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The process p(f)) — WEy+ X — £*vy+ X is calculated to O(a;) for general C P-conserving WW~y
couplings. At the Fermilab Tevatron center-of-mass energy, the QCD corrections to W+ production
are modest, and the Born and inclusive O(a;) cross sections have similar sensitivities to the effects
of anomalous couplings. At supercollider energies, the inclusive QCD corrections are large at high
photon transverse momenta, reducing the sensitivity to nonstandard WW '~y couplings by up to a
factor 2. The size of the QCD corrections can be reduced significantly, and a large fraction of the
sensitivity lost can be regained, if a jet veto is imposed.

PACS number(s): 13.85.Qk, 12.38.Bx, 14.80.Er

I. INTRODUCTION

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. The three vector boson couplings predicted by
this non-Abelian gauge theory, however, remain largely
untested. The production of W+ pairs at hadron collid-
ers provides an excellent opportunity to study the WW+y
vertex [1, 2]. In addition, the reaction p(;;)) — W~ is of
special interest due to the presence of a zero in the ampli-
tude of the parton level subprocess g1G2 — W+ [3]. This
phenomenon may make it possible to measure the mag-
netic dipole moment and electric quadrupole moment of
the W boson [4,5]. In the SM, the WW vertex is com-
pletely fixed by the SU(2) @ U(1) gauge structure of the
electroweak sector. A measurement of the WW+ vertex
thus provides a stringent test of the SM.

In contrast with low energy data and high precision
measurements at the Z peak, collider experiments offer
the possibility of a direct, and essentially model indepen-
dent, determination of the three vector boson vertices.
Hadronic production of W+ pairs was first calculated in
Ref. [1]. The O(as;) QCD corrections to the reaction

PP — Wy were first evaluated in Ref. [6]. O(a?) QCD
corrections in the soft-plus-virtual gluon approximation
were recently estimated in Ref. [7]. Studies on the po-
tential for probing the WW+ vertex have been performed
for ete™ [8], ep [9], and PP [5,10-12] collisions. A gen-
eral discussion of nonstandard model couplings of the W
boson has been given in Ref. [10]. The first experimental
observation of W+ production in hadronic collisions has
recently been reported by the UA2 Collaboration [13].
Previous studies on probing the WW+y vertex via
hadronic W~ production have been based on leading-
order (LO) calculations [5,10-12]. In general, the inclu-
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sion of anomalous couplings at the WW vertex yields
enhancements in the W+ cross section, especially at
large values of the photon transverse momentum pr(7)
and at large values of the W+ invariant mass My, [5,
10-12]. A recent next-to-leading-order (NLO) calcula-
tion of hadronic W+ production [14] has shown that the
O(a,) corrections are large in precisely these same re-
gions. Furthermore, higher order corrections and anoma-
lous couplings both destroy the amplitude zero of the
lowest order process. It is thus vital to include the NLO
corrections when using hadronic W+ production to test
the WW+ vertex for anomalous couplings.

In this paper we calculate hadronic W+ production
to O(as), including the most general, CP-conserving,
anomalous WW+ couplings. We also include the leptonic
decay of the W boson in the narrow width approxima-
tion in our calculation. In this approximation, diagrams
where the photon is radiated off the final-state lepton line
are not necessary to maintain electromagnetic gauge in-
variance. For suitable cuts these diagrams can thus be ig-
nored, which considerably simplifies the calculation. Our
calculation, which has been performed using the Monte
Carlo method for NLO calculations [15], is described in
Sec. II. With this method, it is easy to calculate a variety
of observables simultaneously and to implement experi-
mental acceptance cuts in the calculation. It is also pos-
sible to compute the NLO QCD corrections for exclusive
channels, e.g., p(f)) — W~ +0 jet. Apart from anomalous
contributions to the WWy vertex we assume the SM to
be valid in our calculation. In particular, we assume the
coupling of the W bosons to quarks and leptons to be
given by the SM.

The results of our numerical simulations are given in
Sec. ITI. At supercollider energies, the inclusive NLO
QCD corrections are very large at high photon transverse
momenta in the SM. They have a severe negative impact
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on the sensitivity bounds for anomalous WW+ couplings
which can be achieved at the Superconducting Super Col-
lider (SSC) or CERN Large Hadron Collider (LHC). The
large QCD corrections are caused by the combined effects
of destructive interference in the Born subprocess, a log
squared enhancement factor in the ¢;9 — W~gs partonic
cross section at high photon transverse momentum [16],
and the large quark-gluon luminosity at supercollider en-
ergies. At the Fermilab Tevatron, on the other hand, the
O(as) QCD corrections are found to be modest and sensi-
tivities are only slightly affected by the QCD corrections.
In Sec. III we also show that the QCD corrections at high
pr(7y) can be significantly reduced and a large fraction of
the sensitivity to anomalous couplings lost at supercol-
lider energies can be regained, if a jet veto is imposed,
i.e., if the W+ + 0 jet exclusive channel is used to extract
information on the WW+~ vertex. We also find that the
residual dependence of the NLO Wy + 0 jet cross section
on the factorization scale Q2 is significantly smaller than
that of the O(a;) cross section for the inclusive reaction

p(]_J) — W+ 4+ X. Our conclusions are given in Sec. IV.
Finally, there are two Appendixes containing technical
details of the calculation.

II. FORMALISM

An O(a,) calculation of hadronic W+ production was
recently presented in Ref. [14]. The calculation was per-
formed for a real W boson in the final state and as-
sumed all couplings had their standard model values.
The results of Ref. [14] are extended in this section to
include the leptonic decay W — fv (¢ = e, ) and anoma-
lous (nonstandard model) couplings at the WW vertex.
First, the NLO Monte Carlo formalism used in this cal-
culation is summarized and the results of Ref. [14] are
outlined. These results are then generalized to include
the decay W — £v and the most general C P-conserving
W W+ couplings.

The calculation is done using the narrow width approx-
imation for the W decay. This simplifies the calculation
greatly for two reasons. First of all, it is possible to ignore
Feynman diagrams in which the photon is radiated off
the final-state lepton line without violating electromag-
netic gauge invariance. (Radiative W decay events can
be suppressed by a suitable choice of cuts [11] which we
will impose in our numerical simulations; see Sec. IIIB.)
Second, in the narrow width approximation it is partic-
ularly easy to extend the NLO calculation of Ref. [14] to
include the leptonic decay of the W boson.

A. Monte Carlo formalism

The NLO calculation of W+~ production includes con-
tributions from the square of the Born graphs shown in
Fig. 1, the interference between the Born graphs and the
virtual one-loop graphs shown in Fig. 2, and the square
of the real emission graphs shown in Fig. 3. Our calcu-
lation has been carried out using a combination of an-
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FIG. 1. Feynman diagrams for the Born subprocess

q1G2 = Wy — vy,

alytic and Monte Carlo integration methods [15]. The
basic idea is to isolate the soft and collinear singular-
ities 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 parameters 8, and .. Using dimensional
regularization [17], the soft and collinear singularities are
exposed as poles in € (the number of space-time dimen-
sions is N = 4 — 2¢ with € a small number). The infrared
singularities from the soft and virtual contributions are
then explicitly canceled while the collinear singularities
are factorized and absorbed into the definition of the par-
ton distribution functions or the photon fragmentation
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 §,
and §., 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; this will be demonstrated
later.

B. Summary of O(a,) W+ production

The NLO cross section for hadronic W+ produc-
tion [14] consists of two- and three-body final-state con-
tributions:
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(=) =) (=)
oNEO(pp = Wy + X) = 03 bouy (PP = W) + 03 boay (PP — W + X) . (1)

The two-body contribution is

Uglﬁoody(P(f’) - Wry) = opea + o + Z dv dz; dz;
91,42
2 d&NLO
X I:qu/p(xlaMz) qu};) (:BZ?M ) dv ((11(72 - W’Y) + (:171 And 12) ) (2)

where the quantities oN:Q and oHC are the contributions from the NLO bremsstrahlung cross section and the hard

collinear remnants, respectively. These contributions are defined in Appendixes A and B, respectively, for the case of

W+ production with leptonic decay of the W boson. In Eq. (2), the sum is over all contributing quark flavors, v is

related to the center-of-mass scattering angle 6* by v = %(1 + cos0*), x; and x5 are the parton momentum fractions,
Gq/p(z, M?) is a parton distribution function, M? is the factorization scale, and

dUNLO do.Born a, (/1'2) s
—(1f2 > W) = (0132 > W) +CFT{41 (8,)? +31n(M )+41n(6) (Mz)
+ )\FC (9 + %71'2 + 3111(53) -2 ln(&s)z) }]
do.vu't
+ (912 = W) . (3)

Here Cp = % is the quark-gluon vertex color factor, a,(u?) is the strong running coupling evaluated at the renor-
malization scale u?, §, is the soft cutoff parameter, and Apc specifies the factorization convention: Apc = 0 for the
universal [modified minimal subtraction (MS) [18]] convention and Apc = 1 for the physical [deep inelastic scattering
(DIS)] convention.

