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The process P(P)—)» WHW ™ 4 X = €5 0185 2 + X is calculated to O(c,) for general C- and P-
conserving WIWV couplings (V = v, Z). The prospects for probing the WWV couplings in this
reaction are explored. The impact of O(a,) QCD corrections and various background processes on
the observability of nonstandard WWV couplings in W W~ production at the Fermilab Tevatron
and the CERN Large Hadron Collider (LHCY) is discussed in detail. The transverse momentum
distribution of the charged lepton pair is found to be particularly sensitive to both anomalous
couplings and QCD corrections., Sensitivity limits for anomalous WWV couplings are derived at
next-to-leading-order for the Fermilab Tevatron and LHC center-of-mass energies, and are compared
to the bounds which can be achieved in other processes. Unless a jet veto or a cut on the total
transverse momentumn of the hadrons in the event is imposed, the O(a,) QCD corrections and

(=)
the background from top quark production decrease the sensitivity of Tp — WIW- + X >
&f v és iy + X to anomalous WWV couplings by a factor 2 to 5.

PACS number(s): 12.38.Bx, 14.70.Fm

I. INTRODUGCTION

The electroweak standard model (SM) based on an
SU(2) @ U(1) gauge theory has been remarkably success-
ful in describing contemporary high energy physics exper-
iments; however, the three vector boson couplings pre-
dicted by this non-Abelian gauge theory remain largely
untested. A precise measurement of these couplings will
soon be possible in W pair production at the CERN
ete™ collider LEP II [1,2]. With the large data sam-
ples collected in the present Fermilab Tevatron collider
run, and plans for further upgrades in luminosity [3],
the production of W+W ~ pairs at hadron colliders pro-
vides an alternative and increasingly attractive oppor-
tunity to study the WW+y and WWZ vertices {4-8].
Recently, the Collider Detector at Fermilab (CDF) and
DO Collaborations reported first measurements of the
WWYV couplings (V = v,%) in WtW~ production at
the Tevatron from the data collected in the 1992-1993
run. CDF used the reaction pp — WTW~ — Fujj,
£ = e, u [9] to derive limits on anomalous three vec-
tor boson couplings, whereas D0 analyzed the dilepton
channels, pp = W W= = 851 €502, 812 =€, p [10]. In
the SM, the WWV vertices are completely fixed by the
SU(2) ® U(1) gauge structure of the electroweak sector,
thus a measurement of these vertices provides a stringent
test of the SM.

In contrast with low energy data and high precision
measurements at the Z peak, collider experiments of-
fer the possibility of a direct, and essentially model-
independent, determination of the three vector boson
vertices. Previous theoretical studies on probing the
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WWYV vertices via hadronic. WTW— production have
been based on leading-order (LO) calculations [4-8].
The prospects for extracting information on anomalous
WWV couplings from decay modes where one of the W
bosons decays into leptons and the second into hadrons,
WHW~— - ¢*vjj, have been discussed in Ref [7].
A detailed discussion of the purely leptonic channels,
W*TW~ — €114, B, bas not yet appeared in the lit-
erature. In general, the inclusion of anomalous couplings
at the WW~ and WW Z vertices yields enhancements
in the WTW™ cross section, especially at large values
of the W boson transverse momentum, p;(W), and at
large values of the W+ W~ invariant mass, Mww. Next-
to-leading-order (NLO) calculations of hadronic W*W~
production have shown that the O(a,) corrections are
large in precisely these same regions [11,12]. It is thus vi-
tal to include the O(w,) corrections when using hadronic
W+W— production to probe the WW+ and WW Z ver-
tices.

In this paper, we calculate hadronic W+W~ pro-
duction to O(w,), including the most general, C- and
P-conserving, anomalous WW+~y and WWZ couplings,
and discuss in detail the purely leptonic decay modes,
W*W~ — £fv1£; 7. Decay channels where one or both
of the W bosons decay into hadrons are not considered
here. Presently, experiments only place an upper limit
on the cross section for WTW ™ production in hadronic
collisions [9,10}. With CDF and DO rapidly approach-
ing their goal of an integrated luminosity of 100 pb~*
in the current Tevatron run, this sitnation is expected
to change soon [13]. In the Main Injector Era, inte-
grated luminosities of order 1 fb~! are envisioned [3,14],
and a sufficient number of events should be available to
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commence & detailed investigation of the WWV vertices

in the WHW~ — £}114; D channel, provided that the

background can be controlled. The prospects for a pre-
cise measurement of the WWV couplings in this channel
would further improve if a significant upgrade in luminos-
ity beyond the goal of the Main Injector could be real-
ized. With recent advances in accelerator technology [14],
Tevatron - collider luminosities of order 10°% c¢cm=2 5!
may become reality within the next few years, resulting in
integrated luminosities of up to 10 fb~* per year (a lumi-
nosity upgraded Tevatron will henceforth be denoted by
TeV*). At the CERN Large Hadron Collider [(LHC), pp
collisions at /s = 14 TeV [15]], the ¢f background needs
to be reduced by at least one order of magnitude in order
to utilize the potential of the process pp - WTW— + X
to constrain anomalous gauge boson couplings.

Compared to other processes which are sensitive to
the structure of the WWV vertices, W+ W™ production
has an important advantage. Terms proportional to the
anomalous coupling Axy in the amplitude [see Eq. (1)
for a definition of the anomalous couplings} grow like
8/Mf, (1], where 3 is the parton center-of-mass energy
squared, whereas these terms increase only like v/3/ My
in W¥y and W*Z production. One therefore expects
that W*W~ production is considerably more sensitive
to Asy than pp — Wiy, WtZ.

To perform our calculation; we use the Monte Carlo
method for NLO calculations described in Ref. [16]. The
leptonic decays of the W bosons are included using the
narrow width approximation. With the Monte Carlo
method, it is easy to calculate a variety of observables si-
multaneously and to implement experimental acceptance
cuts in the calculation. It is also possible to compute
the Oa,} QCD corrections for exclusive channels, e.g.,

PP - WHW- 40 jet. Apart from anomalous contri-
butions to the WW+y and WW Z vertices, the SM is as-
sumed to be valid in the calculation: In particular, the
couplings of the weak bosons to quarks and leptons are
assumed to have their SM values. Section II briefly sum-
marizes the technical details of our calculation.

The results of our numerical simulations are presented
in Sec. IIL. In contrast to the SM contributions to the
g4 — WTW~ helicity amplitudes, terms associated with
nonstandard WWV couplings grow with energy. Dis-
tributions which reflect the high energy behavior of the
helicity amplitudes, such as the invariant mass distribu-
tion, the transverse momentum spectrum of the charged
lepton pair, or the -transverse momentum distribution
of the individual leptons, are therefore very sensitive
to anomalous WWYV couplings, We identify the trans-
verse momentum distribution of the charged lepton pair,
do/dpr(£1£; ), as the distribution which, at leading-
order (LO), is most sensitive to the WWV couplings, and
discuss the impact of QCD corrections on this and other
distributions. In contrast to other distributions, the LO
pr{€+ez) distribution is mot only sensitive to the high
energy behavior of the W+ W= production amplitudes,
but also provides indirect information on the helicities of
the W bosons, which are strongly correlated in W pair
production in the SM [1,5,17]. Since anomalous WWV
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couplings modify both the high energy behavior of the
amplitudes and the correlations between the W helicities,
do /dpr (€5 €5 ) is particularly sensitive to these couplings.
We also investigate in detail the background processes
contributing to pBp — W*W~ + X — vty m + X,
in particular, the ¢¢ background. Both the QCD cor-
rections and the top quark background are found to be
large. They change the shape of the pr(¢F£;) distri-
bution, and reduce the sensitivity to anomalous WWV
couplings significantly.

In Sec. IIl, we also show that the size of the QCD
corrections and the tf background can be greatly re-
duced, and a significant fraction of the semsitivity lost
can be regained, if either a jet veto, or a cut on the
transverse momentum of the hadrons in the event, is im-
posed. Finally, we derive sensitivity limits for anomalous
WWYV couplings for various integrated luminosities at
the Tevatron and LHC, and compare them with those
which can be achieved in W*y and W*Z production,
and in efe™ — WHW™=. Our conclusions are given in
Sec. IV.

- IL CALCULATIONAL TOOLS

The calculation presented here generalizes the results
of Ref. [18} to include arbitrary C- and P-conserving
WW+ and WW Z couplings, and employs a combination
of analytic and Monte Carlo integration techniques. De-
tails of the method can be found in Ref, [16]. The calcula-
tion is performed using the narrow width approximation
for the leptonically decaying W bosons. In this approxi-
mation difficulties in implementing finite W width effects
while maintaining electromagnetic gauge invariance [19]
are automatically avoided, and it is straightforward to ex-
tend the NLO calculation of W*+W = production for on-
shell W bosons to include the leptonic decays of the W
bosons. Furthermore, nonresonant Feynman diagrams,
such as u@t = Z* - ete~Z followed by Z — v, con-
tribute negligibly in this limit and can be ignored. Finite
W width effects and nonresonant diagrams play an im-
portant role in the W pair threshold region. For the
cuts we impose (see Sec. IIIB), the threshold region con-
tributes negligibly to the cross section,

A. Summary of O(a,} WHW~ production including
leptonic W decays

The NLO calculation of WW ™~ production includes
contributions from the square of the Born graphs, the in-
terference between the Born graphs and the virtual one-
loop diagrams, and the square of the real emission graphs.
The basic idea of the method employed here is to isolate
the soft and collinear singularities associated with the
real emission subprocesses by partitioning phase space
into soft, collinear, and finite regions. This is done by
introducing theoretical soft and collinear cutoff param-
eters, §, and d.. Using dimensional regularization [20],
the soft and collinear singularities are exposed as poles
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in ¢ (the number of space-time dimensions is N =4 ~ 2¢
with ¢ a small number). The infrared singularities from
the soft and virtual contributions are then explicitly can-
celed while the collinear singularities are factorized and
absorbed into the definition of the parton distribution
functions. The remaining contributions are finite and
can be evaluated in four dimensions. The Monte Carlo
program thus generates n-body (for the Born and virtual
contributions) and (n+1)-body (for the real emission con-
tributions) final state events. The n- and (n + 1)-body
contributions both depend on the cutoff parameters 4,
and d;, however, when these contributions are added to-
gether to form a suitably inclusive observable, all depen-
dence on the cutoff parameters cancels. The numerical
results presented in this paper are insensitive to varia-
tions of the cutoff parameters,

Except for the virtual contribution, the Of{a,) cor-
rections are all proportional to the Born cross section.
It is easy to incorporate the leptonic W decays into
those terms which are proportional to the Born cross
section; one simply replaces d5B°™ (g7 — W*W™) with
déBern(g§ — WHW™ — £}11€51;) in the relevant for-
mulas. When working at the amplitude level, the W
boson decays are trivial to implement; the W boson po-
larization vectors, €,(k), are simply replaced by the cor-
responding W — fv decay currents, J,(k)}, in the am-
plitude. Details of the amplitude level calculations for
the Born and real emission subprocesses can be found in
Ref. [21].

