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QCD corrections and anomalous couplings inZg production at hadron colliders
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The processespph→Zg1X→l 1l 2g1X (l 5e,m) andpph→Zg1X→ n̄ ng1X are calculated toO(as)
for generalZZg andZgg couplings. The impact ofO(as) QCD corrections on the observability ofZZg and
Zgg couplings inZg production at the Fermilab Tevatron and the CERN Large Hadron Collider~LHC! is
discussed.@S0556-2821~98!01605-1#
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I. INTRODUCTION

Experiments at high energy hadron colliders provide
excellent opportunity to probe the interactions of the el
troweak gauge bosons. Recent observation of electrow
gauge boson pair production at the Fermilab Tevatron h
provided further confirmation of the electroweak stand
model ~SM! and have significantly tightened the constrain
on possible non-standard model self-interactions of the e
troweak gauge bosons@1–5#. For instance,Wg production
@1,2# can be used to study theWWg vertex,WZ production
can be used to probe theWWZvertex, andW1W2 produc-
tion @3,4,6# is sensitive to both theWWg andWWZ vertex
functions. Furthermore, efforts have also been made
search for evidence of nonzeroZZg and Zgg couplings in
Z(→l 1l 2)g (l 5e,m) @5,7,8# andZ(→ n̄ n)g production
@5,9#. These couplings vanish in the SM at the tree lev
However, if new interactions beyond the SM are respons
for nonzeroZZg or Zgg couplings, thenZg production
could provide a clean signal for new physics.

Previous studies ofZZg andZgg couplings in hadronic
Zg production were based on leading order calculations@10#.
Next-to-leading order~NLO! calculations ofpph→Zg pro-
duction in the SM have shown that the NLO corrections
largest at high values of the photon transverse momen
and high values of theZg invariant mass@11,12#. These are
the same regions of phase space where the effects of
standardZZg andZgg couplings are most pronounced@10#.
It is therefore important to include NLO corrections wh
probing for evidence of nonstandardZZg and Zgg cou-
plings in hadronicZg production. This paper presents a ca
culation of hadronicZ(→l 1l 2)g andZ(→ n̄ n)g produc-
tion toO(as), including the most general nonstandardZZg
and Zgg couplings, and the decay of theZ boson in the
narrow width approximation. Because of the largerZ→ n̄ n

branching ratio, theZ(→ n̄ n)g cross section is about a fac
tor 3 larger than the combinedZ(→e1e2)g and Z
(→m1m2)g rates. This results in substantially better lim
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on anomalousZZg andZgg couplings in theZ→ n̄ n chan-
nel @9#.

To perform our calculation, we use the Monte Car
method for NLO calculations described in Ref.@13#. In the
calculation the SM is assumed to be valid apart from anom
lies in theZZg andZgg vertices. In particular, we assum
the couplings ofW andZ bosons to quarks and leptons to b
given by the SM, and that there are no nonstandard coupl
of theZg pair to two gluons@14#. The gluon fusion process
gg→Zg, is small in the SM@15# and is not considered in
this paper. Section II briefly reviews the method used
carry out the calculation, and describes how anomalousZZg
andZgg couplings are incorporated.

In Sec. III, we discuss how NLO QCD corrections influ
ence the photon transverse momentum distribution, and
rive sensitivity limits for nonstandardZZg and Zgg cou-
plings at NLO for the Tevatron and CERN Large Hadr
Collider ~LHC! center-of-mass energies for various int
grated luminosities. The photon transverse momentum di
bution is the observable most sensitive to anomalous c
plings @10#, and is used by the Collider Detector at Fermil
~CDF! and D0 to extract information on theZZg andZgg
vertices@5,7–9#. At the Tevatron, QCD corrections are mo
est, and slightly improve the sensitivity bounds. In contra
at LHC energies, the inclusive NLO QCD corrections a
quite large at high photon transverse momenta in the SM
reduce the sensitivity to anomalousZZg andZgg couplings
somewhat. The large QCD corrections are caused by a
squared enhancement factor in theqg→Zgq partonic cross
section at high photon transverse momentum (pT), and the
large quark-gluon luminosity at LHC energies. As inWg
@16#, WZ @17,18#, andW1W2 production@19,20#, the effect
of the QCD corrections at highpT at the LHC can be reduce
by imposing a 0-jet requirement when searching for anom
lous couplings. Finally, summary remarks are given in S
IV.

II. OVERVIEW OF THE CALCULATION

The calculation presented here generalizes the result
Refs. @11# and @12# to include general~nonstandard model!
2823 © 1998 The American Physical Society
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ZZg andZgg couplings. The calculation employs a comb
nation of analytic and Monte Carlo integration techniqu
details of the method can be found in Ref.@13#. The leptonic
Z boson decays are incorporated in the narrow width
proximation. In this approximation, radiativeZ decay dia-
grams, and graphs in which a virtual photon decays int
charged lepton pair can be ignored. RadiativeZ decays are of
little interest when probing for nonstandard couplings a
can be suppressed by a suitable choice of cuts~see Sec.
III B !. Furthermore, in the narrow width approximation it
particularly easy to extend the NLO calculation of hadro
Zg production in Ref.@11# to include the leptonic decay o
theZ boson. The charged leptons are assumed to be mas
in our calculation.

A. Summary ofO„as… Zg production including
leptonic Z decay

At lowest order in the SM, hadronicZg production pro-
ceeds via the Feynman diagrams shown in Fig. 1. N
standardZZg andZgg couplings contribute via the graph
shown in Fig. 2. At the leading-logarithm level, there a
additional contributions toZg production which come from
photon bremsstrahlung processes such asqg→Zq followed
by photon bremsstrahlung from the final state quark.
though the processqg→Zq is formally ofO(aas), the pho-
ton fragmentation functions are of ordera/as @21#; thus the
photon bremsstrahlung process is of the same order as
Born process.

The NLO calculation ofZg production includes contribu
tions from the square of the Born graphs, the interfere
between the Born graphs and the virtual one-loop diagra
and the square of the real emission graphs. The basic ide
the method employed here is to isolate the soft and collin
singularities associated with the real emission subproce
by partitioning phase space into soft, collinear, and fin

FIG. 1. Feynman diagrams for the Born level processq q̄
→Zg in the standard model.

FIG. 2. Additional Feynman diagrams which contribute to t

Born level processq q̄→Zg when nonstandard modelZZg and
Zgg couplings are introduced.
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regions. This is done by introducing theoretical soft and c
linear cutoff parameters,ds anddc . Using dimensional regu-
larization @22#, the soft and collinear singularities are e
posed as poles ine ~the number of space-time dimensions
N5422e with e a small number!. The infrared singularities
from the soft and virtual contributions are then explicit
canceled while the collinear singularities are factorized a
absorbed into the definition of the parton distribution fun
tions. The remaining contributions are finite and can
evaluated in four dimensions. The Monte Carlo program th
generatesn-body~for the Born and virtual contributions! and
(n11)-body ~for the real emission contributions! final state
events. Then- and (n11)-body contributions both depen
on the cutoff parametersds and dc , however, when these
contributions are added together to form a suitably inclus
observable, all dependence on the cutoff parameters can
The numerical results presented in this paper are insens
to variations of the cutoff parameters.

