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Unitarity efI'ects in like-charge W pair production
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Using the effective-W approximation, we calculate the invariant-mass distribution for the pro-
duction of W+W+ (W W ) via W+W+ (W W ) fusion at a pp collider with an energy of 40
TeV. These results are compared. with the corresponding results for the production of W+W via
W+W fusion. All W polarizations are taken into account. We also study the effects of the unitarity
in the W+W+ (W W ) scattering, with particular attention to the possiblity that the signal for
longitudinally polarized W's will be enhanced when the Higgs sector is strongly interacting.
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I. INTRODUCTION

In the standard model of electroweak interaction, the
Higgs-boson mass is essentially a free parameter. At the
present, there is an experimental lower limit of 48 GeV
[1], and some theoretical upper limits of about 1 TeV
[2]. Experimental signatures of the Higgs boson are sen-
sitive to its dominant decay mode in a particular mass
range. For Higgs-boson mass larger than twice the Z-
boson mass, the dominant Higgs-boson decay mode is
into gauge-boson pairs W+W and Z Zo.

As has been noted numerous times, the W+W and
Z Zo pair production processes are excellent probes
of the Higgs sector of the standard model [3]. How-
ever, these processes are accompanied by relatively
large quark-antiquark annihilation and gluon-gluon fu-
sion backgrounds. For the W+W+ (W W ) production
[4—9], these large backgrounds are absent, although one
needs to consider other smaller backgrounds including
gluon-exchange channels [5—9] and top quark-antiquark
induced processes [7, 9].

There is, however, another feature of W+W+ scatter-
ing which further complicates its use as a probe of the
symmetry brea-king mechanism of the standard model.
Recall that it is the scattering of longitudinally po-
larized W's and Z's which provides information about
the strength of the symmetry breaking. The couplings
of these degrees of freedom are enhanced by a factor
m~/m~ compared to the gauge coupling g, which is
characteristic of transversely polarized W's and Z's. In
the case of W+W scattering, the bulk of the cross sec-
tion lies in the Higgs peak, and W pairs with an invariant
mass in the vicinity of m~ are almost exclusively longitu-
dinally polarized [10]. This makes it possible to explore
the symmetry-breaking mechanism near mww = mH de-
spite the presence of a large background of transversely
polarized W s from q q annihilation. On the other hand,
in the standard model, W+W+ scattering has no Higgs
peak, and the cross section for transversely polarized W's
is much larger than that for longitudinally polarized W's
[7—9] when 0.5 TeV & mH & 1.0 TeV. It has been shown
that additional cuts on the W decays can enhance the

Wl+W& signal in this region of mH [7, 9]. Here, in addi-
tion to verifying the dominance of transverse polarization
in W+W+ scattering using the effective-W approxima-
tion, we explore the possibility that the longitudinal scat-
tering would dominate in the strongly interacting regime
mH && mww.

II. INVARIANT-MASS DISTRIBUTIONS
We use the effective-W approximation [11] to calcu-

late the invariant-mass distribution for the production
of W+ (W ) pairs. Generally, a rapidity cut rt~ of
1.5 is imposed ori both final W's, although less restric-
tive rapidity cuts are examined. Because the effective-W
approximation uses on-shell amplitudes, it is necessary
to suppress the Coulomb pole in the t channel due to
photon exchange. To accomplish this, we also require a
minimum transverse momentum for the both final W's,
PT ) (P~)~;„=30 GeV. For rlc, = 2.0, this cut does not
affect W+ (W ) pairs whose invariant mass m~~ ex-
ceeds about 650 GeV. In the Higgs-boson propagator, we
include a width which is independent of the energy [12],
and for quark number structure functions, we use set 2
of the Eichten-Hinchliffe-Lane-Quigg (EHLQ) structure
functions [13].

Figure 1 contains all tree-level Feynman diagrams
which must be considered in effective-W approximation
for the production of the like-charge pairs via gauge-
boson fusion. This set of diagrams leads to an amplitude
that is gauge invariant and well behaved at large values of
mdiv~ the invariant mass of the W+ (W ) pairs. In the
exact perturbative calculation of qq —+ qqW+ W+, it
is necessary to include additional diagrams involving W
bremsstrahlung from the quarks [7] in order to maintain
gauge invariance.

