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We present cross sections for the production of electroweak vector bosorVgair¥y/z, andZz, in pp and
pp collisions, at next-to-leading order ;. We treat the leptonic decays of the bosons in the narrow-width
approximation, but retain all spin information via decay angle correlations. We also include the effétiézof
andWWsy anomalous coupling$S0556-282(199)06421-§

PACS numbgs): 13.85.Qk, 12.38.Bx, 12.60.Cn, 13.8&

[. INTRODUCTION refined standard model predictions are essential. The leading
QCD correctiong O(«ag) ] are significan{generally of order
At the core of the electroweak standard model is its in-tens of percent and hence are required to get a precise es-
variance under the non-Abelian gauge grol(2) timate of the overall production cross section. Also, experi-
X U(1). Many aspects of this gauge structure, such as vectaments do not detect vector bosons, but only those leptonic
boson masses and couplings to fermions, have already beeecay products that fall within the experimental acceptance.
tested with high precision in a variety of experiments. How-Spin correlations between vector bosons are reflected in ki-
ever, the non-Abelian self-interactions of vector bosons—imematic distributions of leptonic momenta, which in turn in-
particular, triple gauge-boson couplings—are just beginnindgluence the number of events surviving experimental cuts. In
to be studied directly, via vector-boson pair production inorder to properly take into account the effects of cuts on the
e’e  annihilation at thee*e™ collider LEP2 at CERN, and cross section, as well as to study the more detdilegkon)
in pp collisions at run | of the Fermilab Tevatron. Although kinematic distributions permitted by higher statistics, it is
thousands oV* W~ pairs have been collected at LEP2, theyimportant to treat the vector boson decays properly, includ-
have all been produced at relatively modest values of the paing all spin correlations.
invariant massM =200 GeV. On the other hand, if there ~ Hadronic production of vector boson pairs in the standard
are anomalous(non-standard-modgl vector-boson self- model has already been studied extensively. The Born-level,
couplings, their effects are expected to grow with invariantor leading-ordefLO) cross sections fov"W~, W*Z and
mass, so it is useful to study vector-boson pair production aZZ pair production via quark annihilation were computed
the highest possible energies. Vector boson pairs also préwenty years agf6]. These cross sections were evaluated by
vide a background for other types of physics. If the Higgstreating theW and Z as stable particles and summing over
boson is heavy enough it will decay primarily it "W~ their polarization states, using completeness relations to sim-
and ZZ pairs[1]. Exotic Higgs sectors can have substantialPlify the sum; thus spin and decay correlations were ne-
branching ratios for charged Higgs bosons to decayv@ 9dlected. For the spin-summed production cross section, the
pairs [2]. Leptonically decaying WZ pairs, Wz  next-to-leading ordefNLO, or O(as)] QCD corrections

—1*21"*1"~, in which the negatively-charged lepton is lost, Were obtained foW " W™ final states in Refq7,8], for W=Z
form a background to a signal for stroNgW scattering as- i Refs.[9,10], and forZZ in Refs.[11,12.
sociated with the mod&/"W*—I*»l’ "’ [3]. Finally, a The simplest way to include the effects of vector-boson

prime signal for supersymmetry at hadron colliders is theSPin and decay correlations is to compute directly the matrix
production of three charged leptons and missing transvers@léments for the production of the four final-state fermions.
momentum(4]; a background for this process is the produc-In the narrow-width approximation, only “doubly resonant”
tion of aW plus a(virtual) Z or 1. Feynman diagrams have to be considered—the same class of
In the near future, hadron colliders will be the primary diagrams that gives rise to the on-shell spin-summed cross
source of vector boson pairs with large invariant mass. Run
Il of the upgraded Tevatron should yield a data set roughly
20 times larger than that from run |, including 100—200 lep- \Modes in which one of the vector bosons decays hadronically
tonically decayingV" W™ pairs. The Large Hadron Collider have been studied at the Tevatron, but at standard model levels
(LHC) at CERN promises to increase the sample by anothetese events are hard to separate from the QCD production of a
factor of 50 beyond run Il. With this increase in statistics, vector boson plus jets5].
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section. Because both the outgoing fermions and the initialshown that there is a an approximate zerogfg,— W=Z at
state partons are essentially massless, and because their ceds=(g; +9,)/(9; —9,), where g, are the left-handed
plings to vector bosons are chiral, it is very convenient to us@ouplings of theZ boson to the quarkgL8]. The exact tree-

a helicity basis for the fermions. The tree-level helicity am-jeve| zero forwy is filled in somewhat by QCD radiative
plitudes for massive vector-boson pair production and decayqrections, and also by the kinematic ambiguity associated
into leptons were first computed in RfL3], which also \\ith the undetected neutrino i *y—I1* vy, Still it pro-
demonstrated the significance of decay-angle correlationgy, e 4 dip in the distribution of a related variable, the ra-

This same approach was carried Ol.Jt at Omgm. R_ef. [14]. pidity differencey.,—y,+, which should be visible at run Il
At O(as), there are real corrections, consisting of tree[lg] Y

graphs with an add|t|ona_l gluon in gnt_her the initial or fmali Here we study the QCD corrections to the approximate
state, and virtual corrections, consisting of one-loop amph-WZ radiation zero. Using on-shell. spin-summed cross sec-
tudes that interfere with the Born amplitude. However, the ) 9 » SP

full one-loop amplitudes including leptonic decays were un-tions, Ref.[10] computed the distribution in the rapidity dif-
available until recently, so Ref14] included decay correla- f€rénce between th&V and Z bosons, Aywz= lyw=Vzl,
tions everywhere except for the finite part of the virtual con-Which is a boost-invariant surrogate for the center-of-mass
tribution, for which spin-summed formulas were uged. scattering anglée. It was found that a dip in thay,y; dis-

