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Deconstructing angular correlations inZH, 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
e"e”—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 d¥ boson pair productior.S0556-282098)04717-1

PACS numbds): 14.70—e, 13.38-b, 13.88+e

[. INTRODUCTION this paper we use the generalized spin basis introduced in
Ref.[8] to describeZH, ZZ, andWW production and decay

The search for a light Higgs boson and the study of gaugat LEP2 energies. In particular, we write the polarized pro-
boson pair productiofl] are important physics goals of the duction amplitudes in terms of the most general
e’ e” collider LEP2 upgrade at CERN. If kinematically ac- CP-conserving choice of spin axes, and from these expres-
cessible to LEP2, the Higgs boson will be primarily pro- sions determine the choice of axes which leads to the most
duced via the Bjorken process e”—ZH [2,3]. Anirreduc-  distinctive correlations among the final state particles. We
ible physics background to this process is the production ofirgue that it is advantageous at LEP2 energies to tune the
Z boson pairs, which is most troublesome whdg~M . choice of spin axis to _the experimental_igsue b(_eing investi-
The clear separation of these two processes is required for@t€d, rather than to simply use the helicity basis and try to
convincing Higgs boson discovery or lower bound masginravel the contributions f_rom what are in many cases
limit. Kinematics as well as characteristic angular correla-N€arly-equally populated spin states. .
tions will be useful in this separation. The studyWfboson For all three processes e —ZH, ZZ and W"W~, .
pair production is also interesting in its own rigHt-6], as it much _effort in the Ilteratqrg has been.devoted to the analysis
: : . . of various anomalous trilinear couplings,6,10, employ-
involves vertices coupling three gauge bosdaspecially

e . . . ing, of course, the helicity basis. Rather than attempt to re-
ZW" W), vertices which to date are poorly probed EXPET\york all of those studies in terms of the generalized spin-

mentally. The.se' coypllngs may be probeq \.N'th varying de asis, we have chosen to concentrate on the picture within
grees of sophistication by testing the predictions for the tot he standard model. It is clear from our results, however, that

;ﬁii Siﬁ?%g{gfﬁg E:jnegclg d's:ggﬂgfsn’ Sggczo%erla;:?r;imh a study would be worthwhile, as we expect different
9 y p : pin bases to be optimal for the extraction/limitation of dif-

+ - +\A/—
f[hese processes, e —ZH, 2Z anqw W, we are kgenly ferent anomalous couplings. Such an analysis would be a
interested in the angular correlations among the final Statfhajor extension of this work

particles. To dlsent_angle thes_e correlations it is very useful to The remainder of this paper is organized as follows. After
understand the spin correlations of the heavy particles pro

) ) a brief discussion of our notation and conventions in Sec. I,
ducgd. These spin correlations as well as the subsgquent e consider theH/zZ system within the generalized spin
relations of the decay products are the focus of this paper.

. . . ' asis frameworKSec. Il). For each process, we consider in
Until recently, most spin-related studies were carried oug K ) b

within the framework provided by the zero momentum frame etail the polarized production cross sections, and construct
helicity basis(see, for example Ref§3—6)). For particles spin bases suggested by the expressions for the amplitudes.

which are ultra-relativistic, such as at the next generation of - - consider the decay of polarizatis, and then link the
: . o ' . 9 . roduction and decay to study the correlations among the
linear colliders, this is appropriate. However, for particles

which are only moderately relativistic, there is no reason t decay products. We are able to construct a basis in which
= o ’ . these correlations differ significantly for theH and ZZ
expect that the helicity basis will produce the bei Olescrlp?;ases, whereas in the helicity basis the correlations are vir-
tion of the physics involved. Indeed, for the casetbpro-  ya|ly non-existent. Section IV contains the corresponding
duction at low energypp ande”e™ colliders, it was shown analysis for thaV" W~ system. In this case, matters are less
in Refs.[7-9] that the helicity basis is far from optimal. In clear-cut, and we present several suggestions for bases which
may be useful under different circumstances. Finally, Sec. V
contains our conclusions. Explicit expressions for the polar-
*Electronic address: mahlon@hep.physics.mcgill.ca ization vectors we employ for the massive vector bosons in
"Electronic address: parke@fnal.gov the generalized spin basis appear in the Appendix.
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P, + and — and the longitudinal state by 0. Throughout this
(a) paper we use the terms “transverse” and “longitudinal” to
refer to directions relative to the spin axigt the direction
o 0" of motion of the particle. A generic vector boson spin will be
designated bw. If we sum over all of the polarizations of
e the vector bosa(s), then the dependence @ndrops out of
the result.

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

+ Within the generic spin basis framework, specific spin
bases are defined by stating the relationship betweand

#* (and any other relevant event parametefor example,
the ubiquitous helicity basis is defined by fixing

§=m. @

In this case, the spins are defined along the directions of
motion of the particles as seen in the ZMF.
Another interesting basis is the beamline b4gis which

P,

is defined by
V1— 2 sin 6* cos 6* —
sin§='8—; cos§=—ﬂ. 2
1-p3 cosd* 1- 3 coso*

Here B is the ZMF speed oP;. In this basis, the spin axis
for P, is the electron direction. Furthermore,Rf; and P,
have identical mass, then the spin axis Roris the positron
direction.

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

Except for the fermion masses, which we set equal to
zero, all input masses and coupling constants used in the
computations presented in this paper are the central values as

+ reported by the 1996 Particle Data Grduyi]. Furthermore,
e we also neglect the coupling between the electron and Higgs
boson.

FIG. 1. The scattering process(a the zero momentum frame,
(b) the rest-frame oP; and(c) the rest-frame oP,. §j is the spin
axis forP;. If the Higgs boson is light enough to be observed at

Il. NOTATION AND CONVENTIONS LEP_Z, then its prodgction will be dominated by th9+pr9cess
e"e” —ZH, for which the largest background is"e
—ZZ. This suggests the potential for difficulties should the

lll. THE PROCESSES e*e”—ZH, ZZ AT LEP

To describe the polarized production cross sections fo[_r b lie t | o th f Thel
ZH, ZZ, and WW discussed in this paper, we employ the I9gs boson mass 1i€ 100 close 1o the mass of Zhein
generic spin basis introduced by Parke and Shadmi in Reparticular, atys=192 GeV, the tree-level cross section for
[8], as illustrated in Fig. 1. FGZZ andWW, this is the most £H is only 0.5 pb wherM =Mz, compared to 1.2 pb for
general basis which conserv&P. We label the two par- ZZ. As noted by Brown[12], this situation improves if
ticles produced in the collision by, and P,. The zero b-tagging is employed, as the Higgs boson decays mainly to
momentum framéZMF) production angled* is defined as bb whereas th& decays to this final state only 15% of the
the angle between the electron aRd directions. The spin time. Rather than rely oh-tagging, Kunszt and Stirlinfl3]
states for the first particle are defined in its rest frame, wher@ave considered the distribution of the angle that the decay
we decompose th@; spin along the directiors;, which  |eptons ine*e™—ZH/ZZ— Il jets make with the direction
makes an anglé€ with the P, momentum in the clockwise of the beam in the ZMF. They find a significant difference in
direction. Likewise, theP, spin states are defined in its rest this distribution in theZH and ZZ cases. Finally, Summers
frame along the direction,, which makes theameangleé  [14] has added the effect of polarizing the beams on the
with the P; momentum, also in the clockwise direction. We distribution of Ref.[13].
denote the two transverse polarization states by In this section we examine theH and ZZ processes
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within the generalized spin basis framework. We begin inrelativistic factor, y,=(1—82)"*2 The two terms in the
Sec. lll A by analyzing the polarized production amplitudescurly brackets come from the two possible chiralities of the
for the proces®*e™—ZH in great detail. The expressions initial electron line. All of the spin information is contained
for these amplitudes will show us how to construct a basis inn the spin functionsS’,: r. Which are given by
which only transversely-polarized's are produced in asso- '
ciation with the Higgs boson. In Sec. Ill B we present polar-S “(8;,6* ,&)=Sg(B8z,0% ,£)
ized production amplitudes f@* e~ —ZZ. After describing
the decay of polarized’s (Sec. Il ©, we combine the pro-
duction and decay information to discuss the angular corre-
lations among the decay products in thid/ZZ system(Sec.
D). Our analysis shows that the angular variable sug- + ‘/1_527((;05 6* cosé+1)] (5)
gested by Kleiss and StirlinfL3], while close to optimal,
may be improved upon, especially as thél pair is pro- zng
duced further and further above threshold. In particular, we
find that in the basis constructed in Sec. Il A, certain decay  s%(g, g% £)=S%(B;,6*%,¢)
angular distributions are very different f@dH versusZZ. In
contrast, these same distributions are nearly featureless in the =/1— B cos ¢* sin é—sin §* cos.
helicity basis. We conclude this part of the paper in Sec. Ill E
with a brief look at how the production of a pseudoscalar
Higgs boson would differ from the standard model Higgs
boson.