Except for the virtual contribution, theO(as) corrections
are all proportional to the Born cross section. It is easy
incorporate the leptonicZ decays into those terms which a
proportional to the Born cross section; one simply repla

dŝBorn(q q̄→Zg) with dŝBorn(q q̄→Zg→l 1l 2g) or

dŝBorn(q q̄→Zg→ n̄ ng) in the relevant formulas. When
working at the amplitude level, theZ boson decay is trivial
to implement; theZ boson polarization vector,em(k), is sim-

ply replaced by the correspondingZ→l 1l 2 or Z→ n̄ n de-
cay current in the amplitude. Details of the amplitude lev
calculations for the Born and real emission subprocesses
be found in Ref.@23#.

The only term in which it is more difficult to incorporat
the Z boson decay is the virtual contribution. Rather th
undertake the nontrivial task of recalculating the virtual c
rection term for the case of a leptonically decayingZ boson,
we have instead opted to use the virtual correction for a
on-shellZ boson which we subsequently decay ignoring s
correlations. When spin correlations are ignored, the s
summed squared matrix element factorizes into separate
duction and decay squared matrix elements. Neglecting
correlations slightly modifies the shapes of the angular d
tributions of the final state leptons, but does not alter the to
cross section as long as no angular cuts~e.g., rapidity cuts!
are imposed on the final state leptons. For realistic rapid
cuts, cross sections are changed by typically 10% when
correlations are neglected. Since the size of the finite virt
correction is only about 2 – 4% the size of the Born cro
section, the overall effect of neglecting the spin correlatio
in the finite virtual correction is expected to be negligib
compared to the combined 10– 20% uncertainty from
parton distribution functions, the choice of the factorizati
scaleQ2, and higher order QCD corrections.

B. General ZZg and Zgg couplings

In q q̄→Zg, the timelike virtual photon and/orZ boson
couples to essentially massless fermions, which ensures
effectively]mVm50, V5g,Z. This fact, together with gauge
invariance of the on-shell photon, restricts the tensor str
ture of theZgV vertex sufficiently to allow only four free
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parameters. The most general nonstandardZZg vertex func-
tion ~see Fig. 3 for notation! is @24#

GZgZ
abm~q1 ,q2 ,P!5

P22q1
2

mZ
2 H h1

Z~q2
mgab2q2

agmb!

1
h2

Z

mZ
2 Pa

„~P•q2!gmb2q2
mPb

…

1h3
Zemabrq2r1

h4
Z

mZ
2 PaembrsPrq2sJ ,

~1!

wheremZ is theZ boson mass. The most generalZgg vertex
function can be obtained from Eq.~1! with the following
replacements:

P22q1
2

mZ
2
→

P2

mZ
2

and hi
Z→hi

g, i 51, . . . ,4. ~2!

Terms proportional toPm andq1
a have been omitted in Eq

~1! since they do not contribute to the cross section. With
loss of generality, the overallZZg and Zgg coupling has
been chosen to be

gZZg5gZgg5e, ~3!

where e is the charge of the proton. The overall fact
(P22q1

2) in Eq. ~1! is a result of Bose symmetry, wherea
the factor P2 in the Zgg vertex function originates from
electromagnetic gauge invariance. As a result, theZgg ver-
tex function vanishes identically if both photons are on-sh
due to Yang’s theorem@25#.

All the anomalous couplingshi
V ( i 51, . . . ,4, V5g,Z)

areC odd;h1
V andh2

V violateCP. h2
V andh4

V receive contri-
butions only from operators of dimension>8. Within the
standard model, at tree level, all the couplingshi

V vanish. At
the one loop level, only theCP conserving couplingsh3

V and
h4

V are nonzero@26#.
For simplicity, theZ boson massmZ has been chosen i

Eq. ~1! as the energy scale in the denominator of the ove
factor and the terms proportional toh2,4

V . For a different
mass scale,M , all subsequent results can be obtained
scalingh1,3

V (h2,4
V ) by a factorM2/mZ

2 (M4/mZ
4).

Tree level unitarity restricts theZZg andZgg couplings
uniquely to their standard model values at asymptotica

FIG. 3. Feynman rule for the generalZgV (V5Z,g) vertex.
The factor e is the charge of the proton. The vertex functio
GZgV

abm(q1 ,q2 ,P) is given in Eq.~1!.
t

ll

ll

y

y

high energies@27#. This implies that theZgV couplingshi
V

have to be described by form factorshi
V(q1

2 ,q2
2 ,P2) which

vanish whenq1
2, q2

2, or P2 becomes large. InZg production
q2

250 and q1
2'mZ

2 even when finiteZ width effects are

taken into account. However, large values ofP25 ŝ will be
probed in future hadron collider experiments and theŝ de-
pendence has to be included in order to avoid unphys
results that would violate unitarity. A detailed discussion
unitarity and form factors in nonstandardZg production can
be found in Ref.@10#. We will use generalized dipole form
factors of the form

hi
V~mZ

2 ,0,ŝ!5
hi0

V

~11 ŝ/LFF
2 !n

, ~4!

as advocated in Ref.@10#. The subscript 0 denotes the lo
energy value of the form factor. The mass scaleLFF is the
scale at which novel interactions, like multiple weak bos
or resonance production, may appear. Unless stated o
wise, we usen53 (n54) for h1,3

V (h2,4
V ) andLFF5500 GeV

@LFF53 TeV# at the Tevatron@LHC#.
At present, the most stringent direct bounds on anomal

ZgV couplings come fromZg production at the Tevatron
collider, Z→ n̄ ng decays at LEP1, andg1 invisible par-
ticles production at the CERNe1e2 collider LEP2. From a
search performed in the channelsp p̄→Z(→l 1l 2)g and
p p̄→Z(→ n̄ n)g, the D0 Collaboration obtains, from run 1
data@5#

uh30
Z u,0.78 ~ for h40

Z 50!, uh40
Z u,0.19 ~ for h30

Z 50!,
~5!

and

uh30
g u,0.81 ~ for h40

g 50!, uh40
g u,0.20 ~ for h30

g 50!,
~6!

at the 95% confidence level~C.L.!. The limits obtained for
h10

V and h20
V virtually coincide with those found forh30

V and
h40

V , respectively. The L3 Collaboration obtains a sligh
better bound onh30

Z @28#. From e1e2→g1 invisible par-
ticles at LEP2, the DELPHI Collaboration finds a prelim
nary limit of uh30

g u,0.5 @29#. To derive these limits, the ex
periments assumed a form factor scale ofLFF5500 GeV
with n53 (n54) for h3

V (h4
V).

It is straightforward to include the nonstandard mod
couplings in the amplitude level calculations. We compu
the q q̄→Zg virtual correction with the vertex function o
Eq. ~1! in the ’t Hooft-Veltman scheme@22,30# using the
computer algebra programFORM @31#. The resulting expres-
sion, however, is too lengthy to present here.

Note that the nonstandardZZg andZgg couplings do not
destroy the renormalizability of QCD. Thus the infrared s
gularities from the soft and virtual contributions are expl
itly canceled, and the collinear singularities are factoriz
and absorbed into the definition of the parton distributi
functions, exactly as in the standard model case.