In this paper, we presei@(«.) results for the hadronic tribution persists atO(«s), although the dip is less pro-
production of W"W~, WZ and ZZ pairs, including the full nounced than at Born level. Since the rapidity of Wesan-
lepton decay correlations in the narrow-width approximationnot be determined on an event-by-event basis, we study a
We rely on Ref[15] for all the required matrix elements, in quantity related toAyy;, but constructed purely out of
particular the virtual one-loop amplitudes fag’ —V,V,  charged lepton variables, and find that a {p at least a
—4 leptons. In order to cancel the infrared divergences irshouldey is still present. However, because of the much
the phase-space integrations for the real corrections, w@wer WZ cross section, this measurement is considerably
implement the general subtraction method discussed in Refnore challenging than the/y case, and will probably have
[16]. This method allows the computation of distributions of to wait for the LHC.
arbitrary (infrared-safg observables. Various types of TeV-scale physics may modify vector-

Recently, an update to vector boson pair production hagoson self-interactions. Without a precise knowledge of the
been presented in Réfl7]. The corresponding Monte Carlo ey physics, one often parametrizes the modifications using
programmcrM relies on the same amplitudgks] and, there- - 5nomalous coupling coefficients. We shall consider anoma-
fore, also includes all spin correlations exactly to next-to-|,.,s contributions to th&V* W~ Z andW*W~ y triple gauge

leading order inas. MCFM is more complete than the pro- o ices and their effect on various distributions/iwand

gram Qesc_rlbeq here, in the sense that the narro‘.’v'w'dtOVZproduction. Similar studies have already been carried out
approximation is not assumed, and singly-resonant dlagramgt ordera. and includin . lati i
; " - s g spin correlations everywhere ex
are also included. These additions are expected to shift the L oo
pt in the finite virtual contributions, for bodWW produc-

resonance-dominated di-vector boson cross sections by tHE

order of several percent. Their effects are obviously much'o" [2_0] and WZ_productlon[Zl]. Here we |n(_;lude as w_eII
larger in the off-resonant regions important for studies ofthe spin correlation effects from the finite virtual contribu-
standard model backgrounds to new physics. tions. This requires matrix elements beyond those in Ref.

In the present paper, we first compute the di-vector bosohl5; however, the new matrix elements are trivial by com-
cross sections in the standard model, both without and with &arson.
realistic set of experimental cuts. Fe¢* W~ production, a The remainder of the paper is organized as follows. After
jet veto is used by experimentalists to suppress backgroundgutlining the computational technigues in Sec. Il, we present
we study the effect of this veto on the size of the crosgesults for the standard model productioVé®V, WZandzz
section and its renormalization and/or factorization scale depairs in Sec. lll. We first present total cross sections for all
pendence. three channels, without and then with a set of realistic kine-

Di-boson amplitudes in the standard model have interestmatic cuts on the leptons. We consider bpfh collisions at
ing angular dependences. For example, at Born level, there igs=2 TeV (corresponding to run Il of the Tevatrprandpp
an exact radiation zero in the partonic procas§,—W~y  collisions at\/s=14 TeV (the LHC). We discuss the depen-
at cosf#=(Q;+Q,)/(Q;—Q,), whered is the scattering angle dence of thaVWcross section on a common renormalization
of the W with respect to the direction of the quagk, and  and factorization scale, with and without a jet veto. For the
Q1 are the quark electric charged]. Similarly, it has been Wz channel, we study the approximate radiation zero before

and after QCD corrections.
In Sec. IV we introduce anomalousV*W~Z and

2The virtual corrections can be divided into terms with poles,in W' W™ ¥ couplings, and compute their effect on the matrix
the parameter of dimensional regularization, plus residual finite€€lements in the narrow-width approximation througrs).
terms. The pole terms have a universal form and cancel again¥e then study the effects of these couplings on a double-
infrared divergences in the real corrections, so if the real correctionbinned transverse energy distribution for the pair of charged
include decay correlations, then the virtual pole terms must also, ifeptons inW* W~ production followed by leptonic decays.
order to get a finite answer. Finally, in Sec. V we present our conclusions.
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w=1-—
It is straightforward to implement the helicity amplitudes Po ™

presented in Ref.15], and those including anomalous cou-
plings (see Sec. 1Y, in a Monte Carlo program. The tree- With Bo=3(%5Ca—3Ny), B1=i[5Ca—(5Ca+Cp)N(],
level and one-loop amplitudes are computed as comple€,=N,, Cg=(N2—1)/(2N,). The value ofag(M) is set
numbers and the squaring, as well as the sum over helicitgqual to the value given in the respective parton distribution
configurations, is done numerically. In order to cancel singu{it. Thus, we takexs(M ;) =0.1175 for MRST andvy(M)
larities between the real and virtual parts analytically, we use=0.116 for CTEQ. In all computations we have set the
the general version of the subtraction meti@@] as pre- renormalization and factorization scales equalz=ur
sented in Ref[16]. Our code is flexible enough to compute = .
arbitrary infrared-safe quantities, apply arbitrary cuts, and The masses of the vector bosons have been sélto
add any parton distribution easfly. =91.187 GeV andM,,=80.33GeV. As for the coupling

In this paper we will present results for the Tevatron runconstantsy and sirf 6, we choose them in the spirit of the
Il and the LHC. The former term refers fwp scattering at  “improved Born approximation’{25,26| for W pair produc-
Js=2 TeV, whereas the latter stands fpp scattering at tion at LEP2. We do not explicitly include any QED or elec-
Js=14TeV. Most of our results will be presented with troweak radiative corrections. However, we take into account
some ‘“‘standard cuts” which are defined as follows: Wethe top-quark-enhanced corrections to the relation between
make a transverse momentum cut @f>20GeV for al M, M,y and sirf 6, where the latter is defined as an ef-
charged leptons. The event is required to have a minimunfective coupling in a high-energy process, by using the defi-
missing transverse momentypi"**, which is carried off by  nition [26]
the neutrings). We requirep"*>>25GeV in the case of

