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The effects o f  beam polar iza t ion  on  e " e -  ~ W ~ W ~ 4 fermions  are considered wi th  special  emphas i s  on the measure-  
ment  of the three vector  boson vertices. Transverse  b e a m  pola r iza t ion  vdll be crucial  to separa te  a n o m a l o u s  ¥ W W  and Z W W  

coupl ings  or even to detect  anomalies .  

After the discovery of the weak bosons the next 
task is a precise determination of their properties. 
While S L C / L E P  l are designed to study the Z ° in 
detail, a precision test of W properties beyond the 
abilities of hadronic colliders will be the main 
objective for studying e - e -  collisions at a center 
of mass energy ¢~ = 190-200 GeV at LEP II. 

With an expected luminosity of 500 pb -1 yr- l 
and a W-pair cross section of 15-20 pb (the 
precise value depending on sin20w and details of 
radiative corrections) LEP II will produce of order 
104 W pairs per experiment and year. Even if the 
53% of these, which have both W's decay into qYq 
pairs, are of limited use only due to jet a n d / o r  
flavor identification problems, the 40% semi- 
leptonic events (i.e. one W decaying into leptons, 
the other one into a qT:l pair) and the remaining 
leptonic events should suffice to perform detailed 
investigations of the angular distributions of the 
decay products of the W's, thus allowing a mea- 
surement of the W's couplings to the other fields 
involved in the reaction [ 1 ] :t. 

At tree level, within the standard model, e '  e - 
W + W -  proceeds via photon-, Z- and neutrino- 

exchange, as shown in fig. 1. It is the interference 
between these three graphs and in particular the 
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large gauge theory cancellations between them [2] 
which determine the properties of the reaction. By 
studying W-pair production, experiments at LEP 
II are thus uniquely suited to directly measure the 
nonabelian 3,WW and ZWW vertices entering in 
the first two graphs of fig. 1. The general strategy 
of this measurement, determination of all accessi- 
ble angular distributions of the W decay products, 
was described in detail in ref. [1]. There we stated 
that a separate measurement of the "~WW and the 
ZWW vertex is very difficult without beam polari- 
zation. The purpose of this paper is to quantify 
this statement and to indicate the extent to which 
beam polarization can improve the separation of 
the "yWW and the ZWW vertex. 

In order to determine these vertices, the experi- 
mental distributions should be compared with the 
ones derived from the most general phenomeno- 
logical vertex, compatible with Lorentz invariance, 
that can contribute to e + e -  ~ W ~ W- for on-shell 
W's. The Feynman rule for this vertex [1,3] is 

e -  W -  e -  W -  e -  w -  

e÷ W ÷ e + w + e + w ÷ 

(a} (b) It} 

Fig. 1. The three F e y n m a n  graphs  con t r ibu t ing  to e * e  
W ÷ W -  at tree level. 
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Fig. 2. Feynman rule for the general WWV vertex (V = - /or  Z). 

given in fig. 2 with 

r ~ " (  q, q, P) 

=/lV(q - O)"g'*# - ( f2V/m 2 )( q - O)~'p:p# 

+sV( p~g,t~ _ pOg,~) + i fV( p.g,lS + p.qgU:) 

+ ifsV'~"~a" ( q -  q)o _fv,~,,*aopp 

- ( f v l  m 2  ) ( q -  ~,)~'{"~°°Po(q - q)o, (1) 

for V = y, Z and gwwv --- - e, gwwz = - e cot 0 w. 
ft ,  ./2 and -/3 are frequently written in terms of x 

and k, 

f V = l + ) w p 2 / 2 m  2 ,  f v = X  v, 
(2) 

/ V = l + K v + X  v, 

which are directly related to the W magnetic di- 
pole and electric quadrupole moment  btw and Qw 

~ v  = e(1 + K v + A v ) / 2 m  w, 
(3) 

Q~v = - e ( K v  - Xv)lmZw • 

Within the standard model all the form factors 
f v vanish at tree level except for 

f v = l ,  f v ~ - 2 ,  V = - f , Z .  (4) 

In composite models of the weak bosons [4] at 
least some of them may be sizeable, however, and 
one should even be prepared to observe non- 
vanishing values of the CP violating couplings f4, 

/6 a n d  f7" 
The form factors f, enter linear in the ampli- 

tudes for e * e - - - - , W + W  -. To be more specific 
consider the amplitudes Jgo,~;x.X for fixed e -  and 
e + helicities o and ff and W + and W -  helicities 
and X in the e+e - center of mass frame. Let 
(@, q~) be the W -  polar and azimuthal angle with 
respect to the e--beam, Ao = o - 6, AX = X - X, 
and J0 = m a x ( l A o l ,  lAX I). Separating some 

overall angular dependence in terms of the con- 
ventional d-functions [5], 

~°.~:x.×(O, * )  = ¢2e  2 a o (  - a)Xd~.~x(@) 

