differential cross sections for po
ized production, let us consider the relative size of th
three contributions to the total cross section. In Table IV,
have tabulated the values for each piece at tree-level f
machine energy of 192 GeV. We see that the (g/Z)R contri-
bution is insignificant. Furthermore, there is a non-trivial
terference term, which we will denote by Inf@(g/Z)L ,n#,
between the (g/Z)L and neutrino contributions.8 In Fig. 13,
we have plotted the squares of the three contributions as
as the interference term Inf@(g/Z)L ,n# as a function of the
zero momentum frame production angleu* , which is taken
to be the angle between the momentum of the electron
the W2. Although it is tempting to attribute the well-know
peaking of the cross section in the forward direction to
t-channel pole in the neutrino diagram, Fig. 13 indicates t
this is not the case. The square of the neutrino diagram is
only well-behaved near cosu*51, but even decreases
slightly in that region. Instead, the shape of the differen
cross section is dominated by the interference between
(g/Z)L and neutrino pieces, which changes sign from2 to
1 for increasing cosu* . These general features become ev
more pronounced at higher center-of-mass energies.

A. Polarized production

To describe the polarized production cross sections
e1e2→W1W2, we choose to identify theW2 with particle
P1 and theW1 with particleP2 in Fig. 1.

8Recall that different helicity amplitudes do not interfere: hen
the absence of interference terms between the right-handed (g/Z)
contribution and the left-handed pieces.

FIG. 15. The dependence of the spin anglej on the scattering
angleu* for the helicity, ~12!-maximized, beamline, and@(10)
1(02)#-maximized bases forW pairs produced by a 192 GeV
e1e2 collider. sinj>0 everywhere except for that portion of th
~12!-maximized curve drawn with short dashes.
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We now present the differential cross sections for pol
ized W1W2 production. When the initial fermion pair ha
left-handed chirality, we have

dsL
ll̄~eē→W1W2!

d~cosu* !

5
GF

2MW
2

256p
bg2H 2~MW /MZ!22~12b2!sin2 uW

4~MW /MZ!22~12b2!

3@S L
ll̄~b,u* ,j!2S L

ll̄~2b,u* ,j!#

2
2

122b cosu* 1b2
S L

ll̄~b,u* ,j!J 2

. ~31!

Herel (l̄) is the spin of theW2 (W1). The first term in the
curly brackets is the (g/Z) contribution, while the second
term comes from the neutrino. For the other initial fermi
chirality ~right-handed!, we have simply

dsR
ll̄~eē→W1W2!

d~cosu* !

5
GF

2MW
2

256p

b

g2

sin4 uW

@4~MW /MZ!22~12b2!#2

3@SR
ll̄~b,u* ,j!2SR

ll̄~2b,u* ,j!#2. ~32!

TABLE V. Spin decompositions in selected bases for the to
of all of the e1e2→W1W2 diagrams atAs5192 GeV.

Spin
configuration

Helicity
basis

~12!
maximized

Beamline
basis

(10)1(02)
maximized

~00! 8.9% 10.4% 11.6% 2.2%

~12! 9.9% 64.6% 2.1% 3.6%

~21! 46.2% 2.9% 0.6% 0.6%

(11)1(22) 4.0% 7.5% 3.6% 0.6%

(10)1(02) 9.9% 0.1% 79.7% 92.5%

(01)1(20) 21.1% 14.6% 2.4% 0.6%

TABLE VI. Spin decompositions in selected bases for the s
of the squares of the (g/Z)L and (g/Z)R contributions toe1e2

→W1W2 at As5192 GeV. As indicated in Table IV, the sum o
the entries in each column is 71.6%.

Spin
configuration

Helicity
basis

~12!
maximized

Beamline
basis

(10)1(02)
maximized

~00! 26.8% 11.0% 1.9% 2.1%
~12! 0.0%a 16.5% 30.6% 42.1%
~21! 0.0%a 1.2% 0.6% 0.6%

(11)1(22) 3.6% 1.9% 3.6% 7.3%
(10)1(02) 20.6% 36.6% 32.5% 18.6%
(01)1(20) 20.6% 4.4% 2.4% 0.8%

aThis component is exactly zero.
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All of the spin information in contained in theS8s, which are the same spin functions defined in connection withZZ
production, namely Eqs.~16!–~23!. Naturally, we should re-interpretb as the common ZMF speed of the twoW’s.