Although we focus on the case whdw,~M5, our re-
sults are more general, since the existence of our optimized

1
= —1[sin 6* sin
‘/2[ &

(6)

Summing over the three possible spins of Zhee obtain the
total (unpolarizedl differential cross section

A 2012 3 2 a2\ 2
basis fore"e”—ZH depends only on that process being do _ GEMy BzyzMz [ s+t Mz—My
kinematically allowed. It is also potentially useful at the %' d(cos¢*) cog 6, 32732 | s—M2

Tevatron, because the amplitude gy’ —WH has the same . :

spin structure as the amplitude fefe” — ZH. X{1—4sirf Oy +8sirt' Oy}

X{2(1— B2)+ B2 sir? 6*}. @)
A. Polarized ZH production

To describe the process e”—ZH, we take particleP; Equation(7) is independent of the spin axis angjgas it

in Fig. 1 to be theZ, and particleP, to be the Higgs boson. Must be.
In general, the Higgs and have different masses\(y; and Since, in general, at each value @f we are allowed to
M, respectively, leading to the following connection be- choose a different value @f it is useful to plot these ampli-

tween the center-of-mass energ§y and speeg3, of the Z tudes in the co#*-cosé¢ plane. Consequently, we define the

boson: guantity
Vis=Mz M As= MM do (B, " £)
Bz= 2 2 : 3 d(cos 6*)
—Mg+
s—Mg+M3 fk(ﬂz,ﬁ*,f)f Y o , (8)
Rather than use E@3) to eliminate one o or 8, from our z M

expressions, it is more convenient to use both quantities. d(cos 6*)
If we neglect the electron mass, there is but a single dia-

gram for e'e”—ZH. It leads to the differential cross which is the fraction of the total cross section coming from

sectiort the spin staté.. In Fig. 2 we have plotted(35,6* ,&) for a

) collider energy+/s=192 GeV and Higgs mass =M.
These plots illustrate the features of the amplitude discussed
below, and are an indispensable aid when the amplitude be-
comes complicated, as in tleZ andWW cases.

x {cog 26W[Sﬁ(,6'z,0*,§)]2 For £é= 7, we recover the usual helicity basis expressions

rasit 0SBy 007 @ om EAWmO:

N

s+M3—M3

2
s—M3

do’(e'e”—~ZH)  GEMy B2y M;
d(cos6*) o2 g, 32ms*?

* * —_Q+ *
whereGe is the Fermi coupling constart],y is the mass of SL(Bz,0%,m)=5r(Bz,0",m)
the W boson, 6,y is the Weinberg angle, ang, is the usual

1
=— \J1-B%(+1—cos6*);
v B3( )

LAl cross sections given in this paper are spin-averaged for the 0 " 0 " .
incoming particles. S (Bz,0%,m)=8R(Bz,0%,m)=sin 6*. 9
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7H: f+(ﬁz’9*:$) TABLE I. Spin decompositions in selected bases &re”
T s —ZH at\/s=192 GeV andM,=M,.

ZH- ZH-
Spin Helicity Beamline transverse longitudinal
configuration  basis basis basis basis
(0 35.6% 3.5% 0.0% 51.8%
ot (+) 32.2% 55.4% 57.4% 24.1%
S (=) 32.2% 41.2% 42.6% 24.1%

&This contribution is exactly zero, by construction.

At high energy, the transverse amplitudes die off, leaving
only the longitudinal amplitude.

. . An examination of Eq(5) reveals that it is not possible to
1.0 Lozt b= - make both of the transverse spin functi@sandS} vanish

-1.0 -0.5 0.0 0.5 1.0 . L ) .
@) cos 0° simultaneously. Conse_quently, it is |meSS|bIe to make either
of the transverse amplitudes of Hd) vanish. There is, how-
ZH: £7(B84.68%,¢) ever, a zero in the longitudinal contribution, E), which
1.0 XELALSLEN P EL)S results from choosing

sin 6* V1- B2 cos ¢*
e C0SE=
V1- B35 cog 6* J1- B35 cos 6*

(10

sin &=

i.e. tané= 1y, tan #*. The basis corresponding to this choice,
the ZH-transverse basis, will turn out to be very useful in the
study ofZH events. The nonvanishing spin functions in the
ZH-transverse basis are

cos £

S{(Bz.0* tan Yy, tan *))
=Sg(Bz,6% tan (v, tan 6*))

~1.0 -05 0.0 0.5 1.0

1
(b) cos 6" = S[N1-prcos orx\1-p3). (1D
. ¢0 *
1.0 ——r | ZH f(an £) o These functions are completely flat in offs at threshold,
_/ -

8 and become proportional to s# for 8,— 1. Note that the
1 existence of this basis does not depend on either the machine
J! energy or the Higgs mass: Eq®8) and (10) remain well-
defined so long ags=M,+My. In particular, for3,—1,

we have

siné—1; cosé—0, (12

cos £

that is, é&— /2. This is clearlynot the helicity basi€. The
ZH-transverse basis is also the basis in which theand
— components are each maximized.

For completeness, we mention thél-longitudinal basis,

LI I—l\'\

1 defined by tar‘§=—yz_1 cot . As its name suggests, the
1ol Tl L ZH-longitudinal basis maximizes the fraction of longitudinal
-1.0 -05 0.0 05 1.0 Z’s. This basis is potentially useful for large values @f

() cos 6*

FIG. 2. Structure of the@"e™—ZH polarized production am-
plitudes in the co®*-cosé plane for/s=192 GeV andViy=M;, 2The absence of any longitudinal contribution whatsoever, even at
(Bz=0.313). Plotted ig(B;,6* ,&), the fraction of the total am- high energy, does not represent a violation of the vector boson
plitude squared in each spin configuratj@ee Eq(8)]. In all of the  equivalence theorem, which is really a statement about the helicity
plots, sing=0. basis.
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Helicity Basis ZH—-transverse Basis
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08— — 08— —
= 0.6 — — o 0.6 —__(:) ____________ —
] o e b S T T T T T ~
) | 0 .- i B | i
2 9 ]
g - - 1 8 R —
i # =) ] I ]
02— — 0.2+ |
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Beamline Basis ZH-longitudinal Basis
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(b) Bz () Bz

FIG. 3. Spin decomposition of the"e™—ZH cross section as a function of the ZMF speg@g of the Z boson, assuming tha¥l
=M. Shown are the fractions of the total cross section in(thg (=), and(0) spin states for the helicity, beamlinéH-transverse, and
ZH-longitudinal bases.

