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We study the production of three gauge bosons (W+W Z and W+W p) at the next generation
of linear e+e colliders operating in the pp mode. We analyze the total cross sections as well as
several kinematical distributions of the Snal state particles. We Snd out that a linear e+e machine
operating in the pp mode will produce 5—10 times more three-gauge-boson states compared to the
standard e+e mode at high energies.
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I. INTRODUCTION ~+~~ W++W +Z

Nowadays, the possibility of transforming a linear
e+e collider into a pp collider deserves a lot of atten-
tion. By using the old idea of Compton laser backscat-
tering [1], it is possible to obtain very energetic photons
&om an electron or positron beam. The scattering of
a laser with a few eV against an electron beam is ca-
pable of giving rise to a scattered photon beam carrying
almost all the parent electron energy with a similar lumi-
nosity [2]. This mechanism can be employed in the next
generation of e+e linear colliders [3,4] [Next Linear Col-
lider (NLC)] which will reach a center-of-mass energy of
500—2000 GeV with a luminosity of the order of 10
cm 's '.

An important process that can take place at the NLC
operating in the pp mode is the production of vector-
boson pairs through pp ~ W+W [5], since this reac-
tion has a very large cross section at high energies due to
the W exchange in the t channel. Moreover, the available
center-of-mass energy of the NLC will be large enough to
produce final states presenting three-vector bosons with
a significant event rate. Multiple-vector-boson produc-
tion is very interesting for a number of reasons. First,
the confirmation of the standard model predictions for
the cross sections might provide further tests of the stan-
dard electroweak-gauge model. Second, the triple-gauge-
boson production may be a background to possible sig-
nals from new physics beyond the standard model such
as the production of invisibly decaying Higgs bosons in
association with W+W pairs [6]. Such Higgs bosons,
presenting a large "invisible" branching ratio, appear in
many extensions of the standard model that exhibit the
spontaneous violation of a U(1) symmetry [7]. Third,
the production of multiple-longitudinal-gauge bosons can
shed light on the symmetry-breaking mechanism even
when there is no contribution coming &om the stan-
dard Higgs boson. For example, in models where the
electroweak-symmetry-breaking sector is strongly inter-
acting there is an enhancement of this channel [8,9].

In this work, we examine the production of three-
vector bosons in pp collisions through the reactions

p+p m W++ W +p,
within the scope of the standard model. Previously, the
cross sections for triple-gauge-boson production in this
framework were presented for e+e [10—12] and hadronic
colliders [8,10]. We analyze the total cross section of
these processes, as well as the kinematical distributions
of the final-state vector bosons. We conclude that for a
center-of-mass energy ~s & 500 GeV and an integrated
luminosity of 10 fb, there will be a promising number
of fully reconstructible events even after discarding the
unidentifiable W and Z decay channels. Moreover, we
find out that a linear e+e machine operating in the pp
mode will produce 5—10 times more three-gauge-boson
states compared to the standard e+e mode at high en-
ergies.

The outline of this paper is as follows. In Sec. II we
introduce the laser backscattering spectrum, and present
the details of the calculational method. Section III con-
tains our results for the total cross section and the kine-
matical distributions of the final-state gauge bosons for
center-of-mass energies v s = 0.5 and 1 TeV. In Sec. IV
we discuss our results and compare them with some po-
tential backgrounds. This paper is supplemented by an
appendix which gives the invariant amplitudes for the
above processes.

II. CALCULATIONAL METHOD

The cross section for the triple-vector-boson produc-
tion via pp fusion can be obtained by folding the ele-
mentary cross section for the subprocesses pp —+ WWV
(V = Z, p) with the photon luminosity (dL~~/dz):

do(e+e ~ pp ~ WWV)(s)

Zmssx

dz do. (pp m WWV) (s = z s),
dz&min
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where vts (~s) is the e+e (pp) center-of-mass energy
and z = ~ = s/s. Assuming that the whole electron
beam is converted into photons via the laser backscatter-
ing mechanism, the relation connecting the photon struc-
ture function F~/, (x, f) to the photon luminosity is

vts (GeV)

1000

Without cuts
20.4
289

With cuts
10.2

TABLE I. Total cross section in fb for the process

&~ ~ m+w-z'.

dI ~~
mdX

F~—/. (x &)F~/. (z /x &) . (2)
GZ zg/'x-- x

For unpolarized beams the photon-distribution function
[2] is given by

F~/, (x, g) = 1 do,
o~ dx

I

1 1 4x
1 —x+

D (() 1 —x ((1 —x)

