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ABSTRACT: We present a calculation of the NLO QCD corrections for the production
of three vector bosons at the LHC, namely ZZZ, WYW~Z, WtZZ, and WTW W™
production. The virtual corrections are computed using the recently proposed method of
reduction at the integrand level (OPP reduction). Concerning the contributions coming
from real emission we used the dipole subtraction to treat the soft and collinear divergences.
We find that the QCD corrections for these electroweak processes are in the range between
70 and 100 percent. As such they have to be considered in experimental studies of triple
vector boson production at the LHC.
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1. Introduction

For TeV collider physics hard multi-particle final states are ubiquitous and theoretical
calculations can not provide reliable predictions without taking into account higher or-
der information. Unfortunately the evaluation of one-loop amplitudes with many external
particles is technically very challenging, which motivated a priority list for one-loop com-
putations relevant for the Large Hadron Collider at CERN, the so called Les Houches wish
list [l. Due to the relevance for LHC phenomenology many new avenues have been ex-
plored in the last few years, ranging from evaluation techniques of Feynman diagram [J—[f]
to unitarity based approaches [[f] in different variations [§—[].

Higher order QCD results have been provided recently for multi-boson production
pp — ZZZ,WW Z,HHH processes [[§—[J], in the context of weak boson fusion [20—p4],
pp — Hjj with effective gluon-Higgs couplings [R5, g9 — Hqq [R4], and pp — ttj BT

In two recent papers [, B9, a new technique (OPP) has been introduced for the
reduction of arbitrary one-loop sub-amplitudes at the integrand level [BJ] by exploiting
numerically the set of kinematical equations for the integration momentum, that extend
the quadruple, triple and double cuts used in the unitarity-cut method [Bl-B3J]. The
method requires a minimal information about the form of the one-loop (sub-)amplitude
and therefore it is well suited for a numerical implementation.

In the present work, the OPP reduction is applied to the calculation of the next-to-
leading order QCD correction for the production of three vector bosons at the LHC. This



includes the case of ZZZ production, as well as the WTW =2, WTZZ, and WTW-W+
production. The physics motivation for a reliable prediction of these processes is two-fold:
firstly one is sensitive to quartic vector boson couplings and secondly the leptonic decays
are prominent Standard Model backgrounds for multi-lepton and missing energy signatures
present in many new physics scenarios.

As the triple vector boson production is genuinely an electroweak process one can not
expect that the inclusion of QCD effects leads to the reduced scale dependence typically
seen in this kind of calculations. In contrary it can be qualitatively understood that the
LO predictions show a relatively small sensitivity when varying the factorization scale.
This is because the parton distribution functions are called for x-values which are around
the scaling region where one has a very mild Q?-dependence. After adding the order o
corrections one expects to observe a LO type scale variation in the added contribution.

The production of three Z bosons has already been discussed by Lazopoulos et al. in
ref. [[ld]. We also presented some preliminary results in refs. [, B4. The WTW~Z case
has been studied in ref. [I7] for all combinations of leptonic final states. Results for W*ZZ
and WTW =W production have not been presented in the literature yet.

Our calculation is composed of two main parts: the evaluation of virtual corrections,
namely one-loop contributions obtained adding a virtual particle to the tree-level diagrams,
and corrections from the real emission of one additional massless particles from initial
and final states, needed in order to control and cancel infrared singularities. The virtual
corrections are computed using the OPP reduction [P§, R9). In particular, we make use
of CutTools BY], a FORTRAN90 code that implements the general method of reduction.
Concerning the contributions coming from real emission we used the dipole subtraction
method [Bf] to isolate the soft and collinear divergences and checked the results using the
phase space slicing method [B7, Bg] with soft and collinear cutoffs, as outlined in [BY, (.

The paper is organized as follows. In section B, we report the details of the calculation
of the virtual part. Section [ is devoted to the discussion of soft and collinear singularities.
In section [, we show our results, including transverse momentum and rapidity distributions
for the different processes studied in this paper. Finally, in section [f, we will give a summary
of the work done and present our conclusions.

2. Virtual corrections

We consider the process

q(p1) + q(p2) — V(p3) + V(pa) + V(ps) (2.1)

where V' = Z,W. All momenta are chosen to be incoming, such that . p; = 0.

At the tree-level, diagrams can be grouped in four different topologies, which are
illustrated in figure . One-loop corrections are obtained by adding a virtual gluon to the
tree-level structures, as depicted in figures | and f§.