The squared matrix element is bilinear in the anomalo
couplings. Due to the antisymmetry ofemabr, all terms pro-
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portional toh3
V , h4

V , h3
Vhi

V , andh4
Vhi

V ( i 51,2) vanish in the
LO as well as in the NLO squared matrix elements, after
sum over the fermion helicities and the photon polarizatio
is performed. Terms proportional toh1

V andh2
V are present in

the squared matrix elements. These terms are proportion
cosu* , whereu* is the scattering angle of the photon in th
parton center of mass frame. They vanish after the inte
tion over phase space is performed, unless rapidity cuts
the photon which are not symmetric with respect toh50
~whereh is the pseudorapidity! are chosen.

III. PHENOMENOLOGICAL RESULTS

We now discuss the phenomenological implications
O(as) QCD corrections and generalZZg and Zgg cou-
plings in Zg production at the Tevatron (p p̄ collisions at
As51.8 TeV! and the LHC (pp collisions atAs514 TeV!.
First, the input parameters, cuts, and the finite energy re
lution smearing used to simulate detector response are br
described. We then discuss in detail the impact ofO(as)
QCD corrections on the observability of nonstandardZZg

and Zgg couplings inZ(→l 1l 2)g and Z(→ n̄ n)g pro-
duction at the Tevatron and LHC. As mentioned in the
troduction, we make no attempt to include the contributio
from gluon fusion,gg→Zg, which are formally ofO(as

2),
into our calculation. Gluon fusion contributes less than 0.
~6%! to the totalZg cross section at the Tevatron~LHC!
@15#.

A. Input parameters

The numerical results presented here were obtained u
the two-loop expression foras . The QCD scaleLQCD is
specified for four flavors of quarks by the choice of the p
ton distribution functions and is adjusted whenever a he
quark threshold is crossed so thatas is a continuous function
of Q2. The heavy quark masses were taken to bemb55 GeV
andmt5176 GeV@32,33#.

The SM parameters used in the numerical simulations
mZ591.187 GeV,mW580.22 GeV, a(mW)51/128, and
sin2 uW512(mW /mZ)2. These values are consistent wi
recent measurements at LEP, SLC, the CERNp p̄ collider,
and the Tevatron@34#. The soft and collinear cutoff param
eters, discussed in Sec. II A, are fixed tods51022 and
dc51023. The parton subprocesses have been summed
u, d, s, andc quarks. TheZ boson leptonic branching rati
is taken to beB(Z→e1e2)50.034 and the total width of the
Z boson isGZ52.490 GeV. Except where otherwise stated
single scaleQ25MZg

2 , whereMZg is the invariant mass o
the Zg pair, has been used for the renormalization scalem2

and the factorization scaleM2. The NLO numerical results
have been calculated in the modified minimal subtract
(MS̄) scheme@35#.

In order to get consistent NLO results it is necessary
use parton distribution functions which have been fit to ne
to-leading order. The numerical simulations have been p
formed using the Martin-Roberts-Stirling~MRS! @36# set A
distributions (L45230 MeV! in the MS̄scheme. For conve
nience, the MRS set A distributions have also been used
the LO calculations.
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B. Acceptance cuts

The cuts imposed in our numerical simulations are mo
vated by two factors:~1! the finite acceptance and resolutio
of the detector, and~2! the need to suppress radiativeZ de-
cays which result in the same final state asZg production but
which are of little interest for the study of anomalous co
plings in hadronic collisions. The finite acceptance of t
detector is simulated by cuts on the four-vectors of the fi
state particles. This group of cuts includes requirements
the transverse momentum of the photon and charged lep
for Z(→l 1l 2)g, and on the missing transverse mome
tum, p” T , resulting from the non-observation of the neutrin

in Z(→ n̄ n)g. Also included in this group are cuts on th
pseudorapidity,h, of the photon and the charged leptons.
addition, the charged leptons and the photon are also
quired to be separated in the pseudorapidity-azimuthal-a
plane

DR~ l ,g!5@~Df l g!21~Dh l g!2#1/2. ~7!

Since we ignore photon radiation from the final state le
ton line in our calculation, it is necessary to impose c
which will efficiently suppress contributions from these di
grams. In radiativeZ decays the lepton-photon separati
sharply peaks at small values due to the collinear singula
associated with the diagrams in which the photon is radia
from the final state lepton line. In the following we sha
therefore impose a large separation cut ofDR(l ,g).0.7.
Contributions fromZ→l 1l 2g can be further reduced b
an invariant mass cut on thel l g system ofM (l l g).100
GeV.

At leading order,Zg events are produced not only by th
Born subprocessq q̄→Zg but also by the photon brems
strahlung process which proceeds via subprocesses su
qg→Zq followed by photon bremsstrahlung from the fin
state quark. As demonstrated in Ref.@37#, the bremsstrah-
lung process is significant at LHC energies. However, t
process does not involve theZgV vertices and is thus a
background in a search for anomalousZZg and Zgg cou-
plings. Fortunately, the photon bremsstrahlung events ca
suppressed by requiring the photon to be isolated@37#. A
photon isolation cut typically requires the sum of the ha
ronic energyEhad in a cone of sizeR0 about the direction of
the photon to be less than a fractioneh of the photon energy
Eg , i.e.,

(
DR,R0

Ehad,ehEg , ~8!

with DR5@(Df)21(Dh)2#1/2. To suppress the photo
bremsstrahlung background, a photon isolation cut w
eh50.15 andR050.7 @38# will be applied in the numerica
results presented in this section. For this value ofeh , the
photon bremsstrahlung background is less than a few
cent of the BornZg signal rate. The complete set of cuts f
Z(→l 1l 2)g is summarized in the following table.
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Zg→l 1l 2g
Tevatron LHC

pT(g).10 GeV pT(g).100 GeV
pT(l ).15 GeV pT(l ).20 GeV
uh(g)u,3.0 uh(g)u,3.0
uh(l )u,3.5 uh(l )u,3.0
DR(l ,g).0.7 DR(l ,g).0.7
M (l l g).100 GeV M (l l g).100 GeV
(DR,0.7Ehad,0.15Eg (DR,0.7Ehad,0.15Eg

Since our calculation is carried out in the narrow width a
proximation for theZ boson, no explicit cut on the dilepto
invariant mass is imposed.

If the Z boson decays into a pair of neutrinos, the expe
mental signal ispph→gp” T , with the missing transverse mo
mentum,p” T , resulting from the nonobservation of the ne
trino pair. ForZg→p” Tg at the Tevatron we use the sam
transverse momentum and pseudo-rapidity cuts as the
Collaboration in theirZ(→ n̄ n)g analysis@9#. The following
table summarizes the cuts imposed for both the Tevatron
LHC analysis.

Zg→p” Tg
Tevatron LHC

pT(g).40 GeV pT(g).100 GeV
p” T.40 GeV p” T.100 GeV
no jet with pT( j ).15 GeV
and uh( j )u,2.5

no jet with pT( j ).50 GeV
and uh( j )u,3

uh(g)u,2.5 uh(g)u,3.0

The high pT(g) and p” T cuts, when combined with the je
veto, strongly reduce the background fromW→en events
where the electron is misidentified as a photon at the Te
tron. These cuts also eliminate backgrounds fromg j produc-
tion with the jet rapidity outside the range covered by t
detector and thus ‘‘faking’’ missing transverse momentu
and j j production where one of the jets is misidentified a
photon, while the other disappears through the beam h
The largepT(g) andp” T cuts at LHC energies are chosen
reduce potentially dangerous backgrounds fromZ11 jet
production, where the jet is misidentified as a photon, a
from processes where particles outside the rapidity ra
covered by the detector contribute to the missing transv
momentum. Present studies@39,40# indicate that these back
grounds are under control forpT(g).100 GeV andp” T.100
GeV.