Our results for like-charge W pair production are sum-
marized in Figs. 2—4. For comparison purposes, we also
include the results (in the effective-W approximation) for
W+W production via the W+W fusion mechanism
[14]. In Figs. 2 and 3, the dominance of the contributions
from transversely polarized is clearly illustrated. Figure
2 shows that W&+W& ~ Wl+Wl+ is only about 10% of
the total contribution for a Higgs-boson mass of 0.5 TeV
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FIG. 1. Feynman graphs for W+W+ (W W ) produc
tion via W+W+ (W W ) fusion.

and 400 GeV & mph'~ & 1600 GeV. For a Higgs-boson
mass of 1 TeV (Fig. 3), the contribution from longitudinal
polarizations increases while the transverse contribution
remains essentially unchanged. Despite the enhancement
of the longitudinal contribution, the transversely polar-
ized W's still account for the majority of the R'+ pairs.
The total cross sections for m~~ & 600 GeV and several
rapidity cuts are given in Table I. By imposing a more
restrictive cut of rl~ = 1, it is possible to enhance the
ratio of longitudinal to transverse pairs, although at the
expense of reducing the longitudinal cross section to a
relatively small value. We have checked that the longitu-
dinally polarized final state W's arise almost exclusively
from the process W& R"& TV& W& .

The cross section for the production of W pairs is
shown in Fig. 4 for a Higgs-boson mass of 1 TeV. Be-

pp ~ W+W ~ W+W+X Ws = 40 TeV
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FIG. 3. Same as Fig. 2 with mH = 1 TeV.

cause of the lower luminosity in this channel, the total
cross section for longitudinally polarized W pairs with
m~~ & 600 GeV is cr(W& W& ) = 7.1 fb compared to
the corresponding W&+WL+ cross section of 17 fb. The
W W cross sections for other polarizations and rapid-
ity cuts are given in parentheses in Table I. In no case
does a W+W+ cross section exceed the corresponding

R' cross section by more than a factor of 2.5.
In the case of a Higgs-boson mass of 1 TeV and trans-

versely polarized 6nal W+W+, we have compared our
result obtained from the effective-W approximation (in-
cluding the nonleading terms [11,15)) with the exact per-
turbative calculation of Barger et al. [7]. Although these
authors use set 1 of the EHLQ [13] quark number struc-
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FIG. 2. Invariant-mass distribution for W+W+ produc-
tion in pp collisions at an energy of 40 TeV, with m~
0.5 TeV and a rapidity cut of 1.5 is shown. The dashed curve
is the contribution from initial and final longitudinal W's, and
solid curve is contribution from all polarizations of initial and
final W''s. For comparison, the dotted curve is the cross sec-
tion for the production of W+W pairs via W+W fusion,
where all polarizations of initial and final W's are included.
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FIG. 4. Invariant-mass distribution for W W produc-
tion in p p collisions at an energy of 40 TeV, with mH = 1 TeV
and a rapidity cut of 1.5 is shown. The dashed curve is the
contribution from initial and final longitudinal W's, and solid
curve is contribution from all polarizations of initial and fi-
nal W's. For comparison, the dotted curve is the cross section
for the production of W+ pairs with all polarizations of initial
and final W's are included.
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TABLE I. The total cross sections for various polarization
states of W+W+ (W W ) scattering with m~~ & 6QQ GeV
are given in femtobarns. All calculations are performed using
the effective-W approximation for rapidity cuts gt- ——1, 1.5,
and 2. A Higgs-boson mass m~ ——1.0 TeV is used for
the Born calculations, while mH = 10 TeV is used for the
K-matrix (KM) unitarized strong coupling case.
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ture functions and slightly different cuts, our g~ = 1.5
results in Table II are in excellent agreement with theirs.
The differences in the WI+W&+ —+ W&+W&+ cross sections
are attributable to our use of nonleading terms in the
longitudinal W distribution function.
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FIG. 5. The invariant-mass distributions resulting from

unitarizing the s-wave W+W+ elastic amplitude are shown.

The solid curve corresponds to the K-matrix unitarized Born
term, the dot-dashed curve to the K-matrix unitarized Born
plus one-loop amplitude, and the dashed curve to the [1,1]
Pade unitarization. The dotted curve is the contribution of
w+w+ w+w+.

III. UNITARITY EFFECTS

Given the large number of transversely polarized W+
pairs produced in TV+&+ scattering, it is important to
understand how the contribution from longitudinally po-
larized like-charge pairs can be isolated if the method
proposed in Ref. [5] for studying the electroweak symrne-

try breaking mechanism is to be realized. For 0.5 TeV
& m~ & 1 TeV, it has been shown that there are cuts
which can enhance the longitudinal signal [7, 9]. How-
ever, as originally suggested by Chanowitz and Golden
[5], it is possible that the Higgs sector is strongly inter-
acting, in which case the effective-W approximation may
be the only practical way to treat W W scattering.

