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Gluon induced contributions to WZ and W+ production at NNLO
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We calculate the contribution of the partonic processgs>WZqqandgg—Wryqq to WZ and Wy pair
production at hadron colliders, including anomalous triple gauge-boson couplings. We use the helicity method
and include the decay of th&/ and Z bosons into leptons in the narrow-width approximation. In order to
integrate over theﬁfinal state phase space we use an extended version of the subtraction method to NNLO
and remove collinear singularities explicitly. Because of the large gluon density at, ldwe gluon induced
terms of vector-boson pair production are expected to be the dominant NNLO QCD correction, relevant at
CERN LHC energies. However, we show that due to a cancellation they turn out to provide a rather small
contribution, anticipating good stability for the perturbative expansion.
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I. INTRODUCTION bosons are identified through their decay products it is essen-

tial to include the decay of the bosons into fermions. This

A direct test of the non-Abelian nature of the weak inter-allows arbitrary cuts to be added to the kinematics of the
actions can be made through the study of vector-boson paftnal states and therefore facilitates the comparison of theo-
production. These processes already involve triple gaugde€tical predictions with experimental measurements. The cal-
boson couplings at the tree level and, therefore, offer a promeulation of these processes in the narrow-width approxima-

ising framework for their study. In the standard model, thetion but retaining spin information via decay-angle
triple gauge-boson couplings are completely fixed by gauggorrelatlon_s only in the real part Qf the amplltl+Jdes has been

symmetry. However, these couplings can be modified by ne\BuP“Shed in[5]. Anomalous couplmgs for thw*.” [6] and .
physics occurring at a higher energy scale. Given that thd 2 7] processes have als_o been included. Finally, af‘a'y“c
triple gauge-boson couplings have been much less preciseT sults of the one-loop amplitudes for vector-boson pair pro-

measured than, for example, the couplings of gauge boso ction V‘.'ith the sub.seqL_Jent decay Into lepton pairs in the
to fermions, it is natural to search for new physics by Iookingn"’wo"\"\’vIdth approximation have been presenteiih In

for anomalous triple gauge-boson couplings [9,10] these amplitudes have been used to obtain numerical
Trilinear gauge-boson couplings have been studied at th sults including all decay-angle correlations. Steps beyond

CERN e"e™ collider LEP2[1] and the Fermilab Tevatron the inclusion 0fO(as) corrections in the narrow-width ap-
[2]. It should be emphasized that the studies at hadron cofroximation have been madeﬁlhl], where nondoubly reso-
liders are complementary to studies at electron-positron cofant d|agrams have been included anc[i.ﬁ], where one-
liders. While bounds on anomalous couplings obtained fron®°P logarithmic electroweak  corrections  have been
LEP2 data are more stringent than those from hadron coIIidgaICUIate_d‘ .

ers, the latter offer the possibility to study these couplings at . The size of the. one-loop_ QCD corrections erends cru-
a higher center of mass energy, where the effects of anom ially on the physical quantity under investigation. Usually

lous couplings are enhanced. The amount of available da ey are of the order of a few 10%, k.JUt in_some particularly
from hadron colliders will dramatically increase with run 1| Nteresting cases, for example the high tail of transverse

at the Tevatron and even more so with the CERN I_argénomentum distributions they can increase the leading order
Hadron Collider(LHC). This will allow the study of triple CTOSS Section by several 100%. The reason for such huge
gauge-boson couplings to be taken one step further. gforrections is that the next-to-leading order correction to

course, all possible vector-boson pair production processa€ctor-boson pair production consists of two parts. First,

will be analyzed. However, in this paper we concentrate orf1€'€ i the one-loop correction to the leading order partonic
W=y andW=*Z pair production. processqq— VV. Second, there are new partonic channels,
In order to get reliable theoretical predictions for vector-qg—V Vg, that contribute to the cross section at NLO. Even
boson pair production it is important to include higher-orderthough these processes are suppressed with respect to the
corrections. One-loop QCD corrections, treating the vectoteading order partonic procesg— VYV by the strong cou-
bosons as stable particles, were computedNiory produc-  pling constantay, they can easily be more important nu-
tion [3] andW™*Z production[4] ten years ago. Since vector merically, since they are enhanced by the gluonic parton dis-
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tribution function. This is particularly the case for the LHC circumstances where gluon-induced subprocesses are impor-