since the fraction of longitudin&’s with increasing energy see that in theZH-transverse basis, the spin composition is
approaches unity faster than in the helicity basis. remarkably flat as a function g8,, except neaB;=1. In
In Table I, we list the contributions to the total amplitude fact, for M;=70 GeV, 8,<0.5 when \/s=192 GeV. So,
for each of the three possiblé spins as measured in the for the values ofM,, and /s accessible at LEP, the spin
helicity, beamline, ZH-transverse, andZH-longitudinal  composition in theZH-transverse basis is effectively con-
bases. We employ a center-of-mass enet@y-192 GeV  stant. Contrast this to the beamline basis, which actually co-
and a Higgs maskly =M, the value which makes separa- incides with theZH-transverse basis #@&,=0 and the helic-
tion of ZH andZZ events the most difficult. Note that in the ity basis forB;— 1! In this case, the spin composition is not
helicity basis, the three spin states are populated nearlyarticularly stable.
equally. As we shall see below, this feature makes the helic- A second reason for preferring a basis in which the spin
ity basis a very poor choice for studying tA¢&l/ZZ system.  composition is stable with respect to changegjirelates to
Because the Higgs boson mass is still unknown, we mighthe effects of initial state radiatiofiSR). Although we have
worry that the predictions for the spin compositions wouldneglected these effects in our computations, it is apparent
depend strongly oM, rendering this discussion pointless. what should happen qualitatively: some of the observed
For any particular machine energy and Higgs boson masgvents will be produced frore™e™ pairs with a center-of-
Eq. (3) tells us the appropriate value g to use. In Fig. 3 mass energy lower than the machine energy. Therefore, the
we have plotted the fractional contribution of each of thesmaller the dependence @y, the less sensitive the break-
three spin components as a function@f for the helicity, downs will be to the effects of ISR.
beamline, ZH-transverse, and&H-longitudinal bases. We Finally, in Fig. 4 we compare the production angular dis-
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0500 T T T T I IHIe].Iiclitly IBiaSIiSI T T T T do—t}\(e-I—e_*)ZZ)
- T *
[ | d(cos 6*)
0.200 [ © — GZMy, co< 26y, )
g ~. P A ~ 327M3 16 co$ Hwﬁy
~ Fas b -~
~ 0100 k< T Pl _ — 2
—~ r ~_ ™. e ]
%b r ,’I \\\\;:_41/_:-/ \\‘ ] > SIC}\(:B70*7§) + St (_:810*15)
g 00901~ e ¢ N 1-2B cos@* + B2 1+2p cosf* + B2’
g 4] (13
‘_g 0.020 —L ’
0.010 4_ _r while the result for right-handed chirality reads
0005 _I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I:— )\)\_ + _
-1.0 -05 0.0 0.5 1.0 doy'(eTe"—22)
(@) cos 6* d(cos 6*)
0.500 T T 1 |ZH|_t|ra|n|sveI|.s|e |B?SIS| T 1 1T G2M4 SlnB 0
i I I I ] __FTW w B>
- suM 1 32wM3 co¢ 6y
0.200 — — v v 2
-~ Y _ | _SRBENE  SR(-BE
= 0.100 S — 1-2B cos6* +pB% 1+2pB cos6* +p?|
N - ] 14
w 0.050 — — 14
§ - 4
S I 1 These expressions contain the common ZMF spgefithe
g 0.020— ] two Z's, which is connected to the center-of-mass energy by
0.010 |— ) —
E (0) vanishes E ,8: 1—4IVI§/S. (15)
0‘005 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
-1.0 -0.5 0.0 0.5 1.0
(b) cos 6*

We have not combined the pairs of terms appearing in the

square brackets in order to make manifest the similarities to

cross section foMy, =M at s=192 GeV, broken down into the || of the spin information is contained in the spin func-
contributions from the three possible spins, for the helicity and i S“T hich b itt
ZH-transverse bases. 10NS, oL g, WHICh May be writien as

tributions of the polarized cross sections in the helicity and ST(B,6%,6)=2G,(B, 6% ,£)Go(B, 6% &) (16)
ZH-transverse bases. We see that in the helicity basis, the

identity of the dominant component depends on @gs

whereas in th& H-transverse basis, the ratio of the two non- S (B, 6*,6)=2G3(B, 6% ,£)Ga( B, 6% ,£) (17)
vanishing amplitudes is essentially constant.

SHUB, 6% ,&)=S) (B,6,&)

=V2[G1(B, 6 ,£)Ga( B, 6 ,£)

+o :
We now turn to the process’ e —ZZ. With our com- —Go(B, 6 ,6)Gx(B,6%,6)] (18
parison toZH production in mind, we identify th& which

decays leptonically witP; and theZ which decays tob
with P, in Fig. 1. SX(B,6* ,£)=2 sin 6* (1—28 cos 6* + B?)
The only diagrams foZZ production are-channel elec- _ " "
tron exchange diagrams, one for each ordering of the two 4G3(B, 07, £)Ga( B 07, ¢) (19
Z’s. For an initial fermion pair with left-handed chirality we
have where

B. Polarized ZZ production
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Gy(B,6%,£)=(1+Cos 0* cosé+1— B2 sin 6* sin ) do™ (B, 6%,¢)
_ * — d 0*
ﬁ(COS 6* +cos §) f}\)\(ﬂ, o* ,5)5 (C(,)EI ) (24)
dO')‘ A (Bﬂ*é)
Go(B, 6% ,€)=(sin 6* cosé&é—\1— B2 cos 6* sin &) ;;1, d(cos 6*)

. * — 2 .
TA(sIn T+ V1= BT sing) (i.e. the fraction of the total amplitude in a given spin con-

figuration for a machine center-of-mass energy of 192 GeV.
G3(B,6* &) =sin & B—cos 6* )+ \1— B2 sin 6* cosé Visible in the plots is the fact that th@0) contribution is
exactly twice theg (+ +)+(——)] contribution for all val-
) . ues of0* and¢[see Eqgs(13), (17) and(19)]. Also notewor-
Ga( B, 6% ,&)=sin g* sin é—\/1— B cos&(S—cos 0*). thy are the bgr([)ad m?nima in thet—), (]—+), (00), and
(20 [(++)+(—-)] components in the vicinity of the
diagonal* The [(+0)+(0—)] and[(0+)+(0—)] contri-
butions have corresponding maxima in this region.
In Table Il we give the fraction of the total amplitude
coming from each of the six independent spin configurations
NS Ny in the four bases tabulated f@H. In two of the baseghe-
SU(B 0%, =S " (B, 0% &+ m). (21 licity and ZH-longitudina), the high degree of symmetry
present in Eqs(13) and(14) resulting from the two identical
The total differential cross section is remarkably simple.final state particles manifests as the equalities )
Summing over the spins of bofis and including both fer- =(—+) and[(+0)+(0—)]=[(0+)+(—0)]. It is impor-

Since the replacemegt— ¢+ 7 has the effect of interchang-
ing the + and — states, expressions for the remaining spin
combinations may be obtained from the relation

mion chiralities we obtain tant to note that welefinethe ZH-transverse basis in terms
of Egs. (3) and (10), even when we are dealing withZ
daéf production. Thus, the spin breakdowns in this basis depend
—_ on the Higgs boson mass via the value assigned,to For
aac d(cos6*) B,=0.5 (the interesting region the curve traced out by the
GZM? ZH-transverse basis in the c@5%-cosé plane lies near the
FVw (cod 26+ 16 sirf 6y) B(1— B2) diagonal, an area in the c#%-cosé¢ plane where the contri-

butions from the various spins are relatively stable. Thus, it
is not surprising to find that forB,<0.5 and s
><2(1—ﬂ2)3+,82[8+(1—[32)2]—4,84 sin* 6* =192 GeV, there are no significant deviations from the en-
2,2 2 <2 %12 : tries for theZH-transverse basis in Table II.
[(1=p)°+4p° sir? 6] In Fig. 6 we have have plotted the fraction of the total
(22 amplitude in each of the spin components using the helicity
and ZH-transverse bases as a function®fin the helicity
Of the nine spin configurations, there are only six which aredasis, we find that thé+—) and (—+) contributions are
independent, sinc€ P invariance forces the equality of the always equal, as are th¢(+0)+(0—)] and [(0+)
(++) and(——) components, as well as the equality of the +(—0)] contributions. Consequently, if we look at the
(+0) and (0¥) componentg5]. Therefore, for the rest of population of the spin states for one of tA& while sum-
the paper we will refer to[(++)+(——)], [(+0) ming over the otheZ, we find that the+ and — states are
+(0—-)], and[(0+)+(—0)] as single components. populated equally. Furthermore, at threshold, this inclusive

One of the ways which th€ and P violation present in breakdown is precisely 1/3 for each spin, and this changes
the weak interactions manifests itself is as the different prefrelatively slowly with increasings. The situation is consid-
actors in Eqs(13) and(14). The spin functions, on the other erably better in th&H-transverse basis, where no two of the
hand, obey these symmetries, and are connected by six spin contributions are equal, and where there is a reason-

able difference in the inclusive contributions. While we have
= N usedB;= B (i.e. My=Myj) in preparing these plots, we have
Sé}\(ﬁ’ 0*,6) =S MTNBLO*.8). (23 verified that for the range accessible to LEP, the dependence
on the Higgs boson mass is inconsequential.

