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The measurement of the magnetic moment /~w of the weak boson W is crucial to test the 
non-abelian gauge theory of the electroweak interaction formulated by Glashow, Salam and 
Weinberg. We propose methods to measure/~w at hadron colliders via the processes p~ ~ W yX: 
W ~ { ~ and p p - - , W  XI W ~ ¥ #  b/. The helicity amplitudes of the patton sub-process 
factorizes h la Mikaelian in lowest order of the fine structure constant c~, leading to peculiar 
angular distributions among the initial and final state particles. We make extensive numerical 
studies at the Tevatron collider energy ~s = 2 TeV of these distributions applying experimentally 
feasible cuts. Furthermore we investigate the main background p~ ~ W jetX; W ~ { ~/. where 
the jet fakes a single isolated photon. The effect of the finite W-width is discussed and found to be 
small. The sensitivity of our results to higher order QCD corrections is considered qualitatively 
but  remains unknown quantitatively. 

1. Introduction 

With the successful discovery of the weak boson W at the CERN proton-antipro- 
ton (p~) collider [2] an immediate question arises: Is this particle the gauge boson of 
the renormalizable non-abelian gauge theory proposed by Glashow, Salam and 
Weinberg [3] or is it a vector boson of non-gauge theories [4], also compatible with 
all the experiments done so far? 

There are two different approaches to test gauge theories: (i) Renormalizability is 
their most distinctive feature and thus a theoretical prediction including higher 

* This is a condensed and refined version of a series of three papers by the same authors, see ref [1]. 
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order corrections can be compared with experiments at a quantitative level. (ii) 
Gauge invariance constrains the particle couplings very strongly and therefore any 
observables sensitive to such couplings may provide a test of gauge theories. A very 
prominent  example of such an observable is the magnetic moment of the W-boson, 

e 

- - - ( 1  + ~ ) .  (1.1) 
/~w-  2m w 

e denotes the magnitude of the electron charge, m w the mass of the W-boson and 
is the anomalous magnetic moment [5] of the W-boson. The non-abelian gauge 
invariance of the theory constrains the form of the gauge boson self-couplings: For 
any gauge theory the value of ~¢ is unity at tree level; higher order corrections [6] are 
of the order of a ( =  e2/4~'). For non-gauge theories its value is not constrained by 
any fundamental principle. 

At p~ colliders any process involving the W-boson-photon (3') coupling is in 
principle sensitive to the value of r. At the level of proton (antiproton) constituents 
there are two obvious candidates for such processes: 

"p roduc t ion"  process: d +fi--* W + y  

(1.2) 

"decay"  process: d + f i ~ W  

---* y + { + ~ ,  (1.3) 

and their charge conjugate processes. In the following discussion we consider only 
processes involving W -  * 

The K-sensitivity in the production process d + fi ~ W + 7 and that in the decay 
process W ~ 7 + f + ~,  is known to be spectacular [7] due to the occurrence of 
spin independent zeros [8] in the tree amplitudes: If the photon coupling is that of a 
renormalizable gauge theory, implying ~¢ = 1 for the W-boson, the amplitudes 
~ ( d ~  ~ W  7) and Jg(W ~3 'g-~f) ,  respectively have a zero in the physical 
region. This K-sensitivity leads to very distinctive features for various distributions. 
In W7 production this amplitude zero occurs at the partonic center-of-mass (c.m.) 
scattering angle cos 0a* v = 3: 

, / f f ( d f i o W  "]/)]~¢=1=0 at cos0a*v = 1 .  (1.4) 

In the W radiative decay case the amplitude zero shows up in the W rest frame 

* Dif feren t ia l  cross sect ions involving a W ~ boson  are ob ta ined  from those with W bosons  by a CP 
t r ans fo rmat ion .  In terms of our  final s tate var iables  (see eq. (2.11)) this amounts  to the fol lowing 

rep lacements :  ( P~,T, Yy, P/T, )?,  ~r') ~ ( PIT, Yv' PFT, --Yr, ~/). 
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when the photon is anticollinear to the charged lepton: 

M/(W --*yd ~)[~=x=0 at c o s 0 ~ = - l .  (1.5) 

For any value of K other than the gauge theory value, K = 1, these amplitude zeros 

disappear. 
In this paper  we make an extensive study of the "product ion"  process (1.2) as 

well as of the "decay" process (1.3) in search of K-sensitive observables: Our first 

concern will be to show feasible methods to actually reconstruct the above men- 
tioned angular distributions from the observable final state, consisting typically of a 
high transverse momentum ( p r )  isolated photon and a high PT charged lepton with 
large missing transverse momentum ( # v )  from a neutrino (u). This is a non-trivial 
task since we do not know the v longitudinal momentum in general. Furthermore 
we give an estimate of backgrounds from W + j e t  events where the jet fakes a 
photon,  a discussion of W-finite width effects, and that of the transverse motion of 

the W or W7 system. 
The paper  is organized as follows. In sect. 2 we present differential cross-sections 

for the process p~ ~ ,  + Y-+  ~e+ anything, in a minimally extended standard 
model with an arbitrary K-value [5] for the W-boson. By using the narrow-width 
approximat ion for the W-propagators, the partonic subprocess can be split into the 

"produc t ion"  process (1.2) and the "decay" process (1.3). Because of the different 

kinematics we shall discuss these two processes in two separate subsections: In 
subsect. 2.1 we present the differential cross section for p~ --* W 7X followed by 
the decay W -  --* g ~t- We propose a variable cos 0* to be used in plotting the data; 

this variable is constructed from the measurable photon and charged lepton momenta  
in such a way that it coincides with one of the two possible Wy c.m. scattering 
angles. In subsect. 2.2 we show the differential cross section for p~---, W X 
followed by  the radiative decay W - - *  7d -~ .  Here we suggest using a variable 
cos 0 ~  to plot data; this quantity is again constructed from the measurable photon 
and charged lepton momenta in such a way that it coincides with one of the possible 
opening angles cos 0~ allowed by the ambiguity in the neutrino longitudinal 
momentum.  Numerical estimates at p~ colliders are made for the cos 0* distribution 
as well as for the cos 0 ~  distribution and we find the K-sensitivity in both cases to 
be significant. We further show that a cut in the cluster transverse mass mT(Yf; U~) 
[9] can separate "product ion" and "decay" processes in a simple and very effective 

way. 
In sect. 3 we discuss the influence of the finite W-width and address the difficult 

question of higher order QCD correction effects. The effects of the finite W-width 
are found to be small in both cases. The higher order QCD corrections are expected 
to be small in the W radiative decay signals, since they are insensitive to nonzero 
transverse momentum of the W. The corrections for the W7 production process can, 
however, be quite large and we propose a modification of the variable cos 0* to 
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include transverse motion of the W7 system. Although we argue that this modifica- 
tion is necessary to control higher order corrections, only an actual evaluation of the 
corrections would tell us if it is sufficient or not. 

In sect. 4 we discuss possible background problems to the proposed angular 
distributions. The most severe background comes from associated production of W 
and a jet [10], where the jet fakes a single isolated photon. This background is found 
to affect the analysis for the cos 0* distribution significantly, while it causes little 

problem in the radiative decay analysis. 
In sect. 5 we summarize our findings and draw some conclusion. In the appendix 

we present the explicit tree-level cross section for the subprocess dfi --* 7d ~ without 
making a narrow-width approximation for intermediate W propagators. 

2. The process p~ -~ ~ f - ~ t +  anything 

In the standard SU(3)c×  SU(2)LXU(1)  model the process p ro ton(p)+  
an tiproton(~) ~ charged lepton(d) + photon(7) + antineutrino(~) + anything takes 
place via a quark-antiquark annihilation, the Drell-Yan mechanism [11]. The 
tree-level diagrams which contribute to the subprocess 

q ( p l ) + F : l ' ( P 2 ) - - * 7 ( p v ) + Y - ( p e ) + ~ e ( p ~ ) ;  q =  d,s;  Ct' = ~,~, (2.1) 

are shown in fig. 1. In this equation the four-momenta of each particle are shown in 

parentheses. 
We calculate these diagrams in a minimally extended standard model where we 

add an anomalous WW7 coupling term to the standard model lagrangian LSM: 

Lef f = LSM - i e (K  - 1) W ~ W ~ (  OP'A ~ - a ~A~'), ( 2 .2 )  

where W ~ and A" denote the W and 7 field operators. The additional term in (2.2) 
destroys non-abelian gauge invariance, and hence renormalizability, but preserves 

F 

5'  7 

(o) (b) (c) (d) 

Fig. 1. Feynman diagrams which contribute to the process qF: 1' ---, 7g% at tree level. 
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electromagnetic gauge invariance, and leads to the effective W magnetic moment 
(1.1)*. 