Il. COMPUTATION asM2) (Mz) o

W-pair production ancp§"*>>20GeV in the case otV*Z Sir? g = ma(Mz) 3
production. NopT"*® cut is applied forZ-pair production. W V2GeM3,

Finally, we apply some collider-dependent rapidity cuts for

the charged leptons. For the Tevatron we reqlife<1.5, WhereGg=1.1663% 10 >GeV ?is the Fermi constant and

whereas for the LHG 7| <2.5. a(w) the running QED coupling. For our numerical results
In all results presented in this paper, we assume that thee usea= a(M;)=1/128 and sififiy=0.230.

vector bosons always decay leptonically, i.e. the proper The programs have been set up to allow for arbitrary val-

branching ratios of the vector boson decays into leptonsies in the entries of the Cabibbo-Kobayashi-Maskawa

Br(V—ff') are not included. Obviously, these branching(CKM) mixing matrix that do not depend on the top quark.

ratios depend on which final-state charged leptons are irfor the numerical results we tak¥/,q/=[V.{=0.975 and
cluded in the analysigelectrons, muons, or bothThey can Vi =|Vedl =0.222.

easily be added at any stage, using Finally we mention that we do not properly include pro-
cesses where top quarks are involved. The amplitudes pre-
Br(Z—e'e )=Br(Z—u"n )=3.37%, sented in Ref[15] assume massless quarks, an approxima-

tion that is certainly not justified in the case of the top quark.
The fact that we nevertheless include tkehannel exchange
Y Br(Z—vv;)=20.1%, of the top quark(with |V,q|=|Vi=0 and |V|=1) for
=em W-pair production, therefore, results in an error. Fortunately,
these processes are suppressed for energy scales that are not
Br(W'—e"ve)=Br(W'—u"v,)=108%. (1) oo large, either by small CKM matrix elements or by the
smallb quark distribution function. Indeed, we checked that

the contribution of the subprocebd—W* W~ (treating the

top as masslegsss completely negligible for run Il while it is

of the order of 2% for the LHC. Furthermore, in the case of
W=Z production we did not include the procedsg

— W™ Zt. This process is present at next-to-leading order but
T strongly suppressed by the large top quark mass, as well as
the smallb quark distribution function.

These ratios implicitly incorporate QCD corrections to the
hadronic decay widths of the/ and Z.

We use two different parton distributions, Martin-
Roberts-Stirling-Thorne set ftO8EMRST(ft08a)] [23] and
CTEQ4M) [24], which we refer to simply as MRST and
CTEQ. For both the leading and next-to-leading order result:
we shall use the same parton distributignich have been
obtained by a fit at next-to-leading order dnR). The strong
coupling constant is evaluated using

I1l. STANDARD MODEL RESULTS
ag(Mz) [ ag(Mz) B In(w) A. Total cross sections

w T Bo W )’

ag(pm)=
The total cross sections for NLO vector-boson pair pro-

duction were computed long ad@—-12 and have recently
been updatedi17]. In Tables | and Il we present the total
SWe wrote two independent programs, oneFibRTRAN 77 and  cross sections for the various processes at the Tevatron and
one iNFORTRAN 90, both of which are available upon request. LHC, for the MRST and CTEQ parton distributions. For the
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TABLE |. Cross sections in pb fopp collisions at s TABLE Il. Cross sections in pb forpp collisions at /s
=2 TeV. The statistical errors arel within the last digit. =14 TeV. The statistical errors arel within the last digit.
zz wWhw- W~z zz wWrw~ w4 wtz
LO NLO LO NLO LO NLO LO NLO LO NLO LO NLO LO NLO

d“(MRST) 1.13 144 952 124 1.37 1.84 o“(MRST) 11.4 152 779 115 11.0 19.0 17.6 30.1
d(CTEQ) 1.16 147 989 1238 1.38 1.86 ¢“(CTEQ) 11.8 158 81.3 120 11.4 19.6 186 31.9
o“(MRST) 0.352 0.446 3.17 422 0.377 0506 o®“(MRST) 3.95 531 246 404 341 6.44 508 9.38
a{CTEQ) 0.362 0.457 3.31 440 0.385 0.520 ¢“{CTEQ) 4.09 551 256 420 359 6.72 532 9.83

To start with, in Fig. 1 we consider the scale dependence
purpose of comparison we tabulated the resultsof8 the  of the cross section fow-pair production at the Tevatron.
cross sections without any cuts applied, but we also giveve apply our standard cuts and vary the scale around
o the cross sections with the standard cuts defined in See My . The leading-order scale dependence is entirely due to
Il. At the Tevatron, theNV*Z and W~ Z total cross sections the decrease of quark distribution functiogéx) with in-
are equal by invariance under charge conjugation and paritgreasing factorization scale for moderateThe NLO result
(CP). The cross section values are for the scale (My, does indeed have a reduced scale dependence. We also show
+M,,)/2, whereMy, are the masses of the two producedthe NLO result with an additional cut on the transverse had-

H had H
vector bosons. Because the difference between the MRS nic energy, Ey"<40GeV, implemented at the parton

and CTEQ results is rather small, and given the fact th vel. In the remainder of this paper we refer to this addi-

th distributi ilb dated larl trict ional cut as jet veto, even though it does not exactly corre-
ese aistributions will be updated regularly, we restrict our-g,5nq 15 3 jet veto applied by experimentalists. This addi-

selves in the remainder of this paper to the MRST distribuyiona| cut reduces the scale dependence further. These
tion. For the same choices of input parameters and partopgyts, together with the modest one-loop corrections we
distributions, we obtain perfect agreement with the totakind below for kinematic distributions at the Tevatron, lead
cross-sections tabulated in Tables 1 through 4 of R&fl*  to a rather satisfactory description W-pair production at
The significant differences between the total cross sectiongis collider.

