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The processes p(ia) > ViVa+ X o 641420, + X, where V; = W or Z and £; denotes a lepton,
are calculated to O(a,). Total and differential cross sections, with acceptance cuts imposed on the
final state leptons, are given for the Fermilab Tevatron and CERN LHC center of mass energies.
Inclusive and exclusive 0-jet and 1-jet cross sections are given. The transverse momenta spectra of
the leptons are significantly enhanced at high p;r by the QCD radiative corrections, especially at
the LHC energy. Invariant mass and angular distributions are scaled up in magnitude by the QCD
radiative corrections, but are little changed in shape.
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I. INTRODUCTION

The production of massive weak boson pairs (ZZ,
W-W*, and W*Z) is an important physics topic at
high-energy hadron colliders. Measurements of these
processes are vital for testing the standard model (SM)
and probing beyond it. In particular, these processes
are important for elucidating the electroweak symmetry-
breaking mechanism and for testing the triple weak boson
coupling [1]. Futhermore, these processes are also back-
grounds to new physics signals, for example, new heavy
particles such as neutral and charged Higgs bosons, tech-
nimesons, extra gauge bosons, squarks, and gluinos can
all decay into weak boson pairs. It is therefore important
to have precise calculations of hadronic weak boson pair
production. These calculations should include the lep-
tonic decays of the weak bosons since the weak bosons
are identified via their leptonic decay products.

The dominant production mechanism for weak boson
pairs in hadronic collisions is via the quark-antiquark an-
nihilation subprocess q;§ — V31 V5. The cross sections for
hadronic ZZ, W-W, and W*Z production were first
calculated in Refs. [2] and [3]. Tree level calculations of
V1V2 + n jets have been given for n < 1 and n < 2 in
Refs. [4] and [5], respectively. ZZ and W~ W™ can also
be produced via the gluon fusion subprocess gg = V'V,
which proceeds via a quark box loop and is of order o?
[6-9]. The cross section for the gluon fusion process is sig-
nificant at supercollider energies due to the large gluon
luminosity, but it never dominates the g§ annihilation
cross section. Weak boson pairs can also be produced
via the vector boson fusion process in which the incom-
ing quarks radiate two vector bosons which subsequently
scatter off each other [10]. This process is mainly of in-
terest as a source of Higgs bosons, with the Higgs bo-
son appearing as an s-channel resonance. Away from the
Higgs boson peak, the weak-boson fusion production rate
is only a small fraction of the basic q;§> — V1V, produc-
tion rate. The QCD radiative corrections to hadronic
ZZ 11,12, W-W+ [13,14], and W*Z [15,16] produc-
tion have recently been calculated for the case of real
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weak bosons in the final state.

In this paper, previous calculations of next-to-leading-
order (NLO) ZZ [11], W—W+ [13], and W*Z [15] pro-
duction are extended to include the leptonic decays of the
W and/or Z bosons. Since it is the decay products that
are observed in an experiment, the inclusion of the lep-
tonic decays in the calculation will make it much more
useful for comparing with experimental data. Futher-
more, cuts can now be applied to the final state lep-
tons, thus allowing one to mimic the experimental con-
ditions. The angular distributions of the weak boson’s
decay products are especially important because they are
effective spin analyzers for the vector bosons [17]. They
are also of crucial importance when one tries to distin-
guish the various sources of anomalous couplings in the
three-boson vertex [17]. The NLO QCD corrections will
have a significant effect on the distributions of the fi-
nal state leptons, especially at the center-of-mass energy
reached at the CERN Large Hadron Collider (LHC).

The calculations presented here include the leptonic
decays of the weak bosons in the narrow width approx-
imation. In this approximation, nonresonance diagrams
(e.g., the final state eéufi, which is formed by the pro-
duction and decay of ZZ, can also be reached by the
process pp — Z — e€ with the subsequent radiation of a
leptonically decaying Z [Z — pji] from the electron line)
are not necessary to maintain gauge invariance. The cal-
culations are done by using the Monte Carlo method for
NLO calculations [18] in combination with helicity am-
plitude methods [19]. The Monte Carlo method for NLO
calculations is very powerful because any number of ob-
servables can be calculated simultaneously by simply his-
togramming the quantities of interest, experimental ac-
ceptance cuts can easily be imposed on the calculation,
and it is also possible to compute the NLO QCD cor-
rections for exclusive channels, e.g., p(f)) — V1V, + 0 jet.
Helicity amplitude methods make cross section calcula-
tions tractable for processes involving a large number of
tree level diagrams; futhermore, the leptonic decays of
the weak bosons are trivial to implement at the ampli-
tude level.
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The remainder of this paper is organized as follows.
The formalism used in the calculations is described in
Sec. II, numerical results for the Fermilab Tevatron and
LHC center-of-mass energies are given in Sec. III, and
summary remarks are given in Sec. IV. Technical details
of the calculation have been relegated to an appendix.

II. FORMALISM

Next-to-leading-order calculations of hadronic ZZ,
W-W+, and W*Z production have been presented for
real weak bosons in the final state. These results are
extended in this section to include the leptonic decays
W — fv and Z — £ (£ = e, ). This section begins with
a brief review of the NLO Monte Carlo formalism used
in the calculation and concludes with a discussion of the
incorporation of the leptonic decays.

The calculations are done using the narrow width ap-
proximation for the leptonically decaying weak bosons.
This simplifies the calculation greatly for two reasons.
First of all, it is possible to ignore the contributions
from nonresonance Feynman diagrams without violat-
ing gauge invariance. An example of such a diagram
is q¢ & Z — ee followed by € — €Z — éuj, yielding
the final state eépji, which is the same final state pro-
duced by ¢q§ - ZZ — eépji. Second, in the narrow
width approximation it is particularly easy to extend the
NLO calculations of real weak boson pairs to include the
leptonic decays of the W and Z bosons.