4x2

P(1 —x)2 (3)

with

where ac is the Compton cross section, ( 4Euro/m2,
m, and E are the electron mass and energy, respectively,
and uo is the laser-photon energy. The f'raction x repre-
sents the ratio between the scattered photon and initial
electron energy for backscattered photons traveling along
the initial electron direction. The maximum value of x is

xmax— (5)

with cu „being the maximum scattered photon energy.
The fraction of photons with energy close to the max-

imum value grows with vts and uo. Nevertheless, the
bound ( ( 2(1+i/2) should be respected in order to avoid
the reduction in the eKciency of the e ~ p conversion
due to the creation of e+e pairs in collisions of the laser
with backscattered photons. We assumed that ~0 has the
maximum value compatible with the above constraint,
e.g. , for v/s = 500 GeV, uo ——1.26 eV, and x „0.83.
With this choice, more than half of the scattered pho-
tons are emitted inside a small angle (8 ( 5 x 10 rad)

( 4 8) 1 8 1
D(() = l1--- —~»(1+()+-+--( 2(1+()' '

(4)

and carry a large amount of the electron energy. Because
of this hard photon spectrum, the luminosity Eq. (2) is

almost constant for z & x~~„.
The analytical calculation of the cross section for the

process pp m W+W p (pp m W+W Zo) requires the
evaluation of 12 Feynman diagrams in the unitary gauge,
which is a tedious and lengthy calculation despite being
straightforward. For the sake of completeness, we exhibit

in the Appendix the expression of the amplitudes of these
processes. In order to perform these calculations in an
efficient and reliable way [13], we used an improved ver-

sion of the numerical technique presented in Refs. [11,14].
The integrations were also performed numerically using
a Monte Carlo routine [15] and we tested the Lorentz
and U(l), gauge invariances of our results for the am-

plitudes.

III. CROSS SECTIONS AND GAUGE-BOSON
DISTRIBUTIONS

We have evaluated the total cross section for the pro-
cesses pp ~ R'+W V imposing kinematical cuts on the
6nal-state particles. Our first cut required that the pro-
duced gauge bosons are in the central region of the detec-
tor; i.e. , we imposed that the angle of vector boson with
the beam pipe is larger than 30, which corresponds to
a cut in the pseudorapidity of ~g] ( 1.32. We further
required the isolation of the final particles by demand-

ing that all vector bosons make an angle larger than 25'
between themselves. Moreover, for the process II, we

introduced a cut on the photon transverse momentum,

pT & 10 GeV, to guarantee that the results are free of
infrared divergences and to mimic the performance of a
typical electromagnetic calorimeter.

In Tables I and II we exhibit the results for the total
cross section of the processes I and II, with and without
the above cuts. As we can see &om these tables, the two-

gauge-boson cross section (p+ p —+ W+ + W ), which is

the main reaction in a pp collider [5], is &om 2 to 4 orders
of magnitude above those for three-gauge bosons depend-

TABLE II. Total cross section in fb for the process pp m W+W

~s (GeV)

1000

P' &10 GeV
Without cuts With cuts

296 115
1162 192

PT~ ) 20 GeV
Without cuts With cuts

167 69
748 138
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ing upon ~s. Nevertheless, we still find promising event
rates for final states W+W V for an e+e collider with
an annual integrated luminosity of 10 fb . Moreover,
the triple-gauge-boson production in e+e and pp col-
liders are comparable at ~s = 500 GeV, while the event
rate in pp collider is a factor of 5—10 larger than the one in
an e+e machine at ~s = 1 TeV. The observed growth of
the total cross section for the production of three-gauge
bosons is due to gauge-boson exchange in the t and u
channels.

Since we are interested in final states where all the
gauge bosons are identified, the event rate is determined
not only by the total cross section, but also by the re-
construction efficiency that depends on the particular de-
cay channels of the vector bosons. In principle, charged
lepton and light quark jet pairs can be easily identified.
However, in the semileptonic decay of heavy quark the

presence of unmeasurable neutrinos spoils the invariant
mass measurement, and we adopt, as in Ref. [11], that
the efficiency for reconstruction of a W+ (Zo) is 0.61
(0.65). In general, final-state photons can be identi-
fied with high efficiency as an electromagnetic shower
with a neutral initiator. Combining the reconstruction
efficiencies for individual particles, we obtain that the
process I (II) has a detection efficiency of 0.24 (0.37).
Once the reconstruction efficiency is substantial, the cru-
cial factor for event rates is the production cross sec-
tion. Assuming the above cuts and efficiencies we ex-
pect, for a 500 (1000) GeV collider with an annual in-

tegrated luminosity of 10 fb i, a total yield of 25 (198)
p+ p -+ W+ + W + Z fully reconstructed events per
year and 428 (714) p+p ~ W++ W +p reconstructed
events per year with P&~ ) 10 GeV. It is instructive to
compare these results with the number of fully recon-
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FIG. 1. Angular distnbu
tions of the vector bosons with
the beam pipe. The upper
(lower) solid lines stand for the
W's, while the upper (lower)
dashed line represents the V
(V = Z or p) without (with)
the cuts discussed in the text.
For the W+ W p production
we imposed the cut p~z ) 10
GeV.
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structed events in pp m R'+ W . Employing the saxne
reconstruction efBciency, angular cuts, and luminosity
given above, there will be 9.4 x 104 (1.4 x 10s) observed
W+W pairs for a center-of-mass energy of 500 (1000)
GeV.