The presence of the neutrino contribution to Eq.~31! makes the expression for the total differential cross section some
messy:

(
l,l̄,C

dsC
ll̄

d~cosu* !

5
GF

2MW
2

8p

2~MW /MZ!422~MW /MZ!2~12b2!sin2 uW1~12b2!2 sin4 uW

@4~MW /MZ!22~12b2!#2 b3$161@4b2g213~12b2!#sin2 u* %

1
GF

2MW
2

8p
bH 21

1

2
b2g2 sin2 u* 1

2b2~12b2!sin2 u*

~122b cosu* 1b2!2 J
2

GF
2MW

2
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The successive terms in Eq.~33! come from the square of th
(g/Z) contributions~summed over bothe1e2 chiralities!,
the square of the neutrino contribution, and the interfere
term Inf@(g/Z)L ,n#.

As in the ZZ case, the individual spin-dependent amp
tudes are complicated. Therefore, in Fig. 14, we have plo
the fractional contribution to each of the six independent s
configurations for a center-of-mass energy of 192 Ge
From these plots, we see that the@(11)1(22)# and~00!
contributions never dominate the total amplitude at 192 G
while the @(10)1(02)# or ~12! contributions can be
made large with the proper choice ofj.

B. Spin bases

From the contour plots and the expressions for the s
components we have identified four interesting spin ba
helicity, ~12!-maximized, beamline, and @(10)
1(02)#-maximized, which we have studied in some deta
In Fig. 15, we have plotted the connection betweenj andu*
at 192 GeV for these four bases. In Tables V–VIII, we in
cate the fraction of the total cross section, (g/Z), n and
Inf@(g/Z)L ,n# contributions broken down into the six inde

TABLE VII. Spin decompositions in selected bases for t
square of the neutrino contribution toe1e2→W1W2 at As
5192 GeV. As indicated in Table IV, the sum of the entries in ea
column is 188.0%.

Spin
contribution

Helicity
basis

~12!
maximized

Beamline
basis

(10)1(02)
maximized

~00! 43.2% 6.3% 10.8% 0.1%
~12! 9.9% 110.2% 24.5% 63.9%
~21! 46.2% 5.6% 0.0%a 0.0%b

(11)1(22) 7.5% 7.6% 0.0%a 6.0%
(10)1(02) 32.0% 36.5% 152.7% 118.0%
(01)1(20) 49.2% 21.8% 0.0%a 0.8%

aThis component is exactly zero.
bThis component is small, but non-zero.
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pendent spin configurations for ane1e2 collider running at
192 GeV.

We begin our survey with the helicity basis. This bas
has one noteworthy feature: the~12! and~21! components
of both (g/Z) contributions vanish at allAs. This is not true
for the neutrino diagram; therefore, a measurement of th
spin components is a direct measurement of the neut
contribution. At As5192 GeV the sum of these two spi
components is 56% of the total cross section.

Another useful basis is the~12!-maximized basis, which
is defined by choosingj so that the~12! component is as
large as possible. In principle, it is a straightforward exerc
to derive an analytic expression connectingj andu* by dif-
ferentiatingds12/d(cosu* ) with respect toj and setting
the result equal to zero. In practice, however, such an exp
sion would be too complicated to be illuminating. Furthe
more, it turns out that we must allow negative values of sij
in order to get the largest possible contribution. This
equivalent examining both the~12! and ~21! amplitudes,
and taking the larger of the two at each point. Select
sin j,0 whenever the~21! amplitude is chosen converts
to a ~12! amplitude, according to Eq.~21!. Thus, it is ex-
pedient to use a numerical procedure to determinej in this

h

TABLE VIII. Spin decompositions in selected bases for the t
interference between the (g/Z)L and neutrino contributions to
e1e2→W1W2 at As5192 GeV. As indicated in Table IV, the
sum of the entries in each column is2159.6%.