A. Monte Carlo formalism

The NLO calculations of V1V, production include con-
tributions from the square of the Born diagrams, the in-
terference between the Born diagrams and the virtual
one-loop diagrams, and the square of the real emission
diagrams. (The Feynman diagrams for the case of real
J

weak bosons in the final state can be found in the orig-
inal references.) The calculations have been done us-
ing a combination of analytic and Monte Carlo integra-
tion methods [18]. The basic idea is to isolate the soft
and collinear singularities associated with the real emis-
sion subprocesses by partitioning phase space into soft,
collinear, and finite regions. This is done by introducing
theoretical soft and collinear cutoff parameters, §, and
d.. Using dimensional regularization [20], the soft and
collinear singularities are exposed as poles in € (the num-
ber of space-time dimensions is N = 4 — 2¢ with € a small
number). The infrared singularities from the soft and vir-
tual contributions are then explicitly canceled 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 gen-
erates n-body (for the Born and virtual contributions)
and (n + 1)-body (for the real emission contributions)
final state events. The n- and (n + 1)-body contribu-
tions both depend on the cutoff parameters §, and d.,
however, when these contributions are added together to
form a suitably inclusive observable, all dependence on
the cutoff parameters cancels. The numerical results pre-
sented in this paper are insensitive to variations of the
cutoff parameters.

B. Summary of O(a,) V; V2 production followed by
leptonic decays

The formalism for O(a,) hadronic weak boson pair
production followed by leptonic decays of the weak
bosons is summarized here. A detailed discussion about
the incorporation of leptonic decays into a NLO calcula-
tion of a real weak boson pair can be found in Ref. [21],
where the leptonic decay W — ev was incorporated into
a NLO calculation of real W~ production. Basically, ex-
cept for the virtual contribution, all the NLO contribu-
tions for real V1V, production have the form

Qg
d(TNLO(qﬁz W)= dUBm“(Ql‘E - WV,) {1 +Cr ‘2‘7;( )} ) (1)

where gB°™ is the lowest order Born contribution, Cr = 4/3 is the quark-gluon vertex color factor, and «, is the
strong running coupling. Thus the leptonic decays can be incorporated by simply making the replacement

dUBorn(qlq—2 N ‘/IVZ) s do.Born(qlq—z - ViV, — Zlilzziz) (2)

in the formulas for NLO real V1V, production. The lep-
tonic decays are particularly easy to incorporate when
the calculation is done at the amplitude level; the weak-
boson polarization vectors, €,(k), are simply replaced by
the V' — £f decay currents, J,(k), in the amplitude. De-
tails of the amplitude level calculations for the Born and
real emission subprocesses can be found in Ref. [5].

The simple replacement described in the previous para-
graph does not hold for the virtual corrections. Rather
than undertake the nontrivial task of recalculating the
virtual corrections for the case of leptonically decaying

weak bosons, we have instead opted to use the virtual
corrections for real on-shell weak bosons which we sub-
sequently decay ignoring spin correlations. Neglecting
spin correlations slightly modifies the shapes of the an-
gular distributions of the final state leptons, but the total
cross sections are not altered as long as no angular cuts
(e.g., rapidity cuts) are imposed on the final state lep-
tons. For realistic rapidity cuts, the total cross sections
are changed by typically 10% when spin correlations are
neglected. Since the virtual corrections are small (they
are typically less than 10% as large as the corresponding
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Born cross section) and the effects of spin correlations are
small, the overall result of ignoring spin correlations in
the virtual corrections is negligible compared to the 20%—
30% uncertainty from the parton distribution functions
and the choice of the scale Q2. (Note that spin correla-
tions are included everywhere in the calculations except

J

1933

in the virtual contributions.)

The results for the NLO calculation of pp — V1V, +
X — £181€285 + X can now be summarized. (The same
formalism holds for pp collisions with the obvious re-
placement p — p.) The NLO cross section consists of
four- and five-body final state contributions:

O'NLo(pﬁ — V1V2 + X - l121l2Z2 + X) = U‘Ilqgoody(pﬁ — V1V2 — 131171!2(72)
+05 body (PP = ViVa + X — £14:1£205 + X) . (3)

The four-body contribution is

U?%de(l)ﬁ - V\Va = £l14305) = oHC + Z

91,42

[ 'h/P(ml’M )qu/p(a:??M)

HC

dvdz, dz,

5 NLO

(@132 = ViVa = £4£14:05) + (21 © 23) ],
(4)

where 07© is the contribution from the hard collinear remnants (see the Appendix for the definition), the sum is over
all contributing quark flavors, v is related to the center-of-mass scattering angle 8* by v = %(1 + cos0*), x; and z;
are the parton momentum fractions, Gg/,(z, M 2) is a parton distribution function, M? is the factorization scale, and

d&NLO
dv

&Born

(0132 = ViVa = 1816,05) =

+Aro [9 + ng +31n(8,) — 21n(5,,)2] }

d o.vu-t

o

The caret denotes a parton level cross section,

the renormalization scale p2, 4,

of-mass energy, and Mpc

fied minimal subtraction (MS)

ing (DIS)] convention.

Vi — £14; and V3 — £,7; branching ratios.
The five-body contribution is

5 body (PP = ViV + X = lilalaly + X) = Y

a,b,c

1+ Cr O"(“ ){4ln(6 )2+3ln(

(@132 = ViVa = £1414,05)

M:,) +41n(8,) n( 55 s )

(q132 = V1Va) B(Vi = £141) B(Va — £283) . (5)

a,(u?) is the strong running coupling evaluated at
is the soft cutoff parameter,
specifies the factorization convention: Apc =
[22]] convention and Apc =
The virtual contribution [23], d6Vi™/dv(q13,

§ is the square of the parton center-
0 for the universal [modi-
1 for the physical [deep inelastic scatter-
— WiV2), is multiplied by the

d&(ab - WVVac— llzllngzC)

X [Ga/p(xly Mz) Gb/ﬁ(mz,Mz) + (111 g .’112)] d:l:l dl‘z ,

where the sum is over all partons contributing to the
three subprocesses q1§2 — V1Vag — lllllglzg, q19 —
ViVaga — £81£205q, and g@z — ViVaqy — 141420
The 2 — 5 subprocess is labeled by p; + p2 = ps +
P4 + ps + pe + pr and the kinematic invariants s;; and
t;j are defined by s;; = (p; + p;)? and t;; = (p; — p;)%.
The integration over five-body phase space and dz; dz,
is done numerically by standard Monte Carlo techniques.
The kinematic invariants s;; and ¢;; are first tested for

(6)

I

soft and collinear singularities. If an invariant for a sub-
process falls in a soft or collinear region of phase space,
the contribution from that subprocess is not included in
the cross section. The squared matrix elements for the
Born and real emission subprocesses were evaluated nu-
merically via helicity amplitude methods as described in
Ref. [5]. No attempt has been made to antisymmetrize
the amplitudes for the case of identical fermions in the
final state.
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III. PHENOMENOLOGICAL RESULTS

The phenomenological implications of NLO QCD cor-
rections to ViV, production at the Tevatron (pp colli-
sions at /s = 1.8 TeV) and the LHC (pp collisions at
/8 = 14 TeV) will now be discussed. This section be-
gins with a brief description of the input parameters and
acceptance cuts.