The O(a,) virtual contribution to the g1g2 — Wy cross section is

alo—""t ag(u?) 11 (s — M2 U o, |? (Q1t + Qou
(q1q2—>W'y) Cr 2(:)26( 167rs:V)NCe4|2‘g:;/| ( 1t+u2) QY (t,0) + Q2F 7 (w 1) (4)
where
2
w s s t 8 5, s s t u
=42yt y Y H(@tw) - S p AL
Fo () 42tu+2u+u (t,u) 37rt+u[t+s s
2 t
yalt6-16—2 16— 172 _ L4 % °
t+u u(t + u) U u t+u s+t
s s (t+s) s? 4s+u su
- 2t 41 ) 5
41n(M2> 3-+22 +4 Rt n(M2)[S+t t ar o (5)
and

—u 2 —u \2 . s . U
The W-boson mass is denoted by My,, Nc = 3 is the number of colors, e is the electromagnetic coupling constant,
Uy, q, is the Cabibbo-Kobayashi-Maskawa quark mixing matrix, zw = sin® y where 0y is the weak mixing angle,

and @, and Q) are the electric charges of ¢; and ¢, in units of the proton charge e. The 2 — 2 subprocess is labeled
by g1(p1) + G2(p2) = W (p3) + v(ps) and the parton level kinematic invariants s, ¢, u are defined by

s = (p1+p2)?, t=(p1—p3)?, u=(p1 —pa)?. (7)

The function Liy(z) is the dilogarithm function

Liz(z / In(1 — tz 2 (8)
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The three-body contribution to the NLO cross section is
T3 boay (PP 2> WY+ X) =Y / dé(ab — Wc) [Ga/p(wl,Mz) G, (22, M?) + (21 wz)]dwl dz2, (9)

a,b,c

where the sum is over all partons contributing to the
three subprocesses ¢1G2 — W~g, ¢19 — W+qs, and
g9G2 — W~g. The 2 — 3 subprocess is labeled by
Pp1 + P2 = p3 + ps4 + ps and the kinematic invariants s;;
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FIG. 2. Feynman diagrams for the virtual subprocess

q1G2 = W~ — fvy. Not shown are the diagrams obtained
by interchanging the W and ~.
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and t;; are defined by s;; = (p;+p;)? and t;; = (p; —p;)?.
The integration over three-body phase space and dz; dzs
is done numerically by standard Monte Carlo techniques.
The kinematic invariants s;; and t;; are first tested for
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.

Except for the virtual contribution, déVi't/dv in
Eq. (3), the O(as) corrections are all proportional to
the Born cross section. It is easy to incorporate the
decay W — {fv into those terms which are propor-
tional to the Born cross section; one simply replaces
d6Bo™(q1ds — Wry) with d6Bo™(q1q2 — Wy — fuy)
in Eq. (3). It is likewise easy to include the W decay
in the NLO bremsstrahlung, the hard collinear, and the
real emission contributions by making analogous replace-
ments. When working at the amplitude level, the W de-
cay is trivial to implement; one simply replaces the W-
boson polarization vector €,(k) with the W — fv decay
current J, (k) in the amplitude. Details of the amplitude
level calculations for the Born and real emission subpro-
cesses can be found in Ref. [19].

The only term in which it is more difficult to incorpo-
rate the W decay is the virtual contribution. Rather than
undertake the nontrivial task of recalculating the virtual

b4

FIG. 3. Feynman diagrams for the real emission subpro-
cess q1Ga — W+vg — fvvyg. Not shown are the diagrams
obtained by interchanging the W and ~.
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correction term for the case of a leptonically decaying W nored, the squared matrix element for W-boson produc-
boson, we have instead opted to use the virtual correction tion and decay factorizes into separate production and

for a real on-shell W boson which we subsequently decay decay squared matrix elements when the sum over spins
ignoring spin correlations. When spin correlations are ig- is carried out; i.e.,
J
S M@@ > W+ X 5o+ X)P ~ 3 Mg - W+ X)P(n)? BOV - ) 8(a, — M), (10)
spins spins

where B(W — fv) is the W — fv branching ratio and ¢2, is the squared v invariant mass.

Neglecting spin correlations slightly modifies the shapes of the angular distributions of the final-state leptons. If no
angular cuts (e.g., rapidity cuts) are imposed on the final-state leptons, then ignoring spin correlations does not alter
the total cross section. For realistic rapidity cuts, cross sections are changed by typically 10% if spin correlations are
neglected. Since the size of the virtual correction is only about 1% the size of the Born cross section, the overall effect
of neglecting the spin correlations in the virtual correction is expected to be negligible compared to the 20% — 30%
uncertainty from the parton distribution functions and the choice of the scale Q2. This will be demonstrated explicitly
in Sec. ITID. (Note that spin correlations are included everywhere in the calculation except in the virtual contribution.)

C. Incorporation of the decay W — £fv
The results for the NLO calculation of p(;;)) — W*y + X — ¢*vy + X can now be summarized. The NLO cross
section now consists of three- and four-body final-state contributions:
©) (=) ©)
crNLo(pp > Wy+X o5 bvy+ X) = Ugul;oody(pp = Wy = lvy) 4+ 04 boay (PP = Wy + X = vy + X) . (11)
The three-body contribution is

U;I,\Igoody(p(f)) — Wry = fvy) = opkQ 4 oHC 4 Z dvdzq dzs
91,92
d&NLO
X [qu/p($1,M2) G_ }7) (.’132,M2) dv (q1Q2 — W’y — el/’y) -+ (Z‘l g 152) , (12)
a@z/p
where abNrIég is the NLO bremsstrahlung cross section defined in Appendix A, ¢H€ is the hard collinear remnant

contribution defined in Appendix B, the sum is over all contributing quark flavors, and

dé’NLO da.Born
7 w £ =
dv (QI qz — vy = V’Y) dv

2
(9132 = Wy — Lvy) |:1 + CF%{élln(és)z

+ 31n(-]\;~;5) + 41n(s,) 1n(]\—;3) + Arc [9 + 272 4 31In(8,) — 21n(63)2} }]

d&virt
dv
The virtual contribution déVit/dv(g:g2 — W+), which is defined in Eq. (4), is multiplied here by the W — fv

branching ratio.
The four-body contribution is

+

(q1G2 = W) B(W — fv) . (13)

04 body(P(B S Wy+X s lvy+ X) = Z dé(ab - Wryc — Lvyc)

a,b,c
X [Ga/p(ml,Mz) Gb};) (x2, M?) + (z1 ¢ fl?z)] dz; dxo , (14)

where the sum is over all partons contributing to the three subprocesses g1 - Wvyg — fvyg, g19 = Wyqz — fvvqa,
and gg2 - W+v@ — fvvgi. The squared matrix elements for the Born subprocess and the real emission subprocesses
were evaluated numerically via helicity amplitude methods as described in Ref. [19].

D. Incorporation of anomalous W W+ couplings

The WW vertex is uniquely determined in the SM by SU(2) @ U(1) gauge invariance. In W+ production both
the virtual W and the decaying on-shell W couple to essentially massless fermions, which ensures that effectively
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8,W*# = 0. This condition together with Lorentz invariance, electromagnetic gauge invariance, and C'P conservation,
allows two free parameters x and A in the WWy vertex. The most general Lorentz and C P-invariant vertex compatible
with electromagnetic gauge invariance is described by the effective Lagrangian [20]

Lwwy=—ie |WI WHrA — WA W + sWIW,F* +

where A* and W* are the photon and W™ fields, respec-
tively, Wy, = 8,W, — 8,W,,, and F,, = 8, A, — 0, A,.
All higher dimensional operators are obtained by replac-
ing W# with (82)™W*#, where m is an arbitrary positive
integer, in the terms proportional to Ax = x — 1 and .
These operators form a complete set and can be summed
up by replacing Ax and A by momentum dependent form
factors. All details are contained in the specific functional
form of the form factor and its scale A. The form factor
nature of Ax and X will be discussed in more detail later.

In Eq. (15), without loss of generality, we have chosen
the W boson mass My as the energy scale in the de-
nominator of the term proportional to A. If a different
mass scale M had been used in Eq. (15), then all of our
subsequent results could be obtained by scaling A by a
factor M2/ MZ,.