C. Finite energy resolution effects

Uncertainties in the energy measurements of the cha
leptons and photon in the detector are simulated in the
culation by Gaussian smearing of the particle fo
momentum vector with standard deviations. For distribu-
tions which require a jet definition, e.g., theZg11 jet
exclusive cross section, the jet four-momentum vector is a
smeared. The standard deviations depends on the particl
type and the detector. The numerical results presented
for the Tevatron and LHC center of mass energies were
tained usings values based on the CDF@41# and ATLAS
@40# specifications, respectively. ForZ(→ n̄ n)g production
at the Tevatron, the photon andp” T vectors were smeare
using the D0 resolutions given in Ref.@9#.
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D. O„as… corrections and anomalousZZg and Zgg
couplings in Z„˜l 1l 2

…g production

NonstandardZZg and Zgg couplings have a significan
effect on many distributions inZg production. The photon
transverse momentum distribution was found@10# to be the
distribution most sensitive to anomalous couplings. We w
therefore concentrate on it in the following presentation.

The LO and NLO SM photon transverse momentum d
tributions for pph→Zg1X→l 1l 2g1X production at
Tevatron and LHC center of mass energies are shown
Fig. 4. Here, and in all subsequent results shown forZ
→l 1l 2 decays, we sum over electron and muon fin
states. The NLO corrections grow with the photon transve
momentum and with the center of mass energy. At the LH
for example, the QCD corrections increase the SM cross
tion by about a factor 2.2 atpT(g)51 TeV, whereas the
enhancement is only a factor 1.4 atpT(g)5100 GeV. The
large QCD corrections at high values ofpT(g) are caused by
a collinear enhancement factor, log2@pT(g)/mZ#, in the qg
→Zgq partonic cross section for photon transverse mome
much larger thanmZ , pT(g)@mZ , and the largeqg lumi-
nosity at LHC energies. The large corrections arise from
kinematical region where the photon is produced at largepT
and recoils against the quark, which radiates a softZ boson
which is almost collinear to the quark, and thus is similar
nature to the enhancement of QCD corrections observe
large vector boson transverse momenta inWg, WZ, and
W1W2 production@16,18,20#. The effect, however, is les
pronounced than in these processes. InWg andWZ produc-
tion, the SM Born cross section is suppressed due to
appearance of an exact or approximate radiation z
@42,43#, while there is no radiation zero in theZg case. In
W1W2 production, the strong correlation of theW helicities
in the SM, together with the effect of kinematic cuts, is r
sponsible for the larger effect of the QCD corrections@19#.

The effects of nonstandardZZg couplings on the photon
transverse momentum distribution inp p̄→Zg1X
→l 1l 2g1X at the Tevatron center of mass energy a
shown in Fig. 5. The LO and NLO results are shown

FIG. 4. Differential cross sections versuspT(g) for ~a! p p̄
→Zg1X→l 1l 2g1X at As51.8 TeV, and ~b! pp→Zg1X
→l 1l 2g1X at As514 TeV in the SM. The jet-inclusive cros
sections are shown at the Born level~dashed curves! and with the
NLO corrections~solid curves!. The cuts imposed are summarize
in Sec. III B.
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Fig. 5a and Fig. 5b, respectively. Results are displayed
the SM and two sets of anomalous couplings (h30

Z 51.0,
h40

Z 5h10
Z 5h20

Z 50, SM Zgg couplings! and (h40
Z 50.05,

h30
Z 5h10

Z 5h20
Z 50, SM Zgg couplings!. For simplicity, only

one coupling at a time is allowed to differ from its SM valu
In order to clearly display the effect of the anomalous co
plings, we have chosen rather large values forh30

Z andh40
Z ,

here as well as for the LHC~see below!. However,S-matrix
unitarity is respected for the chosen values of the anoma
couplings, the power of the form factor, and the form fac
scale. TheO(as) corrections in the presence of anomalo
couplings at the Tevatron energy are approximately 2
40%, as in the SM.

For equal coupling strengths, the numerical results
tained for theZgg couplingsh30

g and h40
g are about 20%

below those obtained forh30
Z and h40

Z in the region where
anomalous coupling effects dominate over the SM cross
tion. Results for theCP-violating couplingsh1,2

V (V5Z,g)
are identical to those obtained for the same values ofh3,4

V .
Since terms linear in the anomalous couplings vanish in
differential cross sections, results are insensitive to the s
of the anomalous couplings if only one coupling at a time
allowed to differ from its SM value.

The pT(g) distribution for Z(→l 1l 2)g production at
the LHC is shown in Fig. 6. At leading order, the sensitiv
of the photon transverse momentum distribution to anom
lousZZg couplings is significantly more pronounced than
the Tevatron. In the presence of anomalous couplings,
higher order QCD corrections are considerably smaller t
in the SM. For large values ofpT(g), when anomalous cou
plings dominate, theO(as) corrections are typically betwee
20% and 40%. In the same region, QCD corrections enha
the SM cross section by about a factor 2.2. At next-
leading order, the sensitivity of the photon transverse m
mentum spectrum to anomalous couplings thus is somew
reduced at the LHC. The logarithmic factor causing the cr
section enhancement at high values ofpT(g) in the SM
originates from the collinear region. The Feynman diagra
contributing in this region do not involve theZgV vertices.

FIG. 5. The differential cross section for the photon transve

momentum in the reactionp p̄→Zg1X→l 1l 2g1X at As51.8
TeV, ~a! in the Born approximation and~b! including NLO QCD
corrections. The curves are for the SM~solid!, h30

Z 51.0 ~dashed!,
and h40

Z 50.05 ~dotted!. The cuts imposed are summarized in S
III B.
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The logarithmic enhancement factor therefore does not af
the anomalous contributions to the matrix elements. Beca
h4

Z receives contributions only from operators with dime
sion >8, terms in the helicity amplitudes proportional to
grow like (As/mZ)5. Deviations originating fromh4

Z , there-
fore, start at higher invariant masses and rise much fa
than contributions from couplings such ash3

Z which corre-
spond to dimension 6 operators.

The effect of the QCD corrections is shown in more det
in Fig. 7, where we display the ratio of the NLO and L
differential cross sections for the transverse momentum
the photon. At the Tevatron, the NLO to LO cross secti
ratio slowly rises from 1.2 atpT(g)510 GeV to about 1.5 at
pT(g)5400 GeV. Since we used a rather small form fac
scale ofLFF5500 GeV for the Tevatron, the effect of th
anomalous couplings is suppressed at high transverse

e

.

FIG. 6. The differential cross section for the photon transve
momentum in the reactionpp→Zg1X→l 1l 2g1X at As514
TeV, ~a! in the Born approximation and~b! including NLO QCD
corrections. The curves are for the SM~solid!, h30

Z 50.01 ~dashed!,
and h40

Z 5131024 ~dotted!. The cuts imposed are summarized
Sec. III B.