X exp(i Ao~)..g[ao.x,X (O) ,  (5) 

very simple expressions are obtained for the ma- 
trix dements  . / / .  For positive e -  helicity, i.e. in 
the scattering of right-handed electrons, the neu- 
trino exchange graph in fig. 1 does not contribute 
and one finds [1] (fl = (1 - 4m2w/S) 1/2) 

~¢[+.x.X( 6)) = - f l  { A~,x - [ s / ( s -  m2z)] AZ x }. 
(6a) 

For left-handed electrons, on the other hand, neu- 
trino-exchange interferes with photon- and Z-ex- 
change 

A... = { A1x 

+ [ s / ( s -  m~)]  (1 /2  sin20w - 1)AZK } 

+ ( l / 2 f l  sin20w) 

× [ B x x - ( l  + f l z - 2 B c o s O ) - l c a x ] .  (6b) 

The dependence of the Avx on the form factors f v 
and the precise form of the BxX and Cxx are given 
in table 1. Two different linear combinations fR 
and fL of the photon and Z form factors f v  and 
f z  enter in the right- and left-handed amplitudes 
(6a), (6b): 

f R = f  - { s / ( s - m 2 ) ] f z = f  v -  1.32f z, (7a) 

i ,  = i  • + 0 / 2  sin:Ow - 1 ) [ s / (  s - m~ )l f z 

= f '  + 1.63]" z. (7b) 

Table 1 
The coefficients AVx (V = y, Z), Bay ̀ and ('xX of eq. (6) for the 
general VWW vertex Ceq. (1)). f l = C 1 - 4 m w / s )  1/2 and -/ 
= V/s/2rn w . 

A,~ {)~X) AVx Bxx (';,X 

2 C ~ - ) o  0 2(2/~ 
-2  C -+ )0  0 2v113 

1 {+0) 7{/3v-i/4v+fl/v~i/}-l/6 v) 27 20.B)/- /  
1 {0-) - / ( [v+ i /v+B/v - iB  l/v) 2~, 20 ~-B)/~, 

-1 (0+) -/c/V +i/v-flfv+ifl-~f~ ") 2"r 2(1-fl)/-/ 
-1 (-0) -/(f~-ifv-flf~"-ifl-~f{ v) 2), 2(1-,8)/-/ 

0 (+ q)fv~-ifl-lfv+4i-/"flfv 1 1/ ' /2 
0 ( - -)  fv ._ifl-lfv _ 4iy2fl/~,, 1 1/y 2 
0 COt)) -/2[2/~+4~,2f12fv.._(l ~/}2)fv] 2./2 2/-/2 
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Here the numerical values hold for ~/s = 190 GeV, 
m z = 93 GeV and sin20w = 0.223. Hence, in order 
to distinguish WW't from WWZ form factors, a 
separate measurement of the right- and left-handed 
amplitudes .,¢t' R and "¢gC of eqs. (6a), (6b) is 
required. 

For the general case of arbitrary longitudinal 
polarization P~ and transverse polarization P f  
of the e :  beams (for details see e.g. ref. [6]) the 
differential cross section is generically given by 

d o - ( 1 - e  L ) ( I + P ~ ) I . A [  LI 2 

+(1  + P~)(1 - P~)[ J//g 12 

+ 2P-~ P ;  [Re(,,//L~¢/~, ) cos 2(/) 

+ Im(J//L.///¢ ) sin 2 0 ] .  (8) 

Here summation over final-state helicities is im- 
plied and the azimuthal angle dependence of eq. 
(5) is shown explicitly. 

For the standard model values of the form 
factors fv,  f z  (eq. (4)) one finds [.At' n 12/ 
I ,//t' L 12 = 10 -2 over a large range of e+e - center 
of mass energies. This suppression of W ' W -  
production from right-handed electrons is par- 
tially due to the absence of the neutrino t-channel 
and partially to the cancellation of f'¢ and f z  in 
eq. (7a). An important consequence is that, without 
beam polarization, only about 80 W pairs can be 
produced from right-handed electrons with an in- 
tegrated luminosity of 500 pb-  ~ at yes - = 190 GeV. 
Since in practice longitudinal polarization, if it 
can be achieved at all, will not be perfect, they will 
always be hidden in a background of a few thou- 
sand W pairs originating from the scattering of 
left-handed electrons. Due to the limited statistics 
I,,¢¢'R 12 can hence only be determined within a 
factor of 2-3 and a variation of .At' R due to 
anomalous couplings will thus be difficult to ob- 
serve. 