A. Input parameters

The numerical results presented in this section were
obtained using 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 ad-
justed whenever a heavy-quark threshold is crossed so
that a, is a continuous function of Q2. The heavy-quark
masses were taken to be my = 5 GeV and m; = 150 GeV.
The SM parameters used in the numerical simulations are
Mz = 91.173 GeV, My, = 80.22 GeV, a(My) = 1/128,
and sin’@, = 1 — (My,/M,)?. These values are con-
sistent with recent measurements at the CERN ete~
collider LEP, the CERN SppS Collider, and the Fermi-
lab Tevatron [24-26]. The soft and collinear cutoff pa-
rameters are fixed to §, = 1072 and . = 10~3 unless
stated otherwise. The parton subprocesses have been
summed over u,d, s, and ¢ quarks, and the Cabibbo mix-
ing angle has been chosen such that cos? ¢ = 0.95. The
leptonic branching ratios are B(W — ev) = 0.107 and
B(Z — e€) = 0.034, and the total widths of the W- and
Z bosons are 'y = 2.12 GeV and I'z = 2.487 GeV. A
single scale Q* = MY ., where My, v, is the invariant
mass of the V1V, pair, has been used for the renormal-
ization scale u? and the factorization scale M2.

In order to get consistent NLO results it is necessary
to use parton distribution functions which have been fit
to next-to-leading order. The numerical results were ob-
tained using the the Martin-Roberts-Stirling (MRS) [27]

set SO’ distributions with A4 = 215 MeV. The MRS dis-
tributions are defined in the universal (MS) scheme, and
thus the factorization defining parameter Apc in Egs. (5)
and (A2) should be Apc = 0. For convenience, the MRS
set SO’ distributions have also been used for the leading-
order (LO) calculations.

B. Cuts

The cuts imposed in the numerical simulations are mo-
tivated by the finite acceptance and resolution of the de-
tector. The finite acceptance of the detector is simulated
by cuts on the four-vectors of the final state particles.
These cuts include requirements on the transverse mo-
mentum p; and pseudorapidity n = Incot(6/2) of the
charged leptons and on the missing transverse momen-
tum P, associated with the neutrino(s). Charged lep-
tons are also required to be separated in azimuthal angle-
pseudorapidity space, AR = [(A$)% + (An)?]}/2, where 6
and ¢ are the polar and azimuthal angles relative to the
beam; this cut is impelled by the finite granularity of the
detector. The complete set of cuts can be summarized as
follows:

Tevatron LHC
pr(£) > 20 GeV pr(€) > 25 GeV
Pr > 20 GeV pr > 50 GeV
In(€)] < 2.5 In(£)| < 3.0
AR(£,£) <04 AR(¢,£) < 0.4

C. NLO cross sections

The dependence of the total cross section on the soft
and collinear cutoff parameters is illustrated in Fig. 1
which shows the total NLO cross section for pp —
727 +X = e“etp~pt + X plotted versus §, and &,
for /s = 14 TeV and the cuts described in Sec. IIIB.

407 ! T 40

[ a) pp2ZZ+X-e e u u*+X ] [ b) pp2ZZ+X2e e’ uu+X ]
30—~ Vs =14 TeV —] 30— Vs = 14 TeV — FIG. 1. The dependence of
[ ] l % ] the total NLO cross section for
i i r X 5-body ] pp = ZZ +X — eetpput
200 o 5—body — 20 — x X — +X at /s = 14 TeV on the soft
L X X ] i X ] and collinear cutoff parameters.
— r x ] r X ] In part (a) the total NLO cross
é i O 0O 0o o 8 -éa mEﬁ_ o ooo oaod g a4 section is plotted versus the soft
5 r total i r total x 3 cutoff parameter 6, for a fixed
r 1 - + value of §. = 5 x 10™*. In part
ol - ol + ] (b) the total NLO cross section
I + + 1 r + * 1 is plotted versus the collinear
- + 7 . - + . cutoff parameter . for a fixed
—10 + 4-body ] —10 4 + ] value of §, = 1072. The 4-
r ] r +  4-body ] and 5-body contributions are
L ¢=5Xx107* ] Lo+ 6,=107%] also shown. The cuts listed in

P ] _20-= T B R Sec. III B have been imposed.
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TABLE I

HADRONIC ZZ, W~ W*, AND W+Z PRODUCTION WITH QCD ...

Total cross sections for p(g_J)

1935

- ZZ + X o L6l + X,

p(iz) S W Wt 4+ X o lhinvedy + X, and p(z_a) — WZ + X — fivilal; + X for center-of-mass
energies corresponding to the present Tevatron, an upgraded Tevatron, and the proposed LHC.
The cross sections have been summed over £ = e, £ and both charges of the W in the W Z process.

The cuts listed in Sec. III B have been imposed.

V3 (TeV) PP a(Z2) (fb) a(W-W*) (fb) a(W*2Z) (fb)
1.8 pPp LO 4.8 190 17
NLO 6.2 260 22
3.5 PP LO 12 440 44
NLO 14 590 59
14 Pp LO 36 570 43
NLO 43 960 77

The n- and (n + 1)-body contributions are also plotted
for illustration (n = 4 for this process). The figure shows
that the 4- and 5-body contributions, which separately
have no physical meaning, vary strongly with é, and &,
however, the total cross section, which is the sum of the
4- and 5-body contributions, is independent of §, and &,
over a wide range of these parameters.