FIG. 7. Ratio of the NLO and LO differential cross sections
the transverse momentum of the photon as a function ofpT(g) for

~a! p p̄→Zg1X→l 1l 2g1X at As51.8 TeV, and ~b! pp
→Zg1X→l 1l 2g1X atAs514 TeV. The solid curves show th
SM result. The dashed and dotted lines display the cross sec
ratio for non-zero values ofh30

Z and h40
Z , respectively. The cuts

imposed are summarized in Sec. III B.
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menta. As a result, the NLO to LO cross section ratio
non-vanishing anomalous couplings is very similar to t
obtained in the SM. At the LHC, we useLFF53 TeV and
the cross section ratio gradually decreases withpT(g) from
'1.35 to 1.2 if anomalous couplings are present. In contr
the SM NLO to LO cross section ratio increases from'1.35
at pT(g)5100 GeV to 2.2 atpT(g)51 TeV.

From the picture outlined above, one expects that, at n
to-leading order, a large fraction of theZg events with large
photon transverse momentum will contain a highpT jet at the
LHC. At the Tevatron, on the other hand, the jet activity
Zg events at highpT(g) should be substantially reduce
This fact is illustrated in Fig. 8 which shows the decomp
sition of the inclusive SM NLOpT(g) differential cross sec-
tion into NLO 0-jet and LO 1-jet exclusive cross sectio
@12#. For comparison, the photon transverse momentum
tribution in the Born approximation is also shown in th
figure. Here, a jet is defined as a quark or gluon with

pT~ j !.10 GeV anduh~ j !u,2.5 ~9!

at the Tevatron, and

pT~ j !.50 GeV anduh~ j !u,3 ~10!

at the LHC. The sum of the NLO 0-jet and the LO 1-j
exclusive cross section is equal to the inclusive NLO cr
section. The NLO exclusiveZg10 jet and the LO exclusive
Zg11 jet cross sections depend explicitly on the jet defi
tion, however, the inclusive NLO cross section is indep
dent of the jet definition.

Present LHC studies@39,40,44# and projections to Teva
tron energies suggest that jets fulfilling the criteria of E
~9! and ~10! can be identified inZg1X events at the Teva
tron @45# and LHC@46# for luminosities up to 1033 cm22 s21

and 1034 cm22 s21, respectively. It should be noted, how
ever, that for theoretical reasons, the jet transverse mom

FIG. 8. The pT(g) differential cross section for~a! p p̄
→Zg1X→l 1l 2g1X at As51.8 TeV, and ~b! pp→Zg1X
→l 1l 2g1X at As514 TeV in the SM. The inclusive NLO dif-
ferential cross section~solid line! is decomposed into theO(as)
0-jet ~dotted line! and LO 1-jet~dashed line! exclusive differential
cross sections. For comparison, the Born cross section~dot dashed
line! is also shown. The cuts imposed are summarized in Sec. I
For the jet definitions, we have used Eqs.~9! and
~10!.
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tum threshold cannot be made arbitrarily small in our cal
lation. For transverse momenta below 5 GeV~20 GeV! at the
Tevatron ~LHC!, soft gluon resummation effects are e
pected to significantly change the shape of the jetpT distri-
bution @47#. For the jet definitions discussed above, the
effects are expected to be unimportant and therefore are
nored in our calculation.

Figure 8 shows that, at the Tevatron, the 1-jet cross s
tion is always considerably smaller than the NLO 0-jet ra
At the LHC, on the other hand, the 1-jet cross section
larger than the LO cross section forpT(g).400 GeV. The
effect of the QCD corrections can be reduced by veto
hard jets in the central rapidity region, i.e., by imposing
‘‘zero jet’’ requirement and consideringZg10 jet produc-
tion only. The NLO 0-jet and Born differential cross sectio
deviate by 30% at most in thepT region shown. The photon
transverse momentum distribution for NLOZg10 jet pro-
duction is shown in Fig. 9. The 0-jet requirement is seen
restore the sensitivity to anomalous couplings lost in the
clusive NLO cross section at the LHC. It has little effect
the Tevatron.

As mentioned in Sec. III A, all our results are obtained f
a scale ofQ25MZg

2 . The Born cross section forZg produc-
tion depends significantly on the choice ofQ, which enters
through the scale-dependence of the parton distribution fu
tions. At the NLO level, theQ-dependence enters not on
via the parton distribution functions, but also through t
running couplingas(Q

2) and the explicit factorization scale
dependence in the orderas(Q

2) correction terms. Similar to
the situation encountered inWg, WZ, andW1W2 produc-
tion in hadronic collisions@16,17,19#, we find that the NLO
Zg10 jet exclusive cross section is almost independen
the scaleQ. Here, the scale-dependence of the parton dis
bution functions is compensated by that ofas(Q

2) and the
explicit factorization scale dependence in the correct
terms. TheQ-dependence of the inclusive NLO cross secti
is larger than that of the NLO 0-jet cross section; it is dom
nated by the 1-jet exclusive component which is calcula

.

FIG. 9. The pT(g) differential cross section for~a! p p̄
→Zg10 jet→l 1l 2g10 jet at As51.8 TeV, and ~b! pp
→Zg10 jet→l 1l 2g10 jet atAs514 TeV. The curves in part
~a! are for the SM~solid!, h30

Z 51.0 ~dashed!, andh40
Z 50.05 ~dot-

ted!. In part~b!, the dashed and dotted curves are forh30
Z 51022 and

h40
Z 51024, respectively. The cuts imposed are summarized in S

III B. For the jet definitions, we have used Eqs.~9! and ~10!.
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only to lowest order and thus exhibits a considerable sc
dependence.

E. O„as… corrections and anomalousZZg and Zgg

couplings in Z„˜ n̄n…g production

If the Z boson produced inq q̄→Zg decays into neutri-
nos, the signal consists of a highpT photon accompanied b
a large amount of missing transverse momentum,p” T . Due to
the largerZ→ n̄ n branching ratio, thegp” T1X differential
cross section is about a factor 3 larger than that forq q̄

→e1e2g1X andq q̄→m1m2g1X combined. This results
in limits on the anomalousZZg and Zgg couplings which
are presently about a factor 2 better than those obtained
the Z(→l 1l 2)g analysis@9#.

The NLO photon transverse momentum distribution
Z(→ n̄ n)g production at the Tevatron is shown in Fig. 10
Here we have imposed the cuts of the D0Z(→ n̄ n)g analy-
sis ~see Sec. III B and Ref.@9#!. Since jets with a transvers
energy larger than 15 GeV are excluded in the experime
analysis, only the 0-jet differential cross section is show
The effect of nonstandardZgV couplings is very similar to
that observed inZ(→l 1l 2)g production. The impact of
the QCD corrections on the differential cross section
shown in Fig. 10b, where we display the ratio of the NL
and LO differential cross sections for the transverse mom
tum of the photon. Because of the jet veto cut imposed,
QCD corrections are small over a wide range of pho
transverse momenta. ForpT(g),200 GeV, the cross sectio
ratio is almost constant. It rises slowly for larger values
pT(g). The NLO to LO cross section ratio in the SM and
the presence of anomalous couplings are very similar.