The complete expression for the squared matrix element, summed (averaged) over 
final (initial) spin and colors is rather lengthy and is given in the appendix. In this 
section we will, however, discuss the process (2.1) in the narrow-width approxima- 
tion for the W-boson. In this limit we can separate the process into two distinctive 
processes: 

"production" process: q+ Et'~ W + y  

~+g' + ~ ,  (2.3) 

"decay" process: q+C::l'~W 

--+y + / + ~ .  (2.4) 

The diagrams (a), (b) and (c) in fig. 1 contribute to the "production" while (c) and 
(d) contribute to the "decay" process. 

The kinematics of these two processes is quite different: in the "production" case 
(2.3) the invariant mass of the lepton-pair system is equal to the W-mass row, i.e. 
(pc + p~)2= m2w, whereas in the radiative "decay" case (2.4) the invariant mass of 
the lepton-pair-photon system is given by m w, i.e. (pe+p~ +p~,)2 = m~. For this 
reason we will study these two subprocesses separately in the following two 
subsections. 

In the QCD improved parton picture [14], the cross section for the process 

p(P)  +~( f f )  ~ V(py) + g (p , )  + ~(p~) + X (2.5) 

can be expressed in the leading order as follows 

d o =  Y'~ fold~ldgDa/p(~,Q2)Db#o(~,Q2)[d~ab q'- dOba ] • 
(a,b) 

(2.6) 

Here Db/B(~, Q2) denotes the effective distribution of a parton b with the momen- 
tum fraction ~ in a hadron B at the mass-squared scale Q2. For "production" we set 
Q 2  = ~, ~ being the square of the partonic c.m. energy, whereas we choose Q2 = m 2 
in the case of "decay". d8ab is the partonic cross section to be shown explicitly in 
the following subsections, d6ba is obtained from d6ab simply by exchanging the 
parton momenta Pa and Pb in those expressions. In the following numerical 
computations, we use the effective valence quark distributions parametrized by 

* We do not address here the possible momentum dependence of K nor further modifications of the 
effective lagrangian to include higher dimensional operators [12,13]. At present energies ( - m  w) 
these terms should be suppressed by powers of ( m w / A ) ,  where A is the scale of compositeness. 
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Buras and Gaemers [15] and the effective sea-quark distribution of Owens and Reya 

[16]. 

2.1. THE PROCESS pf) --+ W yX; W 4 [  ~e 

The parton cross section for the "production" process (2.3) is expressed as 

1 ~ ,  ,-+ 
d6qca,= ~--~..,]d/'(qgt W v ;W-- - - 'd  ~,~)12d~. (2.7) 

Here ~ = (pw +Pv) 2 and dcb denotes the three-body phase space 

dcb = (2~r) s3[( pq + p c -  p~-  py)2] d3pt d3Py 
2Ep 2Ev 

(2.8) 

The spin and color sum-averaged matrix element squared can be extracted from the 
complete formula given in the appendix; for massless quarks it reads (see eq. 
(A.13)): 

m 

EIJR'(qUI' ---> W-'y; W ---> f -~ ) [2  

128qr4~ 2 

sin20w 
- - B ( W  ~ ~- ~)[  Uq,q[2~ [( pq q- p7:t,- p y ) 2  m2 ] 

× "p•)Z+(2pqlp/)2]+O(1--K)} (2.9) 

0 w denotes the Weinberg angle, B(W---* g-~e) the branching ratio, a the fine 
structure constant, Uq,q the weak mixing matrix, Qq the quark electric charge, 
~,= (p  _pq)2 and ~ =  (p  _p¢)2.  The factorization [8] of the charge dependent 
factor is manifest in (2.9) for the K = 1 case which leads to the amplitude zero at 
cos 0qv = 1 + 2Qq in the partonic c.m. frame. In the following we neglect both the 
Cabibbo rotation and the contribution from the strange and heavier quark sea. The 
only surviving subprocess then is dfi ~ W-y ;  W --* d ~ with ]Uud I = 1. We set 
m w = 82 GeV, G F = 7ra/(¢2sin20w m2) = 1.17 × 10 ~ GeV -2 and B(W- ~ d re) 
= ~ for definiteness. 

The cross section (2.9) depends quadratically on K, as can be seen explicitly from 
(A.8). Therefore we will always plot distributions for three representative K-values as 
it is enough to reconstruct distributions for arbitrary K. We choose the K-values 
K = 0, _+ 1 for the "production" process. The cross section for an arbitrary x-value 
then reads 

d o ( x ) =  ~2x(l+~:)do(1)+(1-x)(l+K)do(O)- ~2~(1-1¢)do(-1). (2.10) 
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After integrating out the azimuthal angle of the photon momentum about the 
beam axis we have five independent kinematical variables in terms of which the 
phase space factor in (2.8) can be written as 

d3pe d3pv 

2Ee 2E  r 
__ _ I rr dp,. T2 dye d q51 d pv2.r d Yv" (2.11) 

Here Prx and PeT denote the transverse momentum of the photon and the charged 
lepton with respect to the beam axis, respectively, Yr and y~ are their rapidity in the 
proton momentum direction, and q,e the azimuthal angle of PeT measured from 

PyT"  
Shown in fig. 2a and b are the transverse momentum spectra of the photon 

and the charged lepton, respectively, expected at the Tevatron collider energy 
v~- = 2 TeV. The solid line represents x = 1, the dashed one x = 0 and the dashed- 
dotted one x = - 1. The photon distribution falls strongly with rising PvT; this tells 
us the importance of the photon identification at relatively smaller P T values. The 
shape of the spectrum is mildly sensitive to K; the steepest fall-off is expected for the 
gauge theory value K = 1. On the other hand, the charged lepton PT distribution 
(fig. 2b) with the cut pvT> 10 GeV has a peak around pe t  = ½m w which is a 
remnant of the well-known jacobian peak [17]. 

In fig. 3a and b we show the rapidity distribution for the photon and the charged 
lepton, respectively; in both figures we have imposed the cuts PrT > 10 GeV and 
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Fig. 2. The PT distribution of the photon (a) and the charged lepton (b) in the production process 
p~ --+ W - y X ;  W --, E~ t ,  with cut Pvv, PeT > 10 GeV at ffs = 2 TeV. 
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Fig. 3. The hadronic center-of-mass rapidity distribution of the photon (a) and the charged lepton (b) in 
the production process p~ ~ W 7X; W --* {b f with py~, PfT > 10 GeV. Curves below I0 TM cm2/GeV 

are smooth interpolations of fluctuating Monte Carlo results. 

PrT > 10 GeV. The photon spectrum (fig. 3a) is asymmetric and has its maximum in 
the region of negative yy. This reflects the fact that the photon couples more 
strongly to the 5 quark than to the d quark and hence tends to be radiated in the ~, 
or ,~ direction. These figures (figs. 2 and 3) show that the overall production rate 
grows as I ~ - 1  1 grows. Hence even the total rate measures K, but with poor 
sensitivity• In view of the present theoretical uncertainties [18] in the precise 
estimate of the QCD radiative correction to the production rate, it would be 
desirable to look for quantities much more sensitive to the value of K. 

For the computations of the rest of this subsection we will always apply the 
following cuts: 

P/T, PvT > 10 GeV; I)'f], lYv] < 3. (2.12) 

These cuts are imposed to account for an actual experimental situation where one is 
looking for an isolated high PT photon and a high PT charged lepton typically with 
large #v  (missing transverse momentum). 