The total LO and NLO cross sections for weak-boson
pair production, with the cuts specified in Sec. III B, are
given in Table I for center-of-mass energies corresponding
to the present Tevatron (/s = 1.8 TeV), an upgraded
Tevatron (/s = 3.5 TeV), and the proposed LHC (/s =
14 TeV). The cross sections in Table I have been summed
over £ = e,u and both charges of the W in the W*Z
process.

For definiteness and convenience, differential cross sec-
tions will be given for the processes p(];) - 2Z+X >
e"etuut + X, pP = W-W+* + X 5 e veveet + X,
and pp = W*Z+X — veetp~p* + X. In practice, the
final state leptons would be summed over £ = e, u and
both charges of the W would be summed in the W Z pro-
cess. Thus the distributions given here would be scaled
up by the appropriate power of 2. The differential cross
sections include the cuts described in Sec. III B. The fig-

ures are arranged in two parts, with parts (a) and (b)
being the results for the Tevatron (/s = 1.8 TeV) and
LHC (/s = 14 TeV) energies, respectively. Both NLO
and LO results are shown. In some distributions, the
NLO 0-jet exclusive and the LO 1-jet exclusive cross sec-
tions are also given. For these exclusive cross sections it
is necessary to define a jet. A jet will be defined as a
final state quark or gluon with

pr(3) > 10 GeV and [n(5)] < 2.5 (7
at the Tevatron, and
pr(4) > 50 GeV and In(3) <3 (8)

at the LHC. The sum of the NLO 0-jet and the LO 1-
jet exclusive cross sections is equal to the inclusive NLO
cross section.

D. ZZ production

The first process to be considered is p(1—)) —=2Z+X >
e“etp~put + X. The invariant mass distribution of the
four leptons is displayed in Fig. 2; NLO and LO cross
sections are shown. The NLO corrections are nearly uni-

101 100
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[ a) pp~ZZ+X-e e u " u*+X ] [ b) pp~ZZ+X-e e*u u* +X ]
L Vs = 1.8 TeV ] L Vs = 14 TeV ]
i 1 1071 |- — o
E 3 FIG. 2. The invariant mass
I~ 102 |- solid = NLO — r solid = NLO ] of the four leptons in the
> F ] L ] (&
© - dashed = LO ] L dashed = L0 process pp — ZZ + X
) [ J — e"etp~pt + X. Parts (a)
~ - { 1072 - — and (b) are for the Tevatron
% 3 1 C 3 and LHC center-of-mass ener-
E . [ ] gies, respectively. The NLO
107° = — L . (solid line) and LO (dashed
L 1 10-8 ] line) cross sections are shown.
L ] E E The cuts listed in Sec. IIIB
L 4 L ] have been imposed.
1 3 N
e S A DU DU PR AW o4 Lol b i ey
100 200 300 400 500 600 200 400 600 800 1000

M(e“e*u"u*) (Gev)

M(e“e*u"u’) (Gev)
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form in the invariant mass at the Tevatron energy and
increase only slightly with the invariant mass at the LHC
energy.

Figure 3 shows the inclusive differential cross sec-
tion for the lepton transverse momentum (all four lep-
tons have been histogrammed, each with the full event
weight). At the Tevatron energy, the NLO corrections
increase slowly with py.(€), whereas at the LHC energy,
the corrections increase more rapidly with p(£). The
0-jet and 1-jet exclusive cross sections are also shown.
At the Tevatron energy, the 0-jet exclusive cross section
is slightly larger than the LO cross section, while the 1-
jet exclusive cross section is much smaller than the LO
cross section. At the LHC energy, the 1-jet exclusive
cross section is much smaller than the LO cross section
at small values of py(£), but becomes comparable to the
LO cross section at large values of p(£). The decompo-
sition of the NLO cross section into 0-jet and 1-jet com-
ponents shows that the large NLO corrections at high

pr(£) are due to contributions from 1-jet real emission
subprocesses. The 1-jet exclusive cross section becomes
a larger fraction of the total NLO cross section at higher
energies because the contributions from ¢g initial state
processes grow with the center-of-mass energy due to the
increasing gluon luminosity.

The 0-jet and 1-jet exclusive cross sections are, of
course, arbitrary since they depend on the jet definition.
For example, increasing the p; threshold for a jet will
suppress the 1-jet and enhance the 0-jet exclusive cross
sections (the 0-jet and 1-jet exclusive cross sections must
sum to the NLO cross section). Nevertheless, Fig. 3 il-
lustrates that for reasonable jet definitions, the 1-jet con-
tribution to the inclusive NLO cross section is small at
the Tevatron energy, but becomes significant at the LHC
energy, especially at high pr(£).

The inclusive differential cross section for the lepton
pseudorapidity, n = In cot(6/2) where 6 is the polar angle
of the lepton with respect to the proton direction in the

3.0 T ARARNRASES RARES RasEsaassnanny
[ a) pp>ZZ+X-e e upu’ +X ] 1251P) PPZZ+X-e e uTut +X ]
25~ Vs = 1.8 TeV — L Vs = 14 TeV ]
i 1 1001 —
20+ — r ]
& - :'//\ . r 1
~ L \ 4 - 4
2 sk S/ \" IS 7 2 b
5 i i \" ] r i FIG. 4. Same as Fig. 2 but
> r "/ solid = NLO \~ ] - solid = NLO 4 for .thF inc‘1u51‘ve ltlepton pseudo-
o F ! \', ] 5.0 h rapidity distribution.
10— /' dashed =L0 \' — or dashed = LO )
i // dotted = 0 jet \\ \ ] : dotted = 0 jet 1
- // dot-dash=1jet \\ A 251 dot—dash = 1 jet ]
051~ f7 S\ ' -
_/./ = N L = \
L L~ ~ N\ - S 4
./ ) - A/ - 4
Y A T N e S PP i P P N B B
-2 -1 0 1 2 -3 -2 -1 0 1 2 3
7n(1) n(l)
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laboratory frame, is given in Fig. 4. The NLO corrections
are largest in the central rapidity region. The 0-jet and 1-
jet exclusive cross sections are also shown. Notice that in
the ZZ process, the 1-jet exclusive cross section is small
compared to the NLO cross section. For the W~W* and
W Z processes, the 1-jet exclusive cross section becomes
a larger fraction of the total NLO cross section.