for the MRST distributions given in our Tables | and Il and  The situation is somewhat more delicate for the LK€e
those in Ref[17] have their origin in different input param- Fig. 2). The one-loop corrections can be huge in the tails of
eters, in particular sfig,,. In the case of the CTEQ set an the distributions. We therefore investigate the scale depen-
additional difference is due to the fact that in Rgf7] the  dence in a more detailed way. We again consider the cross
more recent CTE(®) parton distributions have been used. section with and without the same jet veE;'}ad<4O GeV.

The one-loop corrections to the total cross sections are diVe also consider the cross section with an additional pair of
the order of 50% of the leading-order term. However, as weeuts on the transverse momenta of the charged leptons. We
will see below, the corrections can be much larger for larggequire the larger of the two transverse momenta of the
pr or invariant mass of the vector bosons, particularly at thecharged leptonspT™®, to be bigger than 200 GeV and the
LHC. This is related to the fact that at next-to-leading ordersmaller, pT"", to be bigger than 100 GeV. As discussed
the sub-processegy— V,V,q have to be taken into account. above, it is therefore more appropriate to vary the scale
These sub-processes generally dominate the tail of tharoundu as given in Eq(4) instead ofu=M,y.
p-distribution (see e.g. Refl8]). Therefore, a scale choice ~ The purpose of these additional cuts is to investigate the
such as scale dependence of the cross section in the region where

larger corrections are expected. Indeed, the one-loop correc-
T T ) ) 5 tion to the LHC cross section far= g increases from 60%
no=pe= 5 Pr(VD) +pr(Va) #My Myl (4 to 80% as the additional set of cuts is applied. Before apply-
ing the additional cuts, the situation is very similar to the
Tevatron. The scale dependence at LO is reduced at NLO,
seems to be more appropriate. The difference between thend is reduced even further if the jet veto is applied. For the
two different scale choices is very small for the total crosshigh p; case this is not quite true. The leading-order result is
section, since it is dominated by lopt vector bosons. How- surprisingly stable under scale variations. This feature is
ever, for more exclusive quantities the differences can beomewhat artificial, however; we have checked that it does
substantial. It is therefore necessary to investigate the theaot hold if the additional cuts are changed to §*{l)
retical uncertainty related to the scale dependence in some400 GeV andp""(1)>200 GeV. In this case, the leading-
detail. order cross section decreases with increasing scale. With the
cuts pT®{1)>200 GeV andp7"(1)>100 GeV we just happen
to be close to the transition from a rising to a falling leading-
“Tables 1 and 2 of Ref17] express their good agreement with Order cross section, a transition which is associated with the
Refs.[8,10,17 for the older Harriman-MRS set BIMRSB) parton  different behavior under evolution of the quark distribution
distributions; Tables 3 and 4 are for the Tevatron run Il and LHCfunctions at smalk vs moderatex.
with the MRST and CTE() sets. The reduction of the scale dependence of the next-to-
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pp > WHW™; 2 Tev

5.0
o 1.10 Y
105 FOX
o 1.00
4.5 | 0.85 |
I NLO o080 f
40 o FIG. 1. Scale dependence of", the cross

section for W-pair production at the Tevatron
with standard cuts. The scale is given in units of
My . We show the LO, NLO and NLO with jet

.& 3.5 N veto curves. The inset shows the three curves
< normalized to 1 au=M.
so T e
[ MBsT I -
[ pe(l) > 20 GeV, |ny| < 1.5, pp™* > 26 GeV
2.5 M N B R T B
0.5 1 1.5 2 2.5 3
/My

leading order results when a jet veto is applied seems to begp—W W*—I1"vI’ "v’. Similar studies have been carried
quite general though. This situation is a bit paradoxical beout earlier(see e.g. Ref[14]). Throughout, we apply our
cause the cross section with a jet veto is less inclusive angtandard cuts as defined in Sec. II. As an illustration, we have
therefore, expected to be more sensitive to large logarithmghosen eight variables, foyr;-like quantities and four an-
created by incomplete cancelation of the infrared singularigylar distributions. They all are defined in terms of observ-
ties. On the other hand, any subprocess appearing at NLO ihle momenta. The;-like distributions are defined as fol-
pp— WW produces additional hadronic energy in the final|gws:
state. Thus, a cut oBp,q naturally suppresses the one-loop  p.(17): transverse momentum of the negatively charged
corrections and tends to stabilize the perturbative expansiofepton.
This effect competes against the stronger sensitivity to large \, : invariant mass of the lepton pair.
logarithms. Apparently, for the jet veto we appliel;* pmss. missing transverse momentum.
<40 GeV, the subprocess-suppression effect still dominates/[ (17)+ (1" ) + pr(jet) .