One of the most spectacular predictions of the electroweak gauge theory is the 
presence of the polarization and momentum independent angular zero in the 
constituent scattering amplitude for qq'--* W,/ [7,81. The angular zero in 
the spin-average cross section disappears for non-gauge theories because only 
in the gauge theory case do all polarization amplitudes have a zero at the same 
phase space point [19]. This angular zero in the colliding parton c.m. frame is almost 
smeared away in the collider c.m. frame; see e.g. the 7 rapidity distribution shown 
in fig. 3a. We need to find differential cross sections which are sensitive to K but 
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relatively insensitive to the shape of the constituent distribution which is responsible 
for the smearing. 

Since we shall discuss a dip in the cross section we should anticipate a brief 

discussion on the possible background problem: we are looking for events showing a 

high PT charged lepton and a high PT photon isolated from each other as well as 
from other hadronic activities, and large PT- Apart from the photon/isolated-~ -° 

misidentification problem to be discussed in sect. 4, we expect many events from 
W --* y (  ~,~ decay processes; this process is interesting in itself and will be 
discussed in subsect. 2.2. A first guess to get rid of this background is to reject all 
the events where the "¢ - g invariant mass mvr is smaller than m w. In fig. 4a we 
show the mrs. distribution of the production process (solid line) and of the W 
radiative decay (dashed line); both curves are for K = 1, the standard model. If we 

use the cut rn~,e> m w to eliminate the decay process, we lose at the same time a big 
port ion of the signal. Instead, we propose to use the cluster transverse mass m.r (Yg'; 
missing), defined as follows [9] 

= -IP~T+P:T+BTI (2.13) 

1~ 36 
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Fig. 4. The photon- lepton invariant mass distribution (a) and the cluster transverse mass distribution (b) 
for the product ion  process p~---, W yX: W ---, # ~/ (solid lines) and the decay process p~,-* W X; 
W ~ 7 f  v, (dashed lines) at ~s" = 2 TeV. Both curves are for ~ = 1 and the cuts PrT, PrT > 10 (]eV, 

]Yrl. lY/] < 3 and cos 0 . j<  0.95 (only for decay) are implemented. 
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where 01,r denotes the missing transverse momentum vector about the beam axis. In 
our case there is one undetectable particle (9) and hence ~ x = P~x. In fig. 4b we plot 
the m x(7¢'; ~) distribution expected from the production process (solid curve) and 
the decay process (dashed curve); for this latter process the distribution shows the 
expected jacobian peak located at m T = mw. Since the cluster transverse mass is 
bounded by its parent mass, we only need to worry about the finite width effect and 
the error in the ~ x measurement. By accepting only those events which satisfy 

m y ( 7 / ;  missing) > 90 GeV, (2.14) 

we lose only about 40% of the signal while getting rid of most contributions from 
the W radiative decay. In the following, we adopt the cut (2.14) as well as the cuts 
(2.12) in all our numerical computations of this subsection. 

Let us now return to the problem of looking for the angular zero, predicted by the 
electroweak gauge theories [7, 8]. The angular zero appears in the W~, c.m. frame. 
The problem is simply that although we can in principle measure the W transverse 
momentum from its leptonic decay, we cannot measure its longitudinal momentum. 
A typical momentum configuration for a lepton-photon-missing PT event is shown 
in fig. 5 where the frame has been boosted until the lepton momentum becomes 

Z /1////  
r// 

"Z 

Fig. 5. Schematic view of the possible three momentum configuration of a charged lepton, a photon, a 
neutrino and a W in the frame where Pr has only a negative x component. None of the three momenta 

but Pr necessarily lie in the x - z plane. 
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pure ly  t ransverse.  We fix the z and x axis as the pro ton  beam and the - P c  

d i rec t ion ,  respectively.  The dashed line shows the possible  locat ion of  p~ which does 

not  necessar i ly  lie in the x - z p lane for a given P,T. Now, it is s t ra ight forward  to 

see that  if we neglect  the width of the W-boson ,  i.e. / ' w / m w  = 0, we have only two 

so lu t ions  for the ~ momen tum since the invar iant  mass of the lepton system should 

fo rm m w. Explici t ly,  we have for the ~ rapid i ty  

with 

y ~ ± ) = y : + _  ln{1 + 8 + [8(2  + 6)] t / -~},  

3 = max{ m2w - m2T(:;  ~),O}/21p:H IP;TI, 

(2.15a) 

(2.15b) 

m~r(d; ~)= (Ip:+l + lP,,wl) 2- IP:'v÷P~TI 2 , (2.15c) 

where  mT(d ;  ~) is the transverse mass [9] of the : ~  system. The ma x imum symbol  

in eq. (2.15b) is required when we allow for the finite width of W (see discussions in 

sect. 3). W e  label the two solut ions by + and - ,  which cor respond  to the solut ions  

with y~ > y :  and  y, < y: ,  respectively. These two solut ions coincide at the m a x i m u m  

value of the : ~  transverse mass, m T ( : ;  ~) = m w. Knowing  the ~ fou r -momen tum 

from (2.15), we can easily obta in  the W four -momentum 

P w~ ~ ) = P : +  P~ ± ), (2.16) 

as shown in fig. 5. W bosons  with these two different  mome n ta  can give exact ly  the 

same  lep ton  m o m e n t u m  and #v- The rapid i ty  of the W3' system in the l abo ra to ry  

f rame is then de te rmined  for each case by 

y + =  ~ln 
Ew~ ± ) + Er  + Pw_-{ ± ) + Pv: 

Ew{ ~ ) + Er  - P w:~ ± ) - Pv: 

E : + p : .  + Ev +Pv:  + [P~T[exp(y;~ ± )) 
= ' , ln . (2.17) 

- E : - p e ~ + E v - p r : +  ] p a - r ] e x p ( - y ~ ± ) )  

It is now s t ra igh t forward  to obta in  the pho ton  scat ter ing angle in the W y  c.m. frame 

measu red  f rom the p ro ton  beam direction*, 

cos 0*  = t a n h ( y r  - Y +)" (2.18) 

* The following formula (2.18) is obtained when the Wy system has no transverse motion about the 
beam axis. In an actual experiment where the W~, system has non-zero transverse momentum, a more 
refined definition of the variable cos 0" is required to minimize the transverse momentum smearing 
effects. See discussions in sect. 3 and eqs. (3.3a)-(3.3c) for the possible improvements of the variable. 
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Fig. 6. The cos 0* (a) and cos 0* (b) distribution of the production process p~ ---, W "IX: W ---, Y ~e 
at 7's-= 2 TeV. The cuts applied are specified by eqs. (2.12), (2.14). For the definition of cos0*  

see eq. (2.18). 

On an event-by-event basis we cannot tell which solution (+  or - )  is actually 

realized. However, we may still expect the cos 0* and /o r  cos 0* distributions to be 

sensitive to the anomalous moment •, since part of the time 0+* or 0* actually 

coincides with the true scattering angle. In fig. 6a we show our predictions for the 

cos 0* distribution in p~ collisions at ~- = 2 TeV. Although we do not have a zero, + 

the spectrum has a minimum around cos 0* = 0.1 and its shape is rather sensitive to 

~. Shown in fig. 6b are the cos 0* distribution, also at ~- = 2 TeV. For K = 1 a clean 

dip is seen at cos 0"--  ~. The rate difference between K = 1 (solid curve), the gauge 
theory value, and • = -  1 (dashed-dotted curve) in this region is an order of 

magnitude; accordingly, the K-sensitivity of the shape of the distribution is even 

more pronounced in the cos 0* spectrum. 

The above difference between the cos 0* and the cos 0* distribution tells us that 

most of the time the W boson actually prefers the " - "  configuration and thus the 

corresponding cos 0* distribution shows more similarity to the cos 0d* v distribution. 
Still, part of the time the W takes the " + "  configuration and the zero disappears. 
Contributions from the subprocesses where an antiquark in p and a quark in 

collide also destroy the zero but they are found to be small. 
One may examine the possibility to determine ~ more precisely by using a 

combination of the two variables, cos0* and cos0*. One possibility [20] is to 
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calculate event by event the probabilities for the W to take one of the two possible 
configurations and to choose the higher probability solution. The problem we find 
in this approach is that the probability depends not only on parton distributions 
non-trivially but also on the matrix element squared itself, i.e. the value of ~ which 
we want to measure. Our cos0* distribution is, on the other hand a purely 
experimental distribution, straightforward to calculate, and shows sufficient sensitiv- 
ity to K. Its sensitivity to parton distributions enter only through a simple quantity, 
the relative importance of the sea-quark contribution (more precisely, the relative 
contribution from the subprocess where an antiquark in p and a quark in ~ collide). 
This is not too difficult to estimate quantitatively and is small anyway in p~ 
collision at ~/s = 2 TeV. Hence we choose cos 0* as a good example of the variable 
whose distribution is sensitive to K while insensitive to parton distributions. 