The angular distributions of the leptonic decay prod-
ucts contain information on the helicities of the vector
bosons. These distributions are simplest in the rest frame
of the individual vector bosons. For the decay of a po-
larized Z-boson, Z — e~ e™, the angular distributions of
the e~ in the Z-boson rest frame are

dt . GEM} 5, . .4
dCOSG( zZ — ) - 27['\/—2_ (gV +gA) sin 0’ (9)
dr GFPM3 [, 2 | 21 2
C _y=41)= 11 o
Teosg e =+ = 27 [(6h + 6k) 11+ cos?0)

+2gy, g4 cOs 0] , (10)
where 6 is the angle of the e~ with respect to the longitu-
dinal axis and A, denotes the polarization of the Z boson;
Az =0 and A; = £1 denote the longitudinal and trans-
verse polarizations, respectively. Here G is the Fermi
coupling constant and gy, (g4) is the vector (axial vector)
coupling of the Z boson to fermions. Since the Z-boson
coupling to charged leptons is almost purely axial vector,
transversely polarized Z bosons produce a %(1 + cos?6)
distribution for the e~, while longitudinally polarized Z
bosons yield a sin?@ distribution. Figure 5 shows the
polar angle distribution of the e~ in the parent Z-boson
rest frame, measured with respect to the parent Z boson
direction in the ZZ rest frame, i.e., c0sf.- = P.- - Pz
where p.- is the unit-normalized three-momentum of the
e~ in the parent Z-boson rest frame and p, is the unit-
normalized three-momentum of the parent Z boson in
the ZZ rest frame. The shapes of the distributions in
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Fig. 5 indicate that the transverse polarizations are dom-
inating the cross section. This is to be expected since
the ¢g annihilation process produces Z-boson pairs that
are primarily transversely polarized, especially at large
parton-center-of-mass energies. The sharp drops in the
distributions near cos .- = +1 are due to the kinematic
cuts.

Figure 6 shows the angular correlation between the
decay planes formed by the leptons. The angle x between
the decay planes is defined by

(Pe- X Pet) * (Pu- X Pu+)
|Pe- X Pe+| |Pu- X Pu+| ’

(11)

cosx =

where the momentum vectors are defined in the ZZ rest
frame. The NLO and LO curves have the same shape at
both energies. The shapes of these curves are dominated
by the effects of the kinematic cuts; without cuts the
curves are essentially flat [28].

E. W-W+ production

Attention now turns to the process pp — W~ W+ +
X — e U.ve.et + X. Since there are two invisible neutri-
nos in the final state, much of the final state kinematic
information is lost, and it is impossible to reconstruct the
W-W+ invariant mass. The best one can do is form the
transverse cluster mass [29] defined by

M (erbr) = /o2 +m2 + b T [per + 1] ;

(12)

where c is either a single particle or a cluster of several
particles. For the W~W* process the clusterisc = e~ +
et. The transverse cluster mass distribution is displayed
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in Fig. 7. The NLO corrections are nearly uniform in M.
at both the Tevatron and LHC energies. The invariant
mass of the charged leptons, M (e~e™), is also unchanged
in shape by the NLO corrections.

Figure 8 shows the inclusive differential cross sec-
tion for the charged lepton transverse momentum (both
charged leptons have been histogrammed, each with the
full event weight). The NLO corrections increase slowly
with p.(€) at the Tevatron energy, but at the LHC en-
ergy, they increase very rapidly with p(£). Similar be-
havior is observed in the p; spectra of the W bosons
(13,14]. The 0-jet and 1-jet exclusive cross sections are
also shown. At the Tevatron energy, the 0-jet cross sec-
tion is always larger than the 1-jet cross section. At the
LHC energy, on the other hand, the 0-jet cross section
dominates at small p;(£), while the 1-jet cross section

dominates at high p.(¢). This behavior is similar to that
observed in the ZZ process, except now the 1-jet compo-
nent is a larger fraction of the total NLO cross section.
The missing transverse momentum distribution is pre-
sented in Fig. 9. The p. distribution begins to fall rapidly
when p. =& My,. The NLO corrections increase with pr.
and become very large, especially at the LHC energy.
The 0-jet and 1-jet cross sections are also shown. The 0-
jet cross section dominates for p. S My, while the 1-jet
cross section dominates for p;. > My,. The large NLO
corrections at high p,. are due to 1-jet events. At LO
the W bosons are back to back in the transverse plane,
thus when high p;; W bosons decay, the decay product
neutrinos will also be nearly back to back in the trans-
verse plane. The missing transverse momentum, which is
the vector sum of the neutrino transverse momenta, thus
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FIG. 7. The transverse clus-
ter mass distribution for
the process pp - W~ W+
+X — e Deveet + X. Parts
(a) and (b) are for the Tevatron
and LHC center-of-mass ener-
gies, respectively. The NLO
(solid line) and LO (dashed
line) cross sections are shown.
The cuts listed in Sec. IIIB
have been imposed.
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FIG. 8. Same as Fig. 7 but
for the inclusive charged lepton
transverse momentum distribu-
tion. The 0-jet (dotted line)
and 1-jet (dot-dashed line) ex-
clusive cross sections are also
shown.

FIG. 9. Same as Fig. 7 but
for the missing transverse mo-
mentum distribution.

FIG. 10. Same as Fig. 7 but
for the inclusive charged lepton
pseudorapidity distribution.
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tends to be small due to the acollinear cancellation of the
neutrino momenta and the p. distribution falls rapidly.
On the other hand, when a W~ W* event contains a high
pr jet, the transverse angle between the decay product
neutrinos can easily be acute, thus yielding a much larger
value of p.

Figure 10 shows the inclusive pseudorapidity distri-
bution of the charged leptons. The NLO corrections
are once again largest in the central pseudorapidity re-
gion. The 0-jet and 1-jet exclusive cross sections are
also shown. The interesting feature to note is that com-
pared to the corresponding distribution for the ZZ pro-
cess (Fig. 4), the 1-jet cross section for the W~W pro-
cess is a larger fraction of the total NLO cross section.
This trend will continue for the WZ process.