The only term in which it is more difficult to incor-
porate the W boson decays is the virtual contribution.
Rather than undertake the nontrivial task of recalculat-
ing the virtual correction term for the case of leptoni-
cally decaying W bosons, we have instead opted to use
the virtual correction for real on-shelli W bosons which
we subsequently decay ignoring spin correlations. When
spin correlations are ignored, the spin summed squared
matrix element factorizes into separate production and
decay squared matrix elements. Neglecting spin correla-
tions slightly modifies the shapes of the angular distri-
butions of the final state leptons, but does not alter the
total cross section as long as no angular cuts (e.g., ra-
pidity cuts) are imposed on the final state leptons. For
realistic rapidity cuts, cross sections are changed by typi-
cally 10% when spin correlations are neglected. Since the
size of the finite virtual correction is less than ~ 10% the
size of the Born cross section, the overall effect of neglect-
ing the spin correlations in the finite virtual correction is
expected to be negligible compared to the combined 10-
20% uncertainty from the parton distribution functions,
the choice of the factorization scale @2, and higher order
QCD corrections.

B. Incorporation of anomalous WW-+~ and WWZ
: couplings

The WW«y and WWZ vertices are uniquely deter-
mined in the SM by SU(2) @ U(1) gauge invariance.
In W+W ™ production, the W bosons couple to essen-
tially massless fermions, which ensures that effectively
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8, W* = 0. This condition, together with Lorentz invari-
ance and conservation of ¢ and P, allows six free param-
eters, g7, kv, and Ay in the WWV vertices (V = v, Z).
The most general WW'V vertex, which is Lorentz, C, and
P invariant, is described by the effective Lagrangian [1]

Lwwv = —igwwy gf (Wl weyy —wiv,we)
AV' t vA
+ry WIW,V* + WV—WAquV Y

where gy, yry, is the WWV coupling strength (gyy ., =€
and gywz = ecotfu, where e is the electric charge of
the proton and fy is the weak mixing angle), W# is
the W= field, V* denotes the Z boson or photon field,
Wy, =08,W, - 8,W,,and V,,, = 8,V, — 8,V,. At tree
level in the SM, g} = 1, kv = 1, and Ay = 0. All higher
dimensional operators are obtained by replacing X# with
(6%)mX* (X = W, Z, v), where m is an arbitrary posi-
tive integer, in the terms proportional to Ag}’ = gY -1,
Ary = ky —1, and Ay. These operators form a complete
set and can be summed by replacing AgY, Axy, and Ay
with momentum-dependent form factors. All details are
contained in the specific functional form of the form fac-
tor and its scale App. For the WW y vertex, electromag-
netic gauge invariance requires that for on-shell photons
Ag] = 0. Hence, the corresponding form factor must be
proportional to some positive power of the square of the
photon momentum, ¢Z. Agl therefore is of O(g2/A%p)
and terms proportional to Agy in the helicity amplitudes
are suppressed for momentum transfer smaller than the
form factor scale. To simplify our discussion somewhat,
we assume in the following that Agy = 0. The high en-
ergy behavior of the form factors Agy, Axy, and Ay will
be discussed in more detail later in this section.

Following the standard notation of Ref. [1], we have
chosen, without loss of generality, the W boson mass Mw
as the energy scale in the denominator of the term pro-
portional to Ay in Eq. (1). If a different mass scale M
had been used, then all of our subsequent results could
be obtained by scaling Ay by a factor M2 /MZ,.

At present, the WWYV coupling constants are only
weakly constrained experimentally (for a recent sum-
mary and discussion see Ref. [22]). From a search per-
formed in the channels pg — WTW—, W*Z 5 #£u4,
and pp = WZ — jittd~ (£ = e, p) at large dijet
transverse momenta, the CDF Collaboration obtains, for
Ay = Akgz and A, = Az [9],

~1.1 < Aky < 1.3 (for Ay = Agl =0),
' (2)
—08 < Ay < 0.8 (for Aky = Agf =0),
at the 95% confidence level (C.L.). Assuming that all

other couplings take their SM values, CDF also obtains
a 95% C.L. limit on Ag? of

-12< AgZ <1.2. (3)



Slightly worse (better) limits on Ak, (Ay) are obtained

from W+ production at the Tevatron [23,24]. From a

comparigson of their 95% C.L. upper limit on the total

WTW= — £f114; D2 cross section with the SM predic-

tion, the DO Collaboration finds, for Ak, = Akz and
= Az [10],

~2.6 < Aky < 2.8 (for Av = Agt =0),

(4)
~22< v <2.2 (for Aky = Agy =0).

To derive these limits, CDF (D0) assumed a dipole form
factor with scale App =-1.0 TeV (0.9 TeV) [see below],
however, the experimental bounds are quite insensitive
to the value of App.

Although bounds on the WWV couplings can also be
extracted from low energy data and oblique corrections
to the four-fermion S-matrix elements, there are ambi-
guities and model dependencies in the results |22,25-28].
From loop contributions to {g — 2), [29], b — sv [30,31],
rare meson decays such as K — ptu~ [32] or B =
K®pt = [33), € /e [34], and the Z — bb width [35], one
estimates limits for the nonstandard WWV couplings
of ~ 1-10. No rigorous bounds can be obtained from
oblique corrections, which combine [36,37] information
from recent LEP /or SLAC Linear Collider Large Detec-
tor (SLD) data, neutrino scattering experiments, atomic
parity violation, u decay, and the W-mass measurement
at hadron colliders, if correlations between different con-
tributions to the anomalous couplings are fully taken into
account. Even without serious cancellations among vari-
ous one-loop contributions, anomalous WWV couplings
of order 1 are still allowed by present data [22,27]. In con-
trast, invoking a “naturalness” argument based on chiral
perturbation theory [38,39], one expects deviations from
the SM of ~ 1072 or less for g, kv, and Ay.

If C- or P-violating couplmgs are allowed, four addi-
tional free parameters, gy, g, Ry and /\V appear in
the effective WWV Lagrangian [1]. For simplicity, these
couplings are not considered in this paper.

The Feynman rule for the WWV vertex factor corre-
sponding to the Lagrangian in Eq. (1) is

-t gwwv I‘ﬁpu(k? ki, k2)

= —igwwv Lo (ks k1, F2) +F§’EB"(’¢, ki k)l , (5)

where the labeling conventions for the four-momenta and
Lorentz indices are defined by Fig. 1, and the factors I'SM
and TNM are the SM and nonstandard model vertex
factors:

_2kugﬁp;

(6)

,s,w(k ky, k) = (k1 — kz),s;q.,,u +2k, gav
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FIG. 1, Feynman rule for the general WWV (V = v,2)
vertex. The factor gwwv is the vertex coupling strength:
gwwy = € and gwwz = ecotdw. The vertex function
Taunlk, k1, ks) is given in Bqg. (5).

k2
TR k) = (897 + 3w g3 ) (s = Fado
2 -,

+(AgY + Ay + Av) ku ga
- (Ag}[ + AK‘V + )\V) ku 98 - (7)

The nonstandard model vertex factor is written here
in terms of Ag} = g¥ —1, Aky = kv — 1, and Ay, which
all vanish in the SM.

1t is straightforward to include the nonstandard model
couplings in the amplitude level calculations. The ¢§ —
WTW™ virtual correction with the modified vertex fac-
tor of Eq. (5) has been computed using the computer
algebra program FORM [40]; however, the resulting ex-
pression is too lengthy to present here. The nonstandard
WW<+y and WW Z couplings of Eq. (1) do not destroy the
renormalizability of QCD. Thus the infrared singularities
from the soft and virtual contributions are explicitly can-
celed, and the collinear singularities are factorized and
absorbed into the definition of the parton distribution
functions, exactly as in the SM case.

The anomalous couplings cannot be simply inserted
into the vertex factor as constants because this would vi-
olate S-matrix unitarity. Tree-level unitarity uniquely
restricts the WWYV couplings to their SM gauge the-
ory values at asymptotically high energies {41]. This
implies that any deviation of AgY, Aky, or Ay from
the SM expectatmn has to be described by a form fac-
tor Agl (Mvgw,p +1P3p= )y Aky (Miyw, Pl P9y ), or
v (Miyw, Piy+ pW_) which vanishes when either the
square of the W+W~ invariant mass, M&,, or the
square of the four-momentum of a final state W boson
(pW+ or pW ) becomes large. In W+W ™~ production,
py ~ MY, even when the finite W width is taken into
account. However, large values of M%y, will be probed
at future hadron colliders like the LHC and the My de-

.pendence of the anomalous couplings has to be included

in order to avoid unphysical results which would violate
unitarity. Consequently, the anomalous couplings (de-
noted generically by a, ¢ = Ag),Axy,\v) are intro-
duced via form factors [42]. The functional behavior of
the form factors depends on the details of the underlying
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new physics. Effective Lagrangian techniques are of little
kelp here because the low energy expansion which leads
to the effective Lagrangian exactly breaks down where
the form factor effects become important. Therefore, ad
hoc assumptions have to be made. Here, we assume a
behavior similar to the nucleon form factor

(M, P+ = Miy,ply- = Miy)

0.0

S Myrw/Afp)™’ ®)

where a® is the form factor value at low energies and App
represents the scale at which new physics becomes im-
portant in the weak boson sector. In order to guarantee
unitarity, it is necessary to have n > 1. For the numer-
ical results presented here, we use a dipole form factor
(n = 2) with a scale App = 1 TeV, unless explicitly stated
otherwise. The exponent 1 = 2 is chosen in order to sup-
press WHW ™~ production at energies VE > Arr > Mw,
where novel phenomena like resonance or multiple weak
boson production are expected to become important.
Form factors are usually not introduced if an ansatz
based on chiral perturbation theory is used. In the
framework of chiral perturbation theory, the effec-
tive Lagrangian describing the anomalous vector boson

self-interactions breaks down at center-of-mass energies.

above a few TeV [38,39] (typically 4mv ~ 3 TeV, where
v /= 246 GeV is the Higgs field vacuum expectation
value). Consequently, one has to limit the center-of-mass
energies to values sufficiently below 4mv in this approach.

The electroweak symmetry can either be realized in
a linear [22,27] or nonlinear way [22,26,28]. If the
SU(2) ® U(1) symmetry is realized linearly, and only
dimension-6 operators are considered, there are 11 in-
dependent, SU(2) @ U(1)-invariant, dimension-6 opera-
tors [43]. Three of these operators give rise to non-
standard WWV couplings {27]. In this scenario, both
anomalous WWvy and WWZ couplings are simultane-
ously nonzero. Assuming, for simplicity, that the coeffi-
cients of the two operators which generate nonzero val-
ues of Ak, and Akxgz are equal, only two independent
anomalous couplings remain [this scenario is known as
the Hagiwara-Ishihara-Szalapski-Zeppenfeld (HISZ) sce-
nario (see Ref. [27])]. Choosing, for example, Ax., and
A, as independent parameters, the WW Z couplings are
then given by '

1 .
Agf = ————
917 5 cos? b By (9)
Arg = % (1 — tan® 6w ) Ak, | (10)
Az = Ay, (11)

In Secs. IIIE and III'G we shall use the HISZ scenario,
defined by these equations, as a simple and illustra-
tive example of a model where both WW+ and WW Z
couplings simultaneously deviate from their SM values.
Equations (9)-(11) are modified when operators of di-
mension § or higher are incorporated [27], which may in-
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troduce large corrections [37]. Different relations are ob-
tained by invoking global symmetry arguments, or by fine
tuning anomalous WWV couplings such that the most
serious unitarity-violating contributions to the tree-level
vector boson scattering amplitudes are avoided [44].