2.2. THE P R O C E S S p ~ - - , W  ; W --.y{ v/ 

The parton cross section for the "decay" process (2.4) is given by 

1 - -  

daqct,= ~ l J g ' ( q C t  ~ W  ;W --,~,(~f)12dq). (2.19) 

Here ~ = m2w and dq) denotes the three-body phase space, eqs. (2.8) (2.11). The spin 
and color sum-averaged matrix element squared for an arbitrary K is given in the 
appendix (eq. (A.14)). In its simplified form it reads 

~ [ , / g ( q C t ' ~ W  ;W --+'~d-Pl)[ 2 

128,/r 4a 2 

sin20w B ( W - ~  gff,)[ Uq,q[23 [(pq + pq,)2 _ m~v] 

X 
(2pv'p~)[(2p¢'p,)2+ (2pq'p;)  2] 

(2pv 'p , )[2pv ' (p  q + pea,)] 2 
+ o ( 1  - (2.20) 

As in the production case we shall neglect both the Cabibbo rotation and the 
contribution from the strange and heavier quark sea. The only surviving subprocess 
is then dfi ~ W ; W -~ ~,g' ~p with [Uud [ = 1. 

According to the generalized null radiation zone theorem [8], the matrix element 
squared (2.20) has a zero for • = 1 when the photon and antineutrino are collinear 
( Pr" P; = 0). Although the amplitude has the same factor ( G" P,,) (see appendix), the 
cross section is linear and not quadratic in this factor because of a cancellation. This 
cancellation can easily be seen by comparing our result with the polarization 
averaged W decay distribution into a photon and a quark pair (qCl') 

W (Pw)  --+ q(Pq) + q ' ( P ¢ )  + Y ( P r ) '  (2.21) 
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calculated by Grose and Mikaelian [21]. The differential decay width can be 

expressed as 

, ,12(Pw'Pq)Z+(Pw'P~') 2 
d P - [ Q q ( p y . p ~ , ) - Q c t , ~ , p T . p q ] j  -(£--~-q)(~T.p; ~ , (2.22) 

where Qq and Q~], denote quark and antiquark charge, respectively. Notice the 
square of a charge dependent factor. The polarization averaged differential decay 
width of the process W ~ ~,d~ can be obtained from (2.22) simply by replacing q 
by d and Cl' by ~. Since Q~ = 0, the charge factor in eq. (2.22) becomes simply 
( p .  p~)2 and one of the powers is cancelled by the same factor in the denominator. 

Because of this cancellation, the K-sensitivity in the decay process is less pro- 
nounced than in the production process. We thus choose the K-values K = --3, 1, 5, 
to show our results. The cross section for an arbitrary K-value is then obtained from 

the three curves via the formula 

do(K) = ~2(K- 1)(K + 3)do(5)  - ~to(K- 5)(~ + 3) da(1)  

+ ]2(K- 5 ) ( K -  1 ) d o ( - 3 ) .  (2.23) 

In the following distributions we always show separately the contribution from 
the production process as far as it is compatible with the cuts to be specified below. 
Even though this contribution may be regarded as a background in a strict sense, we 
add it to the signal since we find no practical way of distinguishing between these 

two contributions. 
Shown in fig. 7a and b are the transverse momentum spectrum of the photon and 

the charged lepton, respectively, expected at ~ - =  2 TeV. The solid line represents 
K = 1, the dashed one K = - 3 and the dashed-dotted one K = 5. The following cuts 
have been imposed and will be applied in further distributions of this subsection: 

PyT, PZT > 10 GeV, 

I~'yI, I~'rl < 3, 

30 GeV < mT(Y{; missing) < 90 GeV, 

cos 0y~,< 0.95. (2.24) 

The motivation for the cut on mT('y{; missing) was given in subsect. 2.1; the cut on 
the photon/charged-lepton opening angle in the collider c.m. frame is made to 
avoid the mass singularity. From these figures we find that the p T distributions are 
governed mainly by the kinematics of the W decay and are insensitive to K. The 
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Fig. 7. The PT distributions of the photon (a) and the charged lepton (b) in the kinematical region 
m~(y& ~)<  90 GeV at ~/s= 2 TeV. Contributions from "production" and "decay" subprocesses are 

shown separately. The final state cuts are specified in eq. (2.24). 

photon PT distribution falls off steeply with rising PT and thus the photon 
identification at relatively small PT values ( -  10 GeV) is essential to gain statistics. 
On the other hand, we expect a rather flat PT distribution for the charged lepton up 

to p s -  30 GeV. 
We show in fig. 8a and b the rapidity distributions of the photon and the charged 

lepton, respectively. Again, we see little sensitivity to ~. A clear difference between 
these rapidity distributions and those in the production region (see fig. 3) is that 
here the rapidity distributions are more or less symmetrical about the y = 0 axis. It 
is, however, obvious that we cannot determine the K-value from these distributions: 
We should look for those distributions whose shapes are sensitive to ~. 

To attack this problem we study first the final state configurations in the W rest 
frame. The polarization averaged W decay distribution can be expressed conveni- 
ently in terms of two variables; the photon momentum fraction 

x = 2 p w . p r / p ~ ,  = 2 E ~ / m w  (2.25) 

and cos 0~. Here the superscript * refers to the W rest frame. For arbitrary • the 
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Fig. 8. The hadronic c.m. rapidity distributions of the photon (a) and the charged lepton (b) in the 
kinematical region mx(7?, ~)< 90 GeV at fs = 2 TeV. Contributions from "production" and "decay" 

subprocesses are shown separately. The final state cuts are specified in eq. (2.24). 

n o r m a l i z e d  decay  d is t r ibu t ion  reads  

1 dF a x(1 - x )  
F(W ---* t"~) d x d c o s 0 ~  = 4--~ [ 1 -  ½(1 - cos0~)x]  2 Y ' . (x ,cos0~) ,  (2.26a) 

with  

1 + c  [1 + (1 - x )  2 1 - c  2 

Z ( x , c ) =  ~ [  x 2 ( 1 - x )  2 ( 1 -  t 2 ( 1 - c ) x )  2 

+ ( 1  - ~ )  
(1 + c ) ( c +  ½(1 - c ) x )  

2 ( 1  - ~ (1  - c ) x )  ~ 

+ ~(1 - ~)=(1 - x)[a (1 --c2)(1 +X) ] 

+ 2(1 -- 12(1 -- c ) x )  2]" 
(2 .26b)  

The  d i s t r i bu t i on  (2.26b) has a single zero at c = cos 0 2 =  - 1 ,  only when x = 1. 
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Fig. 9. The polarization averaged differential W decay distribution integrated over the region 0.3 < x < 
1.0 (x = 2E*/mw) plotted against cos 0~ in the W rest frame. 

Since any deviation from the gauge theory value of ~ results in filling up this zero, 
the cos 0r~ distribution is expected to be sensitive to •. 