We explore this possibility by computing WI+W&+ elas-
tic scattering for large mH using several unitarized ver-
sions of the s-wave I = 2 weak isospin amplitude. The
real and imaginary parts of this amplitude have been
computed [16—18] to the one-loop level. In the limit
s « m20, the I = 2 amplitude takes the form

with

(4)
(4mvp 2 ' gz

~e use both the K-matrix [19, 20] and [1 1] Pade [211

unitarization schemes. In terms of the Born and one-

loop s-wave projections cI z and cr z, the corresponding(1) (2)

un1tar1zed ampl1tudes are

CI 2 + ReCI(1) (2)

1 —i(ci ~+ Reer 2)
(1) (2)

1 2

KM
CI=2 (5)
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The cross sections resulting from the unitarized ampli-
tudes for mH = 10 TeV are shown in Fig. 5. We have
chosen m~ = 10 TeV because it is known that the [1,1]
Pade unitarized weak isospin I = 0 s-wave amplitude has
resonance of mass 1370 GeV for this value of the Higgs-
boson mass [22, 23].

As can be seen from Fig. 5, K-matrix unitarization of
the Born term for mH ——10 TeV produces a significant
increase in longitudinal pairs. This is quantified in the

TABLE II. The results of the effective-TV calculations performed in this paper are compared
with the results of Ref. [7]. Both calculations impose a rapidity cut of 1.5 and the entries are the
total cross sections in femtobarns.

Process
W+W+ ~ W+W~+ (Q.5 TeV)
W&+W~+ -+ W~+W~+ (1 TeV)
W+W+ ~ W+W~+ (1 TeV)

3
10
22

3
11
19

mww & 0.8TeV
Eft-W Ref. [7]

mww & 1TeV
Eff-W Ref. [7]

1.5
7.1
11

.6
3
5

.8
4.5
6.9

m~~ & 1.2 TeV
EK-W Ref. [7]
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TABLE III. EQ'ective-W calculations of the total cross
sections (in fb) for longitudinal and transverse W+ pairs
with (i) mw~ ) 0.8 TeV; (ii) mz gr ) 1 TeV; and (iii)
m~~ & 1.2 TeV are given. A rapidity cut of 1.5 is imposed
and mH ——10 TeV is used.

Process

Wi+Wi+ —+ Wi+Wi+ (KM)
W+W+ —+ W~+W~+ (Born)

(i)

22
22

(ii)

15
11

9.1
5.1

IV. DISCUSSION AND CONCLUSIONS

The efFective-W approximation is a simple tool for
studying a variety of fusion processes. The agreement

last line of Table I, which indicates that o(W&+Wz+) is
almost doubled. Table III shows that the imposition of
more restrictive m~g cuts can suppress the R'+W+ —+

W&+ W&+ background quite effectively.
Incorporation of the one-loop correction does not pro-

duce any additional enhancement. In fact, since cr z and

Rec& z have opposite signs, the Pade unitarized ampli-
tude yields a cross section which is approximately equal
to that given by the Born term with mH = 1 TeV (com-
pare the dashed curves in Figs. 3 and 5). This difference

in signs between cr z and Reer 2 actually leads to a can-(1) (&)

cellation in the one-loop corrected K-matrix unitarized
amplitude, which reduces the R'&+ pair cross section be-
low the Born term result.

between the approximate and the exact perturbative cal-
culations has been shown to be excellent for the processes
that involve an s-channel Higgs boson, especially in the
vicinity of the Higgs-boson peak [24]. In the case of like-
charge W pair production via the fusion mechanism, it
is not at all clear that the exact and approximate calcu-
lations should agree because the transversely polarized
pairs are dominant. However, for rapidity cuts q~ & 2.0,
we find that the agreement is quite satisfactory.

Our inferences concerning a strongly interacting Higgs
sector, obtained by using unitarized amplitudes and
m~ = 10 TeV, are mixed. The K-matrix unitarized
Born amplitude does predict a large increase in the num-
ber of longitudinally polarized W+ pairs. However, the
unitarized one-loop corrections do not preserve this in-
crease, and hence we cannot establish a plausible trend
based on higher-order corrections and unitarization. The
Born terms with m~ = 1 TeV are likely to give the most
reliable estimate of the like-charge W pair cross section at
energies reached at the Superconducting Super Collider.
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