The variables x and A are related to the magnetic
dipole moment uy and the electric quadrupole moment
Qw of the W boson:

uw=§]\*j—w(1+ﬁ+/\)7 (16)
Qw ==z (= X). (17)

At tree level in the SM, x = 1 and A = 0. The two
CP conserving couplings have recently been measured
by the UA2 Collaboration in the process pp — efvyX
at the CERN pp collider [13]:

i

T v
Mz W\ W E ], (15)

f
k=132 (for A=0), A=0317 (fork=1),
(18)

at the 68.3% confidence level (C.L.). Although bounds
on these couplings can also be extracted from low en-
ergy data and high precision measurements at the Z
pole, there are ambiguities and model dependencies in
the results [21-23]. From loop contributions to (g — 2),
one estimates [24] limits which are typically ~1 to 10.
No rigorous bounds on WW+ couplings can be obtained
from data from the CERN e*e~ collider LEP I if corre-
lations between different contributions to the anomalous
couplings are fully taken into account. Without serious
cancellations among various one-loop contributions, one
finds [23, 25] |Ak|, |A| < 0.5 —1.5 at the 90% C.L. from
present data on S, T, and U [26] (or, equivalently, €1, €2,
and €3 [27]). In contrast, one expects deviations from the
SM of ~ 1072 or less for x and ) if an approach based
on chiral perturbation theory [28] is used.

If CP violating WW+ couplings are allowed, two ad-
ditional free parameters, K and A appear in the effec-
tive Lagrangian. However, CP violating operators are
tightly constrained by measurements of the neutron elec-
tric dipole moment which restrict & and X to |&|, |A| S
1073 [29]. CP violating WW couplings are, therefore,
not considered in this paper.

The Feynman rule for the WW+ vertex factor corre-
sponding to the Lagrangian in Eq. (15) is

—ie(Q1— Q2) Ty, (k k1, k2) = —ie(Q1 — Q2) [I’Zﬁ’fu(k, k1, k2) + Tpan (K, k1, kz)] , (19)

where the labeling conventions for the four-momenta and Lorentz indices are defined by Fig. 4, (Q1 — Q2) is the
electric charge of the W boson (Q; and Q are the electric charges of g; and g2 in units of the proton charge e), and
the factors I'M and I'NSM are the SM and nonstandard model vertex factors:

ngu(k’ kla k2) = (kl - kZ)B [ +2 ku 9By — Zku 98u » (20)
1 k2 A
g (k k1, ko) = 3 (An + ,\M—z) (k1 — k2)g Gup — T (k1 — ko)g by ky + (A + A) ky gpu - (21)
w w

The nonstandard model vertex factor is written here in
terms of Ax = k—1 and A, which both vanish in the SM.

It is straightforward to include the nonstandard model
couplings in the amplitude level calculations. Using the
computer algebra program FORM [30], we have computed
the q1g2 — W virtual correction with the modified ver-
tex factor of Eq. (19), however, the resulting expression
is too lengthy to present here. The nonstandard WW+y
couplings of Eq. (15) do not destroy the renormalizabil-
ity of QCD. Thus, the infrared singularities from the soft

[

and virtual contributions are explicitly canceled, and the
collinear singularities are factorized and absorbed into
the definition of the parton distribution and photon frag-
mentation functions, exactly as in the SM case.

The anomalous couplings cannot be simply inserted
into the vertex factor as constants because this would
violate S-matrix unitarity. Tree level unitarity uniquely
restricts the WW+ couplings to their SM gauge theory
values at asymptotically high energies [31]. This implies
that any deviation of Ax or A from the SM expectation
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= ~ie(Ql—Q2)I‘ﬂ‘w(k,kl,k2)

FIG. 4.

Feynman rule for the general WW+ vertex. The
factor e is the electromagnetic coupling constant and (Q; —
Q2) is the electric charge of the W boson. The vertex function
Tuu(k, k1, k2) is given in Eq. (19).

has to be described by a form factor Ax(Mg,., ply,p3) or
MM, pYy,p2) which vanishes when either the square
of the W+ invariant mass, M‘%V'r’ or the square of the
four-momentum of the final state W or photon (p%, or
p2) becomes large. In W production p? = 0 and pj, ~
M, even when the finite W width is taken into account.
However, large values of M‘?V_Y will be probed at future
hadron colliders such as the LHC or the SSC and the
MEV,Y dependence of the anomalous couplings has to be
included in order to avoid unphysical results which would
violate unitarity. Consequently, the anomalous couplings
are introduced via form factors [10, 32]

AK
2 2 g2 2 oy 0
Ar(Mwy.Pw = M,y = 0) = G
Yy
(22)
Ao

2 2 2 2 _ —
MMy, pw = My, p5 = 0) = L+ MZ,_jA%)
v

(23)

where Axg and Ag are the form factor values at low en-
ergies and A represents the scale at which new physics
becomes important in the weak boson sector, e.g., due
to a composite structure of the W boson. In order to
guarantee unitarity, n > 1/2 for Ax and n > 1 for .
For the numerical results presented here, we use a dipole
form factor (n = 2) with a scale A = 1 TeV. The expo-
nent n = 2 is chosen in order to suppress W+~ production
at energies V3 > A > My, where novel phenomena
such as resonance or multiple weak boson production are
expected to become important.

III. PHENOMENOLOGICAL RESULTS

We shall now discuss the phenomenological implica-
tions of NLO QCD corrections to W+ production at the
Tevatron (pp collisions at /s = 1.8 TeV) and the SSC (pp
collisions at /s = 40 TeV). We first briefly describe the
input parameters, cuts, and the finite energy resolution
smearing used to simulate detector response. We then
discuss in detail the impact of NLO QCD corrections on
the observability of nonstandard WW+ couplings in W+
production at the Tevatron and SSC. To simplify the dis-

cussion, we shall concentrate on W+~ production. In pp
collisions the rates for W+~ and W~ production are
equal. At pp colliders, the W™+ cross section is slightly
smaller than that of Wy production. Furthermore, we
shall only consider W — ev decays in the following. Since
results and conclusions for W+~ production at the LHC
are qualitatively very similar to those obtained for the
SSC, we do not show differential distributions for LHC
energies.

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 parton distribution functions and is adjusted
whenever a heavy quark threshold is crossed so that o,
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 our numerical simulations are
Mz = 91.173 GeV, Mw = 80.22 GeV, a(Mw) = 1/128,
and sin® 0w = 1 — (My,/M,)?. These values are con-
sistent with recent measurements at LEP, the CERN
pp collider, and the Tevatron [33-35]. The soft and
collinear cutoff parameters are fixed to §, = 1072 and
8. = 1073 unless stated otherwise. The parton sub-
processes have been summed over u,d,s, and ¢ quarks
and the Cabibbo mixing angle has been chosen such that
cos20c = 0.95. The leptonic branching ratio has been
taken to be B(W — ev) = 0.109 and the total width
of the W boson is 'y = 2.12 GeV. Except where oth-
erwise stated, a single scale Q% = M&V,Y, where My, is
the invariant mass of the W+ pair, has been used for the
renormalization scale p? and the factorization scale M?2.

In order to get consistent NLO results it is necessary
to use parton distribution functions which have been fit
to next-to-leading order. In our numerical simulations
we have used the Martin-Roberts-Stirling (MRS) [36]
set SO distributions with Ay = 215 MeV, which take
into account the most recent New Muon Collaboration
(NMC) [37] and Chicago-Columbia-Fermilab-Rochester
(CCFR) Collaboration [38] data. The MRS distributions
are defined in the universal (MS) scheme and thus the
factorization defining parameter Apc in Egs. (3), (13),
and (B2) should be Apc = 0. For convenience, the MRS
set SO distributions have also been used for the LO cal-
culations.

B. Cuts

The cuts imposed in our numerical simulations are mo-
tivated by two factors: (1) the finite acceptance and res-
olution of the detector and (2) the need to suppress ra-
diative W decay which results in the same final state as
W+ production. The finite acceptance of the detector is
simulated by cuts on the four-vectors of the final-state
particles. This group of cuts includes requirements on
the transverse momentum of the photon and electron,
and on the missing transverse momentum p;. associated
with the neutrino. Also included in this group are cuts
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on the pseudorapidity 7 of the photon and electron. In
addition, the electron and photon are also required to be
separated in the pseudorapidity-azimuthal-angle plane

AR(e,y) = [(A¢e7)2 + (Anew)z] v . (24)

Since we ignore photon radiation from the final-state
lepton line in our calculation, it is necessary to impose
cuts which will efficiently suppress contributions from
this diagram. In radiative W decays the lepton pho-
ton separation sharply peaks at small values due to the
collinear singularity associated with the diagram in which
the photon is radiated from the final-state lepton line. In
the following we shall therefore impose a large separation
cut of AR(e,~y) > 0.7. Contributions from W — ev~y can
be further reduced by a cluster transverse mass cut. In
radiative W decays the ev pair and the photon form a sys-
tem with invariant mass M (evy) close to My, whereas
for W~ production M (ev) is always larger than My, if
finite W-width effects are ignored. This difference sug-
gests that an M (evy) cut can be used to separate eyp,
events originating from radiative W decays from evyp,
events originating from W+ events. However, because of
the nonobservation of the neutrino, M (evy) cannot be
determined unambiguously and the minimum invariant
mass or the cluster transverse mass [39] is more useful:

M3 (erite) = (M2 + oo + 22 @) 4]

—|pr(v) + Pre) + Br|*- (25)

Here M.., denotes the invariant mass of the ey pair. For
W — ev+y the cluster transverse mass peaks sharply at
My, [39] and drops rapidly above the W mass. Thus
eypr events originating from W+ production and radia-
tive W decays can be distinguished if My (evy; 1) is cut
slightly above My, (Ref. [5]). In our numerical results
we thus require

My (ey;pr) > 90 GeV . (26)

As shown in Ref. [11], this cut, together with the lepton
photon separation cut, is quite efficient in suppressing
radiative W decay events.