Because of the somewhat complicated form of the ampli- In Fig. 7 we compare the angular distributions of the po-
tudes, it is instructive to plot the amplitudes for each of thelarized production cross sections in the helicity and
six independent spin configurations in the &scosé plane.  ZH-transverse bases as=192 GeV. In the helicity basis
In Fig. 5, we have plotted the quanfity there is a complicated interplay among the six spin compo-

 16aM2 coé 6y,

SImplicit in this definition is a sum(in both numerator and de-  “None of these components actually vanish in this region, how-
nominatoj over the chirality of the initial electron line. ever.
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_FIG. 5. Structure of the"e™—ZZ polarized production amplitudes in the c@scosé plane for\s=192 GeV (8=0.313). Plotted is
A\ (B, 0% ,&), the fraction of the total amplitude squared in each spin configurgsiea Eq.(24)]. In all of the plots, sir=0.
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TABLE II. Spin decompositions in selected bases ééle”—ZZ at \/s=192 GeV andM =M. The
entries in the second part of the table are the inclusive fractions obtained when we sum over all possible spins
of the second’.

Spin Helicity Beamline ZH-transverse ZH-longitudinal
configuration basis basis basis basis
(00 11.7% 5.6% 0.0% 0.1%
(+-) 22.6% 4.2% 0.3% 25.7%
(=+) 22.6% 2.4% 0.2% 25.7%
(++H)+(—-) 5.8% 2.8% 0.0% 0.096
(+0)+(0-) 18.7% 54.6% 64.1% 24.2%
(0+)+(-0) 18.7% 30.4% 35.4% 24.2%
(0+)+(00)+(0—) 30.4% 48.1% 49.7% 24.4%
(++)+(+0)+(+-) 34.8% 32.9% 32.4% 37.8%
(—+H)+(=0)+(——) 34.8% 19.0% 17.9% 37.8%

&This component is small, but nonzero.

Helicity Basis ZH-transverse Basis, My=M;
1.00 T T T | T T T | T T T | T T T | T T T ] 1.00 T T T | T T T | T T T | T T T I T T T ]
- ] E(FoH0) ;
050 — ) = (4) 000~ T
. SENCIEE) G
0.20 [ (+0)+(0-) = (0+)+(-0) ] 0.201— //“7:
= T ] e
o - - ) s
= -~ 2 (+-) .
g oa0 P — § o0 é -
[ C (00) "~ ] S C ‘ ]
Fe— e B o / =
[ Fm e — = ] & r // i i
0.05— .. N — 0.05— /{(—+) —
L °~. N i L / // !
~ \ - B / r
N /7 (00) 1
0.02— T N I 0.02— / / e
Wov . T
. i /7
0.01 11 1 | 11 1 | 111 | 11 1 1“ |\ 1 |. 0.01 L1 ) | 11| |/| /{ Il | L1 ) |/l [l /I 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1 1.0
(a) B {c) B (FH)+H--)
Helicity Basis ZH—-transverse Basis, My=M;
1.00 T T T | T T T | T T T | T T T | T T T ] 1.00 T T T | T T T | T T T | T T T | T T T ]
C ] L (ox .
0.50— (+x) = (-x) 0.50 I . _—
T BRI T C e ]
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g N L
0 0.10— “ — T 010 —
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0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
{b) B (d) B

FIG. 6. Spin decomposition of the" e~ — ZZ cross section as a function of the ZMF spe&df the Z boson. The plots on the top show
the fractions of the total cross section in @), (+—), (—+), [(+0)+(0-)], [(0+)+(—0)], and[(+ +)+(— —)] spin states for the
helicity andZH-transverse bases. The plots on the bottom show inclusive fractions where we have summed over all possible spins of the
otherZ, e.g, (0x)=(0+)+(00)+(0—). The curves for th&ZH-transverse basis are drawn for the chibg=M.
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TABLE lll. Coefficients forZ decay. The numerical values are

Sl L ILE I ILE for sir? 6,=0.2315. The final entry is for a jet of undetermined
0.50 charge.
:E | Fermion as Value
~ 020
o WA u,c (3—4 sirf 6y)° 0.834
g o010 9—24 sirf 6,+32 sirf 6y
g
S~ U _ . 2
5&. 0.05 - ?;{.h; d,s,b (3—2sir? 6y) 0.968
® — 9-12 sirf 6,+8 sirf 6y
0.02 o . (+0)+(0-)
I V1 I i D T Egi))‘:((‘_"_)) e,u,T (1—2 sir? 6,2 0.574
| T [ L 1L iy | T | R N
0015 —05 0.0 0.5 1.0 1-4sir? 6y +8 sirf 6y
(a) cos 8"
v 1 1.000
1,00 ot e Pasle j L 0.500
= I ] for the transverse polarizations and
Y - 1 dre 3
o —————=—3sif x (26)
Z 0.10 — Iy d(cosy) 4
) F ]
3 0053_ B for the longitudinal polarization. These distributions have
2 i been normalized to unit area by inclusion of the partial width
5 0
i A I'; for the decayZz— ff. We takey to be the angle between
0.02 — ] the direction of motion of the fermion and the spin axis as
| | | seen in theZ rest frame, and absorb the dependence on the
0.01 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

-1.0

(b)

-05

0.0
cos 6”

0.5

1.0

couplings between left- and right-handed chirality fermions
to the Z into the factora;. For convenience, we have col-

FIG. 7. Distribution in production angle of thed'e” —ZZ cross

lected the values od; in Table Ill. The corresponding dis-

section aty's=192 GeV, broken down into the six independent triputions are plotted in Fig. 8. Unfortunately, the decays

spin combinations for the helicity andH-transverse(with M
=Mj) spin bases. Only two spin components contribute above th
1% level in theZH-transverse basis.

with the most distinct distributionsZz— vv are invisible.
Furthermore, charge and flavor identification for decays to

quarks (which appear as two jetds virtually impossible,

nents, whereas in theH-transverse basis the two dominant

Vv

150 T T T T T T T T T T T T T T T LI, - -
components appear in approximately the same ratio, inde- ! ! ! /7 dd,ss,bb
pendent of co#*. C ]

1.25 (+) (-) /,"'—; uu,ce

C. Polarized decays = 100 -
n - -
The Zff coupling violates both parity and flavor univer- _é} K A0
sality. Thus, the angular distributions for the decay of polar- . 0.75— —
ized Z bosons are forward-backward asymmetric, and de- > . 11
pend on which fermions appear in the final state. Neglecting&: C 7
. X . \ - 050 ‘-, —
the mass of the final state fermionse obtain the following < C 7 Q ]
angular distributions in the rest frame of the decayihg -/ AN
0.25 TT{ ________ 4 uu,cc
R P 21 (1 1+ 2 A a6
Ff d(COSX) N s[af( +COSX) ( af)( _COSX) :I 0.00 -]-:I::I::-I’ | 1 1 1 1 | 1 1 1 1 | 1 1 VI_J'SS’
(25) -1.0 -0.5 0.0 0.5 1.0
cos X

ward but messy modifications to Eq&5) and (26). These effects

FIG. 8. Angular distributions for the decay of a polariz&dy is
SInclusion of the finite mass effects would result in straightfor- the angle between the direction of the fermién e, u, 7,

are greatest fob-quarks, where they are less than a few percent. frame.
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FIG. 9. Double differential decay distributions (82o/[ d(cosx,)d(cosy)] for the processes*e™—ZH/ZZ—1lbb in the helicity
andZH-transverse bases, usiy =M. xz (xn) is the angle between the leptoh jet) and the spin axis, as viewed in tHe(bb) rest
frame. In the absence of charge identification forlfe these plots should be folded about gas=0. For completely uncorrelated decays,
this distribution would have a uniform value of 1/4.

except perhaps fob quarks. ForZ—I1l, we have a fairly which light jet is theg and which is they, all distributions in
large overlap between the and — distributions. All of these the Z decay angley, defined below would be symmetric
features lead us to conclude that it may not be possible tabout cog;=0. On the other handy, is only slightly larger
distinguish between theé and — polarizations. However, as than 1/2, leading to small asymmetries between positive and
we shall see below, the difference betweenzthand O states negative values of cog;.