Spin
contribution

Helicity
basis

~12!
maximized

Beamline
basis

(10)1(02)
maximized

~00! 261.1% 26.9% 21.1% 20.0%b

~12! 0.0%a 262.2% 253.1% 2102.5%
~21! 0.0%a 23.9% 0.0%a 0.0%b

(11)1(22) 27.1% 22.0% 0.0%a 212.7%
(10)1(02) 242.8% 273.0% 2105.4% 244.1%
(01)1(20) 248.7% 211.6% 0.0%a 20.3%

aThis component is exactly zero.
bThis component is small, but non-zero, and has the indicated s
5-17
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GREGORY MAHLON AND STEPHEN PARKE PHYSICAL REVIEW D58 054015
basis: the results are plotted in Fig. 15 forAs5192 GeV.
The discontinuity seen in the cosj versus cosu* curve for
this basis near cosu*520.8 is caused by the presence
two competing maxima. AtAs5192 GeV the~12! compo-
nent is 64% of the total in this basis.

In the beamline basis, defined by Eq.~2!, the direction of
the spin axis for theW2 (W1) viewed in its rest frame co
incides with the direction of the electron~positron! in that
frame. With the choice~2! for j, the functionsG1(b,u* ,j
1p) andG3(b,u* ,j) vanish. This means that the neutrin
does not contribute to the@(11)1(22)#, @(01)
1(20)#, and~21! spin configurations@16#. Unfortunately,
the fraction of the total in these spin configurations is sm
less than 5% atAs5192 GeV. However, the@(10)
1(02)# component is 80% of the total at thisAs.

Finally, we come to the@(10)1(02)#-maximized basis,
which is defined by choosing the value ofj which maxi-
05401
l,

mizes the fraction of the amplitude coming from th
@(10)1(02)# component. Once again the maximizatio
condition leads to a complicated expression~it is a quartic
equation for tanj). Therefore, we present the numerical
derived solution in Fig. 15. In this basis, the@(10)
1(02)# component is more than 92% of the total atAs
5192 GeV.

For these last three bases,~12!-maximized, beamline,
and @(10)1(02)#-maximized, there are large negative i
terference terms between then and (g/Z)L contributions in
all of the dominant spin components.

Figure 16 shows the angular dependence of the polar
production cross sections. It is clear from these plots t
there is a complicated structure in the helicity basis, w
four different amplitudes being the largest, depending on
value of cosu* . On the other hand, in the~12!-maximized
basis, the~12! component dominates at all angles. Lik
wise, in the beamline and@(10)1(02)#-maximized bases
nt
FIG. 16. Distribution in production angle of thee1e2→W1W̄2 cross section atAs5192 GeV, broken down into the six independe
spin combinations for the~a! helicity, ~b! ~12!-maximized,~c! beamline, and~d! @(10)1(02)#-maximized bases.
5-18
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FIG. 17. Spin decomposition of thee1e2→W1W2 cross section as a function of the machine energyAs. Shown are the fractions of the
total cross section in each of the six independent spin states for the~a! helicity, ~b! ~12!-maximized, ~c! beamline, and~d! @(10)
1(02)#-maximized bases. The scale along the top of these plots measures the ZMF speedb of the W bosons.
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the @(10)1(02)# component dominates at all angles.
Finally, because the relative contributions of the polariz

cross sections depend upon the center-of-mass energy
display this dependence in the range from threshold to
GeV in Fig. 17. As mentioned near the end of Sec. III A, t
effect of including initial state radiation in the results is
produce events at lowerAs. From Fig. 17, we see that th
addition of such events would slightly increase the fract
of the dominant spin component in the beamline a
@(10)1(02)#-maximized bases and slightly decrease
dominant component in the helicity and~12!-maximized
bases. The@(10)1(02)#-maximized basis is slightly les
sensitive to small shifts inAs than the beamline basis, whil
the ~12!-maximized basis is slightly less sensitive to sm
shifts in As than the helicity basis.
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C. Polarized decay

The presence of maximal parity violation in the couplin
between theW boson and fermions results in distinctly di
ferent angular distributions for theW decay products for all
threeW polarizations. In fact, the decay distributions in th
rest frame of the decayingW2 ~or W1) are the same as fo
Z decay@i.e. Eqs.~25! and~26!# with a f51 for all possible
final states, leptonic and hadronic. Thus, they follow thenn̄
curves presented in Fig. 8. Note, however, in the case
W1→ l̄ n, it is more convenient to use the distribution in th
antilepton angle x̄: this distribution may be generated b
replacing cosx with 2cosx̄ in Eqs.~25! and ~26!.