At leading order, W+ events are produced not only
by the Born subprocess ¢1g2 — W+ but also by the
photon bremsstrahlung process which proceeds via sub-
processes such as ¢19 — Wyg, followed by photon
bremsstrahlung from the final-state quark. As demon-
strated in Ref. [40], the bremsstrahlung process is not
only significant, but is in fact the dominant produc-
tion mechanism at supercollider center-of-mass energies.
However, the bremsstrahlung process does not involve
the WWy vertex and is thus a background to the Born
process which is sensitive to the WW+« coupling. For-
tunately, the photon bremsstrahlung events can be sup-
pressed by requiring the photon to be isolated [40]. A
photon isolation cut typically requires the sum of the
hadronic energy FEi,q4 in a cone of size Ry about the di-
rection of the photon to be less than a fraction €, of the
photon energy E., i.e.,
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Z FEhag < €, E’Y y (27)
AR<Rg

with AR = [(A¢)? + (An)?]*/2. To suppress the photon
bremsstrahlung background, a photon isolation cut with
ep, = 0.15 [41] and Ro = 0.7 will be applied in the numer-
ical results presented in this section. For this value of €,
the photon bremsstrahlung background is less than 10%
of the Born W+ signal rate.

The complete set of cuts can now be summarized as
follows:

Tevatron SSC

pr(y) > 10 GeV pr(y) > 100 GeV
pr(e) > 20 GeV pr(e) > 25 GeV

Pr > 20 GeV P > 50 GeV
In(v)| < 1.0 In(v) < 2.5
[n(e)| < 2.5 In(e)| < 3.0

AR(e,v) > 0.7 AR(e,y) > 0.7

My (ev; pp) > 90 GeV My (ev;pyp) > 90 GeV
AR<0.T FE, <0.15 E.y NN E, < 0.15 E’Y

The effects of nonstandard WW'y couplings are most
pronounced in the central photon rapidity region. We
therefore impose a rather stringent cut on 7(v), in par-
ticular at the Tevatron. The large p;(y) and P, cuts at
SSC energies are chosen to reduce potentially dangerous
backgrounds from W + 1 jet production, where the jet is
misidentified as a photon, and from processes where par-
ticles outside the rapidity range covered by the detector
contribute to the missing transverse momentum. Present
studies [42,43] indicate that these backgrounds are under
control for p;(y) > 100 GeV and g > 50 GeV.

C. Finite-energy resolution effects

Uncertainties in the energy measurements of the
charged lepton and the photon in the detector are
simulated by Gaussian smearing of the particle four-
momentum vector with standard deviation o in our cal-
culation. For distributions which require a jet definition,
e.g., the Wy + 1 jet exclusive cross section, the jet four-
momentum vector is also smeared. The standard devi-
ation o depends on the particle type and the detector.
The numerical results presented here for the Tevatron
and SSC center-of-mass energies were made using o val-
ues based on the Collider Detector at Fermilab (CDF)
and Solenoidal Detector Collaboration (SDC) specifica-
tions, respectively [44, 43].

D. Inclusive NLO cross sections

The sensitivity of W+ production to anomalous WW+
couplings in the Born approximation was studied in detail
in Refs. [10] and [11]. The photon transverse momentum
distribution, do /dpr(vy), the photon rapidity spectrum in
the parton center-of-mass frame, do/d|y}|, and the W
invariant mass differential cross section do/dMy,  were
found to be sensitive to the anomalous couplings. Of
these three distributions, the p, () distribution is the
most sensitive indicator of anomalous couplings since it
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is a directly observable quantity. On the other hand, the
y5 and My, distributions can only be reconstructed with
a twofold ambiguity corresponding to the two solutions
for the longitudinal momentum of the neutrino. Thus
the sensitivity of these two distributions to anomalous
couplings is degraded.

At hadron colliders the W+ invariant mass cannot be
determined unambiguously because the neutrino from
|

pL(V) Zp%(e)

where pr(e) denotes the longitudinal momentum of the
electron. The two solutions for p; (v) are used to recon-
struct two values for My, and y;. Both values are then
histogrammed, each with half the event weight.

The dependence of the total cross section on the
collinear and soft cutoff parameters is illustrated in Fig. 5
which shows the total NLO cross section for pp —
Wty + X — etvy + X plotted versus §. and §,, for
+/8 = 40 TeV and the cuts described in Sec. III B. The
n- and (n + 1)-body contributions are also plotted for
illustration (n = 3 for this process). The figure shows
that the 3- and 4-body contributions, which separately
have no physical meaning, vary strongly with §. and §,,
however, the total cross section, which is the sum of the
3- and 4-body contributions, is independent of §. and d,
over a wide range of these parameters.

The differential cross section for pp(vy) in the reac-
tion pp - Wty + X — etvy+ X at /s = 1.8 TeV
is shown in Fig. 6. The Born and NLO results are
shown in Figs. 6(a) and 6(b), respectively. In both cases,
results are displayed for the SM and for two sets of
anomalous couplings, namely, (Ao = 0.5, Ak = 0) and
(Ao = 0, Akg = 1.0). For simplicity, only one anomalous
coupling at a time is allowed to differ from its SM value.
The figure shows that at the Tevatron center-of-mass en-
ergy, NLO QCD corrections do not have a large influence
on the sensitivity of the photon transverse momentum
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the W decay is not observed. If the transverse momen-
tum of the neutrino is identified with the missing trans-
verse momentum of a given W+ event, the unobserved
longitudinal neutrino momentum p; () can be recon-
structed, albeit with a twofold ambiguity, by imposing
the constraint that the neutrino and the charged lepton
four-momenta combine to form the W rest mass [5, 45].
Neglecting the electron mass one finds

(28)

[
distribution to anomalous couplings. Closer inspection
reveals, however, that the shape of do/dpy () is changed
somewhat in the SM case, while it remains essentially un-
modified for nonstandard couplings. The O(a;) correc-
tions at Tevatron energies are approximately 30% for the
SM as well as for the anomalous coupling cases at small
photon transverse momenta. In the SM case, the size of
the QCD corrections increases to ~ 60% at large values of
pr(7), whereas they stay essentially at the 30% level for
(sufficiently large) nonstandard WW+ couplings. Since
the anomalous terms in the helicity amplitudes grow like
V'3/Mw (/M%) for Ak ()\), nonstandard couplings give
large enhancements in the cross section at large values of
pr(7)-

Figure 7 shows the reconstructed invariant mass dis-
tribution of the W+ system for the same set of parame-
ters as in the previous figure. The Born and NLO cross
sections again display similar sensitivity to the effects
of anomalous couplings. The shape change of the SM
invariant mass distribution is less pronounced than in
do/dpy (7).

The size of the O(a,;) QCD corrections becomes more
obvious in the photon rapidity distribution in the recon-
structed parton center-of-mass frame, do/d|y}|, which is
shown in Fig. 8. The parameters are again the same as
in Fig. 6. The pronounced dip at |y5| = 0 in the SM
case can be understood as a consequence of the radiation

FIG. 5. Total cross section for pp —
Wy + X — etvey + X at /s = 40 TeV;
(a) vs 6. and (b) vs §,. The 3- and 4-body
contributions are also shown. The cuts im-
posed are summarized in Sec. III B.
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amplitude zero (RAZ). For ud - Wy (da — W) all
contributing helicity amplitudes vanish for cos ® = —1/3
(+1/3), where © is the angle between the quark and
the photon in the parton center-of-mass frame. As a
result, do/d|yy| develops a dip at |y}| = 0. The inclu-
sion of anomalous couplings at the W W+ vertex destroys
the RAZ and the dip is, at least partially, filled. Com-
parison of Figs. 8(a) and 8(b) shows that NLO QCD
corrections and anomalous WW+y couplings affect the
lyy| distribution in a qualitatively similar way. Next-
to-leading log QCD corrections, however, do not com-
pletely obscure the dip at |y}| = 0. At Tevatron en-
ergies, the dominant contribution to the NLO cross sec-
tion originates from quark-antiquark annihilation. Apart
from the photon bremsstrahlung contribution, 0'11;2;3 [see
Eq. (12)], which is strongly suppressed by the photon
isolation cut, Eq. (27), all 2 — 2 terms are proportional

pr(7) (GeV)

to the ¢1§2 — W+ matrix element in the Born approxi-
mation and, therefore, preserve the radiation zero. Fur-
thermore, the 2 — 3 process ¢1§; — W*~g exhibits a
RAZ at cos® = F1/3 if the gluon is collinear with the
photon [46], and also in the soft gluon limit, £, — 0.
The pp(y) differential cross section, the reconstructed
W« invariant mass distribution, and the |y}| distribution
for W+ production at the SSC are shown in Figs. 9 — 11.
Qualitatively similar results are also obtained for W~y
production. Results are shown for the SM (solid line)
and for two sets of anomalous couplings, namely, (Ao =
0.25, Akg = 0) (dashed line) and (Ag = 0,Axe = 1.0)
(dotted line). Because of the form factor parameters as-
sumed, the result for Axy = 1 approaches the SM result
at large values of p;(v) and Mw.,. As mentioned before,
we have used n = 2 and a form factor scale of A =1 TeV
in all our numerical simulations [see Egs. (22) and (23)].