III. PHENOMENOLOGICAL RESULTS

We shall now discuss the phenomenoclogical implica-
tions of O(a,) QCD corrections in W*+W ™ production
at the Tevatron (pp collisions at /s = 1.8 TeV) and
the LHC (pp collisions at /3 = 14 TeV). We first
briefly describe the input parameters, cuts, and the fi-
nite energy resolution smearing used to simulate detec-
tor response. We then explore the sensitivity of the ob-
servables in WTW— — 91"1/122' 3 to anomalous WWV
couplings, and discuss in detail the impact of O(a,)
QCD corrections and various background processes on
the observability of nonstandard WWV couplings in
W*+W— production at the Tevatron and LHC. To sim-
plify the discussion, we shall concentrate on the channel
WtW— — etv.e" .. In absence of lepton flavor spe-
cific cuts, the cross sections for WTW~ — etv.e” 7, and
the other three leptonic channels, W+W= = ptv,u~p,,
WHW— — ptu,e o, and WHW~ = etvpu™p, are
equal. Decay modes where one or both charged leptons
in the final state originate from W — 7v,. — ev, Py, are
discussed in Sec. IIIF. No attempt is made to include the
contributions from gluon fusion, gg — W+ W ~, into our
calculations, which formally are of O(a?). Gluon fusion
contributes less than 1% (15%) to the total W pair cross
section at the Tevatron (LHC) [45].

A. Input parameters

The numerical results presented here were obtained us-
ing the two-loop expression for a,. The QCD scale Aqcp
is specified for four flavors of quarks by the choice of the
parton distribution functions and is adjusted whenever a
heavy quark threshold is crossed so that «, is a continu-
ous function of Q2. The heavy quark masses were taken
to be my = 5 GeV and m; = 176 GeV [46,47).

The SM parameters used in the numerical simulations
are Mz = 91.19 GeV, My = 80.22 GeV, a(Mw) =
1/128, and sin® fw = 1 — (My, /M)?. These values are
consistent with recent measurements at LEP, SLC, the
CERN pp collider, and the Tevatron [48-50]. The soft
and collinear cutoff parameters, discussed in Sec. IT A,
are fixed to 6, = 10~2 and §. = 10~3. The parton sub-
processes have been summed over u,d, s, and ¢ quarks.
The W boson leptonic branching ratio is taken to be
B{W — £v) = 0.107 and the total width of the W boson
is T'w = 2.08 GeV. Except where otherwise stated, a sin-
gle scale Q% = Mgy, where Mww is the invariant mass
of the W™ W™ pair, has been used for the renormalization
scale p? and the factorization scale M2. The NLO nu-
merical results have been calculated in the modified min-
imal subtraction (MS) scheme [51]. Our numerical sim-
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ulations have been performed using the Martin-Roberts-
Stirling (MRS) [52] set A distributions (A4 = 230 MeV)
in the MS scheme.

B. Cuts

The cuts imposed in the numerical simulations are mo-
tivated by the finite acceptance of the detectors. The
complete set of transverse momentum (py) and pseudo-
rapidity (n) cuts can be summarized as follows.

Tevatron LHC
p;(e) > 20 GeV prle) > 25 GeV
o > 30 GeV Pp > 50 GeV
In(e)] < 2.5 [n(e)| < 3.0

The large missing transverse momentum () cut has
been chosen to reduce potentially dangerous backgrounds
from event pileup [563] and processes where particles out-
side the rapidity range covered by the detector con-
tribute to the missing transverse momentum. These
backgrounds are potentially dangerous at the LHC with
its large design luminosity of £ = 10%* cm~2 571 [15],
and also the TeV* under certain conditions. In several
of the TeV* scenarios, which are currently under inves-
tigation [3,14], the average number of interactions per
bunch crossing is similar to that expected at the LHC.
Present studies for the LHC [54,55] and extrapolations
to Tevatron energies indicate that these backgrounds are
under control for the g, cuts listed above. The total
WH+W— — ety.e 7., cross section within cuts in the
Born approximation at the Tevatron and LHC, is 0.04 pb
and 0.15 phb, respectively.

C. Finite energy resolution effects

Uncertainties in the energy measurements of the
charged leptons in the detector are simulated in the
calculation by Gaussian smearing of the particle four-
momentum vector with standard deviation o. For distri-
butions which require a jet definition, e.g., the WTW— +
1 jet exclusive cross section, the jet four-momentum vec-
tor is also smeared. The standard deviation & depends on
the particle type and the detector. The numerical results
presented here for the Tevatron and LHC center-of-mass

energies were made using ¢ values based on the CDF [56]

and ATLAS [54] specifications, respectively.

D. Signatures of anomalous WWV couplings and
O(a,) corrections

In contrast to the SM contributions to the g —
W¥W~= helicity amplitudes, terms associated with
nonstandard WWV couplings grow with energy. A typ-
ical signal for anomalous couplings therefore will be a
broad increase in the invariant mass distribution of the
W pair at large values of the invariant mass, Mww. Be-
cause of the fact that nonstandard WWV couplings only

.contribute via s-channe! photon and Z exchange, their ef-

fects are concentrated in the region of small W rapidities,
and the W transverse momentum distribution is particu-
larly sensitive to anomalous couplings. However, if both
W bosons decay leptonically, W*W— — etv.e 7., the
W*W ™ invariant mass and the W transverse momentum
cannot be reconstructed since the two neutrinos are not
observed.

Alternatively, the invariant mass distribution of the
eTe™ pair, or the electron or positron py spectrum can be
studied. The differential cross section for pr(e) in the re-
actionpp - WHW—+X — ete pp+X at /s = 1.8 TeV
is shown in Fig. 2. The Born and NLO results are shown
in Fig. 2(a) and Fig. 2(b), respectively. Both the e* and
e~ transverse momenta are histogrammed, each with half
the event weight. Results are displayed for the SM and
for five sets of anomalous couplings, namely, (Ag = —0.5,
Axd =0, SM WW Z couplings), (AxJ = —0.5, A3 =0,
SM WWZ couplings), (A} = —0.5, AgZ® = Ak} =0,
SM WW couplings), (Axy = —0.5, AgZ® = X} =0,
SM WWy couplings), and (AgZ® = —1, As% =2} =
SM WW«~ couplings). For simplicity, only one anoma-
lous coupling at a time is allowed to differ from its SM
value, The figure shows that at the Tevatron center-of-
mass energy, NLO QCD corrections do not have a large
influence on the sensitivity of the pr(e) distribution to
anomalous couplings. The O(a,) corrections at Teva-
tron energies are approximately 30~-40% for the SM as
well as for the anomalous coupling cases. Because of the
larger coupling of the Z boson to quarks and W bosons
([see Eq. (1)], anomalous WWZ couplings yield larger
differences from the SM than nonstandard WW+«y cou-
plings of the same type and strength. Whereas terms
proportional to Ay and Axky in the helicity amplitudes
grow like 8/M3%,, terms associated with Ag? only increase
with v3/Myw [1]. As a result, the sensitivity of W+W—
production to nonstandard values of gZ is considerably
smaller than it is for Axy and Ay.

For Ax$ {AgZ%), positive anomalous couplings lead to
~ 40% (~ 20%) smaller deviations from the SM predic-
tion in the pr(e) distribution than negative nonstandard
couplings of equal magnitude, whereas the sign makes
little difference for A%. This statement also applies to
other distributions. This effect can be easily understood
from the high energy behavior of the W+W ~ production
amplitudes, M{Aw+, Aw-), where Aw+ denotes the he-
licity of the W¥ boson [1]. Any dependence of the differ-
ential cross section on the sign of one of the anomalous
coupling parameters originates from interference effects
between the SM and the anomalous terms in the helicity
amplitudes. In the SM, only M({+, F) and M(0,0) re-
main finite for § — oo. Contributions to the helicity am-
plitudes proportional to Ay mostly influence the (&, £)
amplitudes. The SM AM(%,4) amplitudes vanish like
1/3, and the nonstandard terms dominate except for the
threshold region, V3 ~ 2Myy. For nonstandard values of
Ay, the cross section therefore depends only very little
on the sign of the anomalous coupling. Terms propor-
tional to Ary also increase like /M with energy, but
mostly contribute to the (0,0) amplitude, which remains
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finite in the SM in the high energy limit. Interference
effects between the SM and the anomalous contributions
to the (0,0) amplitude, thus are nonnegligible, resulting
in a significant dependence of the differential cross sec-
tion on the sign of Axky. Finally, terms proportional to
Ag# are proportional to v3/My and mostly influence
the amplitudes with one longitudinal and one transverse
W boson. In the SM, these terms vanish like 1/+v/3, The
dependence on the sign of Ag? is, therefore, less pro-
nounced than for Axy.

The pr(e) distribution at the LHC is shown in Fig. 3.
At leading-order, the sensitivity of the electron transverse
momentum distribution t0 anomalous WWV couplings is

prle) (GeV)

significantly more pronounced than at the Tevatron. Be-
cause of the form factor parameters assumed, the result
for AgZ® = —1 approaches the SM result at large values
of pr(e). As mentioned before, we have used n = 2 and
a form factor scale of App = 1 TeV in all our numerical
simulations [see Eq. (8)]. For a larger scale A, the de-
viations from the SM result become more pronounced at
high energies. In contrast to the situation encountered at
the Tevatron, the shape of the SM pr(e) spectrum at the
LHC is considerably affected by NLO QCD corrections.
At pr(e) = 600 GeV, the QCD corrections increase the
SM cross section by about a factor 4, whereas the en-
hancement is only a factor 1.5 at pr{e) = 100 GeV. In
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FIG. 3. The in-
clusive differential cross section
for the electron transverse mo-
mentum in the reaction
o WHW™ + X — e"'e“’ﬁ,r
+X at /s = 14 TeV; (a) in the
Born approximation and (b) in-
cluding NLO QCD corrections.
The . curves are for the SM
(solid lines), AS = —0.25 (short

dashed lines), AxS = ~0.25
(short dotted lines),
A% = -—0.25 (long dashed

lines), Ak = —0.25 (long dot-
ted lines), and AgZ® = —1.0
(dot-dashed lines). The cuts
imposed are summarized in
Sec. IIIB.
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the presence of anomalous couplings, the higher order
QCD corrections are much smaller than in the SM. In
regions where the anomalous terms dominate, the O(a,)
corrections are typically between 30% and 40%. At next-
to-leading-order, the sensitivity of the electron transverse
momenfum spectrum to anomalous couplings thus is con-
siderably reduced at the LHC.

The large QCD corrections at high values of

g e) are caused by a collinear enhancement factor,
log®[pr(W)/Mw], in the gg — WTW g partonic cross
section for W transverse momenta much larger than Mw,
pr(W) » Mw, and the large gg luminosity at LHC en-
ergies [12]. It arises from the kinematical region where
one of the W bosons is produced at large pp and recoils
against the quark, which radiates a soft W boson which
is almost collinear to the quark, and thus is similar in
nature to the enhancement of QCD corrections observed
at large photon and Z boson transverse momenta in Wy
and WZ production [57-59]. Since the Feynman dia-
grams contributing in the collinear approximation do not
involve the WWV vertices, the logarithmjc enhancement
factor only affects the SM matrix elements.