We perform a reduction to scalar integrals using the OPP reduction method [§, Rg]. In
this approach, we need to provide the numerical value of the numerator of the integrand in



Figure 1: Tree-level structures of Feynman diagrams contributing to gg — VVV, where V = Z, W.
Dashed internal lines can represent W, Z, Goldstone bosons or photons.

the loop integrals. We refer to it as the numerator function N(q), where ¢ is the integration
momentum.

The numerator function N(g) can be expressed in terms of 4-dimensional denominators
D; = (g + pi)? — m? as follows

m—1 m—1
N@) = Y |dloiisis) + dlaionizis)|  T] D
i0<i1<i2<i3 7:751'07@'17@'2,7:3
+ Z c(igiria) + ¢(q; ipi142)] H D;
10<t1<i2 i7#40,11,12
+Z { (ipi1) +b tmoll] H D;
i0<i1 i#i0,i1
m—1
+ Z a(ip) + a(g;io)] H D; . (2.2)
i#ig

The quantities d(igi1izi3) are the coefficients of 4-point scalar functions with denomina-
tors labeled by ig, i1, i2, and i3. In the same way, c(igi1iz), b(igi1), and a(ig) are the
coefficients of the 3-point, 2-point and 1-point scalar functions, respectively. The other
quantities appearing in eq. (B.3), marked with a “tilde”, vanish upon integration over gq.
Such a separation is always possible and the set of coefficients d, ¢, b, a is immediately inter-
pretable as the ensemble of the coefficients of all possible 4, 3, 2, 1-point one-loop functions
contributing to the amplitude.

Since the structure of eq. (B.J) is general, namely independent from the particular
process that we want to study, the task of computing the one-loop amplitude is then
reduced to the algebraical problem of fitting the coefficients d,c,b,a by evaluating the
function N(q) a sufficient number of times, at different values of ¢, and then inverting the
system. That can be achieved quite efficiently by singling out particular choices of ¢ such
that, systematically, 4, 3, 2 or 1 among all possible denominators D; vanishes. Then the
system of equations is solved iteratively.!

First one determines all possible 4-point functions, then the 3-point functions and so
on. In summary, simply by evaluating the numerator function N (q) for a given set of values
of q, we can extract all the coefficients in eq. (2.9).

LA method to optimize the solution of the system has been very recently presented in [@]



As a possible future development, the numerical evaluation of N(¢) could be performed
automatically without relying on Feynman diagrams, by means of recursion relations. For
the current project however, we still follow the traditional approach of computing all the
expression originating from Feynman diagrams, and use them to evaluate numerically the
numerator functions. An example in section P.J will clarify the details of the technique
used.

The coefficients determined in this manner should be multiplied by the corresponding
scalar integrals. Since, in the process that we are studying, no g-dependent massive prop-
agators appear, we will only need massless scalar integrals. They are computed using the
package OneLOop written by A. van Hameren [f.

The last step is the calculation of the rational terms. As explained in ref. [iJ], there are
two sources of the rational terms: a first contribution, that we call Ry, originates from con-
sidering the fact that the denominators appearing in the scalar integrals are n-dimensional
objects, while the expansion of eq. (2.9) is purely 4-dimensional. These contributions can
be automatically extracted in the reduction process, either by computing extra-integrals
as explained in ref. 9], or by means of a modified version of eq. (B-3) in which the numer-
ator function is expressed directly in terms of n-dimensional denominators. The second
approach is illustrated in ref. [fid] and implemented in the package CutTools [BH]. We
checked that the results obtained for Ry with the two methods are in perfect agreement.

The second contribution, that we call Ry, is instead originating from the numerator
function. For many processes, N(q) can be treated as a purely four-dimensional object.
However, in general, it should be written as N(q) = N(q) + N(¢?,€), where N(q) is the n-
dimensional numerator function. N (g2, €) can originate, for example, from the contraction
of Dirac matrices or from powers of ¢? in the numerator function [iJ] and vanishes in the
€ — 0 limit. Inref. [iJ] we discussed in detail this topic and showed how Rs can be obtained,
for example, by using a set of tree-level like Feynman rules. For the calculation presented
in this paper, however, it is easy to extract these remaining rational parts directly.

2.1 ZZ7Z7 production

In this subsection we describe the evaluation of the virtual QCD corrections to the process
qq — ZZZ. The virtual part of the calculation involves eight different diagrams, which
have been depicted in figure Pl Each diagram should be evaluated for six permutations of
the final particles.