Beam polarization can be used in two different 
ways to increase the sensitivity to the right-handed 
combination fn of photon and Z form factors. 
With longitudinal polarization [9] the "signal" from 
I~al  2 can be increased depressing the "back- 
ground" from I~tLI 2 simultaneously or one can use 
transverse polarization to make JgR interfere with the 
much larger .~e which again enhances the signal (see 

eq. (8)). These two options will now be studied in 
some detail. 

Transverse polarization introduces a 2(/) mod- 
ulation of all the distributions that can be studied 
with unpolarized beams. (As before • is the angle 
between the e-  polarization direction and the 
e+e- ~ W + W  - scattering plane.) Since in the 
standard model I~'LI is about 10 times larger 
than I,~t'R I (on average), eq. (8) shows that the 
2(/) modulation of observables can at most be of 
order 10%. Actually, for most angular distribu- 
tions of the W's and their decay products, cancel- 
lations between different W helicities tend to re- 
duce the size of the modulation to the few percent 
level. Hence the mere observation of a sizeable 2(/) 
modulation will indicate the existence of anoma- 
lous couplings. 

One example is given in fig. 3, where the distri- 
bution of the charged leptons in W ~ d-~ (and 
W + ~ d+v) versus 2(/) + 24, (and 2(/) + 2~) is given 
for the standard model (solid line) and_M: = 0:8, 
kz  = -0 .8  (dashed line). Here 4) (and ~) are the 
azimuthal angles of the charged leptons around 
the W--direction with respect to the scattering 
plane :2. The anomalous coupling case is clearly dis- 
tinguishable from the standard model. 

The anomalous couplings and the angular dis- 
tribution depicted in fig. 3 are just one particular 
choice. For a more systematic treatment the sig- 
nificance of deviations from the standard model 
was calculated in the xv-x z and the Xv-~, z planes. 
In order to obtain the lo  to 60 contour lines in 
these planes, signals were combined from the W 
differential cross section d o / d  cos O, and from all 
1W inclusive distributions and all azimuthal angle 
correlations (around the W axis) of the decay 
fermions in W---* flt:2 and W ~--, f3f4 (see ref. 
[1 ]). Only those correlations were considered which 
require charge identification of at most one of the 
final-state fermions. 

Errors are based on a 5% systematic error of 
the luminosity measurement and on the statistical 
error of 4000 W pairs decaying "semileptonically", 

z: A Monte Carlo program for e+e ~ W -  W -  ~ flf2f3f 4 is 
obtainable from the author. It includes the anomalous 
couplings of eq. (1), finite W-width, beam polarization, and 
finite masses for the final state fermions. 
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Fig. 3. Azimuthal angle correlation of the angle @ between the 
scattering plane and the e polarization direction and of ok, 
the azimuthal angle of ~- in W---,. 8 ~ around the W 
direction. The curves are a fit of a + b cos x + c sin x to the 
Monte Carlo generated histograms for the standard model 
(solid line) and anomalous couplings X,t=0.8, Az = -0.8 

(dashed line). 100% transverse polarization was chosen. 

e.g. W ~ e -  ~, W + ~ qq. This n u m b e r  is the tree 
level expectation for e, p., and "r combined,  for an 
integrated luminosi ty  of 500 pb -a at ~/~= 190 
GeV. Radiative corrections (in part icular  initial 
state radiat ion and the finite W-width) and experi- 
mental  cuts may well reduce this number  to 1600 
events only [7]. However, since events with both 
W's decaying hadronical ly should be useful also, 
this reduct ion has not  been taken into account.  

The resulting contour  lines for a deviation of 
either g or ~, from their s tandard model value (4) 
are given in figs. 4 and 5. Figs. 4a and 5a assume 
no beam polarizat ion while figs. 4b and 5b are the 
1o to 50 contour  lines obta inable  from the 2@ 
modula t ion  of the observables described before. 
For  the latter a 70% transverse polarization of 
both beams was assumed, well below the 92.4% 
asymptot ic  level from the Sokolov-Ternov  effect 
[8]. Figs. 4c and 5c combine  the signals from @ 
integrated observables (figs. 4a, 5a) and 2@ mod- 
ulation. 