is sufficient for separatingH and ZZ, provided that the In order to display the advantages of using the
appropriate spin basis is used. ZH-transverse basis defined by Eg0), we consider a scat-
Naturally, since the Higgs boson is a scalar, its decayer plot in the decay angleg; and x,,, defined as follows.
angle distributions will be completely flat. On theZ— Il side of the event, lef, be the angle between
the | emission direction and thg spin axis in theZ rest
D. Correlations frame. On theZ/H—Dbb side of the event, lejy be the

angle between thé emission directiohand theZ/H spin
axis in theZ/H rest frame. In Fig. 9 we present this distri-
bution for ZH and ZZ production for the helicity and

In this section we will put everything together to discuss
the correlations among theH/ZZ decay products. For con-

creteness, we take the final state tolbeb, thell coming

from a decayingZ, and thebb from the Higgs boson or
otherZ. The results we present do not change very much if et charge identification is not available for the jets, then the

we consider ajgbb final state: since it is not possible to tell distributions presented here should be folded aboutyges).
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FIG. 10. One dimensional differential decay distributions for the procas§e§—>ZH/ZZ—>II_bEin the helicity andZH-transverse

bases, usinyl,=Mz. xz (xn) is the angle between the lepton jet) and the spin axis, as viewed in t@(bﬁ) rest frame. In the absence
of charge identification for the'’s, these plots should be folded about g@s=0.

ZH-transverse bases fafs=192 GeV andM,=M,. The ever, are obtained using the lepton direction relative to the
difference between the two plots is dramatic: in the helicityZH-transverse basis spin axis in tderest frame. Further-
basis, the two distributions are nearly flat, while there is sig/more, the gap between their distribution and the optimal one
nificant structure when thBH-transverse basis is used. This Widens as we move further above threshold.

difference is underscored by the plots in Fig. 10, which com- An issue which may be raised concerns the effect of finite
pare the 1-dimensional distributions in ggsand cosyy.  detector resolution on the ability of the experimentalists to
Clearly, the angular information contained in an analysis emaccurately measure the decay angles we have proposed, es-
ploying theZH-transverse basis provides a useful handle inpecially since they have been defined in the rest frames of

the separation oZH andZZ events, even wheM,~M,.  the parent particles, not the lab frame. To get an estimate of
In contrast, the helicity angles are virtually useless in thighe size of these effects, we introduced Gaussian energy
respect. smearing with a width set by 50%E into the energies of

Kunszt and Stirling[13] have noted significant angular the charged leptons and thequarks, and then compared the
correlations in the ZMF between the direction of the finaldecay angles reconstructed solely from the smeared mo-
state charged leptons and the beam direction. Effectively thisixenta to the actual decay angles. We take the root mean
is the beamline basis. At threshold, the beamline basis coirsquare deviation of this difference to be an estimate of the
cides with the optimal ZH-transversgbasis, and the ZMF error introduced by the smearing. Since the definitiorg of
coincides with theZ rest frame. At LEP28~1/3, i.e. not depends both on the speed of the parent boson as well as the
that far above threshold. Thus, even though they do not useroduction angle, the detailed values of our error estimate
the optimal basis, Kunszt and Stirling do see non-trivial anwill vary with the machine energy, choice of basis, and the
gular correlations. The largest possible correlations, howprocess ZH or ZZ) in which the bosons were produced.
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FIG. 11. The relative importance of the interference terms in the cos 8*
ZH-transverse, beamline and helicity basesfre"—ZH—Illbb FIG. 13. Distribution in production angle of the*e”

at \s=192 GeV. Plotted is the differential distribution i the =~ — W W™ cross section at/[s=192 GeV. Plotted are they(Z),

value of the interference term normalized to the square of the totd?/Z)L @nd neutrino contributions, plus the absolute value of the
matrix element. interference term betweeny(Z), and v. To the left(right) of the

zero at cog” ~0.87, the interference term is negatigositive).

Typical values at/s=192 GeV andVl,=M; are §(cosy)
~0(0.05), for all three bases. To see the effects of thi
angular smearing, an experimentalist would need to use bi
of approximately this size or smaller. The total number of
events observed will probably not be large enough to warra
such a large number of bins in the cpplots. Although a
more detailed study using the full-blown detector simulation

IS Cleﬁ]rly_ng_edfda It wclJuId a_{ahpea][f_that ;t IS pps_S|bIe to Meagt the physics is omitted from the classical picture.
sure the indicated angles with sutncient precision.. To quantify these considerations, at each kinematic point

The amplitudes for the processese” —ZH/ZZ—IIbb for a given process, we may define the quartitythe value

can be written as a sum over the spin states of the INtErM& the interference terms for a given spin basis divided by the

diate_ massive particles Of. the production times the dec"?%tal 2—4 matrix element squared. For a process containing
amplitudes for each spin component. In the classi- .

N independent intermediate spin configuraticghsan range
from — o (total destructive interferengéo (N—1)/N (total

cal limit there is no interference between these amplitudes.
SHowever, in general, these amplitudes do interfere. The size
these interference terms can be used as a measure of how
well the classical result for a particular basis describes the
Yl process: if the interference terms are small, then the clas-
sical picture captures nearly all of the physics. On the other
hand, if the interference terms are large, a significant amount

5 LI LI T T T LI LI LI
- | | | | | i e 5
L 28 trensverse ] cpns_tructwe interferengeA plot of do/ dIA displays th_e rela-
[ ----- Beamline ] tive importance of the various values ©f Clearly, in the
47 7 Helieiy ] ideal case where classical intuition captures all of the phys-
< - 1 ics, this distribution will be a delta function centered at
I sl T 7=0. Figure 11 compares the helicity, beamline at
3 B i ZH-transverse bases f@H production and decay, whereas
3 i ] Fig. 12 does the same f&Z. For the signal ZH), we see
§ a [ . that the peaking it is about an order of magnitude greater
) i ] in the ZH-transverse basis than in the beamline basis. The
r ] helicity basis shows essentially no peaking. For the back-
1 — pu—
N ] TABLE IV. Breakdown of the total cross section for the process
i ] ete"—WTW" at tree level with\/s=192 GeV.
o P I |
-06 -04 -02 00 02 04 08 Diagran(s) Contribution Fraction
1
FIG. 12. The relative importance of the interference terms in the (Yg)R 10-2 pg 71-0(;//0
ZH-transverse, beamline and helicity basesi®™ —ZZ—Ilbb at 4 » it 323 Bb 18%%()/(;
Js=192 GeV. Plotted is the differential distributionin the value Inf[(y/2), ,v] —31.1 pb —159.6%
of the interference term normalized to the square of the total matrix Total 19.5 pb
element.
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ground ¢2), the difference is not as dramatic, but it is still  Because th& dependence of thEH andZA amplitudes
clear that theZ H-transverse basis gives the smallest interferdiffers so greatly, a measurement of thespin composition
ence terms, and hence the superior description. of a Higgs boson signal for different choices €tould po-
tentially differentiate between the two cases. In particular, it
E. Pseudoscalar Higgs boson would be useful to measure the fraction of longitudinally

mPpolarizedZ’s in a sample oZH candidates in both the he-
licity and ZH-transverse bases. For the signal events, a scalar
Higgs boson should show no longitudin&@’s in the
ZH-transverse basis, while for a pseudoscalar Higgs boson
this would occur only in the helicity basis.