Figure 10b demonstrates that, for data samples contai
only a fewZ(→ n̄ n)g events withpT(g).200 GeV and for
the jet veto cut used, the LO calculation is an adequate
proximation. However, increasing or decreasing the jet tra
verse momentum threshold will change the size of the Q
corrections, and thus increase the deviation of the NLO

FIG. 10. ~a! The pT(g) differential cross section, and~b! the
ratio of the NLO 0-jet to LO differential cross sections of the ph

ton transverse momentum as a function ofpT(g) for p p̄
→Zg10 jet→p” Tg10 jet atAs51.8 TeV. The curves are for th
SM ~solid!, h30

Z 51.0 ~dashed!, and h40
Z 50.05 ~dotted!. The cuts

imposed are summarized in Sec. III B.
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culation from the LO result. The calculation of Ref.@10#,
where the effect of the NLO QCD corrections is appro
mated by a constantk-factor of k5118pas/9'1.34, over-
estimates the cross section by about 30% over a wide ra
of photon transverse momenta. This calculation, toget
with a jet veto efficiency of 0.84, has been used in the
analysis@9# to compare data with the SM prediction, and
extract limits for theZZg and Zgg couplings. This proce-
dure overestimates the cross section by about 13%, and
limits obtained are thus slightly better than those extrac
using the full NLO calculation~see Sec. III F!.

In Fig. 11a we show the NLO photon transverse mom
tum distribution forZ(→ n̄ n)g production at the LHC, im-
posing apT( j ),50 GeV jet veto cut. Figure 11b displays th
ratio of the NLO and LO differential cross sections for th
transverse momentum of the photon. For thepT( j ) threshold
chosen, NLO QCD corrections reduce the cross section
up to 20%. In contrast to the situation encountered at
Tevatron, the cross section ratio slowly falls withpT(g).

F. Sensitivity limits

We now study the impact thatO(as) QCD corrections to
Zg production have on the sensitivity limits forhi0

V at the
Tevatron and LHC. For the Tevatron we consider integra
luminosities of 1 fb21, as envisioned for the Main Injecto
era, and 10 fb21 ~TeV33! which could be achieved throug
additional upgrades of the Tevatron accelerator comp
@45#. In the case of the LHC we use*Ldt510 fb21 and 100
fb21 @46#. To extract limits in theZ(→l 1l 2)g case, we
sum over electron and muon final states. Interference eff
between differentZgV (V5Z,g) couplings are fully incor-
porated in our analysis.

To derive 95% C.L. limits we use thepT(g) distribution
and perform ax2 test@10#, assuming that no deviations from
the SM predictions are observed in the experiments con
ered. We include the cuts summarized in Sec. III B. ForZ
(→l 1l 2)g production, we use the jet definitions of Eq
~9! and~10!. Unless explicitly stated otherwise, a form fact
as given in Eq.~4! is used withn53 for h1,3

V , andn54 for

FIG. 11. ~a! The pT(g) differential cross section, and~b! the
ratio of the NLO 0-jet to LO differential cross sections of the ph
ton transverse momentum as a function ofpT(g) for pp→Zg
10 jet→p” Tg10 jet at As514 TeV. The curves are for the SM
~solid!, h30

Z 51022 ~dashed!, andh40
Z 51024 ~dotted!. The cuts im-

posed are summarized in Sec. III B.



btained
different

57 2831QCD CORRECTIONS AND ANOMALOUS COUPLINGS IN . . .
FIG. 12. Limit contours at the 95% C.L. forp p̄→Zg1X→l 1l 2g1X (l 5e,m), derived from thepT(g) distribution at the Tevatron
for *Ldt51 fb21. Contours are shown in three planes:~a! theh30

Z 2h30
g plane,~b! theh30

Z 2h40
g plane, and~c! theh40

Z 2h40
g plane. The solid

lines give the results for LOZg production. The dashed curves give the inclusive NLO results, and the dotted lines show the bounds o
from the exclusiveZg10 jet channel. In each graph, only those couplings which are plotted against each other are assumed to be
from their zero SM values. The cuts imposed are summarized in Sec. III B. For the jet definition, we have used Eq.~9!.
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h2,4
V . Furthermore, the form factor scaleLFF is taken to be

0.5 TeV ~3.0 TeV! for Tevatron ~LHC! simulations. The
pT(g) distribution is split into a certain number of bins. Th
number of bins and the bin width depend on the cente
mass energy and the integrated luminosity. In each bin
Poisson statistics are approximated by a Gaussian dist
tion. In order to achieve a sizable counting rate in each
all events above a certain threshold are collected in a si
bin. This procedure guarantees that a high statistical sig
cance cannot arise from a single event at large transv
momentum, where the SM predicts much less than
event. In order to derive realistic limits we allow for a no
malization uncertainty of 50% in the SM cross section. F
the cuts we impose, background contributions other than
Zg production are small@10# and are ignored in our deriva
tion of sensitivity limits.
f
e
u-
,
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fi-
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The calculation of sensitivity bounds is facilitated by th
observation that theCP conserving couplingsh3,4

V and the
CP violating couplingsh1,2

V do not interfere. Furthermore
cross sections and sensitivities are nearly identical for eq
values ofh10,20

V and h30,40
V . In the following we shall there-

fore concentrate onh3,4
V . In each bin,i , the cross section is a

bilinear function of the anomalous couplings:

s i5s i~SM!1 (
V5g,Z

~a3
iVh3

V1a4
iVh4

V!

1 (
V,V85g,Z

(
j ,k53,4

bjk
iVV8hj

Vhk
V8 . ~11!

Here,s i(SM) is the SM cross section, anda3,4
iV andbjk

iVV8 are
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constants. Since the interference terms between the SM
the anomalous contributions to the helicity amplitudes van
for h3,4

V ~see Sec. II B!,

a3
iV5a4

iV50. ~12!

These constraints are taken into account in our calculatio
sensitivity bounds.

For h1,2
V , an expression for the cross section similar to t

of Eq. ~11! can be derived. In this case, however, the co
ficients of the terms linear inh1,2

V only vanish if the phase
space integration over the scattering angle of the photonu,
is symmetric in cosu ~see Sec. II B!.

Our results are summarized in Figs. 12–15 and Tab

FIG. 13. Limit contours at the 95% C.L. in theh30
Z 2h40

Z plane

for p p̄→Zg1X→l 1l 2g1X (l 5e,m), derived from thepT(g)
distribution at the Tevatron for~a! *Ldt51 fb21 and~b! *Ldt510
fb21. The solid lines give the results for LOZg production. The
dashed curves give the inclusive NLO results, and the dotted l
show the bounds obtained from the exclusiveZg10 jet channel.
h1,2

Z and all Zgg couplings are assumed to be zero. The cuts
posed are summarized in Sec. III B. For the jet definition, we h
used Eq.~9!.
nd
h

of

t
f-

s

I–III. Figure 12 shows 95% C.L. contours in theh30
Z 2h30

g ,
h30

Z 2h40
g , and theh40

Z 2h40
g plane forZ(→l 1l 2)g produc-

tion and an integrated luminosity of 1 fb21 at the Tevatron.
Results for theh30

g 2h40
Z plane are very similar to those dis

played in Fig. 12b forh30
Z versush40

g , and are therefore no
shown. In each figure, only those couplings which are plot
against each other are assumed to be different from their
SM values. As noted in Ref.@10#, ZZg andZgg couplings
interfere little at LO. Figure 12 demonstrates that the NL
QCD corrections do not change this behavior. This statem
also applies to different integrated luminosities and toZ
(→l 1l 2)g production at the LHC. Due to the larger cro
section, the sensitivity bounds obtained from the inclus
NLO differential cross section are about 5% better than th
derived using the LO calculation. The limits extracted fro
the NLO Zg10 jet cross section are almost identical
those found using the LO calculation.