We show in fig. 9 the cos 0r~ distribution integrated over the x-range 0.3 < x < 1, 

a typical m o m e n t u m  fraction region of the photon  in our  analysis (pvT > 10 GeV 
eliminates every event with x < 0.24). Indeed, we find that the distribution is rather 

sensitive to • in the smaller cos 0¢~ region. However, the K-sensitivity is weaker than 

that found in the angular distribution of the W7 product ion process. This is partly 
because the distribution (2.26) has only a single zero instead of a double zero at 
K =  1' we further find that the jacobian factor ( 1 -  ½ x ( 1 -  cos0~f)) -2 plays an 

impor tan t  role in partially compensat ing for the dip at cos 0 2 = - 1 .  This jacobian 

factor  is responsible for the non-observabil i ty of  the dip for ~¢ = 1 and also for the 
enhancement  observed in this region for non-gauge theory cases. Our  pr imary goal 

is now to find a measurable quanti ty in the p~ collision which is appropriate  to 

determine K. 
An immediate  candidate is the distribution in terms of the azimuthal angle ~yr~ 

between the photon  and the charged lepton which is boost invariant. When 
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Fig. 10. Azimuthal  angle (pvr(z(_(pvT,PrT)) distribution at ~/ss=2 TeV in the kinematical region 
roT(y#,  ~) < 90 GeV. Same specifications as in fig. 7. The distributions are symmetric about @v~- = ~ in 

our approximation. 

c o s 0 ~ = - 1 ,  fore should be ~ although the converse statement does not hold. 
Shown in fig. 10 are the expected distributions for the three K-values. The distribu- 

tions are symmetric about @re = ~ because of the absence of both the CP-violation 
phase and the final state interaction phase. Although there is no angular zero in this 
distribution, the K-dependence of the spectrum around ~vp= v follows qualitatively 

that of the cos 0~ distribution shown in fig. 9. The two peaks at ~y~= 18 ° and 162 ° 

are simply due to the collinear singularity cut, cos0yr,< 0.95 (see eq. (2.24)). This 
distribution may, however, suffer from a large QCD correction (see discussions in 
sect. 3) since the azimuthal angle is not invariant under the transuerse motion of W. 
It is therefore desirable to look for a variable which refers to the W-boson rest 
frame. 

Just as in the case of the W production process studied in the previous subsection, 
there is a two-fold ambiguity in the longitudinal momentum of ~. In fig. 11 we show 
the possible three-momentum configuration of the yE~ final state in the boosted 
frame where pr+pv has no longitudinal component.  The dashed line shows the 
possible location of p~ for a given P~T- 

In the limit Fw/mw~O the neutrino momentum is determined up to two 
symmetric configurations shown in the figure by p, .  Explicitly we find for the 
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Fig. 11. Schematic view of the possible three-momentum configuration of the 3,f~ final state in the 
frame where P~+Pv has no longitudinal component. In a typical radiative decay event, P~T roughly 
balances this momentum. The two possible solutions for the neutrino three-momentum p~ are 

also shown. 

rapidity in the collider c.m. frame 

y~,±,=yye+_ ln{1 + 8 + [6(2 + 8)]1/2} , (2.27a) 

where yrs. denotes  the rapidity of the 3,4 cluster and 

,211/2 8=max{m2-m¥(Yg;~),O}/2lP~Tl[m2ve+ Ip~T-~pe'r  ] , (2 .27b)  

with the cluster transverse mass mv(q,d; ~) defined in eq. (2.13). The maximum 
symbol  in eq. (2.27b) is needed because our cuts (2.24) do not eliminate completely 

the cont r ibut ion  from the "p roduc t ion"  process (see fig. 4b) and hence mT(~'d; ~) > 
m w is possible. We specify the two solutions by + and - ,  corresponding to the 
solution with y~ > Y~,e and y~ < Yyl, respectively. These two solutions coincide at the 

max imum value of  the cluster transverse mass mT(~'g; ~) = m w. 
It is now straightforward to obtain the W four -momentum for each-solution 

P w{ + I = Pr + Pe+ P~{ ± )" (2.28) 
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The  r a p i d i t y  of  the W in the l abora to ry  frame is 

E w t ± } + P w = ( ± )  
,211/2 • (2.29) 

y + = l n  [m2w + IPr++Pev+P~+ l 

The  o p e n i n g  angle  between the pho ton  and the charged lep ton  in the W rest f rame 

can  then be expressed  as 

sinh( Yr  - Y + )s inh( y ~ -  y ± ) + cos ffv~ 
cos  0 2 + = cosh(  y~ - y + )cosh(  Yc-- Y + ) 

(2.30) 

In fig. 12 the cos0~_  d is t r ibu t ion  is p lo t t ed  for the process  p~ ~ W X; W ---, 

~,( ~,~ at ~ - - 2  TeV, with the final s tate cuts (2.24). The sensi t ivi ty of the 

d i s t r i b u t i o n  to x is clearly seen. Fo r  the gauge theory case (K = 1) there is a d ip  at 

cos  0 ~  = - 1  which is a r emnan t  of the zero. The shape of the d i s t r ibu t ion  for 

non -gauge  theory  cases ( • = - 3 , 5 )  shows a clear difference,  especial ly in the 

nega t ive  c o s 0 ~  region. 



46 J. Cort~,s et aL / WWy coupling 

In low statistics experiments, it would be nice to study an integrated quantity. We 
define the ratio of the events with negative cos 0v) as 

U ( - 1  ~< cos0v~ < 0 )  

R =  N ( - I ~ c o s 0 ~  <0 .9 )  ' (2.31) 

where N denotes the number of events in a specified region. We obtain from fig. 12, 
after summing decay and production contributions, a prediction for an arbitrary 

x-value by using the formula eq. (2.23): 

R (~fs- = 2 TeV) = 0.264 
1 + 0.015(1 - K) + 0.049(1 - K )  2 

1 + 0 . 0 1 1 0  - + 0 . 0 1 6 ( a  - 
(2.32) 

The numerical uncertainties in the coefficients of eq. (2.32) are less than 5%. The 
ratio R is 26% for ~¢ = 1, 38% for ~ = 5 and ~ = - 3, at v~- = 2 TeV. The ratio R is 
rather insensitive to V~- below Tevatron energies, since the v~- dependence enters 
mainly through the relative importance of the production process contribution 

which is small at lower energies. At the CERN p~ collider energies, we find 

R(v/~ = 540 OeV) = 0.238 
1 + 0.016(1 - ~) + 0.053(1 - ~)2 

1 + 0.011(1 - K) + 0.016(1 - K )  2 "  
(2.33) 

No significant deviation from the above values is expected at ~/s = 630 GeV. 
Unlike in the case of cos0* and cos0* distributions studied in the previous 

subsection, we find no significant difference between cos 0 ~  and cos 0~+ distribu- 
tions. This can be understood since the bulk of the events have large cluster 
transverse mass (see fig. 4b) for which the difference between these two solutions is 
small (see eq. (2.27b)). 

3. Effects of finite W-width and higher order QCD corrections 

Up to now our presentation relied heavily on the zero width approximation for 
the W-boson on one hand and on lowest order QCD predictions on the other hand. 
In this section we discuss the effect of finite width in a quantitative way whereas 
only qualitative statements will be made for higher order QCD corrections, mainly 
focusing on the effects of non-zero transverse momentum of the W or the W7 

system. 

3.1. FINITE W-WIDTH EFFECTS 

Rigorously speaking, the finite width of the W-boson does not allow one to divide 

the process 

d + f i - ~  ~ - + y +  ~ (3.1) 
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into the two processes which we called "product ion" (2.3) and "decay" (2.4). 
Indeed, interference appears between the "product ion" and "decay" amplitudes 
(see the appendix for details). Since the "product ion" amplitude has an angular zero 
at cos 0d* ~ = ~ and the "decay" amplitude has a zero at cos 0~ = - 1 ,  it is clear that 
the whole contribution should vanish when both conditions 

cosO~y -1- ~, (3.2a) 

c o s 0 ~ =  - 1 ,  (3.2b) 

are satisfied. (Note that 0d* Y is defined in the Wy c.m. frame whereas 0~ is defined 
in the W rest frame.) In fact, these two conditions follow from the generalized 
null-radiation zone theorem [8] applied directly to the process (3.1). 

Fortunately, the interference term vanishes for x = 1 when either one of the two 
conditions in eq. (3.2) is satisfied. It should also be small in the dip regions and 
hence we do not expect large corrections from the interference. We confirmed this 
expectation by repeating all the numerical computations with the exact finite width 
formula given in the appendix. Apart from trivial kinematical effects, e.g. the 
smoothing of the jacobian peak in the cluster transverse mass distribution (see fig. 
4b), we found no significant deviation from our zero-width results presented so far. 
Especially, both the cos0* and c o s 0 ~  distributions agree with the zero-width 
results presented in fig. 6b and fig. 12, respectively, within the numerical errors of 
our Monte Carlo calculation. 