[or even a much higher energy Very Large Hadron Collidertant, as they are expected to be at the LHC due to the large

or (VLHC)], where gluon induced processes become increagluon density at lowx. Therefore we want to include the next

ingly dominant. Unfortunately, the kinematical regimesorder ina, the procesgg— WZqq(and similarly forwvy).

where these contributions are largest are exactly those where For WZ production we will use the labelling

effects from anomalous couplings are expected to manife 192'3;4|_§3|éQ7as, whereg; andg, are the incoming gluons,

themselves. Therefore, it is important to gain a better controleptons 3 and 4 are the decay products ofand 5 and 6

of the theoretical predictions in these kinematical regimes. are from thez. Clearly, Wy will have one less particle but
One way to improve the situation is to impose a jet veto.this is a trivial modification. It is also straightforward to

This suppresses the effect of the new partonic channels thatansform the calculation for other vector bosons.

are opened at higher ordgf,9,10. On the other hand, such In calculatinggg—WZ, we use a version of the subtrac-

a veto also reduces the amount of data considerably. Anothéion method[16] to cancel the infrared singularities analyti-

possibility is to include even higher order terms. Of course, a&ally and evaluate the finite remainders numerically. We

full next-to-next-to-leading-orderNNLO) calculation of  show the finite parts of the cross section in E&$, (11) and

vector-boson pair production is not to be expected in the nedd5).

future. In [13] a prescription to approximately evaluate A generic differential cross section is written as

higher-order QCD corrections #/" y production has been

proposed. Based on this approximation the or@lélcorrec- doag( pA,pB)=E f dx1dXsf 5a(Xa) Fr/e(XB)

tions have been calculated. A full NNLO calculation would ab

have to include two-loop corrections to the partonic subpro-

cessegjq— VYV, one-loop corrections tqg—VV(q and, fi- X dab(XaPa *8Ps). W
nally, (amongst othebsprocesses witlgyg in the initial state. WhereA and B are hadrons while andb are partons and
Motivated by the observation that loop corrections to par-faa @ndfyg are the parton distribution functions. The sub-
tonic processes tend to be of the expected moderate size atrdcted partonic cross sectiod, is finite for any infrared
huge corrections are mainly due to the opening of new charsafe observable.
nels, in this paper we include all NNLO terms that are maxi- In a general case, in order to obtaiter, soft and final
mally enhanced by the gluon distribution functions. state collinear singularities have to be cancelled with the sin-
In general, there are two classes of such contributionggularities coming from virtual corrections. The remaining
First, there is the procesgg— VV. These processes have initial state collinear singularities have to be factored out into
been studied previousfi4]. The amplitude for this process the parton distribution functions. In an extension of the sub-
vanishes at the tree level but may be nonzero at one loop. lfiaction method to NNLO, this demands the subtraction of
the case ofW*y and W*Z pair production, however, the all possible singularities as well as their analytical integra-
amplitude for this process vanishes at all orders, due t§on in the corresponding limits. Up to now, such a general
Charge conservation. Second, there are the procg;ges framework haS not been deVelOped. Only a ||m|ted number

—>VVqE The amplitudes for these processes have been ca{g analytical calculations to NNLO accuracy have been per-

culated in[15] and have been used to compute cross section med.

for the production of a vector boson pair together with twot. The ma:jn d'ff'(t:ullny[(g 'Fhetr:mplementatlon Off a SUthraC'
jets. We extend this work by not requiring any jets to be lon procedure & IS the appearance of several new

observed in the final state. Hence, the amplitudgs (multiple parton kinematical configurations where soft

— : — and/or collinear singularities arise. These are: the triple col-
—VVqqghave to be integrated over tiog final state phase |ih05r casgthree partons become collingathe double soft
space. This results in infrared singularities that will have to