FIG. 7. The inclusive differential cross
— section for the reconstructed W+ mass in the
3 reaction pp — Wty + X — etvey + X
at /s = 1.8 TeV; (a) in the Born approxi-
mation and (b) including NLO QCD correc-
~_ ] tions. The curves are for the SM (solid lines),
Ao = 0.5 (dashed lines), and Ako = 1.0 (dot-
] ted lines). The cuts imposed are summarized
1 in Sec. ITIIB.
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For a larger scale A, the deviations from the SM result
become more pronounced at high energies and transverse
momenta (see Ref. [10] for details).

At SSC energies, the inclusive NLO QCD corrections
are very large, most notably in the SM case. The shape
of the p(y) distribution is significantly affected by the
O(a,) corrections. For pp(y) = 1 TeV, the QCD cor-
rections increase the SM cross section by more than one
order of magnitude. In the presence of anomalous cou-
plings, the higher order QCD corrections are smaller than
in the SM, although they are still large. Thus, at next-
to-leading order, the sensitivity of the photon transverse
momentum spectrum to anomalous couplings is severely
reduced; the same is true, although to a smaller degree,
for the W invariant mass distribution (see Fig. 10). The
low invariant mass tail in the NLO My, distribution is
due to events where the W boson and the photon are
almost collinear. The dip at |y}| = 0, indicating the ra-
diation zero, is completely filled by the QCD corrections

10~!

(see Fig. 11). Note that the |yj| distributions for the
NLO SM and the Ako = 1 Born approximation are quite
similar.

E. Exclusive NLO QCD corrections and jet veto

The size of the O(a;) QCD corrections at supercol-
lider energies and their effect on the shape of the p,(v)
distribution can be understood by considering the Born
process ¢1G2 — W+ and the quark gluon fusion process
q19 — W+gz in more detail. In the SM, delicate can-
cellations between the amplitudes of the three Born dia-
grams shown in Fig. 1 occur in the central rapidity region.
These cancellations are responsible for the radiation zero
and suppress the W+ differential cross section, in partic-
ular for large photon transverse momenta.

In the limit pr(v) > Mw, the cross section for ¢1g —
W~gqs can be obtained using the Altarelli-Parisi approx-
imation for collinear emission. One finds

FIG. 9. The inclusive differential cross
section for the photon transverse momentum
in the reaction pp = Wty + X — etvey+ X
at /s = 40 TeV; (a) in the Born approxi-
mation and (b) including NLO QCD correc-
tions. The curves are for the SM (solid lines),
Ao = 0.25 (dashed lines), and Axo 1.0
(dotted lines). The cuts imposed are sum-
marized in Sec. IIIB.
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1672 M3,
(29)

where gy, = e/sinfw. Thus, the quark gluon fusion
process carries an enhancement factor In?[p2.(v)/ME,] at
large photon transverse momentum. It arises from the
kinematical region where the photon is produced at large
pr and recoils against the quark, which radiates a soft W
boson which is almost collinear to the quark. Since the
Feynman diagrams entering the derivation of Eq. (29) do
not involve the WW 'y vertex, the logarithmic enhance-
ment factor only affects the SM matrix elements. At the
SSC, the pr(v) differential cross section obtained using
Eq. (29) agrees within 40% with the exact photon trans-
verse momentum distribution for p,(v) > 300 GeV. To-
gether with the very large ¢g luminosity at supercollider
energies and the suppression of the SM W+ rate at large
photon transverse momenta in the Born approximation,

the logarithmic enhancement factor is responsible for the
size of the inclusive NLO QCD corrections to W+ pro-
duction, as well as for the change in the shape of the
pr(7y) distribution. The same enhancement factor also
appears in the antiquark gluon fusion process, however,
the gg luminosity is much smaller than the gg luminosity
for large photon transverse momenta. Since the W does
not couple directly to the gluon, the process ¢13; — W+yg
is not enhanced at large photon transverse momenta.
From the picture outlined in the previous paragraph,
one expects that, to next-to-leading order at supercol-
lider energies, W+ events with a high p; photon most
of the time also contain a high transverse momentum
jet. At the Tevatron, on the other hand, the fraction of
high p;(v) W+ events with a hard jet should be consid-
erably smaller, due to the much reduced gg luminosity
at lower energies. For a given jet definition it is straight-
forward to split the inclusive NLO W+ + X cross section
into the NLO W+ + 0 jet and the leading order (LO)
W~ + 1 jet cross sections. The decomposition of the
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FIG. 11. The inclusive differential cross
section for the photon rapidity in the re-
constructed center-of-mass frame for the re-
action pp - Wty + X — etvey + X at
v/s = 40 TeV; (a) in the Born approxima-
tion and (b) including NLO QCD correc-
tions. The curves are for the SM (solid lines),
] Ao = 0.25 (dashed lines), and Ako = 1.0
1 (dotted lines). The cuts imposed are sum-
marized in Sec. III B.
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inclusive SM NLO p;.(v) and |y}| differential cross sec-
tions into NLO 0-jet and LO 1-jet exclusive cross sec-
tions at the Tevatron (SSC) are shown in Figs. 12(a)
and 13(a) [Figs. 14(a) and 15(a)], respectively. The SM
NLO 0-jet pp(v) and |y3| distributions at the Tevatron
(SSC) are compared with the corresponding distribu-
tions obtained in the Born approximation in Figs. 12(b)
and 13(b) [Figs. 14(b) and 15(b)]. Here, a jet is defined
as a quark or gluon with

pr(7) >10 GeV and |n(j)| < 2.5 (30)
at the Tevatron, and
pr(j) > 50 GeV and [n(j)| < 3 (31)

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

With the jet definition of Eq. (30), the inclusive NLO
cross section at the Tevatron is composed predominately

pr(7) (GeV)

of 0-jet events at low pp () [see Fig. 12(a)]. Due to the
logarithmic enhancement factor, the 1-jet cross section
becomes relatively more important at large photon trans-
verse momenta. For pp(y) values above 100 GeV the 0-jet
and 1-jet cross sections contribute nearly equally to the
inclusive NLO cross section. Figure 12(b) compares the
NLO W+ + 0 jet cross section with the result obtained
in the Born approximation. The NLO and Born cross
sections are almost equal at small pp(y) for the jet def-
inition used here. For large photon transverse momenta
the NLO 0-jet result is about 20% smaller than the cross
section in the Born approximation. It is obvious from
Fig. 12 that the QCD corrections to the NLO 0-jet pp(7)
distribution are much smaller than the inclusive O(as,)
corrections.

The results shown in Fig. 12 were obtained for Q2
Mﬁ,,y. Since the W+ + 1 jet and the W+ + 0 jet cross
section in the Born approximation are tree level results,
the shape and the absolute normalization of the p;(vy)
distributions are sensitive to the choice of the factoriza-
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tion scale Q2. For Q% = Mﬁ,, for example, the Wy +1 jet
cross section is larger than the NLO W+ + 0 jet result
for pr(y) > 70 GeV. The p,(v) differential cross section
in the Born approximation also changes its shape quite
considerably. Whereas the result for do/dpy(y) changes
very little at small p; (), the differential cross section
at pp(y) = 200 GeV for Q2 = MZ, is about a factor 2
larger than the result for @ = M#,, . On the other hand,
the NLO W+ + 0 jet photon p; differential cross section
is very insensitive to the value of Q% chosen. The Q2
dependence of the W+ cross section will be discussed in
more detail later.