Because the distributions for transversely-polarizedW’s
are narrower than the one for longitudinally-polarizedW’s, it
5-19
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FIG. 18. Double differential decay distributions (1/s)d2s/@d(cosx)d(cosx̄)# for the processese1e2→W1W2→m1nmm2n̄m in the

helicity, ~12!-maximized, beamline, and@(10)1(02)#-maximized bases.x (x̄) is the angle between them2 (m1) and the spin axis, as
viewed in theW2 (W1) rest frame. For completely uncorrelated decays, this distribution would have a uniform value of 1/4.
e
o

o

a
th
de

ucts
on-

tri-
e
the
pe

be

be

on
is easier to identify the1 and2 polarization states than th
0 state. To demonstrate this, suppose we ‘‘tag’’ the spin
the parentW2 based on the value of cosx as follows: the
spin is taken to be1 if cosx,2y, 2 if cosx.y, and 0 if
ucosxu<y. The probabilities that these assignments are c
rect may be computed from Eqs.~25! and ~26!, yielding

1
12 ~714y1y2!, 6states

1
6 ~32y2!, 0 state. ~34!

No matter what value is chosen fory, the probability of
correct identification in the central region is always less th
50%. On the other hand, the correct identification rate for
1 and 2 states in their respective regions can be of or
75%.
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D. Correlations

We now consider correlations between the decay prod
of theW1W2 pair. For the sake of concreteness, let us c

sider the case where theW2 decays tom2n̄m and theW1

decays tom1nm . Let x be the angle between them2 emis-
sion direction and theW2 spin axis in theW2 rest frame,

and x̄ be the angle between them1 emission direction and
theW1 spin axis in theW1 rest frame. For simplicity we are
assuming one can determine the direction of the two neu
nos. If one of theW-bosons decays into two jets, then th
correlations of the down-quark jet are the same as that of
charged lepton. Since determining which jet is the down-ty
jet is problematic, the distributions given here will have to
folded such that they are symmetric when cosx↔2cosx.

The first set of correlations we wish to discuss may
conveniently displayed as a scatter plot in cosx and cosx̄. In
Fig. 18 we have plotted the predictions for this distributi
5-20
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DECONSTRUCTING ANGULAR CORRELATIONS IN . . . PHYSICAL REVIEW D 58 054015
using the helicity,~12!-maximized, beamline, and@(10)
1(02)#-maximized bases. On one hand, the@(10)
1(02)#-maximized plot is very nearly the pure distributio
for the decay of the@(10)1(02)# spin state. However, the
broadness of the decay distributions for the longitudinalW’s
cause the events to be rather spread out in this plot. On
other hand, there is a nice contrast between the maxim
and minimum values in the~12!-maximized plot. The func-
tional dependence is less simple, however, as fully three
the six spin configurations contribute at or above the 1
level.

Although a precision measurement of the complete
dimensional distribution requires a large number of event
is still possible to perform some interesting tests with few
events. For example, ifCP is conserved, then the scatter pl
will be symmetric about the line cosx5cosx̄. So a measure
of the asymmetry in the number of events on either side
this line provides a simple test ofCP symmetry.