B W~ pT®: maximal transverse momentum of the two charged

' leptons, mafp(I7),p:(l' M)}
In this subsection we present some results for kinematién the case of the Tevatron, thpe-(1~) and p(I'™) distri-

distributions for the processgp—W W*—1"vl’*v’ and  butions are equal. However, this is not true for the LHC.

pp~- W' W, 14 Tev os pp - W W, 14 Tev

110 F 110

r Los b e 1.05
sor 2 2 2 2 100 | Tt roa b
[t =My +(pr (My1) +pr (My2))/2

I ' ' 04 ' ' '
40 + k

r NLO

L NLO

0.5 [ =My +(pr*(My)) +P1° (Myz)) /2

0.3
) o
ChRE NLO with jet veto E,"* < 40 GeV a, Lo
A > T BT
[S) e e T T T T T T o 02 [
___________________________ Lo —
——————— NLO with jet veto Ef"** < 40 GeV
20 L 0.1 [~ MRST
I MRST; pg(l) > 20 GeV, |y < 2.5, py™™ > 25 GeV pr™*%(1) > 200 GeV, py™*(1) > 100 GeV, [n| < 2.5, py™* > 25 GeV
1 1 1 1 1 | | | | |
0.5 L 1.5 2 2.5 3 0.5 1 1.5 2 2.5 3
H’/Mst lJ‘/lJ'st

FIG. 2. Scale dependence ef", the cross section foi-pair production at the LHC with standard cuts. The scale is given in units of
g as defined in Eq(4). We show the LO, NLO and NLO with jet veto curves without additional ¢ieft) and with an additional cut
pT2{1)>200 GeV andpT"(1)>100 GeV(right). The insets show the curves normalized to Juat u;.
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Transverse Momentum of Leptons Invariant Mass of Lepton Pair
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_a ] ] ] ] ] 10—2 11 Eol ] ] ] ]
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w4 L
1075 10-3
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1w} i 140 |
- 10t | 3
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1074 |
-5 |
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10-8 |-
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1077 | .
1 1 1 it 1
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FIG. 3. Differential cross sections in pb/GeV W™ production at the Tevatron for thg-like variablespr(I ), M, , pI"SandpT®*
defined in the text at L@Qdashed curvesand NLO(solid curve$, with u=M,,. Standard cuts have been applied and the branching ratios
for the leptonic decay of the vector bosons are not included. The insets show theaBtfdo©. The units on the horizontal axes are
GeV.

The four angular distributions we considered are definedwo distributions. Note also that thez(l) distribution is not

as follows: symmetric aroundy=0 for the Tevatron; it is symmetric for
n(17): rapidity of the negatively charged lepton. the LHC. The co#), observable has been investigated in Ref.
An(l): rapidity difference between the leptong(l~)  [27] in the context of Higgs boson detection in the interme-
—7(1'"). diate Higgs mass ranga,=155-180 GeV. It is therefore
cos¢: angle between the leptons, €a§p(l7), particularly interesting to consider the effect of the QCD
p(l’M)D. corrections to this observable.
cos¢y: transverse angle between the leptons, In Figs. 3 and 4 we show the distributions for the Teva-
codZ[pr(17),pr(I" ). tron, evaluated aj.=M,, and with our standard cuts ap-
For massless leptons, the true rapidity plied. Recall that the branching ratios for the leptonic decay
of the vector bosons are not included. The perturbative ex-
y(h)= Eln( E(D+ pL(I)) pansion for angular-type distributions is generally better be-
2 \E()—=pc() haved than that for steeply fallingr-like distributions. The

latter often suffer from large NLO corrections in the tails of
is equal to the pseudorapidity(l)=—In[tan(@/2)], so we the distribution. T.he. insets of Fig. 3 show the ratio
refer to both as rapidity. For the Tevatron, we have to specifflo’—/daC. They indicate that for the Tevatron, the NLO
the proton direction: it corresponds &= 0. corrections are not too large, except for > distribution.
At the Tevatron, the rapidity distribution fdf * can be The large corrections to thpy"™* distribution reflect a
obtained trivially from that fot ~ by changing the sign of. ~ suppression of the Born-level cross section whEl™ is
For the LHC, there is no such simple relation between thdarge[20]: The only way to get a largpT"*°at Born level is
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7(17) n(17) — n(1%)

2.0

cos(6y) cos(¢y)

0.0 1 1 1 0 1
-1 -0.6 0 0.5 1 -1 -0.6 0 0.5 1
FIG. 4. Differential cross sections in pb for the Tevatron forWeW" angular variables defined in the text at I(@ashed curvesand
NLO (solid curve$, with w=M,y. Standard cuts have been applied and the leptonic branching ratios are not included.

to have a larg@VW invariant mass. Then the two neutrinos qg—WWq which dominates in this kinematical region. It
are almost back-to-back in tM#Wrest frame. Also, for large may be argued that a scale choice as in #gis mandatory
invariant mass the standard mod&W helicity amplitudes in this case. However, we have checked that such a scale
are dominantly those where thg" andW~ have opposite choice does not lead to a substantial improvement.
helicities. TheV— A decay of thaV bosons then implies that The problem is that in a NLO calculation fap—WW

two neutrinos tend to carry roughly the same fraction of thethe partonic procesgq—WW is included at NLO, but the

W momentum, i.e. they have canceling transverse momenta.g— WW qsubprocess is included only at LO. Therefore, in
NLO QCD corrections have a large effect at laggg** be-  a kinematical region where the latter dominates, the calcula-
cause they allow a recoiling final-state parton to spoilghe tion presented in this paper is effectively only a leading order
balance of the two neutrinos. The presence of anomalougalculation. The only fully satisfactory way to improve the
couplings can also have a large effect in this region, by retheoretical prediction in such cases is to include the one-loop
laxing the helicity anti-correlation of the twé/ bosong 20]. corrections to the subprocess withgg in the initial state.