_ O IEe i case(two partons are soft the soft-collinear caséone par-
be absorbed in the parton distribution functions. Furthery,., is soft and the other collingaand the double collinear
more, we also extend the previous work by adding anomaz,getwo pairs of partons are independently collinedte

lous couplings. single soft and collinear singularities, which appear also at
We find that the contribution of the gluon induced pro- NLgO have to be added to tr?at list. ' PP

cesses tWZ andWy production is smaller than may have  gyen though the behavior of tree and one-loop amplitudes

been anticipate_d, due to a sign change in the hard scattering those limits has been recently obtairfdd], it is not yet
part. We also find that this NNLO term is affected less bycjaar how to unify all singularities in a single subtraction

anomalous couplings than the corresponding LO and NLQgrm or how to subtract all of them independently while

terms. avoiding double counting and allowing the analytical inte-
gration of the subtracted terms to be performed.
Il. CALCULATION Our case, .however, is particularly simple. Since We_in-
clude onlygg induced processes at NNLO there are no final
Vector boson pair production has been calculated up tgtate collinear singularitiesee below about final state sin-
NLO in the helicity method. However, in an NLO calculation gularities in theWy case. There are also no soft singulari-

for pp—W2Z, whilst the processiq—W?Z is included at ties, since there are no gluof qq pairs in the final state.
NLO, the processig—WZqis only calculated at LO. This Therefore, the only singularities that arise are the single col-
means that we only have a leading order calculation in thdinear ones, which can be treated in a similar way as a typical
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NLO calculation, and the double collinear ones, i.e., the col-This is the NNLO expression in the modified numerical sub-
linear splitting of each initial state gluon intogq pair, a  straction schemeMS) and as usual we define €& 1/e

“genuine” NNLO contribution. — yetlog 4. P,y(x,0) is the one-loop Altarelli-Parisi split-
In order to absorb the remaining initial state collinear sin- ting function fore =0 (4 dimensions The(’)(as) termQaq,
gularities we use including contributions from the two-loop splitting functions,
P ag 1 ag does not actually contribute in our case.
a/d= Gagd(1—%)— E?Pad(x*o)_ 2 Qad(). Comparing subtracted and unsubtracted terms and using

) Eq. (2), we obtain the relation

1
da<2 (ky,ko)= o|a<2>(|<1 k2)+—f dx1<_qu(x1)>da(1)(x1k1 ko) + 5~ folx1 —P g(X1)>dr (x1Kq,ky)

dors (kg ko)

1
) J' dxldx2( qg(X1)>

1
+ _f dXZ( qg(Xz)) da—gq(kl X2k2)+ f dX2<—qu(X2)

Ag 2 1 1 B
+(E fdxldxz ?qu(xl) qug(xﬂ (Xlklyx2k2)+

1
X ?qu(xz)>d0£)(xlklyxzkz)' (©)
|
wherek; ,k, are the momenta of the incoming gluons 1 and dg(fin,S):(l_yg)(l_yg)Mg%)
2. The superscript2) denotes the NNLO term, whilél) is
NLO and(0) is leading order. In E¢(3) all terms on the right X (k1Ko {ki}36,K7,Ke)

hand side are separately divergent but the sum is finite.
Once we have this expression, we can write out the coun-
terterms in terms of energy and angle variables and cancel 64(2 )8

the poles explicitly. Followind16] we use the parametriza-
tion X d§;dégdy,dygderdegd® 3¢, (8)

N whered® ;_g) denotes the phase space integration over the
k,= _12(1'6,1) (4)  vector-boson decay productM 99 ) denotes the squared am-
2 plitude summedaveragegflover helicities, including the flux
factor 1/(%,,). P(y;) is given by

2.
———&7€5P(Y7) P(Ys)

S S
ky,= glz(l,o,—l) (5) Plyp)= 1 ( 1 ) N 1 ©
=2\ 1oy, 5 \1HYils |
k= \/qg (11— éT,Yi), (6) The distributions (1/(3tyi))5I have been introduced [16]
2 and are defined for an arbitrary test functity;) through
wherek; is the momentum of an outgoir(gnthuark,éT is ( 1 ) f(yo)
a unit vector in transverse momentum spage; cosé, is the 1y, :

angle variable- 1<y;<1 and¢; is the rescaled energy vari-

able 0= ¢;<1. Performing part of the phase-space integra- 1 f(yy)—f(F1)0(Fy;—1+6)

tion analytically we can rewrite Eq.3) as a sum of three = f _1dyi 1+y, - (10
separately finite pieces

d(fézg):dU(fm'S)JFdff(f'n'7)+dff(fm'6)a () The twoP distributions in Eq(8) perform the subtraction of
both double and single collinear singularities of NNLO am-
with terms da(i"876) denoting the 8,7 and 6-parton finite plitudes, leaving @numerically integrable remnant.
parts. The explicit form oflo("® is given by The 7-parton finite part reads
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A== (£7P (1 €)= Pag (1= £ (1= YA IM (L~ Enka Ko {kika ko) + M (ks (1= )k kibs 6. Ke))
2. F7 qg 7) 7 Fqg 7 Ys a9 7)K1,K2:1Kis3,6:Kg gq K1 7)K2,1Kis3,6:Ks