Although nonstandard WW'V couplings lead to a large
enhancement in the differential cross section of the lep-
ton transverse momentum in WW= — £}e; g pro-
duction, the sensitivity is, because of the phase space ef-
fect of the W decays, significantly reduced compared to
that of the photon (Z) transverse momentum distribu-
tion in W+ (W Z) production [58,59]. As an alternative
to the averaged charged lepton pr distribution, the dif-
ferential cross sections of the maximum and minimum
lepton transverse momenta can be studied. The distri-
bution of the maximum lepton pr exhibits a sensitivity
to nonstandard WWV couplings similar to that encoun-
tered in the average lepton pr distribution. The mini-
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mum lepton transverse momentum distribution, on the
other hand, is very insensitive to anomalous couplings. In
contrast to the charged lepton pr distribution, the shape
of the invariant mass spectrum of the eTe™ pair remains
essentially unaffected by QCD corrections. However, the
M(ete™) distribution is found to be considerably less
sensitive to anomalous WWV couplings than the trans-
verse momentum spectrum of the charged leptons. The
cluster transverse mass distribution exhibits a sensitivity
to nonstandard WWV couplings which is quite similar
to that found in the pr{e) distribution.

In Figs. 4 and 5 we show the differential cross section
for the transverse momentum of the charged lepton pair,
which we denote by pr(e*e™) [pr(ete™) = pr(et) +
pr{e”)]. The leading-order pr(ete™) spectrum is seen
to be considerably more sensitive to nonstandard WWV
couplings than the pr(e) distribution. QCD corrections
strongly affect the shape of the pr(e*e™) distribution,
and reduce the sensitivity to anomalous couplings. At
the LHC this effect is very dramatic (see Fig. 5); the
NLO lepton pair py spectrum is seen to be considerably
less sensitive to nonstandard WW'V couplings than the
NLO pr(e) distribution [see Fig. 3(b)].

The effect of the QCD corrections is shown in more de-
tail in Fig. 6, where we display the ratio of the NLO and
LO differential cross sections for the transverse momen-
tum of the charged leptons and the pair. Both at Teva-
tron and LHC energies, the O(a,) corrections are approx-
imately 20-30% at small pr(e*e™) values. The NLO to
LO differential cross section ratio begins to rise rapidly
for pr(ete™) > 70 GeV, and for pr(ete™) = 200 GeV
(600 GeV) the QCD corrections increase the cross sec-
tion by a factor ~ 6 {~ 100) at the Tevatron (LHC). The
shape change in the pr(eTe™) distribution thus is much
more pronounced than that observed in the charged lep-
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FIG. 5. The inclusive dif-
ferential cross section for the
transverse momentum of  the
charged leptor pair in the
reaction pp = WTW~ + X —
ete gr + X at /5=14 TeV;
{a) in the Born approxima-
tion and (b) including NLO
QCD corrections. The curves
are for the SM (solid lines),
A = —0.25 (short dashed
lines), AxJ = —0.25 (short dot-
ted lines), Ay = —0.25 (long
dashed lines), Ax} = —0.25
(long dotted lines),
and Agf® = —1.0 (dot-dashed
lines). The cuts imposed are
summarized in Sec. I[IIB.

ton transverse momentum distribution.

In the SM, the dominant W¥ helicity at high ener-
gies in 4w = WHW~ (dd - WTW™) is Ap= = Fl
(Aw= = £1) [1,5,17] because of a t-channel pole factor
which peaks at small scattering angles with an enhance-
ment factor which is proportional to 8. Because of the
V — A nature of the Wer coupling, the angular distri-
butien of the lepton in the rest frame of the parent W
is proportional to (1 + QwAw cos8)?, where Qw is the
W charge and 8 is the angle with respect to the flight di-
rection of the W in the parton center-of-mass frame. As
a result, the charged leptons tend to be emitted either

both into (dd annihilation), or both against the flight di-
rection of their parent W boson (éu annihilation), i.e.,
they reflect the kinematical properties of the W bosons.
At leading-order, the W+ and the W~ in W pair pro-
duction are back to back in the transverse plane, and the
transverse momenta of the two leptons tend to cancel at
high energies. Above the W threshold, the SM pp(ete™)
distribution thus drops much more rapidly than the pr
distribution of the charged leptons.

Anomalous WWYV couplings tend to destroy the cor-
relation of the charged lepton momenta. Nonstandard
values of Axy mostly contribute to the amplitude where
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both W’s are longitudinal. Terms in the helicity am-
plitudes proportional to Ag? predominantly affect the
(0,%) and (+,0) amplitudes, and nonzero values of Ay
mostly contribute to (4, ) states, with equal numbers
of W’s of positive and negative helicity [1]. The angular
distribution of the W decay lepton for a longitudinal W
boson is proportional to sin? @, whereas equal numbers of
W’s with Ay = +1 and Aw = —1 produce a (1 + cos? §)
spectrum. As a result, the cancellation of the transverse
momenta of the leptons is less perfect in the presence
of anomalous couplings. This reinforces the growth of
the nonstandard contributions to the helicity amplitudes
with energy, thus producing a very pronounced sensitiv-
ity of the LO pyp (_e"fe") distribution to anomalous WWV
couplings. o

The delicate balance of the lepton transverse momenta,
however, is also spoiled by the real emission processes
(99 - WHW g etc.) which contribute to the O{a,)
QCD corrections. At large transverse momenta, QCD
corrections therefore affect the pr(ete~) distribution
ruch more than the pr(e) spectrum; see Fig. 6.

At lowest order, the pp vector of the charged lepton
pair, is balanced by the missing transverse momentum
Py, vector which results from the two neutrinos which
are not.observed in the detector. The angular distri-
bution of the neutrinos in the rest frame of the parent
W can be obtained from that of the charged leptons by
replacing the angle @ by « + 8. As a result, the neu-
trino transverse momentum vectors are also strongly cor-
related. The g, differential cross section is therefore ex-
pected to exhibit a sensitivity to anomalous WWV cou-
plings and O(a,) QCD corrections similar to that of the
pr{ete™) distribution. At high values of p, the miss-
ing transverse momentum spectrum is found to be very
similar to the pr{ete™) distribution, with a similar sensi-
tivity to anomalous WW'V couplings and to O(«,) QCD
corrections. At small values, the LO pr(ete™) and p,.
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distributions differ because of the smearing imposed on
the charged lepton momenta. Experimentally, the miss-
ing transverse momentum distribution is more difficult to
measure than the pr(e*e™) differential cross section be-
cause of cracks and other detector imperfections which
give rise to “fake” P, or worsen the resolution of the
missing pr distribution. _ _ _

From the picture outlined above, one expects that at
next-to-leading order, W* W™ events with a large miss-
ing transverse momentum or a high pr charged lepton
pair, will most of the time contain a high transverse mo-
mentum jet. This fact is illustrated in Fig. 7 which shows
the decomposition of the inclusive SM NLO pr(ete™)
differential cross section into NLO 0 jet and LO 1 jet
exclusive cross sections at the Tevatron and LHC. For
comparison, the pr(ete™) distribution obtained in the
Born approximation is also shown in the figure. Here, a.
jet is defined as a quark or gluon with

pp(j) > 20 GeV and nGY <25  (12)
at the Tevatron, and
pr(f) > 50 GeV and [n(7)| < 3 (13)

at the LHC. The sum of the NLO 0 jet and the LO 1 jet
exclusive cross section is equal to the inclusive NLO cross
section. The results for the NLO exclusive W W 40 jet
and the LO exclusive WW— + 1 jet differential cross
sections depend explicitly on the jet definition. Only the
inclusive NLO distributions are independent of the jet
definition.

Present LHC studies [54,55,60] and projections to
Tevatron energies suggest that jets fulfilling the criteria
of Eqs. (12) and (13) can be identified without prob-
lems at the TeV* [14] and LHC [15] design luminosities
of 10 em~2 s~ and 10%* cm~?% s~!, respectively. For
luminostties significantly below the design luminosity, it
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may well be possible to lower the jet-defining pr thresh-
old to 10 GeV at the Tevatron and 30 GeV at the LHC.
It should be noted, however, that for theoretical reasons,
the jet transverse momentum threshold cannot be made
arbitrarily small in our calculation. For transverse mo-
menta below 5 GeV (20 GeV) at the Tevatron (LHC),
soft gluon resummation effects are expected to signifi-
cantly change the shape of the jet pp distribution {61}.
For the jet definitions discussed above, these effects are
expected to be unimportant and therefore are ignored in
our calculation.

Figure 7 shows that at the Tevatron, the 1 jet cross
section is larger than the 0 jet rate for pr(ete™) >
100 GeV, and dominates completely at large pr(ete™).
The NLO 0 jet and Born differential cross sections devi-
ate by at most 30% for lepton pair transverse momenta
above 30 GeV (60 GeV) at the Tevatron (LHC). For
pr(ete™) < 25 GeV (40 GeV) at the Tevatron (LHC}),
the 1 jet cross section again dominates. In this region
the O jet cross section is strongly suppressed because of
the cut imposed on the missing transverse momentum.
Figure 7 suggests that the size of the QCD corrections in
the pr(ete™) distribution can be dramatically reduced
by vetoing hard jets in the central rapidity region, i.e.,
by imposing a “zero jet” requirement and considering the
WH+W = 40 jet channel only.

As mentioned in Sec. IIT A, all our results are obtained
for Q% = M% . The Born cross section for W pair pro-
duction depends significantly on the choice of @, which
enters through the scale dependence of the parton distri-
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bution functions. At the NLO level, the @ dependence
enters not only via the parton distribution functions, but
also through the running coupling a,(Q?) and the ex-
plicit factorization scale dependence in the order a,(Q?)
correction terms. Similar to the situation encountered in
Wy and WZ production in hadronic collisions [58,59],
we find that the NLO W*W— + 0 jet exclusive cross
section is almost independent of the scale . Here, the
scale dependence of the parton distribution functions is
compensated by that of o,(Q?%) and the explicit factor-
ization scale dependence in the correction terms. The @
dependence of the inclusive NLO cross section is signifi-
cantly larger than that of the NLO 0 jet cross section; it
is dominated by the 1 jet exclusive component which is
calculated only to lowest order and thus exhibits a con-
siderable scale dependence.

E. Background processes

So far, we have only conmsidered the WtW— —
ete~ P + X sigoal cross section. However, a number of
processes lead to the same final states. These processes
contribute to the background and, in addition to the
NLO QCD corrections, reduce the sensitivity to anoma-
lous WWV couplings. The sitvation is summarized in
Fig. 8, where we show, at leading-order, the transverse
momentum distribution of the charged lepton pair for
the W+W ™ signal (solid lines), and the most important

2
e A S
E ’\ b) ppoete +@; + X E
10! EI_ \\ Vs = 14 TeV —
. \ LO ]
L \ ]
100 \ dot—dash = 2Z
I \ dotted =WZ ]
1wl e 3
-2 | ]
107% ¢ \
- N ]
C N\ ]
~
1078 N
F N e
[ s N \\ ]
0—4 L1 |"| T ) LN I L II\
0 200 400 800 800

p-r(e+e_) (GeV)

~ transverse momenta for (a) pp — eTe P + X at /5 =1.8 TeV;
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cross section (SOlld line) is shown, together with the

tt - WTW-bb — ete ;57. + X rate for m: = 176 GeV (dashed line), the ZZ — e*e ™, + X cross section (dot-dashed
line), and the W*Z — ete”py + X cross section where one of the two like sign charged leptons is produced with a rapidity
outside the range covered by the detector (dotted line). The cuts imposed are summarized in Secs. IIIB and IIID.
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background processes. _

The potentially most dangerous background origi-
nates from top quark pair production, p‘f)’ - t -
WHW-bb — ete P, + X. To compute the top quark
production rate, we use the matrix elements of the full
processes ¢, gg — tf — WHW—bb — f1f2f3f4b5 [62].
We assume that the SM correctly describes the produc-
tion and decay of top quarks. The current top quark
masses obtained by CDF and DO are m; = 176 £ 8 £
10 GeV [46] and m, = 1997 1% +22 GeV [47], respectively.
In the following, for definiteness, we take my = 176 GeV.
For larger values of m;, the top quark background is re-
duced; the ¢ cross section drops by about a facter of 2
(L.7) at the Tevatron (LHC) if the top quark mass is
increased to 200 GeV.