Although the Higgs boson of the standard model is una
biguouslyCP-even, for the sake of comparison, it is useful
to consider how the spin correlations differ forGP-odd
Higgs bosorA (commonly referred to as a pseudoschlar
feature of two-doublet Higgs boson models. Although a tree
level ZZ A coupling is forbidden, such a coupling can be
generated at the one-loop lejab]. Following Ref.[3], we

write the (effectivel ZZA vertex as IV. THE PROCESS ete"—=W*W~ AT LEP
igM; 7 , With the crossing of théV-pair production threshold at
~ cos O Pk’szswag, (27 LEP2, it is now possible to probe the electroweak sector of

the standard model in new ways. The tree-level diagrams for
+a— +\\/— ; ; ;
wherek; andk, are the 4-momenta of the twi's, # is a ee —W'W C‘?”ta”.‘ triple gauge boson vert|c§WW7
dimensionless coupling constant, afds the mass scale at ?ndeV}[/hZ),tﬁIIOW|n9”(]jlrect s'tudlfes of t?(:-[,\hYang-MHI? struc-
which this vertex is generated. This coupling leads to thgré of the theory. 1Ne precise form of Inese couplings pre-
differential cross section dicted by .the Sl(2)>§U(1) nature of_ thg ur)derlymg th_eory is
reflected in the various angular distributions associated with
do*(ete —ZA) GIZ:M\ZI‘V M\ 4 the WW events[1,5,6]. If we allow the strengths of the ex-
— = (—) isting WWy andWWZ couplings to vary, or if we introduce
d(cos ) cog by | A new ones, then not only will the differential distribution in
2 the production angle* be affected, but the shares of the
total cross section coming from the different spin states of
theW’s will also vary. This second effect will show up in the
distributions in the angles between the decay products and
X{cog 20u[SL(6*,6)1? suitably defined spin axes.
_ As mentioned in the Introduction, a complete reworking
+4sirf 0,[SK(6*,61%).  (28)  of the anomalous trilinear couplings analysis using our gen-
) ) ) ) eralized spin basis, while worthwhile, would be a major ex-
In this case the spin functions are independent of energy: tensjon of this work. Nevertheless, the general means of pro-
% % £\ oT % ceeding should be clear: for each anomalous coupling a
St(Bz,67,6)=5R(Bz,6%,8) computation of the polarized differential cross sections as a
1 function of ¢ is required. By examining the functional form
= —(cos 6* =cosé); of these cross sectionfwith the aid of contour plots in the
V2 cos#*-cos¢ plane, a basis may be constructed which high-
lights the deviations introduced by the anomalous coupling.

B3yzM;
32mst?

s+M3—MZ

s—M32

S(6*,6)=82(6* ,&)=sin&. (290  The decay angular distributions in this basis then encode the
. ) ) o consequences of the new physics being investigated.
Thus, the totalunpolarized differential cross section is In the standard model, three diagrams contribute to the
do G2M2, [ M\ 4 total e*e” —W*W™ cross section. We regroup these three
g EVliw z . . . . .
> — = (_) diagrams into three contributions as follows. First, we note
x d(cosd®)  cog oy | A that the two diagrams involving asrchannel photon oZ
3 ) 2\ 2 boson contribute for both possible chiralities of the initial
BzyzMz [ s+Mz—Mj fermion line. Thus, the first two contributions to the total
327512 s—M2 cross section will be referred to as the/Z), and (y/Z)g

pieces’ The third diagram involves thechannel exchange
X (1—4 sir? Oy + 8 sirf 6yy)

X (2—sir? §%), (30
. . "From our point of view, the interference between the photon and
in agreement with Re{3]. . _ the Z is trivial in the sense that it shows up as W)( spin-

It is clear from the especially simple form of the spin jngependent prefactor: no choice of spin basis forfie can make
functions, Eq.(29), that the optimal basis faZA is the he-  these two contributions easier or harder to separate. Note that the
licity basis, independent of the machine energy. Only the:ontribution from the photon alone may be determined from Egs.
helicity basis has the property that one of the three ampli{31) and(32) by taking theZ mass to infinity, and dropping the last
tudes(the longitudinal ongvanishes. term of Eq.(31).
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—W*W~ polarized production amplitudes in the offscosé plane for \'s=192 GeV (3=0.548).

Plotted isf™ (8, 6*,£), the fraction of the total amplitude squared in each spin configurfisiea Eq.(24)]. In all of the plots, sire=0.
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Y AL A I A TABLE V. Spin decompositions in selected bases for the total
- Vs = 192 GeV - ™ of all of thee™e” —W"W~ diagrams at/s=192 GeV.
- Spin Helicity (+-) Beamline (+0)+(0—)
05— configuration  basis maximized basis maximized
w“ r (00 8.9% 10.4% 11.6% 2.2%
2 00 (+-) 9.9% 64.6% 2.1% 3.6%
° X (=+) 46.2% 2.9% 0.6% 0.6%
i (+H)+(—-) 4.0% 7.5% 3.6% 0.6%
05— (+0)+(0-)  9.9% 0.1% 79.7% 92.5%
* (0+)+(-0) 21.1% 14.6% 2.4% 0.6%
L o< Helicity -
SO T
-1.0 -0.5 0.0 0.5 1.0 We now present the differential cross sections for polar-
cos §* ized W"W~ production. When the initial fermion pair has

FIG. 15. The dependence of the spin an§len the scattering
angle 8* for the helicity, (+—)-maximized, beamline, and +0) _
+(0—)]-maximized bases fow pairs produced by a 192 GeV dUEA(e%W+W_)
e*e” collider. sing=0 everywhere except for that portion of the d(cos 6*)
(+—)-maximized curve drawn with short dashes.

left-handed chirality, we have

GEME, [ 2(Myw/Mp)?—(1-B?)sir? by
of a neutrino and contributes only when the initial fermion ~ 2567 7 4(MyIM4)%—(1-B?)
line is left-handed. It will form the third contribution, which . _
we will refer to as the neutrino piece. X[SMNB,6%,6)— SN (—B,0%,8)]

Before presenting the differential cross sections for polar- )
ized production, let us consider the relative size of these 2

three contributions to the total cross section. In Table IV, we SNB.O*,6) ) - (3D
have tabulated the values for each piece at tree-level for a
machine energy of 192 GeV. We see that the¢A) i contri- — . ) o . )
bution is insignificant. Furthermore, there is a non-trivial in- Here\ (1) is the spin of thenv™ (W™). The first term in the

terference term, which we will denote by [¢/2), ,v] curly brackets is the /Z) contribution, while the second

between the 4/Z), and neutrino contributiorfsin Fig. 13, te;]r_m liomgshzrgm (tjhe neutrr]ino. Fpr tre other initial fermion
we have plotted the squares of the three contributions as weffirality (right-handedi we have simply
as the interference term [i{fy/Z), ,v] as a function of the —

1—2p cos 6* + B2

zero momentum frame production angl&, which is taken dog(ee-W'W")

to be the angle between the momentum of the electron and d(cos 6*)

the W™. Although it is tempting to attribute the well-known - )

peaking of the cross section in the forward direction to the _ GEMyw B sin® Oy

t-channel pole in the neutrino diagram, Fig. 13 indicates that ~ 2567 92 [4(My/M4)2—(1-B?)]?

this is not the case. The square of the neutrino diagram is not _ _

only well-behaved near ca®=1, but even decreases X[SKN(B, 6% ,&)— SR (—B,6*,6)]% (32

slightly in that region. Instead, the shape of the differential

cross section is (_jomir_1ated by Fhe interferenc_e between the TABLE VI. Spin decompositions in selected bases for the sum
(v/Z). and neutrino pieces, which changes sign frento ¢ the squares of theyZ), and (y/Z)g contributions toe* e~

+ for increasing co#*. These general features become even_,\y+\- at Js=192 GeV. As indicated in Table IV, the sum of
more pronounced at higher center-of-mass energies. the entries in each column is 71.6%.

Spin Helicity (+-) Beamline (+0)+(0—)

A. Polarized production configuration ~ basis maximized basis  maximized

To describe the polarized production cross sections for

0, 0, 0, 0,
e"e —=W"W~, we choose to identify the/~ with particle ((f(i)) zg.g;; llelff 3 01 '690//0 422 11(y/°
P, and theW" with particle P, in Fig. 1. ' 7 27 7
(=+) 0.094' 1.2% 0.6% 0.6%
(++H)+(——) 3.6% 1.9% 3.6% 7.3%
(+0)+(0—) 20.6% 36.6% 32.5% 18.6%
8Recall that dif_'ferent helicity amplitudes do not_interfere: hence (04+)+(—0) 20.6% 4.4% 2.4% 0.8%
the absence of interference terms between the right-hanget) (
contribution and the left-handed pieces. &This component is exactly zero.

054015-16



DECONSTRUCTING ANGULAR CORRELATIONSN . . . PHYSICAL REVIEW D 58 054015

All of the spin information in contained in th&'s, which are the same spin functions defined in connection &ith
production, namely Eqg16)—(23). Naturally, we should re-interpregg as the common ZMF speed of the tWd's.