In Figs. 5 and 6, the same two sets of distributions areTheseO(ag) corrections correspond to a NNLO contribu-
displayed for the LHC, again fqu=M,,. The NLO correc- tion to pp—WW. At the same order inxg, there are two
tions to the angular distributions are again modest. Thewew subprocessegg— WW at one loop, andjg—WWqq
ps-like distributions, however, can have much larger correc-at tree level. Due to the large gluon density at smathese
tions, particularly in their tails, where the NLO result can contributions are also expected to be important for LHC en-
easily exceed the leading order result by a factor of 5. Thergies, and would have to be included if a reliable prediction
pT"s® distribution has the largest corrections of all, for the for the tails of thep-like distributions were required.
reason mentioned above, and the factor can be 20 or more. As discussed above, a way to suppress the partonic pro-
As mentioned before, the huge corrections in the tail of thecesses with gluons in the initial state is to impose a jet veto.
genericpr-like distributions have to do with the subprocess The effect of the cuE?ad>40 GeV on thep:-like distribu-
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FIG. 5. Differential cross sections in pb/GeV f&¢"W* production at the LHC, for th@+-like variables defined in the text at LO
(dashed curvesand NLO(solid curveg, with uw=M,y. Standard cuts have been applied and the leptonic branching ratios are not included.
Also shown(as dot-dashed lingsre the NLO curves with a jet ve®2%< 40 GeV. The insets show the ratitrN"°/d°. The units on
the horizontal axes are GeV.

tions is even more dramatic than its effect on the total crosered in Ref[19] for the case ofVy production.(It is pos-
section. This can be seen in Fig. 5, where we also show thgible to determine co& in the Wy or WZ rest frame, by
NLO curves with the jet vetodot-dashed lines Indeed, the  solving for the neutrino longitudinal momentum using tlve
one-loop corrections are very small throughout. We concludénass as a constraint, up to a twofold discrete ambiguity for
that if a reliable theoretical prediction is desired for the taileach evenf28]. However, Ref[19] found that the ambiguity

of a py-like distribution, and only a next-to-leading order degrades the radiation zero—at least if each solution is given

program is available, then a jet veto is unavoidable. a weight of 50%—so that the rapidity differengg—y,+ is
N more discriminating than cas)
C.w=z As one can see from Fig. 7, there is a residual dip in the

In this subsection we studwZz production, followed by AYz distribution, even at ordews. This dip can easily be
leptonic decay of each boson. In particular, we examine th€nhanced by requiring a minimal energy for the decay lepton
effects of QCD corrections on the approximate radiation zerdfom theW. In Fig. 7, we have chosef(l)>100 GeV. Note
at cosf=(g; +;)/(g; —g;) [18]. Since the precise flight di- that these curves are scaled up by a factor 5. Unfortunately,
rection of theW boson is not known, due to the uncertainty only a few tens oV Z— leptons events are expecteql at run I
in the longitudinal momentum carried by the neutrino, we?;t:; Jgi\gtlrtonr,iosrototr][ﬁeolt_)aecrvat|on of such a dip will be
simply choose to plot a distribution in th@rue) rapidity P '
difference between th& boson and the charged lepton com- |, ANOMALOUS W*W~Z AND W*W~y COUPLINGS
ing from the decay of th&V, Ay, =y,—Y,. This quantity is _ _
similar to the rapidity differencdyyy,=|yw—Yy-| studied in A. Triple gauge boson vertices
Ref. [10], but uses only the observable charged-lepton vari- New physics may modify the self-interactions of vector
ables. It is the direct analog of the varialyle—y,+ consid-  bosons, in particular the triple gauge boson vertices. If the
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7(17) n(17) — n(1%)

cos(6y) cos(¢y)

FIG. 6. Differential cross sections in pb for the LHC for & W' angular variables defined in the text at @ashed curvgsand NLO
(solid curve$, with u=M,,. Standard cuts have been applied and the leptonic branching ratios are not included.

new physics occurs at an energy scale well above that beingariance requireg]=1, or Ag]=0. Sometimes other con-

probed experimentally, it can be integrated out, and the resuitraints are imposed on the couplings. For example, if one

expressed as a set of anomal@nenstandard modeinter-  requires the existence of an effective Lagrangian with

action vertices. SU(2)xXU(1) invariance, and neglects operators with di-
Here we consider anomaloM8™W~Z andW*W~ y tri- mension eight or higher, then the number of independent

linear couplings, and their effects on the hadronic productiortoefficients in Eq(5) is reduced from five to three,

of WWandWZ pairs up through orde#,. The most general

set of Lagrangian terms fiWWV, Ve {Z, y}, that conserves

. o
C andP separately, igsee e.g.[29,30) Ag%:cos\’ivz . N'=\=ay,,
. . wW
LIGwwy=i9Y (W5 WHEVY =W, W* EV7) + i kYW W, VA
\Y -
Fi o WA WAV, (5) _ _ ST Ow
M\%v P Ax¥= awgt agg, AKZ—aqu—manb' (6)

whereX,,=d,X,—4d,X, and the overall coupling constants

Gwwy are given bygww =—e and gwwz= ~€Cotéy e~ \whereay, ay, andag, are coefficients of the dimension-
spectively, with 6, the weak mixing angle. The standard six operators in this effective Lagrangi80]. If one arbi-
model triple gauge boson vertices are recovered by letting-arily supposes thaty,= ag,, one arrives at the so-called
g\l’—>1, «k/—1 and\Y—0. The coupling factors can be writ- Hagiwara-Ishihara-Szalapski-Zeppenfel(HISZ) scenario
ten in terms of their deviation from standard model values{31], with only two independent couplings.