For the cuts we impose (see Sec. IITA), the WHW~
and #f total cross sections are approximately equal at the
Tevatron. However, because of the b quarks produced in
the decay of the ¢ and Z, the pr{ete™) distribution from
it production is counsiderably broader and harder than
that of the charged lepton pair in W+W = production.
At large values of pr{ete™), the top quark background
{dashed line), therefore, completely dominates over the
W pair signal at the Tevatron. At the LHC, the #
cross section is approximately a factor 25 larger than the
WHW= rate, and the top quark background is at least
a factor 10 bigger than the signal over the entire range
of lepton pair transverse momenta [see Fig. 8(b})]. For
m; = 200 GeV, the ppr(ete™) differential cross section
almost coincides with that obtained for m; = 176 GeV
for pr{ete™) > 150 GeV; only for smaller values of the
lepton pair transverse momentum does the larger mass
reduce the rate.

W*Z production where both the W and the Z bo-
son decay leptonically may also contribute to the back-
ground if one of the two like sign charged leptons is pro-
duced with a rapidity outside the range covered by the
detector. To estimate the W*Z background, we have
assumed that, at the Tevatron (LHC), charged leptons
with pr(€) < 10 GeV (15 GeV) or |n(£)| > 2.5 (3.0) are
not detected, and thus contribute to the missing trans-
verse momentum vector, Qur results, represented by the
dotted lines in Fig. 8, show that the W+ Z background is
unlikely to be a problem in WTW ™ production. For the
cuts chosen, it is at least one order of magnitude smaller
than the WW ™ signal.

The top quark and W*Z backgrounds contribute to
£ 87 by + X production for all lepton flavor combina-
tions, £; 3 = e, u. Other background processes such as
ZZ production where one of the Z bosons decays into
charged leptons, Z — £+, and the other ino neutri-
nos, Z — v, contribute only for -£; = £3. The trans-
verse momentum distribution of the charged lepton pair
in ZZ = ete~p, + X is given by the dot-dashed lines
in Fig. 8. The pr(ete™) distribution from ZZ produc-
tion is seen to be significantly harder than that from
P = WHW=. For pr(ete™) values larger than about
120 GeV, the ZZ background is larger than the W+w~
signal, thus reducing the sensitivity to ancmalous WWV
couplings.
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Backgrounds where the £1£~ pair originates from a Z
boson can be easily suppressed by requiring that

m(£+€~) — Mz] > 10 GeV. (14)

While this cut almost completely eliminates those back-
ground processes, it hardly affects the WTW ™ signal.
The effect of the m(ete™) cut is particularly small at
high pr{ete™) values, and therefore does not noticeably
influence the sensitivity to anomalous WWV couplings.

Numerous other processes contribute to the back-
ground in the ¢f#7p, + X channels. In order not to
overburden the figire, the pr(ete™) differential cross sec-
tions from these processes are not included in Fig, 8.
The rate for associated production of W bosons and top

quatks, 95 - Wt + X, WH+ X o 6F 59+ X, is

-about a factor 50 (100) smaller than the tf cross section

at the Tevatron (LHC) [63,64] and therefore does not rep-
resent a problem. Because of the relatively high lepton
and missing transverse momentum cuts we impose (see
Sec. IIIA), the Z+ X — 7t + X = ete Pr + X
background is substantially suppressed. ¥urthermore,
the pr(ete™) distribution from Z — 7+7~ decays falls
very steeply; for pr(ete™) > 50 GeV the Z boson must
either be far off shell, or be accompanied by a high pr
jet. Using the “poor man’s shower” approach [65] to sim-
ulate the transverse motion of the Z boson, we find that
the Z+ X — %7~ + X - e*e "y + X background
to be at least a factor 5 (10) smaller than the W*W~
signal at the Tevatron (LHC) over the entire pr(ete™)
range. The background from bb, &c, Wg — tb [66,67),
qq’ — tb [67,68], Wc [69], or Wbb, Wéc production is neg-
ligible (small) at the Tevatron [46,47,70] (LHC [54,63])
after lepton isolation cuts are imposed.

In contrast to the charm and bottom background, the
top quark background is only insignificantly reduced by
lepton isolation cuts. However, the b quarks prodiuiced in
top quark decays frequently lead to one or two hadronic
jets [71], and a 0 jet requirement can be used to suppress
the tf, as well as the Wt + X, rate. The decomposition
of the pr(ete™) differential cross section in #f production
at lowest order into 0 jet, 1 jet, and 2 jet exclusive cross
sections at the Tevatron and LHC for my = 176 GeV
is shown in Fig. 9, using the jet definitions of Egs. (12)
and (13) together with a jet clustering algorithm. The
clustering algorithm merges the b and b quark into one jet
if their separation is AR(b,8) < 0.4 and their combined
transverse momentum is larger than the jet-defining pz
threshold. At Tevatron energies, t preduction predom-
inantly leads to W+W= + 2 jet events. Less than 1%
of the events have no jet with pr(j) > 20 GeV. At the
LHC, approximately 10% of all events have no jet with
a transverse momentum in excess of 50 GeV.

As an alternative to a jet veto, a cut on the transverse
momentum of the hadrons, pr(h), can be imposed in
order to suppress the top quark background [10]. The
transverse momentum vector of the hadrons is related to
the other transverse momenta in an e*e g, + X event
through the equation
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pr(h) = - [pr(e*) + prle™) + Br] (15)

In contrast to a jet veto requirement, a cut on pr(h) is in-
dependent of the jet definition, in particular the jet cone
size. It also significantly reduces the dependence on the
jet-energy corrections. For t production in the dilepton
channel, at LO, pr(h) = pr(bb), the transverse momen-
tum of the bb pair. For WW~ + X — £} 8, g, + X, at
NLO, pr(h) coincides with the jet transverse momentum.
In this case, a jet veto and a cut on py(h) are equivalent.

The effect of a pr(k) < 20 GeV (50 GeV) cut at the
Tevatron (LHC) is shown by the long dashed lines in
Fig. 9. Clearly, at the Tevatron the pr(h) cut is consid-
erably less efficient than a 0 jet requirement with a cut
on the jet pr equal to the cut imposed on pr(h). At
the LHC, the jet veto is only slightly more eflicient than
a cut on the transverse momentum of the hadrons. Re-
sults which are qualitatively very similar to those shown
in Fig. 9 are obtained for m, = 200 GeV.

In Fig. 10, we compare the pr(ete™) differential cross
section of the W*W ™ signal with the residual ¢f back-
ground at Tevatron and LHC energies for the jet defini-
tion of Eq. (12). A jet veto is seen to reduce the #f back-
ground at the Tevatron to a few percent of the signal [see
Fig. 10(a)]. On the other hand, if a pp(h) < 20 GeV cut
is imposed, the top quark background is still about half
as large as the W+ W~ signal in the high pr(ete™) tail.
For pr(h) < 10 GeV, the tf rate is approximately one or-
der of magnitude below the W* W~ signal cross section.

At the LHC [Fig. 10(b)], neither 2 cut on the transverse
momentum of the hadrons of pr(h) < 50 GeV nor a jet
veto with the same 50 GeV pr threshold are sufficient
to reduce the #f rate to below the W pair signal. If the
threshold of the pr(R) or jet veto cut can be lowered to
30 GeV, the top quark background can be reduced by an
additional factor 2 to 5. Nevertheless, the residual ¢f rate
is still somewhat larger than the W W — cross section for
large values of pr(ete™). _

It is difficult to further reduce the top quark back-
ground at the LHC. Once a jet veto is imposed, the char-
acteristics of W+W ™ signal and # background events are
very sitzilar. To suppress the ¢£ cross section to below the
W+W= rate, one would need to reduce the transverse
momentum threshold in the jet veto or the pr(h) cut
to a value considerably below 30 GeV. This is probably
only feasible if the LHC is operated significantly below
its design Juminoesity of £ = 10%¢ cm—2 51,

In our estimate of the top quark background, we have
calculated the #f cross section to lowest order in a,.
Higher order QCD corrections affect the #f differential
cross sections only slightly [72] and therefore do not ap-
preciably change the results shown in Figs. 8-10.

In Fig. 11, finally, we display the pr(e*e™) distribution
for pP ~ e*e” Py +0 jet where we have added the differ-

“ential cross sections of the W+W™ 4 0 jet signal and the
residual top quark background. Results are displayed for
the SM and for anomalous WW'V' couplings in the HISZ
scenario [27] (see Sec. IIB). So far, in order to investigate
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1112

how the differential cross sections depend on the nonstan-
dard WWV couplings, we have assumed that only one
anomalous coupling at a time is nonvanishing. In a realis-
tic model, there is no reason, however, to expect that this
is the case. The scenario of Ref. [27] provides an exam-
ple of a model in which both WW+ and WW Z anoma-
lous couplings are simultaneously nonzero, thus making it
possible to study the interference effects between the dif-
ferent nonstandard couplings. Furthermore, the number
of independent WWYV couplings in this scenario can be
reduced from five to two [see Eqgs. (9)}--(11)] by imposing
one simple additional constraint. The dashed and dot-
ted lines in Fig. 11 display the pr(ete™) distribution of
signal plus background for two sets of nonstandard cou-
plings fulfilling Eqs. (9)-(11). For simplicity, only one of
the two independent couplings is allowed to differ from
its 8M value at a time. The figure shows that at the
Tevatron the sensitivity to anomalous WWV couplings
remains virtually unaffected by the £ — ete g5 + 0 jet
background, whereas it is significantly reduced at the
LHC.

F. W — Tv decay modes

So far we have completely ignored the contributions
from decay modes where one or both charged leptons in
the final state originate from W — 7v, — evefrv,. Ex-
perimentally, it is difficult to separate the W — 7v and
W — ev channels if the 7 decays into leptons only. It
is straightforward to implement 7 decays into cur calcu-
lation; one simply replaces the W — ev decay current,
Ju(k), with the W — 71 — evev,v, decay current,
D7 (k). .

In Fig. 12, we compare the LO pr(eTe™) spectrum
of ete™ pairs where one (dashed lines) or both lep-
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tons (dotted lines) originate from 7 decays with the dis-
tribution where both leptons originate from “prompt”
W — ev decays. If both W's decay into T leptons,
the combined branching ratio of the subsequent 7 decay,
[B(T = everr)|? = 0.032, strongly suppresses the contri-
bution of this channel. As a result, the pr(ete™) differ-
ential cross section where both leptons originate from 7
decays is approximately three orders of magnitude be-
low that from prompt ete™ pairs. The slope of the
pp{ete™) distributions from WHW™ — etv.e 7, and
WH+W= o vty 775, are similar.