S
% 12
8(2m)3

X{M 879)(( 1—£g)ky, ko {ki}36.k7)+ M g])(k1 (1—&g)ka 1kitse.K7)}

£6P(Ye) dé10E0Yedpad® (3 g+ 5 > (LaPo(1— o) — P “(1— £))(1-?)

S
% 12
8(2m)3

§7P(y7)dé,dégdy-dp7d® 5, (11

where we introduced 1 p2_
TP+ P .a) = ((p+ —OI)“QB"“E( oY+ kV+ )\VM—Z)

S1,0,£2 1,0, &2 w
Lr=log =",  Lg=log—", (12)
2um 2u

p2
g\ll—i— KkV+ )\V—;
My

B« 1
+(q=p-)"g*5
and split up the unregularized Altarelli-Parisi function into

the 4-dimensional piecé?,, and the piece proportional to \V
e, PL4~. For completeness we give the explicit form +(p+—p-)* —gaﬁzsz—z
W
< 1 2 AV
Pao(l— &)= 5(1-2¢+28) 13 +_2qaqg) | 16
MW
Pég<(1_§i):§i(§i—1)- (14 whereV can beZ or v and all momenta are taken to be

outgoing. In the standard modg; = V=1 and\V=0. In

In this case, the single collinear singularities of the NLOger to preserve electromagnetic gauge invariance we al-
amplitudes are subtracted by the appearance of a sifgle yays sety? to the standard model value 1.

distribution. L We also make use of form factors to avoid the violation of
Finally, the 6-parton finite piece is given by unitarity that would otherwise result from this vertex at high
energies. The form factors used are the conventional ones:

2
. Ag ,
dotO=| = | (L7Pgg(1- &) —Pgg™ (1= 7)) . ag ALY
< ' Agi— =5 A"V_’”—zz'
X (LgPg(1= £g) = P ™(1= &) (1+s/A% (1+s/A%
XAMEN(1= £k, (1= Eo)ka (ki a) U a7
(6) (1+5s/A?)?
T M (1= E)ke, (1= &7)ka {Ki}(3.6)}
X dg;dEgdd 5 g). (15) where A is the scale of the new physics that causes the

anomalous couplings.
We note thats, is an arbitrary quantity and even though . Photon_s W'th. Igrge transverse momentum can be pr_ody_ced
do™8) 4™ and de(™M8) depend on it, this dependence in hadronic collisions not only directly, but also, and signifi-
' -~ 2) o cantly, from the fragmentation of a final state parton. A full
cancels exactly irdogy. Hence, making sure that the nu-

- _ y perturbative calculation of a process involving the produc-
merical results are independentdfis a useful check for our - tjon of photons should in principle include the calculation of
Monte Carlo program.

! . both direct and fragmentation components, since only their
In calculating the cross section as above, we use 6 partogym js physically well defined beyond LO. A calculation of

and 7 parton amplitudes as given[BJ. We also require the  the fragmentation part is not even available at NLO for the

8 and 7 parton amplitudes fgg—qqWZ andgg—qqWvy process of interest in this paper. Fortunately there is a way to
respectively. These amplitudes have been calculated prevsuppress the fragmentation contribution, which actually con-
ously[15]. We recalculated these amplitudes using the helicstitutes a background to the search of anomalous couplings,
ity method and including anomalous couplings. For the tripleby requiring the photons to be isolated from the hadrons. The
gauge vertex forw;’(er)W‘(p_)BVM(q), including the usual way to perform the isolation is to require the transverse
anomalous terms, we use hadronic momentum in a cone around the photon to be
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smaller than a fraction of the transverse momentum of the