Larger correlations are encountered betweenh3
V and h4

V

~see Ref.@10#!. The impact of theO(as) QCD corrections on
the limits in theh3

Z2h4
Z plane at the Tevatron is shown i

Fig. 13 for integrated luminosities of 1 fb21 and 10 fb21.
The inclusive NLO QCD corrections improve the sensitiv
bounds by up to 9%~6%! for 1 fb21 ~10 fb21) whereas the
limits obtained analyzing theZg10 jet channel are very
similar to those found using the LO calculation. Similar r
sults are obtained forh3

g andh4
g . The sensitivity bounds for

the Zgg couplings are a few percent weaker than tho
found for the correspondingZZg couplings, and QCD cor-
rections have a smaller effect than in the case of theZZg
couplings. Table I summarizes the 95% C.L. sensitivity lim
its, including all correlations, at leading order and next-
leading order forh30

V andh40
V (V5Z,g) for the processp p̄

→Zg1X→l 1l 2g1X at the Tevatron with
*Ldt51 fb21.

Figure 14 displays how the 95% C.L. contour limits f
p p̄→Zg1X→p” Tg1X at the Tevatron and an integrate
luminosity of 1 fb21 are affected by NLO QCD corrections
Since a jet veto cut ofpT( j ),15 GeV is imposed, we only
show the LO~solid line! and NLO 0-jet~dotted line! contour
limits. As we have demonstrated in Sec. III E, the NLO QC
corrections toZ(→ n̄ n)g production at the Tevatron ar
small over a large range of photon transverse momenta

TABLE I. Sensitivities achievable at the 95% confidence lev

for the anomalousZgV couplingsh30
V and h40

V (V5Z,g) in p p̄
→Zg1X→l 1l 2g1X, l 5e,m, at the Tevatron (As51.8 TeV!
with *Ldt51 fb21. The limits for each coupling apply for arbitrar
values of the other couplings listed in this table. TheCP violating
couplingsh1,2

V are assumed to take their SM values. For the fo
factor we use the form of Eq.~4! with n53 (n54) for h3

V (h4
V) and

LFF50.5 TeV. The cuts summarized in Sec. III B are imposed. F
the jet definition, we have used Eq.~9!.

Coupling LO NLO incl. NLO 0-jet

uh30
Z u 0.62 0.58 0.61

uh40
Z u 0.136 0.124 0.130

uh30
g u 0.65 0.64 0.68

uh40
g u 0.141 0.138 0.148

es

-
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to the 0-jet requirement. The sensitivities achievable forh30
Z

and h40
Z in p p̄→Zg1X→p” Tg1X at the Tevatron for

*Ldt51 fb21 and*Ldt510 fb21 are listed in Table II. Be-
sides the LO and NLO 0-jet bounds, we also show the lim
obtained using the calculation of Ref.@10# with the NLO
corrections approximated by a constant effectivek-factor
keff50.84 (118pas/9)'1.13. This calculation has bee
used to extract bounds onZgV couplings fromZ(→ n̄ n)g
production at the Tevatron@9#. Since a constantk-factor
overestimates the cross section for the jet veto cut impo
in the current experimental analysis of theZ(→ n̄ n)g chan-
nel, the sensitivity limits obtained are 4–6% better than th
found using the full NLO 0-jet calculation, depending on t
integrated luminosity. Results similar to those shown in F
14 and Table II are obtained forh3,4

g .
The 95% C.L. limit contours in theh30

Z 2h40
Z plane for

Z(→l 1l 2)g production at the LHC are shown in Fig. 1
assuming an integrated luminosity of 100 fb21. Table III
summarizes the LO and NLO sensitivity bounds forpp
→Zg1X→l 1l 2g1X and pp→Zg1X→p” Tg1X at
As514 TeV with *Ldt510 fb21 and 100 fb21. At LHC
energies, the inclusiveO(as) QCD corrections in the SM
considerably change the shape of thepT(g) distribution~see
Fig. 8b!. As a result, the inclusive NLO QCD correction
reduce the sensitivity to anomalous couplings by 7–10%.
the integrated luminosity increases, larger transverse
menta become accessible. The difference between the
and NLO sensitivity bounds for 100 fb21 therefore is slightly
larger than for 10 fb21. In Sec. III D we have demonstrate
that the size of theO(as) QCD corrections at the LHC in the
high pT(g) region can be reduced by vetoing hard jets in
central rapidity region. The sensitivity bounds obtained
the Zg10 jet channel are about 5% better than those fou
for the inclusive NLO case. However, because the NLO 0
cross section is smaller than the LO cross section for the

TABLE II. Sensitivities achievable at the 95% confidence lev

for the anomalousZZg couplings h30
Z and h40

Z in p p̄→Zg1X
→p” Tg1X at the Tevatron (As51.8 TeV! for ~a! *Ldt51 fb21,
and~b! *Ldt510 fb21. Shown are the limits obtained from the LO
calculation, the full NLO 0-jet differential cross section, and t
calculation of Ref.@10# using an effectivek factor ofkeff51.13. The
limits for each coupling apply for arbitrary values of the other co
pling listed in this table. TheCP violating couplingsh1,2

Z and all
Zgg couplings are assumed to vanish. For the form factor we
the form of Eq.~4! with n53 (n54) for h3

Z (h4
Z) and LFF50.5

TeV. The cuts summarized in Sec. III B are imposed. For the
definition, we have used Eq.~9!.

~a! *Ldt51 fb21

Coupling LO NLO 0-jet NLO appr.

uh30
Z u 0.55 0.53 0.50

uh40
Z u 0.108 0.104 0.099

~b! *Ldt510 fb21

Coupling LO NLO 0-jet NLO appr.

uh30
Z u 0.30 0.29 0.28

uh40
Z u 0.055 0.053 0.051
s

ed
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definition we use~see Fig. 8b!, the limits obtained in the
NLO Zg10 jet case are slightly worse than those extrac
from the LO cross section.

As we have mentioned in Sec. III D, the NLOZg10 jet
differential cross section is more stable to variations of
factorization scaleQ2 than the LO and inclusive NLO
Zg1X cross sections. The systematic errors which origin
from the choice ofQ2 will thus be smaller for bounds de
rived from the NLOZg10 jet than those obtained from th
inclusive NLOZg1X or the LO cross section.

As discussed in Ref.@10#, the limits which can be
achieved are sensitive to the form and the scale of the f

l

-

e

t

FIG. 14. Limit contours at the 95% C.L. in theh30
Z 2h40

Z plane

for p p̄→Zg1X→p” Tg1X derived from thepT(g) distribution at
the Tevatron for*Ldt51 fb21. The solid line gives the result fo
LO Zg production. The dotted curve shows the bounds obtai
from the NLO calculation.h1,2

Z and allZgg couplings are assume
to be zero. The cuts imposed are summarized in Sec. III B.