However, this is not the case if only one of the two
W bosons decays into Tv. The charged lepton from
the decaying 7 lepton is typically much softer than that
originating from W — ev, thus spoiling the balance
of the charged lepton transverse momenta. The result-
ing pr(ete™) distribution is somewhat harder than that
from W¥W~— — etv.e~#.. While the rate of the 7
decay mode is smaller by approximately one order of
magnitude at low values of pr(e*e™), it is larger than

 the W*W™ = e%v.e” 7, cross section for pr(ete™) >

200 GeV (250 GeV) at the Tevatron (LHC). Decay modes
where one of the W bosons decays into 7o thus change
the shape of the pr{ete™) distribution, although consid-
erably less than what the NLO QCD corrections do.
The NLO 0 jet ete~ transverse momentum distribu-
tions are very similar to the LO differential cross sec-
tions shown in Fig. 12. At the inclusive NLO level, or
in the case of nonzero anomalous WWV couplings, the
correlation of the charged lepton transverse momenta
found in the SM LO W*W~— — etp.e . case is not
present and the pr(ete™) differential cross section for
W+W~ — eFu,77u, is about one order of magnitude
below that from W1W~ — etw.e ¥, over the entire
transverse momentum range considered. Contributions
from channels where one W boson decays into a 7 lepton
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thus slightly reduce the overall sensitivity to anomalous
couplings.

G, Sensitivity limits

We now proceed and derive sensitivity limits for
anomalous WWV couplings from W W- + X —
06 + X, 812 = e, p, at the Tevatron and LHC.
For the Tevatron we consider integrated luminosities of
1 tb~!, as envisioned for the Main Injector Era, and
10 fb~! (TeV*) which could be achieved through addi-
tional upgrades of the Tevatron accelerator complex [14].
In the case of the LHC we use [£dt = 10 fb~! and
100 fb~? [15]. To extract limits, we shall sum over elec-
tron and muon final states. Interference effects between
different WIWV couplings are fully incorporated in our
analysis. We derive limits for the cases where either the
WW-~ or the WW Z couplings only are allowed to differ
from their SM values, as well as for the HISZ scenario
described at the end of Sec. IIB. Varying the WW<~ or
WW Z couplings separately makes it possible to directly
compare the sensitivity of WHW~ production to these
couplings with that of Wy and W Z production. Further-
more, the bounds derived in these limiting cases make it
easy to perform a qualitative estimate of sensitivity lim-
its for any model where the WWZ and WWy couplings
are related. The HISZ scenario serves as a simple exam-
ple of such a model. In the form we consider here, only
two of the couplings are independent; see Eqs. {9)-(11).

To derive 95% C.L. limits we use the pp(#]£;) distri-
bution and perform a x? test [73], assuming that no devi-
ations from the SM predictions are observed in the exper-
iments considered. As we have seen, the £] ¢, transverse
momentum distribution in general yields the best sensi-
tivity bounds in the Born approximation. Furthermore,
we tmpose the cuts summarized in Sec. IIIB. For simplic-
ity, we do not exclude the region around the Z mass peak
in m(€f€;) for £4 = £;, which is necessary to eliminate
the background from ZZ — £+{pr. Such a cut does
not noticeably influence the high pr(£f£;) region from
which most of the sensitivity to anomalous WWV cou-
plings originates. We also ignore any contributions from
decay modes where one or both W’s decay into a 7 lepton.
These modes affect the sensitivity to nonstandard WWV
couplings only insignificantly (see Sec, IIIF). Since most
background processes can be removed by standard re-
quirements, such as an isolated charged lepton cut, we
concentrate on the ¢ background. For the top quark
mass we assume m; = 176 GeV. At the Tevatron with
1 bt (10 1) we use a jet-defining pr threshold of
10 GeV (20 GeV), whereas we take 30 GeV (50 GeV)
at the LHC for 10 fb=! (100 fb~'). Unless explicitly
stated otherwise, a dipole form factor (n = 2} with scale
Apr = 1 TeV is assumed. The pr(£F¢;) distribution is
split into a certain number of bins. The number of bins
and the bin width depend on the center-of-mass energy

and the integrated luminosity. In each bin the Poisson

statistics are approximated by a Gaussian distribution.
In order to achieve a sizable counting rate in each bin,
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all events above a certain threshold are collected in a
single bin. This procedure guarantees that a high statis-
tical significance cannot arise from a single event at large
transverse momentum, where the SM predicts, say, only
0.01 events. In order to derive realistic limits we allow for
a normalization uncertainty of 50% in the SM cross sec-
tion. By employing more powerful statistical tools than
the simple x? test we performed [74], it may be possible
to improve the limits we obtain.

In Figs. 13 and 14, and in Table I, we display sensi-
tivity limits for the case where only the WW Z couplings
are allowed to deviate from their SM values. The cross
section in each bin is a bilinear function of the anomalous
couplings Ax%, A}, and Agf®. Studying the correlations
in the Ax%-AY, the Ax%-AgZ% and the AgZ%-)% planes
is, therefore, sufficient to fully include all interference ef-
fects between the various WWJZ couplings. Figure 13
(14) shows 95% C.L. contours in the three planes for the
Tevatron (LHC) with 1 fb~! (10 th1). Without a jet
veto, inclusive NL/O corrections and the top quark back-
ground together reduce the sensitivity obtained from the
LO W*W ™ cross section by about a factor 2 to 5. Im-
posing a jet veto, the tf background and the large QCD
corrections at high £{ £; transverse momenta are essen-

~ tially eliminated at the Tevatron, and the resulting limits

are very similar to those obtained from the LO analysis.
At the LHC, the remaining top quark background still
has a nonnegligible impact, reducing the limits obtained
from the analysis of WtW— production at LO by a fac-
tor 1.5-2. The bounds extracted from the LO W+W~—
cross section represent the results for the ideal case where
all background can be completely removed. The lim-
its obtained without reducing the #£ background and the
NLO QCD corrections, on the other hand, correspond to
a “worst case scenario,” i.e., the minimal sensitivity to
anomalous couplings which one should be able to reach.

More detailed information on how QCD corrections
and the top quark background influence the limits which
can be achieved on WW Z couplings is provided in Ta-
ble I. At Tevatron energies, NLO QCD corrections re-
duce the sensitivity by 5-10%, while for the LHC the
bounds obtained from the inclusive NLO W+W— cross
section are typically a factor 2 worse than those extracted
using the LO cross section. A 10% (factor 2) variation
in the 95% C.L. limits is roughly equivalent to a factor
1.5 (18) in integrated Juminosity needed to compensate
for the effect of the NLO corrections. The limits found
by imposing a pr(h) cut and a jet-veto requirement are
almost identical at the Tevatron. For LHC energies, the
pr(h)} cut yields bounds which are 20-40% weaker than
those extracted from the exclusive NLO W W™ rate.

Terms in the amplitudes proportional to AgZ grow like
v3/Myw while terms multiplying Axy and Ay increase
with §/M#&. As aresult, the limits which can be achieved
for Ag¥ are significantly weaker than the bounds ob-
tained for Axz and Az. Our limits also fully reflect the
sign dependence of the differential cross sections for AgZ
and Axy noted earlier.

Limits for the cases in which the WW+~ couplings are
varied (assuming SM WW Z couplings) and the HISZ sce-
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nario are shown in Figs. 15 and 16 and Tables II and III.
‘We only display the limits for the NLO 0 jet case, in-
cluding the residual ¢ background, in these figures and
tables. In Fig. 15 we compare the limits for the three dif-
ferent cases for a fixed integrated luminosity. Because of
the smaller overall WW+ and photon fermion couplings,
the bounds on Ak, and A, are about a factor 1.5 to 3
weaker than the limits obtained for WW Z couplings. As
a result of the assumed relations between the WW+y and
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WW Z couplings [see Egs. (9)—(11)], we find limits on A,
(Ax,) in the HISZ scenario, which are somewhat bet-
ter (worse) than those obtained for Az {Axz) when only
the WW Z couplings are varied. The CDF and D0 Col-
laborations have derived 95% C.L. limit contours for the
WWYV couplings from W*W ™ production [9,10] for the
case AKz = AKy, Az = Ay, and AgZ = 0. In this sce-
nario, we find limits which are about 20-40% better than
those obtained for the case where only Axz and Az are
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FIG. 13. Limit contours at the 95% C.L. for pp = WTW ™ + X = £f 479, + X, fr2 = e, o derived from the ;pg-(ﬁ1 )
distribution at the Tevatron for f L£dt = 1 fb~L. Contours are shown in three planes: (a) the Ax%-A% plane, (b) the Amz-Ag

plane, and

(c) the Ag?®

% plane. The solid lines give the results for LO WTW~ production, ignoring the # background.

The dashed lines show the hmlts which are obtained if the top quark background is taken into account and the inclusive NLO
W+W~ cross section is used. The dotted lines display the bounds which are achieved from the exclusive NLO WHW =™ 40 jet
channel, including the residual £ - W W™ + 0 jet background. The cuts imposed are summarized in Sec. IIIB. For the top
quark mass we assume m: = 176 GeV, and for the jet definition, we have used Eq. (12).
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allowed to deviate from their SM values.

In Fig. 16 we compare the bounds which can be
achieved for the HISZ scenario for different integrated
luminosities and form factor scales. Increasing the inte-
graied luminosity by one order of magnitude improves
the sensitivity limits by a factor 2.0-2.7 at the Tevatron,
and up to a factor of 1.8 at the LHC for the form factor
scale chosen. Because of the significantly higher residual
top quark background, the sensitivity limits which can
be achieved at the LHC with 10 fb™* are only up to a
factor 2 better than those found at the Tevatron for the
same integrated luminosity and form factor scale.

At Tevatron energies, the sensitivities achievable are
insensitive to the exact form and scale of the form factor
for App > 400 GeV. At the LHC, the situation is some-
what different and the sensitivity bounds depend on the
value chosen for App. This is illustrated in Fig. 16(b)
and Table III, where we display the limits which can
be achieved at the LHC with [Ldt = 100 fb™* and a
form factor scale of Apr = 3 TeV. The limits for the
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higher scale are a factor 2.8 to 5 better than those found
for App = 1 TeV with the same integrated luminosity.
For Apr > 3 TeV, the sensitivity bounds depend only
marginally on the form factor scale [22], due to the very
rapidly falling cross section at the LHC for parton center-
of-mass energies in the multi-TeV region. The depen-
dence of the limits on the cutoff scale Arg in the form
factor can be understood easily from Fig. 5. The im-
provement in sensitivity with increasing App is because
of the additional events at large pr (£ £ ) which are sup-
pressed by the form factor if the scale Apr has a smaller
value.

To a lesser degree, the bounds also depend on the
power 7 in the form factor, which we have assumed to
be n = 2. For example, the less drastic cutoff for n =1
instead of n = 2 in the form factor allows for additional
high pr(£] £; ) events and therefore leads to a slightly in-
creased sensitivity to the low energy values of the anoma-
lous WWYV couplings. The sensitivity bounds listed in
Tables I~III can thus be taken as representative for a

TABLE 1. Sensitivities achievable at the 95% confidence level (C.L.) for the anomalous WW Z couplings AgZ®, Ak%, and
A% (a) mpp o> WIW ™ + X — 4155 + X, £1,2 = e, p, at the Tevatron (v/s = 1.8 TeV) with fﬁdt =1H", and (b) in
pp > WHIW™ + X 5 £745p + X at the LHC (/s = 14 TeV) with fLdt = 10 fo~*. The limits for each coupling apply for
arbitrary values of the two other couplings. The W W+ couplings are assumed to take their SM values. For the form factor we
use the form of Eq, (8) with » = 2 and Apr = 1 TeV. The transverse momentum threshold for the jet veto and the pr(h) cut
is taken to be 10 GeV at the Tevatron, and 30 GeV at the LHC. The #f cross section is calculated at LO with m, = 176 GeV.
The cuts summarized in Sec. III B are imposed.