In order to reach a better understanding of reactions
I and II, we present in Figs. 1—6 various distributions
of the final-state gauge bosons. In Fig. 1 we show the
distribution in cos 0, where 0 is the polar angle of the
particles (W+, and V = p, Z ) with the beam pipe. The
results are presented with and without the angular cuts
described above. The W + and TV curves coincide due to
the charge-conjugation invariance. We should notice that
these processes are particularly sensitive to central region
requirexnent since, analogously to what happens in. the
reaction pp m R'+ TV—,the R"s go pre fere ntially along
the beam pipe direction. This fact can also be seen from
the rapidity distribution of the final-state particles (Fig.
2). Therefore, the requirement that the gauge bosons
are produced in the central region of the detector implies

in a loss of 1/2 to 5/6 of the total number of events.
Increasing the center-of-mass energy, the W's tend to
populate the high rapidity region while the V = p, Z"
distribution maintains its shape. Consequently, the cut
in the R' angle with beam pipe discards xnost of the high

energy events .
In order to estimate the ixnportance of the isolation

cut on the final particles, we present in Fig. 3 the distri-
butions in the angle between the vector bosons. Charge-
conjugation invariance of the processes implies that the
distributions for W+ Z and TV Z are the same. In
both processes I and II, the S"s tend to be back to back,
while the WV (V = Z or p) is relatively Rat, demon-

strating that the isolation cut is not very restrictive The
distribution for diferent energies of the collider are quite
similar, apart f om a constant factor due to the growth
of the total cross section.

The invariant mass distributions of the R'+ R' and
W+Zo (p) pairs are presented in Fig. 4. Once again the
W+Zo (p) and W Z (p) curves coincide. From this
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figure we can learn that the average invariant mass of the
pairs W+W is higher than the one for WZe (p) pairs.
As the center-of-mass energy of the collider is increased,
the distributions grow due to the growth of the total
cross section. Moreover, the invariant mass distributions
for WZO (p) and W+W pairs are considerably different:
the former is rather narrow and peaked at small invariant
masses while the latter one is broader and peaked at high
invariant masses.

Figure 5 shows the laboratory energy distributions
of the W+ and Zo (p) gauge bosons. In the process

pp —+ R"+W Z, the Eg and Egr+ distributions are
rather similar, with the average energy of the R'+ being
larger than the average Z energy. As the center-of-mass
energy of the collider increases, the distributions grow
and become rather isolated, while the peaks broaden sys-
tematically. In the process pp ~ lV+R' 7, the distri-
butions in E~ and E~~ are very different due to the
infrared divergences: the E~ is strongly peaked towards
small energies while E~~ is rather broad and peaked at

high energies. With the increase of the collider energy the
difference between these distributions becomes clearer.

We exhibit in Fig. 6 the transverse-momentum distri-
bution for the W+ and Ze (p) vector bosons. There
are no distinctive differences between the distribution for
W+ and Z in process I, apart from the fact that the Z 's

exhibit a smaller average pz than the R"s. In the case
of process II, the distributions for p and R'+ are very
different since the first is peaked at very small pz due to
the infrared divergences.

IV. DISCUSSION

The kinematical distributions presented in Figs. 1—6
were obtained by applying the angular cuts to the final-
state vector bosons. Nevertheless, in order to have a
more realistic description of the events, we should take
into account the decay of the vector bosons since the final
quarks can give rise to jets that either overlap or emerge
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near the beam axis. To illustrate the changes in the total
event rate and in the kinematical distributions when the
cuts are applied to the R' decay products, we evaluated
the process

TABLE III. Total cross section in fb for the process

p + p ~ [W+ ~]qq' + [W +]qq' + p with cuts applied
to the decay products of the W's. We have already taken
into account the relevant branching ratios and reconstruction
efBciencies as described in the text.

p+ p —i [W+ —i]qq'+ [W -+]qq'+ p, (6)
Ps (GeV)

500

P~ &10 GeV
27.1
44.4

P~~ & 20 GeV
16.8

imposing the beam pipe cut [cos8[ ( 0.87 and the iso-
lation cut ER = [(b,i1) + (b,p)2]i~2 ) 0.43 among the
final-state partons (quarks and photon). In addition, we
also required a minimum transverse momentum of the
photon of 10 (20) GeV.