PN 6 i
photon. In this way, the contribution of the fragmentation 3|7 49 %10 [pb/GeV] |

component can be reduced to the percent level. In this papel I avs solid qq
we will use the isolation procedure introduced by Frixione | dashed qg
[18] which allows us to completely suppress the fragmenta- | dotted gg (x10)

tion component. Therefore, we reject all events unless theto
transverse hadronic momentum deposited in a cone of sizt
Ry around the momentum of the photon satisfies the follow-
ing condition
1-cosR A

Ei Pri B(R_ Ri y)g pTy( 1— COSR()) ’ (18) L/
for all R<R,, where the “distance” in pseudorapidity and
azimuthal angle is defined by R, NV A NN RN R I
=V(ni—n,)°+(¢i—#,)° In this way, only soft partons 0 2500 5000 7500 10000 12500
can be emitted collinearly to the photon in the direct contri- V& [GeV]
bution and, therefore, no final state quark-photon collinear
singularity arises. For the purposes of our computation this FIG. 1. Partonic cross sections ¢ y: g, 0qq andogyg.
allows us to perform the calculation of tlgay initiated con-
tribution at NNLO without needing to do any subtraction of the Cabibbo-Kobayashi-Maskawa matrix elemenitg;,|
the corresponding singularity. While the possibility of per- =|V.|=0.975 andV,¢=|V4=0.222. Note that we do not
forming such isolation at the experimental level is under in-include the branching ratios for the decay of the vector
vestigation, the choice of this particular method will not alterbosons into leptons.
at all the conclusions of our calculation in thi¢y channel. For all plots we use a set of standard cuts. For charged
Particularly, we have checked that the results at NLO usindeptons we requir@+>20 GeV andy<2.5. In addition, we
the procedure in Eq18) are very close to the ones obtained require a missing transverse momentpf*>20 GeV. The
performing the usual “cone” isolation proceduf&0,19. photon transverse momentum cut we usgjs>20 GeV,

In this calculation, contributions fromandt quarks have  whjle for the isolation prescription in Eq18) we setR,

been neglected. It is assumed that these will be suppressed;

by the large top quark mass. This might not be a particularly |, Figs. 1 and 2 we show thdS subtracted partonic cross

good approximation for large energies, but in view of the . . o —
smallness of the gluon induced corrections a more detaileaeCtlons for the different initial state,qg andgg. These

0 —

treatment does not seem to be justified. are produced by binning the results at 14 TeV\jg/. It can
be seen that the outcomes Mty andWZ are very similar.
IIl. NUMERICAL RESULTS For better visibilityoyq has been increased by a factor 10 in
the plot.

For the numerical results presented in this section we use As can be observed, there is a reasonably good perturba-
the Martin-Roberts-Stirling-Thorne 200MRST 2001 par-  tive convergence at the level of the partonic cross section,
ton distribution functiong20] with the one-loop expression
for the coupling constantag(Mz)=0.119. The factoriza-

o

_ T _ X 20 d§ x10%[pb/GeV] .

tion and renormalization scales are fixed m=\/g,,uR A lid qq ]
i _ r solld q

— VH(MZ+M2)+ L (p2,+p2,) in the case oMW~ Z pro- _ dashed qg

duction and tour= ug= VMg +p%, in theW y case. No- 15} dotted gg (x10) .

tice that in order to compute thgeg induced contribution we
also use the same NLO combination of parton distribution
function and coupling constant. The effect of changing to ,,[
NNLO parton distributions, not fully available yet, is ex-
pected to be small and will not alter the conclusion of our
analysis.

The masses of the vector bosons have been séf Ao
=91.187 GeV andM=80.41 GeV. We do not include
any electroweak corrections, but choose the coupling con-
stantsa and sirfé,, in the spirit of the improved Born ap- o
proximation [21]. For the couplings of the vector bosons 2500 5000 7500 10000 12500
with the quarks we use=a(M;)=1/128 whereas for the V§ [GeV]
photon coupling we use=1/137. We neglect contributions
from initial state top quarks and use the following values for  FIG. 2. Partonic cross sections ff~ Z: o4q, 0qq andogg

5
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da[pb/GeV] 20 d& x10%[pb/GeV] =

dp [ dV§ A ]
101 ' solid qq 3 solid qq

I dashed qg
. dashed qg 15 dotted gg (x10) N
1072 o N dotted gg (x—1) o : T
ol
1073 S
1074 | 5| ’/
10~5 L L/
0 100 200 300 400 500 or L
pr [GeV] 0 2500 5000 7500 10000 12500
V& [GeV]