{a) Tevatron, [Ldt =1 fb™*

WHw- WEW- WrW= +if WTW ™ +¢f WEW = 4 ¢f
WWZ coupling LO NLO incl. NLO incl. NLO 0 jet NLO pr(h) cut
Ag?® +1.96 +2.10 +3.19 +2.05 +2.08
g1 —1.22 —~1.38 —2,73 —1.31 Z1.34
Ak +06.61 +0.66 +1.22 +0.66 +0.66
z —0.48 —0.51 ~0.99 —0.51 —0.52
29 +0.29 +0.32 +0.61 +0.32 +0.32
Z ~0.35 —0.37 —0.70 —0.38 —-0.37
(b) LEC, JLdt=10 b~
Wtw- wtw- WHW= + ¢ WrW ™ 44 WHW= 4 tf
WW Z coupling LO NLO incl. NLO incl. NLO 0 jet NLO pr(h) cut
AgZ® +0.55 +0.56 +1.19 +0.81 +0.95
g1 —0.27 —0.61 —1.57 - ~0.50 -0.68
Akl +0.129 +0.207 +0.364 +0.187 +0.217
—0.087 —0.129 —0.291 —0.123 —~0.156
22 +0.043 +0.078 +0.138 +0.083 +0.076
Z —0.045 ~0.090 —0.146 ~0.071 —0.084
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wide class of form factors.

As we have mentioned before, constant anomalous cou-
plings are assumed in models based on chiral perturba-
tion theory [38]. Since the sensitivity bounds we obtain at
Tevatron epergies only marginally depend on Apg, they
are directly applicable to those models. It is straightfor-
ward to convert the anomalous couplings Axy, Ay, and
AgZ into the parameters generally used in models based
on chiral perturbation theory [28].
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From our studies we conclude that at the TeV* the
WWYV couplings can be probed with an accuracy of
10-60%, except for AgZ. At the LHC, with [Ldt =
100 b=, Ax? and MY can be determined with an un-
certainty of a few percent, whereas AgZ® can be mea-
sured to approximately 0.2, with details depending on
the form factor scale assumed. For a top quark mass
of m; = 200 GeV, we find sensitivity bounds which are
slightly better than those shown in Figs. 13-16 and Ta-
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FIG. 14. Limit contours at the 95% C.L. for pp - WYW ™ + X — £, + X, 12 = e, p, derived from the pr(ffe;)
distribution at the LHC for f Ldt = 10 fb~. Contours are shown in three planes: (a) the Ax%-A% plane, (b) the Ax%-AgZ°
plane, and {c) the Ag{®-A% plane. The solid lines give the results for LO W*W™ production, ignoring the £ background.
The dashed lines show the limits which are obtained if the top quark background is taken into account and the inclusive NLO
W*W ™ cross section is used. The dotted lines display the bounds which are achieved from the exclusive NLO WW ™ +0 jet
channel, including the residual tf = W+W ™ + 0 jet background. The cuts imposed are summarized in Sec. III B. For the top
quark mass we assume m. == 176 GeV, and for the jet definition, we have used Eq. (13).
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TABLE II. Sensitivities achievable at the 956% confidence level (C.L.) for anomalous WWV couplings (V = v, Z) in
pP— WFTW™ 40 jet — &5 679, + 0jet, £1,2 = e, i, at NLO for the Tevatron: (a) for f£dt = 1fb~" and (b) for [£dt = 10fb7,
ineluding the residual background from ¢f production. Limits are shown for the case where only the WW<y or WW Z couplings
are allowed to deviate from their SM values, and for the HISZ scenario where we assume Axy and A, as the independent
couplings [see Eqs. (9)—(11)]. Interference effects between those couplings which are varied are fully taken into account. For
the form factors we use the form of Eq. {8} with » = 2 and Apr = 1 TeV. The transverse momentum threshold for the jet veto

and the pr(k) cut is taken to be 10 GeV for f Ldt =1 b1 and 20 GeV for 10 fb~', The ¢ cross section is calculated at LO
with m, = 176 GeV. The cuts summarized in Sec. IIIB are imposed.

(a) Tevatron, fﬁdt =1 fb?!

Coupling WW~y Wwz HISZ scenario
zZ0 +2.05
Agi - —1.31 -
0 +1.30 +0.66 +0.85
Ary —0.92 —0.51 -0,51
0 +0.58 +0.32 +0.22
Av —0.51 -0.38 —0.20

{b) Tevatron, fﬁdt =10 fb*

Coupling WWey WWZ HISZ scenario
Zo +1.00
Agi - —0.53 -
0 +0.64 +0.32 +0.43
Axy —0.36 —0.22 -0.19
A2 +0.26 +0.13 +0.09¢
v —0.20 —0.14 —0.086

bles I-III. Limits derived from the transverse momentum 100 pb™! the limits which one can hope to achieve are
distribution of the individual charged leptons are weaker  approximately a factor 2 to 3 worse than those found for
by approximately a factor 1.5 than those extracted from 1 fb—1.

the pr(£f£;) spectrum. We have not studied in detail The results shown in Figs. 13-16 and Tables I-III
the sensitivities which can be achieved in the current  should be compared with the sensitivities expected in
Tevatron collider. For an integrated luminosity of about  other channels [22,54,59], and in W pair production at

TABLE IIL. Sensitivities achievable at the 95% confidence level (C.L.) for anomalous WWV couplings (V = v, Z) in
pp = WHW ™ 40 jet — £5 8, pp, + Ojet, £1,2 = e, g, at NLO for the LHC, including the residual background from ¢f production.
Limits are shown for the case where only the WW+~ or WW Z couplings are allowed to deviate from their SM values, and for
HISZ scenario where we assume Ax., and A, as the independent couplings [see Eqs. (9)-(11)]. Interference effects between
those couplings which are varied are fully taken into account. For the form factors we use the form of Eq. (8) with n = 2. The
transverse momentum threshold for the jet veto and the pr(h)} cut is taken to be 30 GeV for f£dt =10 fb™!, and 50 GeV for
100 fb~t. The tf cross section is calculated at LO with m. == 176 GeV. The cuts summarized in Sec. IIIB are imposed.

(a) LHC, fLdt=10fb~", App =1 TeV

Coupling WWey Wwz HISZ scenario
Agf? - tom _
AxD : 4+0.43 $019 $0.21
X i3 o i
(b) LHC, [Ldt =100 b, Arr = 1 TeV (3 TeV) _
Coupling : WWey wWwZz HISZ scenario
Agf? - () Toss (£037) - ()
AxD +0.31 (40,067 +0.133 +o.027) +0.2018 (+o 047)
Ky -0.18 —0.040) —0,085 \—0.018 —0.110 \-e.025

,\0 +0.092 (40,022 +0.042 (+0.0084 +0.02¢ +0.0078)
v —0.088 \—0.022 —0.040 \ —0.0111 —0.036 \ —0.0079
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LEP II [22,44,75], and a linear ete™ collider [76]. The
limits which we obtain for the WW'y couplings at the
Tevatron, assuming a SM WW Z vertex function, are a
factor 1.7-4.4 weaker than those projected from W*sy
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FIG. 15. Limit contowrs at the 95% C.L. derived from
the NLO pr(¢f€;), f12 = e, p, distribution for (a)

pD— WHW ™ +0 jet — £ 85 P +0 jet at /s = 1.8 TeV with
JLdt =17", and (b) pp = WHW ™40 jet — £5 £5 9,0 jet
at /s = 14 TeV with [£dt =10 fb™* in the Ax$-AY plane.
The solid line displays the limits which are achieved if Ax%
and A% only are allowed to deviate from their SM values.
The dotted and dashed lines show the results obtained in the
HISZ scenario [see Egs. (9)-(11)] and by varying the W'y
couplings only. The effect of the residual tf — e*e™ P + 0 jet
background is included in the contours shown. The cuts im-
posed are summarized in Sec. IIIB. For the top quark mass
we assume ™ = 176 GeV, and for the jet definition, we have
used Eqgs. (12) and (13).
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FIG. 16. Limit contours at the 95% C.L. derived from
the NLO pr(€fé;}, f12 = e, u, distribution for (a)
PP = WHW™ +0 jet — £] 47, +0 jet at /3 = 1.8 TeV, and
(b) pp = WEW ™ + 0 jet ~» £ €5 B + 0 jet at /3 = 14 TeV
in the BISZ scenario [see Eqs. (9)—(11)]. In part (a) the solid
and dashed lines give the limits for integrated luminosities
of [£dt =1 fb~! and 10 b7, respectively. The form factor
scale in both cases is Apr = 1 TeV. In part (b) results are dis-
played for fLdt =10 fb~* (solid curve) and J£dt =100 fb~*
(dashed curve) with App = 1 TeV, and for [Ldt = 100 fb~!
with Apr = 3 TeV (dotted curve). The effect of the residual
tf = ete Py + 0 jet background is included in the contours
shown. The cuts imposed are summarized in Sec. IIIB. For
the top quark mass we assume m. = 176 GeV. The jet defi-
nition criteria are described in Sec. II1E.
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production with W — ev [22], mostly because of the
smaller event rate. At the LHC, with 100 fb—! and
Arr = 3 TeV, the limits on AxY (AJ) are a factor 1.5 to 2
(~ 3) better (worse) than those expected from W+ pro-
duction [22,54]. The higher sensitivity of W pair produc-
tion to Ay can be traced to the high energy behavior of
the terms proportional to Ay in the helicity amplitudes.
As mentioned in the Introduction, these terms increase
proportional to §/M3, in WTW~ production, whereas
they grow only like v3/My in pp — Wy, WtZ.

The bounds we obtain for the WW Z couplings, assum-
ing a SM WW< vertex, can be compared directly with
the sensitivity limits calculated for W*Z — fFy 345
in Ref. [59]. The bounds for Az from W+W~ and W*Z
production are very similar, At the LHC, the larger cross
section for W*W ™ production is compensated by the
considerable top quark background which remains even
after a jet veto has been imposed. For Tevatron (LHC)
energies, the sensitivity limits for Akz from W pair pro-
duction are approximately a factor 3 (2-7) better than
those which can be achieved in pj — WZ (pp = WZ),
whereas the bounds for AgZ from W Z productions are 3—
4 (7-34) times more stringent than those extracted from

the W*W~ channel for the parameters chosen. WW

and WZ productions at hadron colliders thus yield cormn-
plementary information on Ag? and Akz. The limits
fully reflect the high energy behavior of the individual
helicity amplitudes for the two processes. Terms propor-
tional to Az increase in both cases like §/MZ,. On the
other hand, the leading AgZ (Axz) terms in WZ (WW)
production grow faster with energy [~ §/M3,] than those
in the WW (W Z) production [~ v/§/Mw].