3.2. HIGHER ORDER QCD CORRECTIONS 

The problem of higher order QCD corrections is far more difficult to study 
quantitatively; only an explicit next-to-leading order calculation will actually tell us 
the significance of the corrections*. However, we shall in the following give a 
necessary modification of the "product ion" variable cos 0* in the presence of the 
transverse motion of the W~, system and also give a plausible argument for the 
smallness of the radiative corrections to the cos 0"~ distribution in the "decay" 
process. 

The most important QCD effect that we can anticipate without actual calculation 
is the non-zero transverse momentum of the Wy system. Indeed, single and multiple 
gluon radiation [23] is expected to give the W-¢ system a transverse momentum of 
about 10 GeV, which is comparable in magnitude to our transverse momentum cuts 
(2.12). Unless we take the transverse motion of the Wy system into account 
properly, it seems clear that the dip structure would be smeared away. It is at least 
necessary to define the scattering angle in the W~, c.m. frame to avoid large 
kinematical smearing. Indeed, the successful confrontation [24] of the dijet angular 

* For first attempts toward the calculation of the higher order QCD corrections, see rcf. [22]. 
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distribution at the CERN p~ collider with the lowest-order QCD prediction [25] was 
achieved in the dijet c.m. frame, in particular, the Collins-Soper (CS) frame [26]. 
The CS frame is particularly convenient, and probably gives optimal cancellation 
among corrections, due to its symmetric treatment of the colliding beams. 

Encouraged by the success of dijet studies [24], we propose a possible modifica- 
tion of the cos 0* variable (2.18) in the presence of the non-zero transverse motion 
of the W7 system: 

cos 0* = ( P v T / P  + )sinh( Yv - Y~ ) '  (3.3a) 

where PvT and yv are the photon transverse momentum and rapidity, respectively, 
y + is defined in (2.17), and 

with 

+ = ( ~ + -  m 2 ) / 2  s~-+, (3.3b) 

= _ = z 2 p v v p v r [ c o s h ( y v - y ~ +  ) cosC~v~ ] (3.3c) ~+ ( p w + + p v )  z m 2  + m v e +  - . 

Either t~* or t~* agrees in the zero W-width limit with the 7 polar angle in the CS 
frame of the W7 system. This new variable reduces to our old one (2.18) in the zero 
transverse momentum limit of the Wy system. Hence the cos 0* distributions shown 
in fig. 6 are also the cos0* distributions in the lowest order. Higher order 
corrections can, however, be significantly different between the two distributions. 
We examined the effect of purely kinematical smearings by giving both colliding 
partons the gaussian transverse momentum distributions with ( P T ) =  7 GeV; the 
cos O* distribution received small corrections while the dip in the cos 0* distribution 

almost disappeared. 
It is therefore important to look for a "good" variable whose distribution receives 

small corrections in the future next-to-leading order studies. Guided by the success- 
ful dijet studies, we propose the variable cos t~* as a candidate. Since our interest is 
in the dip structure of distributions, it is not clear at present whether such a "good" 
variable exists or not. 

On the other hand, the situation is much better in the W radiative decay studies, 
where we expect small corrections in the c o s 0 ~  distributions. First of all, the 
variable cos 0~_ (2.30) refers to the W-rest frame variable even in the presence of a 
W transverse motion. Hence gluon radiation can affect the distribution only through 
the W-polarization. On one hand this cannot influence the distribution near the zero 
at cos 0¢,= - 1  because every polarization amplitude has a common zero at that 
point [19]. On the other hand, the whole distribution is rather insensitive to W 
polarizations as can be seen from comparing the distribution from an unpolarized 
W (fig. 9) and that of a longitudinally polarized W (fig. 12). The main uncertainty 
thus enters through the extra contribution from the W7 production process (see fig. 
12), whose magnitude is small anyway in most of the cos 0 ~  range. 
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4. Backgrounds 

In this section we study background contributions to the production process (2.3) 
as well as to the decay process (2.4). A large PT isolated charged lepton with large 
#-r can come either from W or heavy quark pair production. Pair production of a 
heavy quark (top [27, 28] or even heavier quarks [29]), however, typically ends up 
with multi-jet events and is unlikely to fake our signal. A significant background is 
expected from the process 

p + ~ --* W + jet + anything 

[--+ {+ ~, (4.1 t 

where a high PT jet resembles a high Pv photon through ~,/~0 misidentification. 
Since the W-jet production cross section is roughly a factor of a s / a  larger than the 
W~, production cross section, and since the • dependence of the distribution is more 
pronounced in the dip region, the background contribution severely restricts the 
sensitivity of our measurement of K. On the other hand, the W radiative decay 
experiment is found to be rather free from large backgrounds. The main restrictive 
factor here is then statistics since the K-dependence in this process is milder than in 
the case of W production. 

4.1. BACKGROUNDS F O R p ~ W  ~,X; W ~ u  r 

In this subsection we study backgrounds for the production process (2.3). A 
severe background is expected from the W-jet production process (4.1) where a high 
Pv jet fakes a single high Pv photon. The lowest order subprocesses which 
contribute to W jet production are 

d + f i ~ W  + gluon, (4.2a) 

d + gluon ~ W + u ,  (4.2b) 

fi + gluon -~ W + d .  (4.2c) 

The production cross section for these subprocesses including the subsequent decay 
of W--* (~ can be obtained from the appendix; only color factors and coupling 
constants have to be changed. (See also the published literature [10].) We use the 
same patton distribution [15, 16] as in sect. 2 and for the QCD running coupling 
constant we take 

a~(g) = 12~/(33 - 2n) ln(~/AZ, , ) ,  (4.3) 

where n is the number of the active flavors and g the squared mass of the colliding 
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pat ton system. The flavor number is increased by one at each threshold, ~/~ = 2m,,; 
the continuity of a~ is maintained by choice of the A,,. We choose A 4 = 0.3 GeV, 
m b = 5 GeV, and m, = 35 GeV for definiteness. 

After imposing the cuts (2.12) and (2.14) by replacing the photon by the jet, we 
find at ( s  = 2 TeV a cross section of about 0.16 nb for the W ~ e~ e channel. The 

background contribution is then obtained by multiplying this cross section by the 
probabili ty Py/j that a jet is misidentified as a single isolated photon. A precise 
value for P~/.i depends on details of the jet structure and of the detector. For the cut 
pvT > 10 GeV, a BNL study group reported [20] values between 2J~ and ! 

5 0 0  ' 

depending on the resolution of the y shower detector. In the following, we choose a 
value 

Pv/.i - I (4.4) 
2(}{} 

for the background estimate. We choose this rather pessimistic value because of the 
uncertainties in our computation of the signal-to-background ratio: The y / j e t  

misidentification probability should be different for gluon and quark jets and hence 
between p~ reactions where the "annihilation" subprocess (4.2a) dominates (at 
f s  = 2 TeV about 70% of the total W-jet events come from (4.2a)) and pp reactions 
where the " C o m p t o n "  subprocess (4.2b) and (4.2c) are more important. Further- 
more, the QCD higher order effects including multigluon emission can affect 
somewhat differently the signal and background contributions. In actual experi- 
ments, a reliable estimate for the probability Pv/j is essential to estimate the 
background and hence to determine the value of ~. It is therefore very important to 
determine Pv/j in prompt photon experiments at hadron colliders. 

In fig. 13 we plotted again our predictions for the cos0* distributions of the 
signal events for several values of ~ in p~ collisions at v~ = 2 TeV. In the same 
figures we show by the dashed line the background W-jet contribution multiplied by 
the factor Pv/j - - 2o0 (eg. (4.4)): the integrated cross section for the K = 1 signal and 
the background are roughly the same, about 3 pb after summing up e + and /~-+ 
modes. Without including the QCD motivated K-factor we expect 300 events for 
both signal and backgrounds with a nominal integrated luminosity of 103s cm 2 
The shape of the distributions are, however, very different for small [ ~ - 1  ]. At 
I K - 1 ] =  5, the shape of the signal and the background become more or less the 
same. In order to determine the K-value from the observed distribution, which is 
the sum of the signal and background contributions, we need to estimate both the 
magnitude and the shape of the backgrounds. The shape of the background 
distribution can be determined rather well by the jet trigger experiments, while its 
magnitude is essentially determined by the factor P~/j. It seems to be difficult to 
obtain a bound stronger than ]K - 1] < 2 because the background dominates over 
the signal for I K - 1] < 2 in the dip region where the N-dependence is strongest. 
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Fig. 13. cos0_* distribution for the production process p~ ~ W 7X; W --* f -~e at ~ - =  2 TeV for 
different values of ~. The cuts are specified by eqs. (2.12) and (2.14). The dashed lines denote the 

estimated background from p~ ~ W"7 "X where " 7 "  represents a jet that may fake photons. 