Figure 13(a) displays the inclusive NLO, the O(a,)
0-jet, and the LO 1-jet |y}| distributions for Tevatron
energies. As we have observed earlier, the inclusive NLO
QCD corrections partially fill in the dip at |y}| = 0 which
signals the SM radiation zero. It is clear from Fig. 13(a)
that events with a high p, jet are responsible for this
effect. The exclusive NLO 0-jet and Born [y3| distri-
butions are very similar, as demonstrated in Fig. 13(b).
This is not surprising, since the contributions from the

pr(7) (GeV)

2 — 3 processes are suppressed in the 0-jet configura-
tion. Apart from the photon bremsstrahlung term which
contributes negligibly for the photon isolation cut we im-
pose [see Eq. (27)], all 2 — 2 contributions preserve the
radiation zero.

The decomposition of the inclusive NLO photon p;
distribution at the SSC into 0-jet and 1-jet fractions is
shown in Fig. 14. For transverse momenta close to the
minimum p;.(7y) threshold, the 0-jet and 1-jet rates are
approximately equal. At high pr (), the 1-jet cross sec-
tion completely dominates. In Fig. 14(b), the NLO 0-
jet photon p;, distribution is compared to the photon
transverse momentum distribution in the Born approxi-
mation. Although the QCD corrections for W+ + 0 jet
production are much smaller than in the inclusive reac-
tion pp - W+ + X, they are still sizable. At small pp,
the O(a,) corrections to W+ + 0 jet production increase
the cross section by about a factor 2 for the parame-
ters used, whereas the QCD corrected cross section is
somewhat smaller than the result obtained in the Born
approximation at high photon transverse momenta.
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Figure 15(a) shows the inclusive NLO, the O(a;)
W + 0 jet, and the LO W+ + 1 jet |y3| distributions
for pp collisions at /s = 40 TeV. At small rapidities, the
1-jet channel contributes about 60% to the inclusive NLO
cross section; for |y3| > 1.4 the O-jet and 1-jet cross sec-
tions are approximately equal. In Fig. 15(b) we compare
the NLO 0-jet result with the prediction obtained in the
Born approximation. For the jet definition of Eq. (31),
the QCD corrections to the Wy +0 jet cross section com-
pletely fill the dip at |y%| = 0. For |y| < 0.7, the NLO
0-jet cross section is almost completely flat. Even if the
jet defining p, threshold is reduced to 30 GeV, the radia-
tion zero is still completely obscured by the QCD correc-
tions. For the reduced p; threshold, the NLO 0-jet |yZ|
distribution almost coincides with the result obtained in
the Born approximation for |y*| > 1 and is practically
constant for |y3| < 0.7.

One of the motivations for performing NLO calcula-
tions is that the results often show a less dramatic depen-
dence on the renormalization and factorization scale than
the LO result. Figure 16 shows the scale dependence of
the Born, the inclusive NLO, the O(a;) 0-jet exclusive,
and the 1-jet exclusive cross sections for the Tevatron,
LHC, and SSC center-of-mass energies. To obtain the
cross section at LHC energies, the same cuts and jet def-
inition as for the SSC have been imposed. The total cross
section for the reaction p(z_)) > Whry+ X 5 efvy+ X
is plotted versus the scale Q. The factorization scale M?
and the renormalization scale u? have both been set equal
to Q2.

The scale dependence of the Born cross section enters
only through the Q2 dependence of the parton distribu-
tion functions. The qualitative differences between the
results at the Tevatron and the supercolliders are due to
the differences between pp versus pp scattering and the
ranges of the = values probed. At the Tevatron, W+ pro-
duction in pp collisions is dominated by valence quark
interactions. The valence quark distributions decrease
slightly with Q2 for the z values probed at the Tevatron.
On the other hand, at the LHC and SSC, sea quark inter-
actions dominate in the pp process and smaller z values
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are probed. The sea quark distributions increase with
Q? for the = values probed at the LHC and SSC. Thus
the Born cross section decreases slightly with Q2 at the
Tevatron but increases with Q2 at the LHC and SSC. The
relative stability of the Born cross section at the Teva-
tron is accidental and depends on the cuts. For a larger
pp(y) cut, the Born cross section varies more strongly
with Q.

The scale dependence of the 1-jet exclusive cross sec-
tion enters via the parton distribution functions and the
running coupling a;(Q?%). Note that the 1-jet exclusive
cross section is calculated only to lowest order and thus
exhibits a considerable scale dependence. The depen-
dence on Q here is dominated by the scale dependence of

 a,(Q?) which is a decreasing function of Q?. At the NLO
level, the Q dependence enters not only via the parton
distribution functions and the running coupling a,(Q?),
but also through explicit factorization scale dependence
in the order a,(Q?) correction terms [see Eq. (13)]. The
NLO 0-jet exclusive cross section is almost independent
of the scale Q. Here, the scale dependence of the parton
distribution functions is compensated by that of a,(Q?)
and the explicit factorization scale dependence in the cor-
rection terms. The () dependence of the inclusive NLO
cross section is dominated by the 1-jet exclusive com-
ponent and is significantly larger than that of the NLO
0-jet cross section. (The slight differences between the
scale dependencies shown here and in Ref. [14] are due
to the different cuts on the final state particles.)

The results obtained for the NLO exclusive W+ + 0 jet
and the LO exclusive Wvy+1 jet differential cross sections
depend explicitly on the jet definition. Only the inclusive
NLO distributions are independent of the jet definition.
The sensitivity of the NLO W~ 40 jet differential cross
section to the jet defining p; threshold is investigated
in Fig. 17(a) where we compare the photon transverse
momentum distribution obtained in the Born approxi-
mation (solid line) with the p; () spectrum of the NLO
Wty + 0 jet process for two different jet definitions at
the SSC. The dashed line shows the result obtained using
the definition of Eq. (31). The dotted line displays the
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FIG. 16. The total cross section for p(;)) — Wty + X — etvey + X in the SM vs the scale Q; (a) at the Tevatron, (b)
at the LHC, and (c) at the SSC. The curves represent the inclusive NLO (solid lines), the Born (dot-dashed lines), the LO
1-jet exclusive (dashed lines), and the NLO 0-jet exclusive (dotted lines) cross sections. The cuts imposed are summarized in
Sec. III B. For the jet definitions, we have used Egs. (30) and (31).
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FIG. 17. The differential cross section for
the photon transverse momentum in the re-
action pp — Wty + 0 jet — et vey + 0 jet at
v/s = 40 TeV in the SM. (a) Comparison of
the result obtained in the Born approxima-
tion (solid line) with the NLO prediction for
two different p,(j) thresholds. (b) Q* depen-
dence of the py(v) distribution in the Born
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and at next-to-leading order in «, (dashed
N and dotted line). The cuts imposed are sum-
- marized in Sec. IIIB.
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result if the p;(j) threshold is lowered to 30 GeV. In this
case, the pr(y) differential cross section is approximately
30% smaller than the result obtained for a 50 GeV p;(j)
threshold. Present studies [43] suggest that jets with
pr > 50 GeV can be identified at the SSC without prob-
lems, whereas it will be difficult to reconstruct a jet with
a transverse momentum smaller than about 30 GeV. The
dashed and dotted lines in Fig. 17(a) therefore represent
the typical uncertainties in the NLO W+ + 0 jet cross
section originating from the jet definition at the SSC.
Qualitatively similar results are obtained for the Teva-
tron. The jet transverse momentum threshold can also
not be lowered to arbitrarily small values in our calcu-
lation for theoretical reasons. For transverse momenta
below 5 GeV (20 GeV) at the Tevatron (SSC), soft gluon
resummation effects are expected to significantly change
the jet pp distribution [47]. These effects are not included
in our calculation.

In Fig. 16 we illustrated the dependence of the total
cross section on the factorization and renormalization

* ¢]
0 200 400 600 800 1000 0 200 400 600

pr(7) (GeV)

800 1000

scale Q. The total cross section, however, only poorly
reflects the scale dependence of the differential cross sec-
tion. In Fig. 17(b) we investigate the Q dependence of the
pr(7) differential cross section at the SSC for W*~y+0 jet
production at NLO, using the jet definition of Eq. (31).
Results are shown for Q? = My, (dashed line) and
Q? = M3, (dotted line). The result obtained for the
NLO W~ + 0 jet pp(y) distribution is almost indepen-
dent of the scale over the whole range of pr(y) shown.
In contrast, the p; () differential cross section obtained
in the Born approximation displays a slight change in
shape if Q2 is changed from Mg, (solid line) to Mg,
(dot-dashed line). The variation of the shape of the pho-
ton pp distribution with Q? in the Born approximation
is somewhat more pronounced at Tevatron energies.
The results shown in Figs. 12-15 suggest that the size
of the O(a,;) QCD corrections can be significantly re-
duced by vetoing hard jets in the central rapidity region,
i.e., by imposing a “zero jet” requirement and considering
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the W+ 4+ 0 jet channel only. A zero jet cut, for example,
has been imposed in the CDF measurement of the ratio
of W to Z cross sections [48] and the W mass measure-
ment [49]. Figure 18 demonstrates that a jet veto to a
large extent restores the sensitivity to anomalous WW+~y
couplings lost in the inclusive NLO case at the SSC. Ve-
toing against jets with pr(j) > 50 GeV and |n(j)| < 3,
the O(as) QCD corrections affect the shape in the SM
case, as well as for anomalous couplings, only modestly.
For nonstandard W W+~ couplings, the shape is changed
in a significant way for photon transverse momenta below
400 GeV only.