Mz(e*uu" Br) (GeV)

F. WZ production

The final process to be considered is p(]—)) - WtZ +
X — veetu~pt 4+ X. This process is of special interest
because it is sensitive to the WW Z vertex. The discus-
sion here will be limited to the case of standard model
couplings at the WW Z vertex. A study of this process
with NLO corrections and anomalous couplings at the
WW Z vertex can be found in Ref. [30].

The transverse cluster mass [see Eq. (12)], where the
cluster is ¢ = et + u~ + u*, is shown in Fig. 11. The
NLO corrections are nearly uniform in My at both the
Tevatron and LHC energies. Since there is only one neu-
trino in the final state, it is possible to reconstruct the
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W Z invariant mass by requiring the invariant mass of the
electron plus neutrino system to be equal to the W-boson
mass. This constraint gives a quadratic solution for the
longitudinal momentum of the neutrino, and thus there
is a two-fold ambiguity in the reconstructed W Z invari-
ant mass. The reconstructed W Z invariant mass, formed
by histogramming both reconstructed invariant masses,
each with half the event weight, is qualitatively similar
to the cluster transverse mass. In particular, the shape
of the reconstructed W Z invariant mass is unchanged by
the NLO corrections.

Figure 12 shows the inclusive transverse momentum
distribution of the charged leptons (all three charged lep-
tons have been histogrammed, each with the full event
weight). The NLO corrections once again increase with
pr(£) and are especially large at the LHC energy. The
0-jet exclusive cross section is the dominant component

of the inclusive NLO cross section at the Tevatron en-
ergy, whereas at the LHC, the 0-jet cross section domi-
nates at small p(¢) while the 1-jet cross section domi-
nates at high p;(£). The pr. distribution, which is shown
in Fig. 13, exhibits the same qualitative features as the
pr(£) distribution.

The inclusive pseudorapidity distribution of the
charged leptons is displayed in Fig. 14. Note that the
1-jet cross section is now an even larger fraction of the
total NLO cross section than it was in either the ZZ or
W~W™ process (see Figs. 4 and 10).

Figure 15 shows the polar angle distribution of the
e’ in the W-boson rest frame, measured with respect
to the W-boson direction in the W+ Z rest frame, i.e.,
cosfo+ = Pe+ - Py Where P+ is the unit-normalized
three-momentum of the e* in the W-boson rest frame
and Py, is the unit-normalized three-momentum of the
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pseudorapidity distribution.
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W boson in the WZ rest frame. The cosf., distribu-
tion, and the analogous cosf,- distribution discussed
in the next paragraph, both contain twofold ambiguities
corresponding to the two solutions for the longitudinal
momentum of the neutrino. Both solutions have been
histogrammed, each with half the event weight. For the
decay of a polarized W boson, W+ — e*v,, the angular
distributions of the et in the W-boson rest frame are

dr GrMy, .
=0)= —F 0 13
dcosB( w =0) 8m/2 s (13)
dl GrMy, 1
Toasg Ow i1):———8’:n/§’ 5(1£cos0)’,  (19)

where 0 is the angle of the et with respect to the lon-
gitudinal axis and Ay, = 0 (£1) denotes the longitudi-
nal (transverse) polarization(s) of the W+ boson. The
qq annihilation process produces W Z pairs that are pri-

marily transversely polarized, furthermore, for ¢;q; —
W+Z, the helicity combination (A, = —1,A, = 1)
gives the dominant contribution [31]. This explains the
(1 — cos 6)? shape of the cos 6.+ distribution in Fig. 15.
The distributions fall near cos .+ = 1 due to the kine-
matic cuts.

Figure 16 shows the polar angle distribution of the
1~ in the Z-boson rest frame, measured with respect
to the Z-boson direction in the W+Z rest frame, i.e.,
cosf,- = Pp,- - Pz where p,- is the unit-normalized
three-momentum of the y~ in the Z-boson rest frame
and P is the unit-normalized three-momentum of the Z
boson in the W Z rest frame. Vestiges of the 1(1+cos?6)
distribution characteristic of transversely polarized Z
bosons can be seen in the figure. The asymmetry in the
distributions comes from the cosd term in Eq. (10) and
has a negative slope because the dominant contribution
comes from the helicity combination (Ay, = —1,A; = 1).
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FIG. 16. Same as Fig. 11 but
for the angular distribution of
the p~. The angle 6,- is mea-
sured in the Z-boson rest frame
with respect to the Z-boson di-
rection in the W Z rest frame.
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G. Discussion

Comparing the three processes, one sees that the NLO
corrections increase for the processes in the order ZZ,
W-W+, WZ. The 1-jet exclusive cross section also be-
comes a larger fraction of the total NLO cross section in
this same order. Both of these features are due to the
qg9 — V1V>q real emission subprocesses.

A decomposition of the NLO corrections into compo-
nents from order a, ¢¢ and gg initial states shows that
the ¢§ components are of similar size in all three pro-
cesses (the ¢g§ component is approximately 10% the size
of the corresponding Born cross section), whereas the or-
der a, gg component increases for the processes in the
order ZZ, W-W, WZ [15,16,14]. A similar decomposi-
tion of the 1-jet exclusive cross section exhibits the same
behavior.

The NLO corrections and the 1-jet fraction are largest
for the WZ process because the Born cross section for
this process is suppressed due to destructive interference
between the S-, T-, and U-channel Feynman diagrams.
This destructive interference produces an approximate
amplitude zero [31]; the dominant helicity amplitudes
(Aw = £1,Az = F1) have an exact zero, whereas the
other helicity amplitudes remain finite but small. The
situation is analogous to the ¢g¢§ — W+ process which,
because of the massless photon, has an exact zero in all
the helicity amplitudes [32]. The NLO QCD corrections
to the process gg — Wy are very large at high center-of-
mass energies as a result of the destructive interference
and the large gluon luminosity [33]. The approximate
amplitude zero in the ¢g¢§ - W Z process produces dips
in the distributions of cos* [31], y}, and y; — yy, [16],
where 6* is the center-of-mass scattering angle, y7 is the
Z-boson rapidity in the WZ center of mass frame, and
Yz (yw) is the Z-boson (W-boson) rapidity in the labo-
ratory frame. The approximate amplitude zero also sup-
presses the W Z Born cross section at high p;(Z). The
qg — W Zq subprocess, on the other hand, is not sup-
pressed by destructive interference. As a result, the NLO
corrections and the 1-jet fraction are larger for the WZ
process than for either the ZZ or W~W™ process.