In Fig. 19, we have plotted the distribution of the inte
ference termsds/dÎ ~as described in Sec. III D! for W1W2

production and decay using the helicity,~12!-maximized,
beamline, and@(10)1(02)#-maximized bases. None o
the bases under consideration~nor any basis which we hav
found! performs particularly well in this respect. The~12!-
maximized basis contains the smallest interference term
average, but there is still a non-negligible component aw
from Î50. This bump/peak at positiveÎ for all spin bases is
caused by the strong azimuthal correlations associated
the pureV2A coupling of theW-boson to its decay prod
ucts. A similar structure appears in theÎ plots for e1e2

→ZZ in the situation where bothZ’s decay tonn̄.
Although there is no obvious spin basis which is idea

suited to the study ofW pair production at LEP, the~12!-
maximized basis is clearly better than the helicity basis

FIG. 19. The relative importance of the interference ter
in the helicity, ~12!-maximized, beamline, and@(10)

1(02)#-maximized bases ine1e2→W1W2→m1nmm2n̄m at
As5192 GeV. Plotted is the differential distribution inÎ, the value
of the interference term normalized to the square of the total ma
element.
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many ways. The same can be said of the@(10)1(02)#-
maximized basis compared to the beamline basis. A deta
study of the correlations in more than one basis is require
disentangle the spin correlations in this process.

V. CONCLUSIONS

If the Higgs boson mass turns out to be in the vicinity
the Z mass, then theZH-transverse basis, in which theZ
produced in association with the Higgs boson is purely in
6 polarization states, provides a useful handle with which
distinguish betweenZH andZZ events, based upon the an
gular distributions of the decay products. In this situation,
helicity basis supplies no useful information. Even if th
Higgs boson mass is significantly different from theZ mass,
the ZH-transverse basis still exists and leads to distinct
angular correlations among the decay products. A comp
son between theZH-transverse and helicity descriptions
the data is useful for distinguishing a scalar from pseu
scalar Higgs boson.

For the study of theWW events there is no ideal basi
However, the~12!-maximized basis is better than helicity
and the@(10)1(02)#-maximized basis is better than th
beamline basis at describing the correlations. Not only
there a greater fraction of the total cross section concentr
in the dominant components in these preferred bases, bu
interference distributions are somewhat narrower. The l
of an ideal basis implies that study of theWWsystem is best
carried out using more than one basis, depending upon w
quantity is being tested. Furthermore, simply checking to
that the correlations change in the correct manner as the b
is varied tests the standard model in ways which canno
accomplished with the helicity basis alone.
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APPENDIX: POLARIZATION VECTORS FOR MASSIVE
VECTOR BOSONS

Following Kuijf @17#, we consider a massive vector boso
of momentumV and massM such thatV25M2. Let S be
the spin vector associated with this vector boson such
S2521 andV•S50. We need the three polarization vecto
el

m such that in the vector boson rest frame the boson
spin projectionl5(1,0,2) with respect to the spatial par
of the spin vectorS.

s
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GREGORY MAHLON AND STEPHEN PARKE PHYSICAL REVIEW D58 054015
These three polarization vectors are conveniently writ
in terms of the two vectors

V15 1
2 ~V1MS! and V25 1

2 ~V2MS!. ~A1!

NoteV11V25V, V1
25V2

250 and 2V1•V25M2. The decay
products of a transverse vector boson are directly correl
with V1 andV2 , not V andS. Using the spinor notation o
Mangano and Parke@18#, where

^V16u[ū~V1! 1
2 ~17g5! ~A2!

and

uV16&[ 1
2 ~16g5!v~V1!, ~A3!

we have

e6
m 5

^V16ugmuV26&

&M
~A4!

e0
m5

^V11ugmuV11&2^V21ugmuV21&
2M S 5

V1
m2V2

m

M D .

~A5!

The phase factors have been chosen such thate0
m is real,

e2
m 5(e1

m )* , ande2
m↔e1

m if we interchangeV1 andV2 . Our
cs

.

a

t.

05401
n

ed

convention is that these polarization vectors are for outgo
vector bosons whereas for incoming vector bosons we
(el

m)* .
These polarization vectors satisfy transversality, ortho

nality, and completeness relations:

V•el50, ~A6!

el•el8
* 52dll8 , ~A7!

(
l

el
mel

n* 52gmn1
VmVn

M2
. ~A8!

The helicity basis is obtained by choosing the spatial par
the spin vectorS to be in the same direction as the spat
part of the momentum vectorV of the vector boson. For
example, if

V5gM ~1,bn̂! ~A9!

using an obvious notation then choose

V15 1
2 gM ~11b!~1,n̂! ~A10!

and

V25 1
2 gM ~12b!~1,2n̂!. ~A11!
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