Obviously transverse polarization significantly 
improves the measurement  of anomalous  cou- 

plings along the A . . ~ I .  = 0 line in figs. 4a, 5a. 
Along  this line anomalous  photon  and Z cou- 
plings are such that only the r ight-handed ampli-  
tude . . / t 'R(-. .d '  , in eq. (6a)) differs from its stan- 

dard model value i.e. Xl. = KGS W and ~ L  = ~ ( iSW 

= 0 in eq. (7b). Without  polarization the deviation 

' ~ Z  
L . . . J  

1.5 

0.5 

• I . . . .  , , ~ . ~  
2 c) 

1.51 ~ / 6 ~  

0.5 

0 0.5 1 1.5 2 

b, 9 /  

/ /  / 2 - 

.Kj . / . . . . .  / .  

d) 

05  1 1.5 2 

24. 3 , 

Fig. 4. Significance of deviations of r-t and Xz from their 
standard model values, lo to 60 contour lines correspond to 
an ideal experiment with 4000 W ~ W- ---, ¢'vqC 1 events (see text 
for details). The contours are for (a) no polarization: (b) 70~c 
transverse polarization, 2~ modulation only; (c) 70% trans- 
verse polarization, all observables; (d) 50% longitudinal polari- 
zation of one beam. The dashed lines in (a) and (b) give the 
combinations of ~ and K z for which ,,¢t' L and .At' R, respec- 

tively, are as in the standard model. 

from the s tandard  model A . ~  R has nothing large 
to interfere with and hence a low sensitivity ob-  
tains. With transverse polarizat ion A ~  R inter- 
feres with the large ampl i tude  "~L to produce 
deviations from the s tandard model in the 2 0  
modula t ion  of observables (eq. (8)). For  these 
modula t ions  it is variat ions of .///L which produce 
no effect: A , / ~  L is multiplied by the small right- 
handed ampli tude .At' R and thus it cannot  appre- 
ciably change the 2@ modula t ions  of observables. 
As a result the contour  lines in figs. 4b, 5b are 
parallel to the A.///a = 0 line. 

In  terms of the right- and left-handed combina-  
tions of eq. (7), one can deduce rough experimen- 

tal errors to be expected at LEP I1 from figs. 4 
and 5. One finds A x ~ =  ~1.4 A)kR =+1"0 and - 0.37, - 0.37 
A~: L, AAL=--+0.15 without beam polarizat ion 
which for the r ight-handed combina t ion  can be 
improved to AK R = +0.37.  AX R = ,0.3z with 70% --  0.25 
transverse polarization. Correspondingly the sep- 
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Fig. 5. Same as fig. 4 but for variations of X~ and X z, 

arat ion of photon  and Z form factors of '  ttie W 
improves by a factor  of  2 -3 .  Hence, once anoma-  
lous couplings are discovered, transverse polariza- 
tion will be very helpful to identify the source of  
the anomaly.  

Longitudinal beam polarization is an alterna- 
tive way of enhancing the effects of a deviation 
A,,Ct' R from the s tandard model. For  a comparison 
with transverse polarization, 50% longitudinal 
polarization of  one of  the beams was assumed. 
Combining  the signals obtainable when running 
half of  the time with left-handedly and right-hand- 
edly polarized beams each, the lo  to 6o contour  
lines in figs. 4d, 5d were obtained, which can be 
compared  directly to figs. 4c, 5c. The usefulness of 
70% transverse and 50% longitudinal polarization 
is comparable.  However,  while transverse polari- 
zation builds up automatical ly in storage rings, it 
is questionable whether longitudinal polarization 
can be achieved at all at LEP II. 

In either case substantial degrees of polariza- 
tion PT, PL are needed to significantly improve 
the detection capabilities of LEP II experiments 
for anomalous  W-couplings.  This is obvious for 
transverse polarization where the size of  the effect 

(the 2 ~  modulat ion)  is proport ional  to P~ (eq. 
(8)). With PT = 50% for example, the contour  
lines in figs. 4b, 5b correspond to half the indi- 
cated sensitivity only, and hence a minor  improve- 
ment  of the measurement  without beam polariza- 
tion results. A transverse polarization of 50%-60% 
seems to be the minimal requirement. 

Results similar to the ones presented for ~ and 
k can be obtained for the other  anomalous  cou- 
plings in eq. (1). When all the ~v( i  = 1 . . . . . .  7; V = 
y, Z) are treated as free parameters,  a new prob- 
lem arises, however: fitting 14 free parameters to a 
limited set of observables, frequently leaves open 
some discrete ambiguities, In many  cases they can 
be resolved by the additional observation of  2 ~  
modulat ions  due to transverse polarization. 

It has been demonstrated that beam polariza- 
tion can considerably improve the measurement of  
anomalous  ~,WW and Z W W  form factors, once 
they are discovered. Transverse beam polarization 
of  50% or more is required, in order  to be useful. 
For  particular values of  the W form factors beam 
polarization may even be necessary to discover a 
deviation from the s tandard model. 

The author  would like to thank the members  of  
the working group "Compos i t e  models" for the 
workshop LEP 200 as well as H.U. Martyn and 
M. Davier for stimulating discussions. 
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