FIG. 3. W™y production:p+ distribution for LHC,qqu and

gg pieces separately. FIG. 5. Partonic cross sectian,g, oqq andag, for W-Z pro-

duction with anomalous couplings as given in EL9).

con3|dezr|ng .thatrqq Isof O(1+ aS)’_Uqg of O(asg), andagg ot the relative increase in the luminosity exceeds the ef-
of O(as), with as~0.1 for the typical scales of these pro- e ¢ of the suppression due to the extracoupling observed
cesses. In th#S both theqq andqg contributions are posi-  at the partonic level. This is not the case for tg contri-

tive in the whole range 0§, while the new piece, thgg  bution, which remains rather small, and for the observable
partonic cross section becomes negative only for small valstudied here provides a negative contribution to the hadronic

ues of s, close to the threshold for the production of the Cross section. o
vector bosons. The features of botlyg andgg contributions toWZ and

The situation changes considerably when the physicafVy production can be qualitatively understood in the follow-
hadronic cross section is computed, shown in Figs. 3 and 4ng way: theqg andgg luminosities are steep functions of
In Fig. 3 we plot the transverse momentum distribution ofthe momentum fraction carried by the partons, mostly due to

the photon, whereas in Fig. 4 we see fheof the lepton  the fast increase of the gluon distributigx) whenx de-
produced by the decay of th#. Again the form of the dis- Ccreases. Even though the hadronic center of mass efSasgy

tributions is very similar for th&VZ as compared to th&/y  very large, the average value of the partonic o(r&é
case. =(X1X,)S can be considerably smaller, and actually closer to
As indicated in the Introduction, because of the lagge  the minimum needed to produce the gauge bosons with the
luminosity, the hadronic contribution due to this initial state required transverse momentum. Therefore in the convolution
becomes even larger than the “leadingty contribution.  Petween the parton distributions and the partonic cross sec-

This is particularly clear at large transverse momentum®ions shown in Figs. 1 and 2, the hadronic result will mostly
pick up the features of the partonic cross section at low val-

ues ofs. In theqg case, the partonic cross section is positive

do[pb/GeV]

dp
10-1 | !

1072 ~

10—4 -

solid qq
dashed qg
dotted gg (x—1)

10-8 L
0 100

FIG. 4. W~ Z production:p+ distribution for LHC,qqu and

gg pieces separately.

200

300 400

Pr [GeV]

500

and has its maximum at low, giving as a result a large
hadronic contribution. In thgg case, the partonic cross sec-

tion has a change of sign at low valuessofwith the corre-
sponding compensation between negative and positive con-
tributions when convoluting with the parton densities.
Therefore thegg hadronic contribution results in a negative
and small correction to the NLO cross section.

In order to investigate whether the inclusion of anomalous
couplings changes this picture substantially, we show in Fig.
5 the partonic cross sections with the following anomalous

couplings:
97=1.13; k*=1.07;

97=1; k’=1.2;

AY=\%?=0.1. (19

We use the form factors as given in E@7) and we take\,
the scale of new physics, to be 2 TeV. Figure 5 is given with
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the same scale as Flg 2 for CompariSOﬂ. It is clear that, Wltl‘ferm substantia”y less than thﬂ? and ag terms. We have
the values for the couplings that we have chosen, we do n@hown that this is due to a change of sign in the hard scat-
see a significant enhancement of the gluon induced term. lgyring.
fact, the gluon induced corrections become even less rel- Thijs is a good result from the point of view of experimen-
evant, as theg and especially theq terms are increased tal predictions of vector-boson pair production, at least in the
substantially. WZ and Wy cases, as the impact of NNLO terms does not
In addition to these results, we also considered a hypoappear to be particularly significant. It also seems thagtpe
thetical VLHC or Very Large Hadron Collider, which would term will not be amplified excessively by anomalous cou-
run at a center of mass energy of 200 TeV, to see whether thgings, though we have only taken an example of anomalous
gg part would become significant at the higher enefgyts  couplings and have not made a detailed study.
etc. all remained the same as previously was found that
the gg part did not become more important. The contribu-
tions from thegg term remained at the 1% level.
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