4.2. B A C K G R O U N D S  FOR p)---, W X: W ---, y{ ~'r 

As studied in sects. 2 and 3, there are two advantages and one disadvantage in 
measuring K in W production followed by its radiative decay, W --" 3'{ ~e. The two 
advantages are the relatively larger cross section and the insensitivity of the analysis 
on the transverse motion of the W. The disadvantage is the fact that the K-depen- 
dence of the signature is not as spectacular as that for the Wy production case. In 
the following we will find another advantage in studying W radiative decay, the 

large signal-to-background ratio. 
In terms of observable momenta, the W radiative decay process can be specified 

by the events satisfying the following cuts (see (2.24)): 

P e T '  PeT > 10 GeV; lYvl, lY~I < 3, 

30 OeV < m T ( Y { ;  missing) < 90 GeV, 

cos Ore< 0.95. (4.5) 

A significant background can again come from W-jet production processes (4.2) 
where the jet  is misidentified as a single photon. We find that roughly one-third of 
the jet-plus-f~ events have a cluster transverse mass roT(f  jet; if) smaller than 90 
GeV. Furthermore, the contribution from W-jet production followed by the decay 
W ~ r ~, is non-negligible since a substantial portion of the events with a 
subsequent T --* e or # decay survives the cuts (4.5) when we replace a photon by a 
jet. In this evaluation we use the branching ratio B(~-~ e ) =  0.17 and the purely 
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Fig. 14. cos 0* t distribution at V's = 2 TeV for different values of x in the kinematical region 
mv(YY; ~ ) <  90 GeV. The contributions from decay and production processes which were shown 
separately in fig. 12 are added together. The cuts are specified by eq. (2.24). The dashed lines denote the 

estimated background from p )  ---* W "3' "X, where " y "  represents a jet that may fake photons. 

left-handed r - *  e decay distribution calculated in the V - A  theory. The missing 
transverse momentum (~x )  in this case is the vector sum of all the neutrino 
transverse momenta.  We find that the cascade W --, r -* e decay contribution to the 
background is about 20% of the direct W - - *  e~ contribution. The background 
shown below is the sum of these two contributions. 

In fig. 14 we show our predictions for the cos 0~_ distributions of the radiative W 

decay signal events for several values of x in p~-collisions at ~ = 2 TeV. The 
dashed line represents the background contribution, again multiplied by the y / j e t  
misidentification probability Py/j = ~ (see eq. (4.4)). The signal curves are just the 
sum of the pure W ~ e~y (decay) contribution and the W7 production contribution 
shown separately in fig. 12, which satisfy the final state cuts (4.5) or (2.24). 
Contributions from the cascade processes W ~ ~ 7 ;  r --, e and Wy; W ~ r~; r ~ e 
are both found to be negligible. From this figure we find that the estimated 
background is always smaller than the signal cross section, even in the dip region 
around cos Or)_ = - 1 for the x = 1 case. The shape of the distribution is also very 
different between the signal and the background. Hence, an error in the estimate of 
the magnitude of the background by as much as 100% (i.e. in the y / j e t  misidentifi- 
cation probabil i ty Py/j) does not severely restrict the measurement of K. 

5. Summary and discussion 

In this paper  we examined the feasibility to measure the WWy triple gauge 
coupling at proton-antiproton colliders through the process p~ --, y f  a~X. To quan- 
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tify this measurement,  we allow arbitrary real value for the anomalous magnetic 
momen t  [5] K of the W-boson. In any gauge theory of the electroweak interaction, 
the K value should be unity up to O(a)  corrections. Hence any measurement of K 

different f rom unity signals the failure of gauge theories in the weak interaction. 
In the zero-width approximation for the W propagator the (~y  final state can 

originate either from the "product ion" process p~--* W yX with the subsequent 
W ~ f ~ decay or from the "decay" process p~ ~ W X with the W decaying 

radiatively into {~y. We found that these two processes can be kept apart rather 

effectively by imposing a cut in the cluster transverse mass variable, m v ( ( y ;  ~). 
The cross sections of the subprocess dfi ~ W y and W ~ yt~ vanish at specific 

kinematical configurations [7, 8], cos 0j*v = ~ in the Wy c.m. frame and cos 0 F = - 1 
in the W rest frame, if K = 1, the gauge theory value. A unique reconstruction of 

these angular variables from the observable momenta,  pv, p~, and the missing Pv  
vector is not possible, allowing for the two-fold ambiguity in the W-longitudinal 

momen tum in the zero width limit. We find, however, that K-sensitive distributions 

can still be obtained in terms of the variables cos 0* (2.18) and cos 0v~ (2.30), which 
are defined in terms only of observable momenta in such a way that in most of the 
cases they coincide with either cos 0d* v or cos 0~, respectively, in the zero W-width 
limit. The d-sensitivity of the cos 0* distribution near the dip at cos 0* = ~ is found 
to be spectacular, giving a cross section for I ~ -  11= 2 which is an order of 
magnitude higher than the one corresponding to ~ = 1, the gauge theory value. The 

K-sensitivity of the cos 0 F distribution is found to be moderate due to the fact that 
the W-radiative decay distribution vanishes at K = 1 only linearly (and not quadrati- 
cally, as in Wy production) when the angular zero point is approached. 

The effects of the finite W width on both distributions are found to be negligible. 

A more serious problem is to estimate higher order QCD corrections. Especially 
large corrections are expected for the cos 0* distribution from the transverse motion 
of the Wy system. We argued that at least a modification of the variable, e.g. cos 0* 
as defined in eq. (3.3), is necessary to make the correction smaller. Whether such a 
modification of the variable is sufficient or not, we will learn only after serious 
next-to-leading order studies. The situation in the case of c o s 0 ~  distribution is 
much better, for which we presented a plausible argument for the smallness of the 
Q C D  radiative corrections. This is mainly due to the fact that the quantity cos 0¢~ 
refers to the variable in the W rest frame independent of the W transverse motion. 

Backgrounds due to the W + j e t  production where the jet is misidentified as a 
single isolated photon were also studied. We estimated the effects of such contribu- 
tions by assuming the y / j e t  misidentification probability Pv/J to be ~.~ The 
background is found to affect the measurement of K seriously in the production 

signal (cos 0* distribution) while it is expected to be less dangerous in the radiative 
decay signal (cos 0 F distribution). 

On the experimental side the most serious problem is the photon identification at 
relatively small Pv  (>  10 GeV). It is also important to reduce the error of the 
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missing transverse momentum Px in order for the mT(gy; ~) cut (to distinguish 
production from decay) to be fully effective. Once those conditions, as well as the 
requirement for high luminosity, are met, we find it feasible to measure the WWy 
coupling at p~ colliders, especially in the W radiative decay signals. Adding up e + 
and /~ -+ contributions, the expected event rates for • = 1 at the Fermilab collider 
(v/~ = 2 TeV) are, after applying all the final state cuts (2.12), (2.14) and (2.24), 
respectively, 

30 events for "production" signal, 

135 events for "decay" signal, 

with a nominal integrated luminosity of 1037 cm 2. Event rates one order of 
magnitude smaller are expected at the CERN collider. High luminosity is clearly the 
basic requirement for the measurements. 

We conclude by listing advantages and disadvantages of the two signal processes 
in measuring J¢. The W~, production signal gives a spectacular K dependence but has 
a smaller cross section, a larger background contamination and is most likely to be 
rather sensitive to QCD higher-order corrections. The W radiative decay signal gives 
a moderate K-dependence while it has a relatively larger cross section, a small 
background contamination and is insensitive to higher-order QCD corrections. 

Part of the results had been reported at 4th Topical Workshop on Proton 
Antiproton Collider Physics [30]. 
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Appendix 

In this appendix we present the complete partonic cross section for the process 
d~ ~ 7(~; all fermion masses will be neglected. The Feynman diagrams of this 
process are shown in fig. 1. 