In all three processes, the NLO corrections are largest
at high p; because the gg — V;V2q subprocesses are en-
hanced in diagrams where a weak boson and a quark are
produced at high py, with the quark radiating the other
weak boson, i.e., diagrams in which gg — V3 q followed by
g — gqV2. These subprocesses are enhanced by a factor
In?(py(V1)/My,) [16,14], which arises from the kinematic
region where V; is nearly collinear to the quark.

The W~W process has a larger NLO correction and a
larger 1-jet fraction than the ZZ process. These features
are again due to differences in the relative importance of
the gg initial state processes. The gg initial state pro-
cesses are of more relative importance for the W-W+
process than for the ZZ process; however, it is not clear
why this is so. The mass difference between the W and
Z boson is not enough to explain the difference.

Another notable feature of the NLO corrections is that
they increase with the center-of-mass energy. This be-
havior is also due to the gg initial state processes. The
contributions from these processes increases with the

center-of-mass energy due to the increasing the gluon lu-
minosity.

IV. SUMMARY

The QCD radiative corrections to hadronic ZZ,
W-W+, and W*Z production have been calculated to
order a, with leptonic decays of the weak bosons in-
cluded. The inclusion of the leptonic decays makes the
calculations more realistic since it is the leptonic decay
products that are observed in an experiment. Distribu-
tions of the final state decay products have been given
for both inclusive and exclusive channels for the Teva-
tron and LHC center-of-mass energies. The calculations
include typical acceptance cuts on the final state leptons.

The calculations were done by using the Monte Carlo
method for NLO calculations in combination with helic-
ity amplitude methods. With the Monte Carlo method
it is easy to impose experimentally motivated acceptance
cuts on the final state leptons, also, it is possible to calcu-
late the order a, QCD corrections for exclusive channels,

e.g., p(;B) — V1V2 4+ 0 jet. The narrow width approxima-
tion has been used for the decaying weak bosons. This
simplifies the calculation greatly since it is possible to ig-
nore contributions from nonresonant Feynman diagrams
without violating gauge invariance. Futhermore, in the
narrow width approximation it is particularly easy to ex-
tend previous NLO calculations of real weak boson pairs
to include the leptonic decays of the weak bosons. Spin
correlations are included everywhere in the calculation
except in the virtual contributions where they can be
safely neglected. Nevertheless, it would be desirable to
include spin correlations in the virtual contributions in
the future.

The QCD radiative corrections enhance the transverse
momenta spectra of the leptons at high p;, especially
at the LHC energy. These enhancements are due to the
opening of the gg subprocesses at order a,. The con-
tribution from these processes increases with the center-
of-mass energy due to the increasing gluon density in
the proton. Invariant mass and angular distributions are
scaled up in magnitude by the QCD radiative corrections,
but undergo little change in shape.
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APPENDIX: HARD COLLINEAR
CORRECTIONS

The real emission subprocesses g¢i(p1) + G2(p2) —
ViVag — £1(p3) + £1(ps) + £2(ps) + £2(ps) + g(p7) (and
the cross subprocesses) have hard collinear singularities
when t17 = 0 or ta7 — 0 [t;; = (p;i — pj)?]- These singu-
larities must be factorized and absorbed into the initial
state parton distribution functions. After the factoriza-
tion is performed, the contribution from the remnants of
the hard collinear singularities has the form
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Fy4 depend on the choice of factorization convention and
the parameter Apc specifies the factorization convention;
Arc = 0 for the universal [modified minimal subtraction
(MS) [22]] convention and Apc = 1 for the physical [deep

-8, 4,

z

G2 M?) P(2)

dZG/ ( Mz) qg(‘z)-|"G‘12/P("‘DZ’JW )/1 - dZZ Gq1/p< Mz)ﬁ (2)

(A1)

- P;(2) -

1

Arc Fij(z) . (A2)

inelastic scattering (DIS)] convention. For the physical
convention the factorization functions are

Fonl2) = Cr [11+ZZ ln(1;z> —gliz +2z+3],
(46)

Fogl2) = %[{ZZ L z)z}ln(l - )
+82(1—z) — 1]_ an

The transformation between the MS and DIS schemes is
discussed in Ref. [34]. The parameter M? is the factor-
ization scale which must be specified in the process of
factorizing the collinear singularity. Basically, it deter-
mines how much of the collinear term is absorbed into
the various parton distribution functions.

(1] E. Eichten, I. Hinchliffe, K. Lane, and C. Quigg, Rev.
Mod. Phys. 58, 579 (1984); 58, 1065(E) (1986).

[2] R. W. Brown and K. O. Mikaelian, Phys. Rev. D 19, 922
(1979).

[3] R. W. Brown, K. O. Mikaelian, and D. Sahdev, Phys.
Rev. D 20, 1164 (1979).

[4] U. Baur, E. W. N. Glover, and J. J. van der Bij, Nucl.
Phys. B318, 106 (1989).

[5] V. Barger, T. Han, J. Ohnemus, and D. Zeppenfeld,
Phys. Rev. D 41, 2782 (1990).

(6] J. C. Pumplin, W. W. Repko, and G. L. Kane, in Physics
of the Superconducting Super Collider, Snowmass, 1986,
Proceedings of the Summer Study, Snowmass, Colorado,
edited by R. Donaldson and J. Marx (Division of Parti-
cles and Fields of the APS, New York, 1987); D. A. Dicus,
C. Kao, and W. W. Repko, Phys. Rev. D 36, 1570 (1987);
D. A. Dicus, ibid. 38, 394 (1988).

(7] E. W. N. Glover and J. J. van der Bij, Phys. Lett. B 219,
488 (1989); Nucl. Phys. B321, 561 (1989).

[8] D. A. Dicus and C. Kao, Phys. Rev. D 43, 1555 (1991);
E. W. N. Glover and J. J. van der Bij, Phys. Lett. B 219,
488 (1989).