g\l’:1+Ag‘l’ and kV=1+A«". Electromagnetic gauge in- The momentum-space vertexW;(q)Wg(ﬁ)VM(p)
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0.30 T T T wheres is the invariant mass of the vector boson pair, and
MRST, ja=(iy + M;)/2 is in the TeV range.
0.25 pr(l) > 20 GeV, |ny] < 2, py™™ > 20 GeV —|
no additional energy cut
B. Tree, virtual and bremsstrahlung amplitudes for WwW
020 Replacing the standard model vector-boson-vertex by the
more general vertex given above results in the some modifi-
0.15 - ] cations of the primitive amplitudes presented in Héb].
We use the same notation in this paper and refer the reader to
010 L ] Ref. [15] for more details. The box-parent primitive ampli-
tudes are not affected by changes in the trilinear vector-
boson-vertex. The change in the triangle-parent primitive
005 - ] amplitude can be obtained by simply computing the one tree-
/ additional eut (x5) E(ly) > 100 GeV level diagram with the new vertex. Since the vertex is no
0.00 L= |2 (l) 21 =~ longer symmetric in the exchang®—V, we get slightly

different results for the different final states. For thén
final state, the new tree amplitude, which replad&€®® in
Eqg. (2.9 of Ref.[15], is

Ayz

FIG. 7. ForWZ production at run Il, followed by leptonic de-
cays of both thaV andZ bosons, we plot the distribution, in pico-
barns, in the rapidity difference between tHeand the charged
lepton| from the decay of th&V, Ay, =y,—Y,. Leptonic branch-
ing ratios are not included and the scale has been set=t0My
+M3)/2. The basic cuts used ape(l)>20 GeV and 5(1)|<2 for
all three charged leptons, and a missing transverse momentum cut
of p['*>>20 GeV. We plot theAy,, distribution with these cuts,
and also after imposing an additional cut on thedecay lepton, AV
E(1)>100 GeV; the latter curves have been scaled up by a factor of X[45]+ W<3|(l+ 2)|5)(6|(1+ 2)|4>) } (9)
5. The dashed curves are Born-level results; the solid curves include W
the O(as) corrections.

AtreeB —

\
2515055 (gy+ ¥+ V) ((13)[24](6|(1+2)|5)

+(16)[25](3|(5+6)4)) +(1|(3+4)|2)| 2gY(36)

(wherep+qg+q=0) corresponding to Eq5) can be written  For the Iimitg\l’ﬂ 1, kY—1,\V—0, we recover the standard

as model result,
L*P#(q,0,p)/ Gwwv i
I g\1/+KV+)\VMq7\2N)—qu““ 9¥+KV+>\VME2V7V) Atreeb:m[—(36)[45]<l|(5+6)|2>
o +(13[24)(6](1+2)]5) + (16)[25](3](5+6)|4)]
B B LV R VL [(13[25)(6](2+5)[4)

$12534Ss56

Here we have used momentum conservation, and the fact +[24](16)(3|(1+6)|5)]. (10

that the termsy®, g” andp* can be neglected, but we have

not imposed on-shell conditions on the vector bosons. As it

stands, this vertex will eventually lead to a violation of uni- ~ With the above results we also get immediately the one-
tarity. To avoid this, the deviations from the standard modelJoop primitive amplitude for anomalous couplings. Assum-
Ag\lf, Ax" and\Y, have to be supplemented with form fac- ing the usual decomposition into finite and divergent pieces,
tors. Since the form factors are supposed to be produced ﬂye finite pieces are vanishing, as in the standard model case,
unknown physics, the form they should take aspriori ~ and the divergent pieces are still given &A™V where
somewhat arbitrary. We choose a conventional dipole form

factor, i.e.

1 MZ € 3 MZ €
v 52( )‘z(_s T2 (D
K (1+8/AY)2

Agy —S12

\
A9 rgAr?

\V The result for the bremsstrahlung diagrams with an addi-

8

Vv
N dreane

tional positive helicity gluon radiated off the quark line is
given by
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TABLE lIl. Double-binnedE; cross sections fopp—W*W~— leptons atys=2 TeV. The three num-
bers in the left column in each entry are the standard model results for the geajegx{1/2,1,2, with
given in Eqg.(4). The fourth number in the entry is the cross section with anomalous couplings, as defined in

the text.
EmaXEmmin 20-38.1 38.1-72.5 72.5-138 138-263 263-500
1.07
20-38.1
107 110 -
[pb]
1.03
1.62 0.77
38.1-72.5
162 161 5,4 077 i
[pb]
1.54 0.74
1.67 3.30 1.30
72.5-138
160 176 55, 356 . 150 )
(107! pb]
1.49 3.15 1.27
0.63 1.27 3.07 1.08
138-263
057 243 |,y 418 .. 690 . 232 )
(1072 pb]
0.49 1.09 2.98 1.09
0.7 1.2 2.6 9.0 2.3
263-500
0.6 22 1.1 37 25 55 9.8 63 25 95
(107 ph]
0.5 0.9 2.2 9.0 2.4
reeB i V. vy dard model case. The only subtlety is that ba@hand y
A0 = (g +x"+NY) appear as intermediate stateS/MW production. In the coef-
2(17)(72)S34Sset127 -+ _
ficient functions
X ((13)(1[(2+7)[4)(6/(3+4)|5)
—(16)(1|(2+7)|5)(3|(5+6)|4 _ S1A(1F2Q sir? @
(16)(1[(2+7)[5)(3[(5+6)[4)) Cuuy= = 2Q Sif? Gy + 121+ 2Q ' w)’
i S12— M3z
+<1|<3+4><2+7>|1>(29¥<36>[45]
s
\Y Cpr o= *+ 2Q Sir? 6y T 2Q Sir? fyy——
+M—2<3|<4+6)|5><6|<3+5)|4>) (12 RIy T EQSIT AT 2Q SN g “yz:
W

replacingAi®®” in Eq. (2.22 of Ref.[15]. The result for a

(13

negative helicity gluon can be obtained by the following flip defined in Ref[15], the first term ¢ 2Q sir? 6y, is from the
intermediatey, while the second term is from the intermedi-

operation[15]: 1+2, 3—4, (ab)«[ab].