In the HISZ scenario, WW production leads to bounds

“for Ak, which, at the Tevatron {(LHC), are up to factor
of 2 (5) weaker than those obtained in W+ and W Z pro-
duction [22]. The limits on A, from W pair production
at the Tevatron (LHC) in this model are slightly better
(worse) than those derived from W*Z — v, 0545,

As has been demonstrated by the CDF Collabora-
tion [9], useful limits on the WWV couplings can also
be derived from WW, WZ — fvjj, and WZ — £t4— 45
at large dijet transverse momenta, pr(jj). Decay modes,
where one of the vector bosons decays hadronically, have
a considerably larger branching ratio than the W+W™ —
£fv1£7 7y channel and thus yield higher rates. On the
other hand, a jet veto cannot be utilized to reduce the
top background for the semihadronic final states. Be-
cause of the very large #f background at the LHC, de-
cay modes, where one of the vector bosons decays into
hadrons, are therefore only useful at Tevatron energies
where the total tf and W+W™— production rates are com-
parable. Here, a sufficiently large pr(jj) cut eliminates
the QCD W/Z+ jets background and the SM signal,
but retains good sensitivity to anomalous WWV cou-
plings. The value of the pr(j§) cut varies with the in-
tegrated luminosity assumed. Simulations of the sen-
sifivities which may be expected in the HISZ scenario
for WW, W2 — fvjj, and WZ — £T47jj in future
Tevatron experiments show [22] that, for 1 fb™%, the
semihadronic final states yield bounds for Ak, which
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are roughly a factor of 2 more stringent as those from
WHW= — £ 1145 D, whereas the limits on A, are very
similar. With growing integrated luminosity, it is neces-
sary to raise the pr(jj) cut to eliminate the W/Z+ jets
background. For increasing values of py(j7), more and
more jets tend to coalesce. At [Ldt > 10 fb~1, jet coa-
lescing severely degrades the limits on anomalous WWV
couplings which can be achieved. With growing inte-
grated luminosity, WYW ™~ production in all leptonic
channels thus becomes increasingly potent in constrain-
ing the WWV vertices.

The sensitivities in the HISZ scenario which one hopes
to achieve from pp — WHW ™ + 0 jet — £ 45 5 + 0 jet
(short dashed line) and the other di-beson production
channels (adopted from Ref. [22]} at the Tevatron with
10 fb~? are summarized in Fig. 17 and compared with the
expectations from ete™ = WIW— — frjj at LEP II
for /s = 190 GeV and fLdt = 500 pb~! (long dashed
line) [77]. A similar comparison, with very similar con-
clusions, can be carried out for the more conservative
choices of an integrated luminosity of 1 fb~! at the Teva-
tron, and a center-of-mass energy of /5 = 176 GeV at
LEP II [77]. While W+ production is seen to yield the
best bounds at the Tevatron over a large fraction of the
parameter space, it is clear that the limits obtained from
the various processes are all of similar magnitude. In
particular, the limits from all leptonic decays of W pairs
are seen to be comparable to those from the other WW
and WZ channels for a significant part of the AxS-)5
plane. Performing a global analysis of all di-boson pro-

limits on anomalous WWV couplings
Tev, 10 fb™! vs. LEP IL, ¥& = 130 GeV, 500 pb~!
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o o ,—~. Tev.pp > WW » R TR
0 [
, ?\7 0.0_
—-0.2 —
[ Ten BB Wy v ety P ]
I LEP IL e*e™ = W'W™ - lujj 7
-0.4— Tev, pp + W2 > 1fv,iil;—
"lllllllillll!llllll!ll|II_
-04 02 0.0 0.2 0.4
A.rc?,

FIG. 17. Comparison of the expected sensitivities on
anomalous WWV couplings in the HISZ scenario [see
Egs. {(9)-(11})] from ete™ — WYW~™ — fvjj at LEP I
(v =190 GeV, [Ldt = 500 pb™"), and di-boson produc-
tion processes at the Tevatron (fLdt = 10 fb~'). Ex-
cept for the short dashed curve, which shows the result for
pp— WHW™ + 0 jet — £ €55, +0 jet at /3 = 1.8 TeV, all
curves are taken from Ref. [22].
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duction channels thus is expected to result in a signifi-
cant improvement of the sensitivity bounds which can be
achieved.

Figure 17 also demonstrates that the limits from di-
boson production at the Tevatron and W+W™ produc-
tion at LEP II are quite complementary. The contour
for ete™ = WHW™ — fvj7 in Fig. 17 has been adopted
from Ref. [22], and is based on an analysis which takes
into account initial state radiation and finite detector res-
olution effects, together with ambiguities in reconstruct-

ing the W decay angles in hadronic W decays in absence

of a readily recognizable quark tag. Information on the
WWV couplings in e*e~ — WHW— — (fujj is ex-
tracted from the angular distribution of the final state
fermions. Of the three final states available in W pair
production, £1u1€avs, £vij, £ = e, u, and jjijj, the fvjj
channel yields the best semsitivity bounds. The purely
leptonic channel is plagued by a small branching ratio
(== 4.7%) and by reconstruction problems because of the
presence of two neutrinos. In the jjjj final state it is
difficult to discriminate the W+ and W~ decay prod-
ucts. Because of the resulting ambiguities in the W+ pro-
duction and decay angles, the sensitivity bounds which
can be achieved from the 4 jet final state are a factor
1.5-2 weaker than those found from analyzing the frjj
state [75]. :

At the NLC, the WWYV couplings can be tested with
a precision of 10~% or better. Details depend quite sen-
sitively on the center-of-mass energy and the integrated
luminosity of the NLC [76].

IV. SUMMARY

W+W~ production in hadronic collisions provides
an opportunity to probe the structure of the WWry
and WW2Z vertices in a direct and essentially model-
independent way. In contrast to other diboson produc-
tion processes at hadron or ete™ colliders, the reaction
p(f)) — WHW— = £f11£; Uy offers the possibility to si-
multaneously probe the high energy behavior and, at
least indirectly, the helicity structure of the W+W ™ pro-
duction amplitudes using the same observable. Usually,
information on the high energy behavior of the dibe-
son production amplitudes is obtained from transverse
momentum and invariant mass spectra, whereas angular
distributions are used to probe the helicity structure [1].

Previous studies of pp — W*+W= [4-8] have been
based on leading-order calculations. In this paper we
have presented an O{a,) calculation of the reaction
PP — WHW~ + X — £fvl; b, + X for general, C-
and P-conserving, WW+y and WWZ couplings, using
a combination of analytic and Monte Carlo integration
techniques. The leptonic decays W — fr have been in-
cluded in the narrow width approximation in our calcula-
tion. Decay spin correlations are correctly taken into ac-
count in the calculation, except in the finite virtual con-
tribution. The finite virtual correction term contributes
only at the few percent level to the total NLO cross sec-
tion, thus decay spin correlations can be safely ignored
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here. The calculation presented here complements earlier
O(a,) calculations of W+ [58] and W*Z [59] produc-
tion at hadron colliders for general C- and P-conserving
anomalous WWV couplings (V =+, 2).

In the past, all leptonic W+W™ decay channels were
not considered in detail, because of the large ¢ back-
ground and event reconstruction problems. The presence
of two neutrinos in the event makes it impossible to re-
construct the WW invariant mass or the W transverse
momentum distribution. We have found that the limited
information available for the final state does not reduce
the sensitivity to anomalous couplings seriously when the
transverse momentum distribution of the charged lepton
pair, or equivalently, the missing pr distribution, is con-
sidered. In contrast with other distributions, the lep-
ton pair transverse momentum pr(£; £5) distribution is
not only sensitive to the high energy behavior of the
W*W— production amplitudes, but also provides in-
direct information on the helicities of the W bosons,
which are strongly correlated in W pair production in the
SM [1,5,17] (see Sec. IIIC). The correlation of the weak
boson helicities, together with the V' — A structure of the
Wev coupling and the 2 — 2 kinematics of leading-order
W pair production, causes a tendency for the transverse
momentum vectors of the two charged leptons to can-
cel, with a corresponding sharp drop in the leading-order
SM pr(f5£;) distribution at high transverse momenta.
Anomalous WWYV couplings do not only change the high
energy behavior of the helicity amplitudes, but also mod-
ify the correlation of the W helicities. As a result, the
pr(€+47) distribution, at leading-order, exhibits a par-
ticularly pronounced sensitivity to nonstandard WWV
couplings. Decay channels, where one of the final state
charged leptons originates from W - 7o, — fvv, iy,
slightly modify the shape of the pr(£F£;) distribution
(see Sec. ITIF).

The real emission processes, ¢§ — W+W =g and qg —
W+W—gq, which contribute to the O(a,) QCD correc-
tions in W pair production, spoil the delicate balance
of the charged lepton transverse momenta. As a re-
sult, inclusive NLO QCD corrections to the pr{£y¢;)
and g, distributions are very large and may drastically
reduce the sensitivity to nonstandard WWV couplings.
By imposing a jet veto, i.e., by considering the exclusive
W*W~ 40 jet channel instead of inclusive WtW~ 4+ X
production, the QCD corrections are reduced to approx-
imately 20% of the LO cross section, and the sensitivity
to nonstandard WWV couplings is largely restored. Fur-
thermore, the dependence of the NLO WHW ™ + 0 jet
cross section on the factorization scale Q2 is signifi-
cantly reduced compared to that of the inclusive NLO
WHW ™ + X cross section. Uncertainties which originate
from the variation of Q@2 will thus be smaller for sensitiv-
ity bounds obtained from the W+ W~ 40 jet channel than
for those derived from the inclusive NLO WTW ™~ + X
cross section.

A jet veto, or a cut on the hadronic fransverse mo-
mentum, pr(#k), also helps to control the ¢ background.
Without imposing such a cut, the top quark background
is much larger than the W*W~— signal at high #1745
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transverse momenta and one looses by a factor 2 to 5
in sensitivity. The jet veto in general is more efficient
than a pr(k) cut in reducing the top quark background
(see Fig. 10). In practice, this difference is not very im-
portant. For realistic pr(j) and pr(h} thresholds, the tf
background can be almost completely eliminated at Teva-
tron energies. At the LHC, for both methods only a sig-
nal to background ratio of order 1 can be achieved. The
residual £ background weakens the sensitivity bounds
on anomalous couplings by about a factor 1.5-2. Over-
all, the improvement of the sensitivity bounds resulting
from a jet veto or a cut on the hadronic transverse mo-
mentum is equivalent to roughly a factor 10-40 increase
in integrated luminosity.

Excluding the region around the Z mass in m{£; £7)
for £, = £, eliminates the ZZ — {+{™p; background
which otherwise dominates over the W¥W ™ signal at
large values of pr(€F £;). This cut has almost no effect
on the high £§ 47 transverse momentum tail.
~ Because of the larger coupling of the Z boson to quarks
and W bosons, W+W ~ production is more sensitive to
WW2Z couplings than WV couplings. Terms propor-
tional to Axy in the amplitude grow like §/M%,, where
§ is the parton center-of-mass energy squared, whereas
these terms only grow like \/E/Mw in Wty and W*Z
production. W*W = production therefore is considerably
more sensitive to Axy than pp — Wiy, WEZ. For
example, at the Tevatron (LHC) with [£dt = 10 fb~!
(100 fb~1), varying only the WW Z couplings, Ax} can
be measured with 20-30% {up to 2-3%) accuracy [95%
C.L.] in W pair production in the purely leptonic chan-
nels. These bounds are a factor 2 to 7 better than
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those which can be achieved in WZ production. Sim-
ilarly, W pair production yields better limits for Ax.,
than for W%~ production at the LHC for a form factor
scale App > 2 TeV, if the WW+ couplings only are var-
jied. The sensitivity bounds which can be achieved for
Axy at the LHC approach the level where one would
hope to see deviations from the SM if new physics with a
scale of O(1 TeV) exists. Ay can be determined with an
accuracy of 10-25% (0.9-9%) at the Tevatron (LHC),
whereas Agf can be probed at best at the 50% (20%)
level. At the LHC, the limits depend significantly on the
form factor scale assumed. Detailed results are shown in
Figs. 13-16 and Tables I-IIL :
In the HISZ scenario [see Egs. (3)—(11)}, W pair pro-
duction at the Tevatron and LEP II yield 95% C.L. limit
contours which are quite complementary (see Fig. 17).
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