The presence of the neutrino contribution to E2{l) makes the expression for the total differential cross section somewhat
messy:

do')é;
A%C d(cos 6*)
GZMZ, 2(My /M )% —2(My/M)%(1— B2)Sir? 6+ (1— B2)2 sirt 6y, o
G [4(My /M) = (1= 57) BO16+ 4%y +3(1= B Isir? 67}
2Mm2 2 2\ air? gk
EMy, 1 L, 2B%(1-pP)sir’ 6
+—g B2+ 5,8272 Sir? 6 +(1—2,3 cose*+32)2]

2(1-p3)[ B sir? 0* —2(1- 2]
1—2p cos 6* + B°

- GZMZ, 2(My/M3)2—(1— B2)sir? 6y

2 2 . "
87 A(MyIM5)2—(1- 3 (1+ B[4+ B%y? sir? 6* ]+

B

(33

The successive terms in E@3) come from the square of the pendent spin configurations for &ie™ collider running at
(y/Z) contributions(summed over botle™e™ chiralities, 192 GeV.
the square of the neutrino contribution, and the interference We begin our survey with the helicity basis. This basis
term Inf (y/Z),,v]. has one noteworthy feature: the —) and(—+) components

As in the ZZ case, the individual spin-dependent ampli- of both (y/Z) contributions vanish at als. This is not true
tudes are complicated. Therefore, in Fig. 14, we have plottefbr the neutrino diagram; therefore, a measurement of these
the fractional contribution to each of the six independent spirspin components is a direct measurement of the neutrino
configurations for a center-of-mass energy of 192 GeVcontribution. At \/s=192 GeV the sum of these two spin
From these plots, we see that fHe- +) + (— —)] and(00) components is 56% of the total cross section.
contributions never dominate the total amplitude at 192 GeV, Another useful basis is the- —)-maximized basis, which
while the [(+0)+(0—)] or (+—) contributions can be is defined by choosing so that the(+—) component is as
made large with the proper choice &f large as possible. In principle, it is a straightforward exercise
to derive an analytic expression connectihgnd 6* by dif-
ferentiatingdo* ~/d(cos#*) with respect toé and setting
the result equal to zero. In practice, however, such an expres-

From the contour plots and the expressions for the spigjon would be too complicated to be illuminating. Further-
components we have identified four interesting spin basesnore, it turns out that we must allow negative values ofgsin
helicity, ~ (+—)-maximized, beamline, and [(+0) in order to get the largest possible contribution. This is
+(0—)]-maximized, which we have studied in some detail.equivalent examining both the+ —) and (—+) amplitudes,
In Fig. 15, we have plotted the connection betwg@md 6*  and taking the larger of the two at each point. Selecting
at 192 GeV for these four bases. In Tables V-VIII, we indi- sin £&<0 whenever thé—-{-) amp"tude is chosen converts it
cate the fraction of the total cross section/Z), v and  to a(+—) amplitude, according to Eq21). Thus, it is ex-
Inf[(y/Z)_,v] contributions broken down into the six inde- pedient to use a numerical procedure to deterngife this

B. Spin bases

TABLE VII. Spin decompositions in selected bases for the  TABLE VIII. Spin decompositions in selected bases for the the
square of the neutrino contribution te*e” —W*™W~ at \Js interference between they(Z), and neutrino contributions to
=192 GeV. As indicated in Table IV, the sum of the entries in eache®e”—W*"W™ at \s=192 GeV. As indicated in Table IV, the

column is 188.0%. sum of the entries in each column-+s159.6%.
Spin Helicity (+-) Beamline (+0)+(0—) Spin Helicity (+-) Beamline (+0)+(0—)
contribution basis maximized basis maximized contribution basis maximized basis maximized
(00) 43.2% 6.3% 10.8% 0.1% (00 -61.1% —6.9% —-1.1% —0.0%°
(+-) 9.9% 110.2% 24.5% 63.9% (+-) 0.09f¢ —-62.2% —53.1% —102.5%
(—4) 46.2% 5.6% 0.0% 0.0% (—+) 0.09% —3.9% 0.09% 0.0%
(++)+(==) 7.5% 7.6% 0.0% 6.0% (+H)+(--) -71% —2.0% 0.0 —12.7%
(+0)+(0-) 32.0% 36.5% 152.7% 118.0% (+0)+(0-) —42.8% —73.0% —1054% —44.1%
(0+)+(—0) 49.2% 21.8% 0.0% 0.8% (0+)+(—0) —-48.7% —11.6% 0.0 —0.3%
&This component is exactly zero. &This component is exactly zero.
bThis component is small, but non-zero. bThis component is small, but non-zero, and has the indicated sign.
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basis: the results are plotted in Fig. 15 fgs=192 GeV. mizes the fraction of the amplitude coming from the
The discontinuity seen in the cgsversus co#* curve for [(+0)+(0—)] component. Once again the maximization
this basis near co& =—0.8 is caused by the presence of condition leads to a complicated expressi@nis a quartic
two competing maxima. At/s=192 GeV the(+—) compo-  €quation for tarf). Therefore, we present the numerically
nent is 64% of the total in this basis. derived solution in Fig. 15. In this basis, thg+0)

In the beamline basis, defined by E@), the direction of ~+(0—)] component is more than 92% of the total ¢
the spin axis for thav~ (W™) viewed in its rest frame co- ~ 192 GeV. o )
incides with the direction of the electrdpositron in that For these last three bases; —)-maximized, beamline,
frame. With the choicd?) for & the functionsG, (B, 6* & and[(+0)+(0—)]-maximized, there are Iarge_ ne_gatlve in-
+ ) and Ga(B, 6% ,£) vanish. This means that the neutrino terference terms between theand (y/Z), contributions in

. all of the dominant spin components.
does not contribute to theg(++)+(—-)], [(0+) . .
+(—0)], and(~+) spin configuration§16]. Unfortunately, Figure 16 shows the angular dependence of the polarized

X . . : : . production cross sections. It is clear from these plots that
the fraction of the total in these spin configurations is smallyhare is a complicated structure in the helicity basis, with

less than 5% at\s=192 GeV. However, the[(+0)  four different amplitudes being the largest, depending on the

+(0—)] component is 80% of the total at thiss. value of cos#*. On the other hand, in ther —)-maximized
Finally, we come to th¢(+0)+ (0—)]-maximized basis, basis, the(+—) component dominates at all angles. Like-

which is defined by choosing the value §fwhich maxi-  wise, in the beamline and + 0)+ (0—)]-maximized bases,

Helicity Basis Beamline Basis
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FIG. 16. Distribution in production angle of the e W' W~ cross section at/s=192 GeV, broken down into the six independent
spin combinations for théa) helicity, (b) (+—)-maximized,(c) beamline, andd) [ (+0)+ (0—)]-maximized bases.
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FIG. 17. Spin decomposition of the’ e~ —W* W™ cross section as a function of the machine enafglyShown are the fractions of the
total cross section in each of the six independent spin states foatHeelicity, (b) (+—)-maximized,(c) beamline, andd) [(+0)
+(0—)]-maximized bases. The scale along the top of these plots measures the ZMFBspfetbe W bosons.

the[(+0)+(0—)] component dominates at all angles. C. Polarized decay
Finally, because the relative contributions of the polarized The presence of maximal parity violation in the coupling

Cross sec_tions depend upon the center-of-mass energy, Wenyeen théN boson and fermions results in distinctly dif-
display this dependence in the range from threshold t0 21Q ¢ angular distributions for thé/ decay products for all
GeVin Fig. 17. As mentioned near the end of Sec. Il A, they, e \y polarizations. In fact, the decay distributions in the
effect of including initial state radiation in the results is to rest frame of the decaying/~ (or W*) are the same as for
produce events at loweys. From Fig. 17, we see that the 7 gecay[ie. Eqs.(25) and(26)] with a1 for all possible
addition of such events would slightly increase the fractlogﬁnal states, leptonic and hadronic. Thus, they follow the

of the dominant spin component in the beamline an P .
[(+0)+ (0—)]-maximized bases and slightly decrease thecurves presented in Fig. 8. Note, however, in the case of

dominant component in the helicity ar(é —)-maximized W*— 1, itis more convenient to use the distribution in the
bases. The(+0)+(0—)]-maximized basis is slightly less antileptonangle x: this distribution may be generated by
sensitive to small shifts ir/s than the beamline basis, while replacing cosy with —cosy in Egs.(25) and (26).

the (+—)-maximized basis is slightly less sensitive to small Because the distributions for transversely-polarixs
shifts in /s than the helicity basis. are narrower than the one for longitudinally-polaria#ts, it
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FIG. 18. Double differential decay distributions (ﬂﬁza/[d(cosx)d(cosg] for the processee*e’HWJrW’H,u*vﬂ,u’jﬂ in the

helicity, (+—)-maximized, beamline, anid + 0)+ (0—)]-maximized basesy (;) is the angle between the~ (u") and the spin axis, as
viewed in thew~ (W™") rest frame. For completely uncorrelated decays, this distribution would have a uniform value of 1/4.

is easier to identify the- and — polarization states than the
0 state. To demonstrate this, suppose we “tag”
the parentW™ based on the value of cgsas follows: the
spin is taken to bet if cos y<—vy, — if cos x>y, and O if
|cosy|<y. The probabilities that these assignments are cor=

rect may be computed from Eqg®5) and (26), yielding

& (T+4y+y?),

1(3-y?), O state.