FIG. 15. Limit contours at the 95% C.L. in theh30
Z 2h40

Z plane
for pp→Zg1X→l 1l 2g1X (l 5e,m) derived from thepT(g)
distribution at the LHC for*Ldt5100 fb21. The solid line gives
the results for LOZg production. The dashed curve gives the i
clusive NLO results, and the dotted lines shows the bounds
tained from the exclusiveZg10 jet channel.h1,2

Z and allZgg cou-
plings are assumed to be zero. The cuts imposed are summariz
Sec. III B. For the jet definition, we have used Eq.~10!.
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factor. For example, doubling the form factor scale
LFF51 TeV at the Tevatron improves the bounds by alm
a factor 3. The dependence of the limits onLFF can be
understood easily from Figs. 5 and 6. The improvemen
sensitivity with increasingLFF is due to the additiona
events at largepT(g) which are suppressed by the form fa
tor if the scaleLFF has a smaller value. To a lesser degr
the bounds also depend on the powern in the form factor.
Reducingn allows for additional highpT(g) events and
therefore leads to a somewhat increased sensitivity to the
energy values of the anomalous couplings. It should
noted, however, thatn must be larger than 3/2~5/2! for h1,3

V

(h2,4
V ) in order to preserveS-matrix unitarity @10#.
The bounds derived in this section are quite conservat

Using more powerful statistical tools than the simplex2 test
we performed can lead to considerably improved limits@48#.
The effect of the NLO QCD corrections on the sensitiv
bounds, however, does not depend on the technique us
extract them.

IV. SUMMARY

Hadronic Zg production can be used to probe for no
standard self interactions of the photon andZ boson. The
experimental limits for nonstandardZZg andZgg couplings
@5,7–9# so far have been based on leading order calculat
@10#. In this paper we have presented anO(as) calculation
of the reactionspph→Zg1X→l 1l 2g1X and pph→Zg
1X→p” Tg1X for generalZZg andZgg couplings. The lep-
tonic decay of theZ boson has been included in the narro
width approximation in our calculation. Decay spin corre
tions are correctly taken into account, except in the fin
virtual contribution. The finite virtual correction term con
tributes only at the few per cent level to the total NLO cro
section, thus decay spin correlations can be safely igno
here. Photon radiation from the final state lepton line is
taken into account; effects fromZ→l 1l 2g decays can eas
ily be suppressed by imposing al l g invariant mass cut and
a cut on the lepton photon separation.

The pT(g) differential cross section is very sensitive
nonstandardZgV (V5Z,g) couplings. QCD corrections
change the shape of this distribution. The shape chang
due to a logarithmic enhancement factor in theqg and q̄g
real emission subprocesses which appears in the highpT(g)
region of phase space where the photon is balanced by a
pT quark which radiates a softZ boson. The logarithmic
enhancement factor combined with the large gluon densit
high center of mass energies make theO(as) corrections
quite large forpT(g)@mZ . Since the Feynman diagram
responsible for the enhancement at largepT(g) do not in-
volve anyZgV couplings, inclusiveO(as) QCD corrections
to Zg production tend to reduce the sensitivity to anomalo
couplings.

At the Tevatron,Zg production proceeds mainly viaq q̄
annihilation. Here the main effect of the QCD corrections
an increase of the cross section by about 20–25%. The
sitivity limits derived from the inclusive NLOZg1X cross
section at the Tevatron are thus up to 10% better than th
obtained from the LO cross section. If a jet veto is impos
the limits are almost identical to those found using the
t

n

,

w
e

e.

to

s

-
e

s
ed
t

is

igh

at

s

s
n-

se
,

calculation. In itsp p̄→Zg→p” Tg analysis, the D0 Collabo-
ration imposes apT( j ),15 GeV requirement, and uses th
calculation of Ref.@10# where the effect of the NLO QCD
corrections is approximated by a simplek-factor to extract
sensitivity limits. We found that the bounds obtained fro
the full NLO Z(→ n̄ n)g10 jet calculation are 4–6%
weaker than those derived using the calculation used in
experimental analysis.

At the LHC, qg fusion significantly contributes toZg
production and the change in the slope of thepT(g) distri-
bution caused by the NLO QCD corrections is quite p
nounced. As a result, the limits onZZg andZgg couplings
extracted from the inclusive NLOZg1X cross section are
up to 10% weaker than those extracted using the LO ca
lation. The size of the QCD corrections at large photon tra
verse momenta can be reduced considerably, and a frac
of the sensitivity toZg couplings which was lost at the LHC
may be regained by imposing a jet veto. The improveme
however, is moderate.

Although a jet veto does not have a large effect on
sensitivity bounds at the Tevatron or the LHC, extracti
limits from the Zg10 jet channel has the advantage of
reduced uncertainty from the variation of the factorizati
scaleQ2; the dependence of the NLOZg10 jet cross sec-
tion on Q2 is significantly smaller than that of the inclusiv

TABLE III. Sensitivities achievable at the 95% confidence lev
for the anomalousZZg couplingsh30

Z and h40
Z in ~a! pp→Zg1X

→l 1l 2g1X and ~b! pp→Zg1X→p” Tg1X, at the LHC
(As514 TeV!. Results are shown for integrated luminosities of
fb21 and 100 fb21. The limits for each coupling apply for arbitrar
values of the other coupling listed in this table. TheCP violating
couplingsh1,2

Z and allZgg couplings are assumed to vanish. For t
form factor we use the form of Eq.~4! with n53 (n54) for h3

Z

(h4
Z) andLFF53 TeV. The cuts summarized in Sec. III B are im

posed. For the jet definition, we have used Eq.~10!.

~a! pp→Zg1X→l 1l 2g1X

*Ldt510 fb21

Coupling LO NLO incl. NLO 0-jet

uh30
Z u 4.631023 5.031023 4.731023

uh40
Z u 3.631025 3.931025 3.731025

*Ldt5100 fb21

Coupling LO NLO incl. NLO 0-jet

uh30
Z u 2.531023 2.831023 2.631023

uh40
Z u 1.731025 1.931025 1.831025

~b! pp→Zg1X→p” Tg1X

*Ldt510 fb21

Coupling LO NLO incl. NLO 0-jet

uh30
Z u 3.431023 3.731023 3.531023

uh40
Z u 2.531025 2.731025 2.631025

*Ldt5100 fb21

Coupling LO NLO incl. NLO 0-jet

uh30
Z u 1.931023 2.031023 1.931023

uh40
Z u 1.231025 1.331025 1.231025
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NLO and the LOZg cross section.
The effect of QCD corrections on the sensitivity limits f

anomalous gauge boson couplings inZg production is sig-
nificantly smaller than forWg, WZ, andW1W2 production.
In Wg and WZ production, the SM Born cross section
suppressed due to the appearance of an exact or approx
radiation zero@42,43#. In W1W2 production, the strong cor
relation of theW helicities in the SM, together with the ef
fect of kinematic cuts, is responsible for the larger effect
the QCD corrections@19#.
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