[9] H. Georgi, S. L. Glashow, M. E. Machacek, and
D. V. Nanopoulos, Phys. Rev. Lett. 40, 692 (1978).

[10] M. J. Duncan, G. L. Kane, and W. W. Repko, Nucl.

Phys. B272, 517 (1986); M. J. Duncan, Phys. Lett. B
179, 393 (1986); A. Abbasabadi and W. W. Repko, ibid.
199, 286 (1986); R. Kleiss and W. J. Stirling, ibid. 182,
75 (1986); J. F. Gunion, J. Kalinowski, and A. Tofighi-
Niaki, Phys. Rev. Lett. 57, 2351 (1986); D. A. Dicus,
S. L. Wilson, and R. Vega, Phys. Lett. B 192, 231 (1987);
A. Abbasabadi and W. W. Repko, Nucl. Phys. B292, 461
(1987); Phys. Rev. D 38, 289 (1987); 37, 2668 (1988);
D. A. Dicus and R. Vega, ibid. 37, 2474 (1988); Phys.
Rev. Lett. 57, 1110 (1986).

[11] J. Ohnemus and J. F. Owens, Phys. Rev. D 43, 3626
(1991).

[12] B. Mele, P. Nason, and G. Ridolfi, Nucl. Phys. B357,

409 (1991).

] J. Ohnemus, Phys. Rev. D 44, 1403 (1991).

] S. Frixione, Nucl. Phys. B410, 280 (1993).

] J. Ohnemus, Phys. Rev. D 44, 3477 (1991).

] S. Frixione, P. Nason, and G. Ridolfi, Nucl. Phys. B383,

3 (1992).

[17] S. Willenbrock and D. Zeppenfeld, Phys. Rev. D 37, 1775
(1988).

[18] H. Baer, J. Ohnemus, and J. F. Owens, Phys. Rev. D
40, 2844 (1989); 42, 61 (1990); Phys. Lett. B 234, 127
(1990); H. Baer and M. H. Reno, Phys. Rev. D 43, 2892
(1991); B. Bailey, J. Ohnemus, and J. F. Owens, ibid.



46, 2018 (1992); J. Ohnemus and W. J. Stirling, ¢bid.
47, 2722 (1993); H. Baer, B. Bailey, and J. F. Owens,
ibid. 47, 2730 (1993); L. Bergmann, Ph.D. dissertation,
Florida State University, Report No. FSU-HEP-890215,
1989 (unpublished).

[19] P. De Causmaecker, R. Gastmans, W. Troost, and
T. T. Wu, Phys. Lett. 105B, 215 (1981); Nucl. Phys.
B206, 53 (1982); F. A. Berends, R. Kleiss, P. De Caus-
maecker, R. Gastmans, W. Troost, and T. T. W, ibid.
B2086, 61 (1982); CALKUL Collaboration, F. A. Berends
et al., ibid. B239, 382 (1984); K. Hagiwara and D. Zep-
penfeld, ibid. B274, 1 (1986); Z. Xu, D.-H. Zhang, and
L. Chang, ibid. B291, 392 (1987); R. Gastmans and
T. T. Wu, The Ubiquitous Photon: Helicity Method for
QED and QCD (Oxford University Press, Oxford, 1990).

[20] G. 't Hooft and M. Veltman, Nucl. Phys. B44, 189
(1972).

[21] U. Baur, T. Han, and J. Ohnemus, Phys. Rev.
D 48, 5140 (1993).

[22] W. A. Bardeen, A. J. Buras, D. W. Duke, and T. Muta,
Phys. Rev. D 18, 3998 (1978).

(23] In Refs. (11,13 and 15] the factor A'/2(3, M} , M%)/
(163%), where A(a,b,c) = a® + b* + ¢ — 2 (ab + ac + bc),
was omitted from the virtual correction equations. Also
in Ref. [13], the last term in the equation defining Es
in the Appendix has the wrong sign; it should read
+8(U -T)/(S — 4).

[24] LEP Collaborations, D. Decamp et al., Phys. Lett. B
276, 247 (1992).

50 HADRONIC ZZ, W~W*, AND W£Z PRODUCTION WITH QCD . . . 1945

[25] D. Schaile, Z. Phys. C 54, 387 (1992).

[26] UA2 Collaboration, J. Alitti et al., Phys. Lett. B 241,
150 (1990); CDF Collaboration, F. Abe et al., Phys. Rev.
Lett. 65, 2243 (1990); Phys. Rev. D 43, 2070 (1991);
H. Plothow-Besch, CERN Report No. CERN-PPE-90-
168 (unpublished).

[27] A. D. Martin, R. G. Roberts, and W. J. Stirling, Phys.
Lett. B 308, 145 (1993).

[28] M. J. Duncan, G. L. Kane, and W. W. Repko, Phys. Rev.
Lett. 55, 773 (1985).

[29] V. Barger, A. D. Martin, and R. J. N. Phillips, Phys.
Lett. 125B, 339 (1983); E. L. Berger , D. DiBitonto,
M. Jacob, and W. J. Stirling, ibid. 140B, 259 (1984);
H. Baer, V. Barger, H. Goldberg, and R. J. N. Phillips,
Phys. Rev. D 37, 3152 (1988).

(30] U. Baur, T. Han, and J. Ohnemus UC-Davis Report No.
UCD-94-22 (unpublished).

(31] U. Baur, T. Han, and J. Ohnemus, UC-Davis Report No.
UCD-94-5 (unpublished).

[32] K. O. Mikaelian, M. A. Samuel, and D. Sahdev, Phys.
and D. Sahdev, Phys. Rev. D 20, 1164 (1979); S. J. Brod-
sky and R. W. Brown, Phys. Rev. Lett. 49, 966 (1982);
R. W. Brown, K. L. Kowalski, and S. J. Brodsky, Phys.
Rev. D 28, 624 (1983); R. W. Brown and K. L. Kowalski,
ibid. 29, 2100 (1984).

[33] J. Ohnemus, Phys. Rev. D 47, 940 (1993).

[34] J. F. Owens and W. K. Tung, Annu. Rev. Nucl. Part.
Sci. 42, 291 (1992).