The effect of applying the cuts to the decay products
instead to the R"'s is to further reduce the total number
of fully reconstructible events (6) by a factor 0.6, as
can be seen from Table III. For instance, assuming the
eKciencies and luminosity of Sec. III we expect, for a
500 (1000) GeV collider, 271 (444) reconstructed events

with PT & 10 GeV, instead of the estimated 428 (714)
events of the previous section. This reduction originates
mainly from the fact that the isolation cut imposed on
the W's does not guarantee that their decay products are
isolated.

It is interesting to notice that the distributions 1--6 re-
main basically the same when we take into account the
above partonic cuts, except for the PT distribution of the
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of a large amount of these events with bremsstrahlung
photons.

We can improve our signal over background ratio even
more by demanding that the Gnal state exhibits two
pairs of jets with an invariant mass compatible with
the R' mass. This requirement must reduce the rate of
bremsstrahlung events since the jet—jet invariant mass of
these events usually deviates &om the value of the W'

mass. Taking into account the performance of a typ-
ical detector for the NLC, we required, among all the
four 6nal-state jets, the existence of two jet pairs with

~Mi~ —Miv~ & 10 GeV. In Table IV we show the total
cross section for the background reaction p + p ~ [W+
~]qq' + [W +]qq' + "p", where "p" denotes the pho-
ton coming &om the real S'+ fragmentation, when we

apply this invariant mass cut. We present our results for
two different values of the cut in Pg (10 and 20 GeV)
with the same isolation and beam pipe cuts described
above, taking into account the relevant branching ratios
and reconstruction efBciencies. This invariant mass cut
eliminates approximately 90% of the background events.
On the other hand, the invariant mass of the jet pairs
coming kom the signal R'TVp is peaked at M~ and is in-
sensitive to this cut. In this way, we were able to improve
the signal over background ratio 1—2 orders of magnitude
depending on the center-of-mass energy and the PT cuts
(see Table IV).

Note added in proof. After completing this paper we
came across an estimate for the elementary cross section
of the processes studied here [17]. We verified that our
results before cuts and decays agree with the ones pre-
sented in Ref. [17].
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APPENDIX

We collect in this appendix the expressions for the am-
plitudes of the processes pp —+ W+W V, with V = Z
or p. The Feynman diagrams contributing to these pro-
cesses are given in Fig. 9. The momenta and polariza-
tions of the initial photons were denoted by (ki, k2) and
(e„(ki),e„(k2)), while the momenta and polarizations of
the final state W+, W, and V are given by (p+, p, ks)
and (e (p+), ep(p ), e~(ks)), respectively. For a given
choice of the initial and final polarizations the amplitude
of these processes can be written as

I's~~(Pi, P2) = [(2Pi+ P2)~g ~ —(2P2+ Pi) g

+(P2 —Pi) g~ ], (A3)

the quartic-gauge-boson coupling

PP~~P Pcs uP + PP un 2 Pu nP

where the M,"" ~~ is the contribution of the set of dia-

grams z to the processes. The factor G„depends upon
the process, assuming the value e for the production of
lV+R' p and the value e cot 8~, with tII~ being the
Weinberg angle, for the 6nal state R'+O' Z .

In order to write a compact expression for the am-

plitude, it is convenient to de6ne the triple-gauge-boson
coupling coef6cient as

M = G„'„(k,)e„(k,)e~(p+)e&(p )&,(k, )MT

with

and the propagator tensor

D""(k) = (g"" —k"k" /m2)
(A5)

(A2) Using the above definitions, the contributions of the
diferent set of diagrams can be written as
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' = r:"(p+,k.)D&-(p+ + ks)rs "(k~ —(p+ + ks))D~~(p —- k2)r. " (—p- kz) + [k~ ~ ts ++ ~]
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(A6)

M, " ts = r,~f(k„p )D,.(p + k,)r,"'(-p —k„k,)D„(k, —p, )r," "(—p, k, ) + [k, &., p, ~ ], (A7)

M~"-» = r~ t(k, p+—)Dg (k —p+)r~ ~( —k, (k —p+))D g(p —k )I'" "(—k, p ) + [k; p ~ v], (AS)

M" =r "
(—p, k)Dt (k, —p )I'"" + [k, , ; tsar ],

M, " ~ = r, -'(k„-p, )D,„(k, p, )-r,"tt"'+ [k, . ; ~ ~ ], (Alo)

Ms" = rs (p+, ks) tp(p+ + s) 4 (All)

p7 r 1pt(k p )D ( p k )rAavp

where [kq++z, p ++ v] indicates the crossed contributions of the initial photons.
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