F. Sensitivity limits

As we have demonstrated so far, O(a,;) QCD correc-
tions significantly affect W+ production at hadron collid-
ers and may reduce the sensitivity to anomalous WW+
couplings substantially unless a jet veto is imposed. We
now want to make this statement more quantitative by
comparing the sensitivity limits for Akq and Ag achiev-
able at the Tevatron and SSC for W+ production in the
Born approximation with the bounds obtained from the
inclusive NLO W~y + X and the exclusive NLO W++0 jet
calculation. To derive 10 and 20 (68% and 95% confi-
dence level) limits we use the p;(y) distribution and as-
sume an integrated luminosity of 100 pb~! at the Teva-
tron and 104 pb~! at the SSC. In the Born approxima-

TABLE 1.
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tion, the photon transverse momentum distribution in
general yields the best sensitivity bounds. Furthermore,
we use the cuts summarized in Sec. III B and the jet def-
initions in Egs. (30) and (31). Only W — ev decays are
taken into account in our analysis. To extract limits at
the Tevatron, we shall sum over both W charges. For the
SSC, we consider only W+ production. Interference ef-
fects between Akg and \¢ are fully incorporated in our
analysis.

The statistical significance is calculated by splitting
the pr () distribution into 8 (5) bins at the SSC (Teva-
tron). In each bin the Poisson statistics are approxi-
mated by a Gaussian distribution. In order to achieve
a sizable counting rate in each bin, all events with
pr(y) > 450 GeV (30 GeV) at the SSC (Tevatron) are
collected in a single bin. This guarantees that a high
statistical 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 section. Background contributions are ignored in
our derivation of sensitivity bounds.

Our results are summarized in Table I. The limits for
Ak apply for arbitrary values of A\ and vice versa. At
the Tevatron, QCD corrections only slightly influence
the sensitivities which can be achieved with 100 pb~—1.
The inclusive NLO W#*y + X and the exclusive NLO
W~ + 0 jet limits are virtually identical. From the dis-

Sensitivities achievable at the 10 and 20 confidence levels (C.L.) for the anomalous WW+ couplings Axo and

Xo in pp — WEy + X — e*vy+ X at the Tevatron and pp = W¥y+ X — ety + X at the SSC. The limits for Axo apply for
arbitrary values of Ao and vice versa. For the form factors we use Egs. (22) and (23) with n = 2 and A = 1 TeV. We assume an
integrated luminosity of 100 pb™! at the Tevatron and 10 pb~! at the SSC. The cuts summarized in Sec. IIIB are imposed.
In the NLO 0-jet case we have used the jet definitions in Egs. (30) and (31).

(a) Tevatron

Coupling C.L. Born appr. Incl. NLO NLO 0-jet
+1.8 +1.7 +1.7

Aro 2o -1.6 -15 -15
+1.1 +1.0 +1.0

lo

—0.8 —~0.8 —0.8

N 3 +0.53 +0.50 +0.51

0 v —0.58 —0.56 —0.57

1 +0.29 +0.27 +0.28

v -0.35 ~0.34 ~0.34

(b) SSC

Coupling C.L. Born appr. Incl. NLO NLO 0-jet
A . +0.33 +0.46 +0.37

° —0.34 —0.59 —0.39

1o +0.18 +0.26 +0.22

—0.24 —0.39 —~0.24
N 9 +0.033 +0.044 +0.033

0 7 —0.029 —0.053 ~0.035

1o +0.022 +0.028 +0.020

—0.018 —0.038 —0.022
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cussion in Secs. IIID and IIIE one would expect that
the sensitivity limits from the inclusive NLO Wy + X
cross section are somewhat worse than those obtained
using the Born approximation. Table I shows that this
is not the case. This result can be easily understood by
noting that only about 11 events with pp(v) > 30 GeV
are expected in the SM, including O(as) QCD correc-
tions, for 100 pb~!. Because of the small number of
events, the reduced sensitivity to anomalous WW+~ cou-
plings originating from the shape change induced by the
O(a,) corrections at large photon transverse momenta
is not reflected in the bounds which can be achieved for
the anomalous couplings. The slight improvement with
respect to the limits obtained using the Born approxima-
tion is due to the increased cross section in the inclusive
NLO case.

At SSC energies, the situation changes quite drasti-
cally. Inclusive NLO QCD corrections reduce the sensi-
tivity to Ako (Ao) by a factor ~ 1.7 (~ 2.1), although the
inclusive O(a,) corrections increase the total cross sec-
tion by more than a factor 3. Furthermore, interference
effects between the SM and anomalous terms in the helic-
ity amplitudes considerably increase when inclusive NLO
QCD corrections are taken into account. As a result, the
bounds in the inclusive NLO case depend significantly
on the sign of the anomalous coupling, in contrast to the
limits obtained in the Born approximation. The increase
of these interference effects is due to the logarithmic en-
hancement factor which is present in the SM quark-gluon
fusion term at large photon transverse momenta.

A large portion of the sensitivity lost in the inclusive
NLO case can be regained if a jet veto is imposed. The
NLO Wy + 0 jet limits are typically 10-20% weaker
than those obtained in the Born approximation and de-
pend only marginally on the jet definition criteria. In
Sec. IIIE we found that the NLO W+~ + 0 jet differential
cross section is more stable to variations of the factoriza-
tion scale Q2 than the Born and inclusive NLO W~ + X
cross sections [see Figs. 16 and 17(a)]. The systematic
errors which originate from the choice of Q2 thus will be
smaller for bounds derived from the NLO W+ + 0 jet dif-
ferential cross section than those for limits obtained from
the inclusive NLO W+ 4+ X or the Born cross section.
Note that the results shown in Table I automatically im-
ply that W+ 4+ 1 jet production, with a high transverse
momentum jet, will be less sensitive to anomalous WWy
couplings than W+ + 0 jet production.

The bounds shown in Table I have been derived for a
dipole form factor (n = 2) with a scale of A =1 TeV. At
Tevatron energies, the sensitivities achievable are insensi-
tive to the exact form and the scale of the form factor (for
A > 400 GeV). At the SSC, the situation is different and
the sensitivity bounds depend significantly on the value
chosen for A [10]. For A = 5 TeV, for example, the limits
of Table I(b) improve by a factor ~ 2.5 (~ 2) for Akg
(A0)- The bounds in the inclusive NLO case are again
weaker by up to a factor of 2 compared to those obtained
in the Born approximation. If a jet veto is imposed, the
sensitivities achievable are very similar to those found in
the Born approximation. The usefulness of the zero jet
requirement, thus, does not depend on details of the form
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factor assumed for the nonstandard WW+y couplings.

In Table I, we have shown sensitivity limits only for
the Tevatron and SSC. At LHC energies, the situation
is very similar to that encountered at the SSC. For an
integrated luminosity of 10 pb—!, the sensitivities which
can be achieved at the LHC are about a factor 1.5 worse
than those expected for the SSC.

The bounds displayed in Table I are quite conservative.
If W — uv decays and, at the SSC, W~ + X produc-
tion are included, the limits can easily be improved by
20-40 %. Further improvements may result from using
more powerful statistical tools than the simple x? test
we performed. Our results, however, clearly demonstrate
the advantage of a jet veto to probe the structure of the
W W+ vertex in W+ production at hadron supercolliders.

IV. SUMMARY

W+ production in hadronic collisions provides an op-
portunity to probe the structure of the WW+ vertex in a
direct and essentially model independent way. Previous
studies of p(z_)) — W+ [10, 11] have been based on lead-
ing order calculations. In this paper we have presented
an O(a,) calculation of the reaction p(z_; S WEy4+ X -
vy + X for general, CP conserving, WW~ couplings,
using a combination of analytic and Monte Carlo integra-
tion techniques. The W — fv decay has been included
in the narrow width approximation in our calculation. In
this approximation, diagrams in which the photon is ra-
diated off the final-state lepton line are not necessary to
maintain electromagnetic gauge invariance. For suitable
cuts these diagrams can thus be ignored, which consider-
ably simplifies the calculation. W decay spin correlations
are correctly taken into account in our approach, except
in the finite virtual contribution. The finite virtual cor-
rection term contributes only at the percent level to the
total cross section and W decay spin correlations can thus
be safely ignored here.