Using the shorthand notation 

P=Pd, P=Pr,, k=Pv, ~=Pt, {=P~, P=p+~  (A.1) 
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for the four-momenta of the particles involved, the amplitude can be written as 

.It ' -  
(4 rra) 3/2 

2 sin20w 
e ( ~ ) p . o u ( p )  ~°(k)*J; 

( p  - k)  2 _ m 2 + i m w F  w 

e~( k ) * J~ } 

+ ff( ( )Do.v(  / )  S 2 _  m2w + imwF w - 
(A.2) 

a is the fine structure constant, 0 w the Weinberg angle and mw(Fw) the mass 
(width) of the W-boson. The tensors P~, and Dp~ are given by 

{ [ ~ y /~- /c  l x ' [cg°"-kPT~}  1 - 7 5  (A.3a) 
Po,, = Fc Yo Y,,+ ,,fi----_~To]+( 1 -  ) ~ :~-  -~ , 

D ° ° = f F c [ v ~ - ~ 7 - ~ - V ° - V ~ Y - - - T V " ] + ( a - ~ )  7p:17 / 4 ' (a.3b) 

with two charge-dependent factors 

Q u p . k + Q a f i . k  k . ~  
Fc = P .  k ' /~ = P .  k (A.4) 

The tensors Pp, and Dp~ satisfy the current conservation conditions 

k % o  = k % o  = 0. 

In addition we defined the lepton and quark currents, 

1 -75  1 -  75u(p)  (A.5) 
3~ = ~ (~ )v  0 o ( i )  J~ = ~ 0 ) v °  2 

2 ' 

In order to write the amplitude ~ '  in the form (A.2) we made use of the partial 
fraction decomposition of the propagator product 

1 1 

( p _  k ) 2 _  m 2  + imwF w p 2 _  m~ v + imwF w 

1 

2 P ' k  ( P -  k)  2 -  m 2 + imwF w 
_ 1 ] (A.6) 

p2 _ m 2 + imwF w J 
and of the factorization property, as discussed in sects. 1 and 2. In this decomposi- 
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tion of the amplitude, which is called the radiation decomposition by Brodsky and 
Brown [8], it is evident that the amplitude has a zero at 

F~=P~=O 

in the gauge theory case, K = 1. 
The squared matrix element, summed (averaged) over final (initial) spin and 

colors, reads 

~ 1 ~ , 1 2  - (4~'c~) 3 
4 sin40w 

+ 

2 2 2 [(P-k)2-m~v] +mwFw 

)< 
A[(l'- k)2- m~v] + 8mwrw ] 

D +  P . k  

, [ AI 
D- 

_ 2 2 [e~ m~wl~+mwFw 
p 2 _  mw ] + Brnwrw 

P . k  
(A.7) 

where 

6 

p = £ t l iHi ,  (A.8a) 
i = 1  

~2 = 2(p .  ( ) ( p .  ?) / (~.  ? ) ,  

a 3 = 2(fi .  g ) ( f i - ga ) / ( f .  ? ) ,  

a 4= 4 ( p .  d ) ( f i ,  g)/ (g .  ~) - 2p . f i ,  

a s = Z p . ( ~ - g  ), 

a 6 = 2 f i - ( d -  g) ,  (A.Sb) 

Here P denotes the contribution which we labeled "production" and its explicit 

form is given by: 
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and 

1{ 
/-/1 = Vc 2 

/ ' - f i  /"~ 
+ F~(1 - K)/"+-----~ + (1 - ~)2 

2(/"+ ~) 2 

H2 
2 ~ . / [  24f" / 2g ' . /+  

N 1Fc - ~ -  + F c ( 1 - K ) / ' ( / ' + h )  
0) 

- -  + (1 - K) 22 ( /"+  ~)2  , 

2 E . / (  4 g - /  2g ' . /+ f i  
/-/3 N 1 Fc2 /"h Fc(l  - ~) fi(/"+ t~) - -  + (1 - ~ ) 2 2 ( / " + / ~ ) 2  ' 

H 4 = re(1 - K)/"h(/"+ h) (1 - ~)2 2(/`+ fi~ ' 

~V/{ 4 g - / - - 2 ~ + F ~ ( I _ K )  8+2/"  h } 
H s = - -  Fc 2 /"h /"(/"+ fi~ + (1 - 1¢)22(/" + h) 2 

9 6 = V~ 2 /,fi + Fc(1 - ~) fi(/ ,+ fi---------~ ( l  - K) 2 2 ( / ,+h )2  

In these expressions we introduced the usual partonic Mandels tam variables 

i =  ( k - p )  2 , 

h = ( k - fi )2, (A.9) 

and N = 3 for QCD. Similarly, the term D in (A.7) corresponds to the "decay"  
contr ibut ion and its explicit form can be obtained from P by the following 
substitutions: 

[D = P (  p ~ - t a, fi --+ - {, k --+ k, {--+ - ~ ,  ~a__+ _ p ,  Qu --+ 1, Qd --+ 0).  (A.10) 

The quantit ies A and B in eq. (A.7) refer to the real and imaginary part of the 
interference term, respectively. Their evaluation is simplified by the use of identities 
given by Sirlin [31]. One finds for the real part 

A = 8Fcff~A z + 4Fc(1 - •)A: + 4_Kc(1 - K)A 3 + 4(1 - ~)ZA 4, (A.11a) 
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with 

AI ~ D 
f i . g p . ( k  + / ) / . ( p - k )  p-/~.(,+ ~)~.(~-,) 

p . kk.  / fi. kk . 

1 
+ f i . k k . / [ 2 f i . / p . / ~ . ? + f i . g ( p . k f i . / + f i . k p . / - p . f i k . / )  

- p . / ( f i - / k .  g+/5. E k . / - ~ .  g-ft. k)] 

+ (p,-, - / , p o  -e)}, (A.11b) 

1{ 
A 2 -  P . k  2 p . i k . f -  2 f i . ? k . / +  

p o / 

[p. tp. k-p.pk,  t] 
p ' k  

- f i ' ~ [ f i " / p ,  k - p . i l k . / ]  , (A.11c) 

A3 = A2( p o - / ,  ri o - Z ) ,  (A.11d) 

A 4 = ( P . k ) - 2 [ p . k f i . t k . / + f i . k p . / k . # ] .  (A.11e) 

For the imaginary part we find 

B = 4e,/~vap"fil~kvda[2Fcff~B1 + Fc(1 - x)B 2 + ffc(1 - K)B3], (A.12a) 

with E0123 = 1, 
f i . g + p . /  f i . g + p . /  

B1 f i . k k . g  + p . k k . g  ' (A.12b) 

1 { /5-g  p . / }  
(A.12c) 

B 3 = B 2 ( p o - / '  r i o  - ~ ) .  (A.12d) 

In the case of the zero width approximation there is no interference between the 
production and the decay process; the terms A and B can thus be dropped safely. 
The production process will be given by 

~l~/¢(qq'-- ,W v;W - , t~ ) l  2 -  (4~ra)3 rr P S [ ( P - k ) Z - m  2] (A.13) 
4 sina0w mwF w 
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and similarly for the decay process: 

- -  (47ra)  3 ~r D 6 ( p 2 - m  2)  (A .14 )  
~ l ~ ( q C t '  ~ W ; W -  ~ 7d~)[ 2 - 4sin40 w mwFw 

In the case x = 1 the sum (A.8a) can be performed to arrive at a simple expression. 
For the production process we find 

~ l ~ ' ( q U t  ' ~  W - T ;  W -  ~ f~)l 2 

128~" 4012 g ( w  ----) g~P) 4F~2 [( /5"  d)2  + ( P"  L)2] 
sinZOw ~ ~ [ ( e - k ) 2 - m 2 ] .  ( A . 1 5 )  

For  the decay process we apply on eq. (A.15) the substitution rule (A.10) to get 

~l~(qO'-- - -> w ; w- - - - ,  -yt~) 12 

1287r40~ 2 f f c 2 [ ( f i . g ° ) 2 + ( p . ~ )  2] 

sin20w B ( W  ~ d~)  ( k - ~ a ) ( k .  ~-) ~ ( p 2  _ m~v) " ( A . 1 6 )  
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