We also have to modify the prescription in REL5] for

ateZ. Correspondingly, we should set=vy (V=2) in Egs.
dressing the above primitive amplitudes with electroweak9) and (12), when they are dressed with the fitsecond
couplings. Sinceg\ll, «¥ and\V are relative couplings, i.e. term in C{;},{g}. Otherwise, all the prefactors remain the

the overall couplingwwy has not been changed, the dress-same and only the “new” primitive amplitudes have to be
ing with electroweak factors is almost identical to the stanplugged in.
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FIG. 8. Cross section [fb/10] for W-pair production at the Tevatron with no anomalous couplithefs) and for the HISZ scenario with
aw=aws=ag,=0.1(right). Standard cuts have been applied and the scale has beerusetig as defined in Eq(4).
C. Tree, virtual and bremsstrahlung amplitudes for Wz D. Numerical results

For theWZfinal state, the new tree primitive amplitude is  More systematic studies of the effects of anomalous cou-
plings on hadronic production of vector boson pairs have

AlreeB_ —! z, 7 22) been carried out elsewhdi@2,33,34,20,2]L Here we merely
=——|| g7+ K"+ \N"—> . e
2515534556 My consider one sample distribution.

The effect of anomalous couplings is enhanced for gauge
X (36)[45)(1|(5+6)[2) bosons that are produced at large transverse momentum. In

Z, Z,\Z order to exploit this feature, the DQollaboration consid-

(gt K HAD(16[25](3](1+2)[4) ered a double-binne& spectrum for the charged leptons

N coming from the decay oiV pairs[35]. Any deviation from

+<6|(3+4)|5>(29f<13>[24]+ Wv<3|(5+ 6)[2)  the standard model should be more pronounced in the high
E bins.
We have computed a similar double-binnegd spectrum
X(1](5+ 6)|4>) } (14 at NLO for run Il of the Tevatron. As in Ref35] we com-

pute for each event the larger and smaller transverse energies
max

of the two leptonsET**andEM™ . [E is equivalent tqo(1),

The new bremsstrahlung primitive amplitude is of course] We impose our standard event cuts and then bin

i t eachEq into five bins with the following limits in GeV:
AleeB_ [ 9+ K2+ xzﬁg) -
2(17)(72)S34S56t 127 My E+={20,38.1,72.5,138,263,5p0 (16)

X(36)[45)(1](5+6)(2+7)|1) In order to get a feeling for the theoretical uncertainties, we
+(gf+KZ+)\Z)<16><1|(2+7)|5><3|(5+6)|4) repeated the standard mod(_al cpmpqtation for three scales,
Msd2, s and 2ug, Whereug, is given in Eq.(4). We com-

. puted the same NLO double-binned cross section including
+(6[(3+4)[5)| —297(13)(1[(2+7)[4) the effects of anomalous couplings. As an illustration we
have chosen the HISZ scenario withy= a,= ag,=0.1.

This corresponds to the following values for the anomalous

)\Z
+ M_\2N<3|(5+6)(2+7)|1><1|(5+6)|4>) - (19 couplings appearing in the Lagrangian in ES):

—_N- Z__ . _ _ . _ .
In this case, since there is only an intermeditethe dress- Agi=0; Agi=0.13; \"=\=0.1; A«x?=02;
ing with electroweak coupling factors is indeed identical to
the standard model case. Ak?=0.07. (17)
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The form factors have been chosen according to(&qwith  whereasmcrFm [17] also includes the singly-resonant dia-
A=2TeV. At present these values are still consistent withgrams needed to go beyond this approximation. For the total
LEP2 boundd36]. Table Ill presents the results. As usual, cross-section, computed in the narrow-width approximation,
the leptonic branching ratios are not included, and we use theur results agree perfectly with thosew€rm for the same
MRST parton distributions. The three numbers in the leftchoice of input parameters.
column of each box give the standard model result for the As an illustration of the usefulness of the program we
three choices ofu, with u increasing from top to bottom. presented several distributions for the run Il at the Tevatron
The fourth number in each box is the result with the anomaand the LHC. However, we refrained from performing a de-
lous couplings included and= u;. Units for the cross sec- tailed phenomenological analysis; this is probably best done
tions for each row are given in square brackets. As expectednce the data are available.
the results for the standard model and anomalous cross sec- In addition to standard model processes, we considered
tion are very similar for the lovE; bins. For the highE;  also the inclusion of anomalous couplings between the vec-
bins, however, the differences are large and certainly muctor bosons. We presented the one-loop amplitudes for a gen-
larger than the most conservative estimate of the theoreticaralized trilinearW*W~Z and W*W™ y vertex. The inclu-
error. sion of these amplitudes into our program allows the
The same results are also shown in Fig. 8, where we platalculation of anomalous effects at next-to-leading order,
the natural logarithm of the total cross sectidm units of  with full spin correlations. These effects are shown to be
10 1 fb) for each bin for the standard model wifh=us  very prominent for large transverse momentum of the gauge
(left) and the HISZ scenario witl= u; (right). Again, the  bosons, confirming results of Rd20]. Such an analysis at
significant differences in the high; bins become apparent. run Il of the Tevatron should yield improved bounds on
anomalous couplings, although for large improvements one

V. CONCLUSIONS probably has to wait for the LHE30].

We have presented a general purpose Monte Carlo pro-
gram that is able to compute any infrared-safe quantity in
vector boson pair production at hadron colliders at next-to-
leading order in the strong coupling constant This pro- L.D. and A.S. would like to thank the Theory Group of
gram generalizes previous calculatignéth the exception of ETH Zurich for its hospitality while part of this work was
the recent Ref[17]) in that the spin correlations are fully carried out. We are grateful to John Campbell and Keith Ellis
taken into account. The decay of the vector bosons into lepfor assistance in the comparison of our results with those of
tons was included in the narrow-width approximation, Ref.[17].
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