The photon p, differential cross section is very sen-
sitive to nonstandard WW+~ couplings. We found that
QCD corrections significantly change the shape of this
distribution. This shape change is due to a combination
of destructive interference in the W+ Born subprocess
and a logarithmic enhancement factor in the gg and gg
real emission subprocesses. The destructive interference
suppresses the size of the W+~ Born cross section and is
also responsible for the radiation amplitude zero. The
logarithmic enhancement factor originates in the high
pr(7y) region of phase space where the photon is bal-
anced by a high p; quark which radiates a soft W boson.
The logarithmic enhancement factor and the large gluon
density make the O(a,) corrections large at high p, (),
especially when the center of mass energy is large.

Since the Feynman diagrams responsible for the en-
hancement at large photon transverse momenta do not
involve the W W'y vertex, inclusive NLO QCD corrections
to W+~ production tend to reduce the sensitivity to non-
standard couplings. At the Tevatron, for an integrated
luminosity of 100 pb—1, this effect is overwhelmed by the
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increase in cross section induced by the QCD corrections.
Because of the very large quark-gluon luminosity at the
LHC and SSC, however, one expects that the sensitiv-
ity bounds which can be achieved at those machines are
reduced by up to a factor 2 (see Table I).

The size of the QCD corrections at large photon trans-
verse momenta may be reduced substantially and a large
fraction of the sensitivity to anomalous WW+ couplings
which was lost at SSC and LHC energies may be regained
by imposing a jet veto, i.e., by considering the exclu-
sive W~ + 0 jet channel instead of inclusive W~ + X
production. Such a “zero-jet” requirement may be also
very helpful to suppress the background from t¢-y produc-
tion [50] at the LHC and SSC. Furthermore, we found
that the dependence of the NLO W+~ + 0 jet cross sec-
tion on the factorization scale Q? is significantly reduced
compared to that of the inclusive NLO W+~ + X cross
section. Uncertainties which originate from the variation
of Q2 thus will be smaller for sensitivity bounds obtained
from the W~ +0 jet channel than those for limits derived
from the inclusive NLO W+ + X cross section.

Although the magnitude of the QCD corrections at
SSC energies is significantly reduced if a jet veto is im-
posed, the residual NLO corrections to W+ + 0 jet pro-
duction are still quite large, in particular for small values
of p7(7v), and cannot be ignored. This also means that
in order to complete our understanding of QCD correc-
tions in W+ production, a full calculation of the O(a?)
corrections at SSC energies will be necessary. These cor-
rections have recently been calculated in Ref. [7] in the
soft-plus-virtual gluon approximation for CERN pp col-
lider and Tevatron energies. Jet vetoing may also be
useful to reduce the size of the O(a?2) corrections.

s
Torem = 3 | Gaya(a, M?) Gy p(zs, M?) D, /c(zc,Mz)d—‘;(ab — We — bve) dzg dzy dz. dv .

a,b,c

Our results show that NLO QCD corrections only
slightly influence the sensitivity limits which can be
achieved at the Tevatron. Nevertheless, it will be impor-
tant to take these corrections into account when extract-
ing information on the structure of the WW+ vertex,
in order to reduce systematic and theoretical errors. At
the LHC and SSC it will be absolutely necessary to take
into account the effects of higher order QCD corrections
when experimental data and theoretical predictions for
W~ production are compared.

ACKNOWLEDGMENTS

We would like to thank S. Errede, E. Laenen, J. Smith,
G. Valencia, and D. Zeppenfeld for stimulating discus-
sions. Two of us (U.B. and J.O.) wish to thank the
Fermilab Theory Group and the Institute for Elementary
Particle Physics Research at the University of Wisconsin—
Madison for their warm hospitality during various stages
of this work. This work was supported in part by the
U.K. Science and Engineering Research Council and the
U.S. Department of Energy under Contract No. DE-
FGO05-87ER40319. T. Han was supported in part by the
Texas National Research Laboratory Commission under
Contract No. FCFY9116.

APPENDIX A: PHOTON BREMSSTRAHLUNG

The photon bremsstrahlung contribution to W+ pro-
duction and decay is calculated by convoluting the O(a,)
hard scattering subprocess cross section for W produc-
tion and decay with the appropriate parton distribution
and fragmentation functions:

(A1)

The squared matrix element for the subprocess q;(p1) + g2(p2) = Wg — £(ps) + v(pa) + g(ps) is

[ti} + t§3]

2 29 3 2
iM(qlq_z - Wg — ll/g)‘ T s 534

$%;V t15t25 [(334 _M‘%V)2+ (FWMW)Z] )

(A2)

where s;; = (p; + p;)?, tij = (pi — p;j)?, and T'w is the total width of the W boson; spin and color averages are not
included. The squared matrix elements for the subprocesses g9 — Wqy — fvgs and ggs — W§; — £v§, are obtained
by crossing p; <+ —ps and p; <> —ps, respectively, and introducing an overall minus sign. If a photon isolation cut of
the type discussed in Sec. IIIB is included, then the range of z is reduced from 0 < 2 < 1to 1/(1 4+ ¢€4) <z < 1.

The LO bremsstrahlung cross section is obtained by using leading-log fragmentation functions. The numerical work
in this paper was done using the parametrizations of Ref. [51] for the LO fragmentation functions:

Q2(2.21 — 1.282 + 1.2922)2%-04°
1-1.63In(1 — 2)

sz"g(z, Q) =F

_0.194

ZD,I;?Q(Z, QZ) — 5 F (1 _ 2)1'03 2_0'97,

+0.0020(1 — 2)2'02_1'54] ,

(A3)

(A4)

where Qg is the electric charge of the quark ¢ (in units of the proton charge e), F = (a/27) In(Q?/A?), and A = A4.
Since a,(Q?) = 12n/[(33 — 2NF) In(Q?/A?)], these fragmentation functions are proportional to a/a,.
The logarithmic growth of the fragmentation functions arises from an integration over the transverse momentum
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of the photon with respect to the quark. The upper limit for this integration has been taken to be the typical hard
scattering momentum scale Q2. The divergence associated with the lower limit has been regulated by using the QCD
scale parameter A as an infrared cutoff. Details on the derivation of these fragmentation functions can be found in
Refs. [51, 52].

At the next-to-leading-order there are collinear singularities associated with final-state bremsstrahlung which must
be factorized and absorbed into fragmentation functions. This will modify the leading-order quark fragmentation
functions such that

]1\1/1:10(’2) = «,/q(l) o QZ [{L%;_(};:_zﬁ} ln{z(l - z)tscf]\}—zz} + z] .

Here &, is the collinear cutoff parameter and M? is the factorization scale. The new term is the remnant of the collinear
singularity after the factorization process has been performed. The gluon fragmentation function is unchanged.

(A5)

APPENDIX B: HARD COLLINEAR CORRECTIONS

The real emission processes, e.g., q1(p1) + G2(p2) = W~g — £(p3) + v(psa) + v(ps) + 9(pe), have hard collinear
singularities when t;6 — 0 or ¢3¢ — 0. These singularities must be factorized and absorbed into the initial-state
parton distribution functions. After the factorization is performed, the contribution from the remnants of the hard
collinear singularities has the form

aﬁczz Qs @(qq — W~ — fvy)dvdz, dx
2| 3 Tdv 192 1422
q1,92
1-48, d 1 d
z ~ Z T 2 ~
x| Gaujplas, M?) / 6.0 ) (22, M7) Poy(2) + G o1, M?) / Gy (2M2) Prg(2)
T2 T2
1-4, p 1
z T - -
+G_ —)($21M2) / _Gm/p(_lsz) Pee(2) + G _ —)(‘732’M2)/ ““Gy/p( 2) qu(z)] , (Bl
32/p z z a2/p
T 1
I
with Arc = 1 for the physical (DIS) convention. For the phys-
~ 1 S1a ical convention the factorization functions are
Py(2) = Py(e) In (526428 ) = Ph(2) = dve Fi(2). e 1o\ 3 1
Fo(2) =Cr In - = + 2z 4+ 3],
(B2) 1—2 z 21—2
The Altarelli-Parisi splitting functions in N = 4 — 2¢ (B6)
dimensions for 0 < z < 1 are
1+ 22
= —_— —_ 1—
Pag(2,€) = Cr [ = <@ z)] ’ B3 pa() = %I:{zz +(1- z)z}ln( . z)
1 2 2
Pog(z,€) = 20=¢) [+ (1 —-2)" =, (B4) +82(1 — z) — 1] . (B7)
and can be written
P;j(z,€) = Pij(2) + eP}(2) , (B5) The transformation between the MS and DIS schemes is

discussed in Ref. [53]. The parameter M? is the factor-

which defines the Pj; functions. The functions Fyq and  ization scale which must be specified in the process of

F,4 depend on the choice of factorization convention and
the parameter Apc specifies the factorization convention;
Arc = 0 for the universal (MS [18]) convention and

factorizing the collinear singularity. Basically, it deter-
mines how much of the collinear term is absorbed into
the various parton distributions.
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