No matter what value is chosen fgr, the probability of

=+ states

(39

S

D. Correlations

the spin of - \ye how consider correlations between the decay products
of theW" W~ pair. For the sake of concreteness, let us con-

ider the case where th&~ decays tO,Uf;# and thew*
decays to,wv#. Let x be the angle between the™ emis-
sion direction and th&V~ spin axis in theW™ rest frame,

and y be the angle between the" emission direction and
the W™ spin axis in theV™ rest frame. For simplicity we are
assuming one can determine the direction of the two neutri-
nos. If one of thew-bosons decays into two jets, then the
correlations of the down-quark jet are the same as that of the
charged lepton. Since determining which jet is the down-type
jet is problematic, the distributions given here will have to be

correct identification in the central region is always less tharfolded such that they are symmetric when ges—cosy.
50%. On the other hand, the correct identification rate for the The first set of correlations we wish to discuss may be
+ and — states in their respective regions can be of ordeconveniently displayed as a scatter plot in geend cosy. In

75%.
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el I A LA B many ways. The same can be said of fije-0)+(0—)]-

- — — Helicity T maximized basis compared to the beamline basis. A detailed

i f:a_x)imized study of the correlations in more than one basis is required to
disentangle the spin correlations in this process.

----- Beamline

1ol [(+0)+(0-)]

maximized

-~

(1/0pgr) do/dl

V. CONCLUSIONS

1 If the Higgs boson mass turns out to be in the vicinity of
T the Z mass, then th&H-transverse basis, in which the
produced in association with the Higgs boson is purely in the
*+ polarization states, provides a useful handle with which to
distinguish betweeZH andZZ events, based upon the an-
gular distributions of the decay products. In this situation, the
helicity basis supplies no useful information. Even if the
= o b Higgs boson mass is significantly different from thenass,
0'91.0 —05 0.0 05 1.0 the ZH-transverse basis still exists and leads to distinctive
T angular correlations among the decay products. A compari-
son between th&H-transverse and helicity descriptions of
the data is useful for distinguishing a scalar from pseudo-

05—

1
1
1
1
1
.
1
1
1
1
\
\

FIG. 19. The relative importance of the interference terms
in the helicity, (+—)-maximized, beamline, and[£+0) scalar Higgs boson.

+(0—)]-maximized bases ine"e” —W'W —u v u"v, at For the study of theVW events there is no ideal basis.
\/5: 192 GeV. Plotted is the dif_ferential distributionn the value However, the(+—)-maximized basis is better than helicity,

of the interference term normalized to the square of the total matrixg nq the[ (+0)+ (0—)]-maximized basis is better than the
element. beamline basis at describing the correlations. Not only is
using the helicity,(+ —)-maximized, beamline, anf(+0) there a greater fraction of the total cross section concentrated
+(0—)]-maximized bases. On one hand, tHé+0) in the domlnant c_omponents in these preferred bases, but the
+(0—)]-maximized plot is very nearly the pure distribution interference distributions are somewhat narrower. The lack

for the decay of thé(+0)+(0—)] spin state. However, the of an ideal ba_sis implies that study o_f tbi‘éWsysj[em is best _
broadness of the decay distributions for the longitudinzg ~ Carried out using more than one basis, depending upon which

cause the events to be rather spread out in this plot. On tHi#antity is being tested. Furthermore, simply checking to see
other hand. there is a nice contrast between the maximuiiat the correlations change in the correct manner as the basis

and minimum values in thet —)-maximized plot. The func- is varied tests the standard model in ways which cannot be

tional dependence is less simple, however, as fully three iccomPlished with the helicity basis alone.
the six spin configurations contribute at or above the 10%
level.

Although a precision measurement of the complete 2-
dimensional distribution requires a large number of events, it The Fermi National Accelerator Laboratory is operated by
is still possible to perform some interesting tests with fewerynjyersities Research Association, Inc., under contract DE-
events. For example, € P is conserved, thEn the scatter plot Aco2-76CHO3000 with the U.S. Department of Energy.
will be symmetric about the line cog=cosy. So a measure High energy physics research at McGill University is sup-
of the asymmetry in the number of events on either side oported in part by the Natural Science and Engineering Re-
this line provides a simple test &P symmetry. search Council of Canada. We would like to thank Peter

In Fig. 19, we have plotted the distribution of the inter- Fisher and Philip Bambade for illuminating discussions.
ference termsla/d7 (as described in Sec. Il Cfor WHW~ G.M. would like to thank the Fermilab theory group for their
production and decay using the helicityt —)-maximized, Kind hospitality during visits to initiate and wrap up this
beam”ne, anc[(+0)+(0_)]-maximized bases. None of work. S.P. would like to thank the ASpen Center for PhySiCS
the bases under consideratigror any basis which we have Where a portion of this work was completed.
found performs particularly well in this respect. Tke —)-
maximized basis contains the smallest interference terms on
average, but there is still a non-negligible component away APPENDIX: POLARIZATION VECTORS FOR MASSIVE

from Z=0. This bump/peak at positivEfor all spin bases is VECTOR BOSONS
caused by the strong azimuthal correlations associated with Fqjlowing Kuijf [17], we consider a massive vector boson
the pureV—A coupling of theW-boson to its decay prod- of momentumV and massM such thatv?=M?2. Let S be
ucts. A similar structure appears in tieplots for ete™ the spin vector associated with this vector boson such that
—ZZ in the situation where bot#’s decay tovv. $?=—1 andV-S=0. We need the three polarization vectors
Although there is no obvious spin basis which is ideally €' such that in the vector boson rest frame the boson has
suited to the study o¥V pair production at LEP, thé+—)-  spin projectionx =(+,0,—) with respect to the spatial part
maximized basis is clearly better than the helicity basis inof the spin vectolS.
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These three polarization vectors are conveniently writterconvention is that these polarization vectors are for outgoing
in terms of the two vectors vector bosons whereas for incoming vector bosons we use
() o _ .

These polarization vectors satisfy transversality, orthogo-
nality, and completeness relations:

V=3 (V+MS) and V,=3 (V-MS). (Al

NoteV;+V,=V, V4=V3=0 and &/, -V,=M?2. The decay
products of a transverse vector boson are directly correlated V-€,=0, (AB)
with V; andV,, notV andS. Using the spinor notation of

Mangano and Parkgl8], where er- €5 ==\, (A7)
(Vax|=u(Vy) 3 (17 75) (A2) e
and ; fe=—g o (A8)
V1)Y= 3 (1*+ y5)v(Vy), (A3)  The helicity basis is obtained by choosing the spatial part of
the spin vectolS to be in the same direction as the spatial
we have part of the momentum vectdv of the vector boson. For
(Vy |V ) example, if
et = Wam 1Y 1Va=) (Ad) R
- V2M V=yM(1,8n) (A9)
<V1+|'y“|V1+>—<V2+|y“|V2+>/ V8 using an obvious notation then choose
M — = . ~
0 2M M ”5) Vi=3 yM(1+B)(1h) (A10)
_ and
The phase factors have been chosen such dhas real, A
e*=(e")*, ande” «— €* if we interchangeV, andV,. Our V,o=2 yM(1-8)(1,—n). (A11)
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