As an example, let us consider the pentagon diagram (the last diagram of figure ). In
our notation, the integrand will read

B Ns(q)
N 7o PR (PR Tl (P ey Ry I

with
N fo Z A A o
Ns(q) = {u(pg) V" Plg—p2) V3" Plg—pa—ps) Vi Plgtpitps) V5 Platp) 7 u(pl)} (2.4)

The function P(q) is the numerator of the quark propagator

Pgy =14,



Figure 2: Diagrams contributing to virtual QCD corrections to q¢ — ZZZ

while V.Z = VZ . ¢; , namely the contraction between the polarization vector of the i-th Z
boson ¢€; and the ~-matrix in the vertex Zqq

VZ =ievu(gyw- + gfwy) (2.5)
where
Ii?/’v,f - 52@f

, wr=(1%~%)/2, s=sinfy, c=cosfy. (2.6)
sc

+__9 - _
gf—_EQfagf—

For any fixed value ¢q of integration momentum, and for a given phase space point, N5(qo)
is simply the trace of a string of known matrices. After choosing a representation for Dirac
matrices and spinors, we evaluate N(q) by performing a naive matrix multiplication. By
providing this input to the reduction algorithm, we can compute all the coefficients of the
scalar integrals (in other words, the “cut-constructible” part of the calculation).

In the same fashion, we can repeat the calculation for the other seven diagrams. How-
ever, our method allows for a further simplification: for each fixed permutation of the final
legs, only the g-dependent denominators of eq. (R.J) will appear also in the remaining dia-
grams. Therefore, we can combine all diagrams in a single numerator function and perform
the reduction directly for the sum of such diagrams, allowing for a one-shot evaluation of
the resulting scalar coefficients.

We checked that our results, both for poles and finite parts, agree with the results
obtained by the authors of ref. [[If].

2.2 WTW~=Z production

With the same technique we also evaluated the virtual QCD corrections to the process
qq — WTW~=Z. The structure of the diagrams is more involved with respect to the ZZZ
case. There are in fact 19 different tree level diagrams. Adding QCD corrections, we obtain
58 one-loop diagrams contributing to this process. In addition to the structures already
depicted in figure [, in this case we can also have the diagrams appearing in figure JJ.

A very similar calculation has been presented recently by Hankele and Zeppenfeld [[L7].
They studied the NLO QCD corrections to the production of 6 leptons in hadronic colli-
sions, via WW Z production. A comparison with their results, however, is not straightfor-
ward and has not been performed yet.



Figure 3: Additional NLO structures contributing in the production of WTW~Z, W+ZZ, and
WFTW~=WT, that do not appear in the ZZZ case. Dashed internal lines can represent W, Z,
Goldstone bosons or photons.

2.3 WtZZ production

Concerning the production of W+ZZ, we have 15 tree-level diagrams, which, after adding
QCD corrections, give rise to 69 diagrams at NLO. Since in this process we generate a single
charged W, the initial state should be of the type ud (rather then ua as for WTW~2Z
and ZZ 7).

2.4 WHTW-WT production

Starting again from an initial state of the type ud, we should consider 15 diagrams at the
tree-level and 53 diagrams including NLO QCD corrections.

3. Real emission

The real emission corrections for the production process of three vector bosons
G+§—V+V+V (3.1)

fall in the following three categories

q+q—=V+V+V+yg

g+q—=V+V+V+gq

g+ V+V+V+g
IR divergences arise if a massless final state particle becomes soft or collinear to an initial
parton. We deal with the IR part of the calculation by using the two cut-off phase space

slicing method [BY, id] and the dipole formalism of Catani and Seymour [B]. Let us first
provide the relevant formulas for the dipole subtraction method.

3.1 Dipole subtraction

The partonic cross section at the NLO level consists of Born term (B), virtual corrections
(V), collinear counter terms (C') defined on the 3-particle phase space and the real emission



corrections (R). Dipole terms (A) which approximate the real emission matrix elements
in all soft/collinear regions are subtracted from the real matrix element before integration
over the four-particle phase space. The same terms are added back, integrated over the
dimensionally regulated phase space of the soft/collinear particle:

NLO R A B 1% A c
Opr' = / [do*q(7 - daqq} + / [dcrq(7 +dog; + /daqq + daqq] . (3.5)
VVVg VVV g

After subtracting the dipole terms the real emission cross section is finite and can be
evaluated in 4 dimensions. The same is true for the other terms after the pole parts have
been canceled.

The colour averaged leading order contribution is given by

do = %flm MBI 4y (3.6)

where MP is the kinematic part of the leading order amplitude and sjo = 2p; - po. If
two (three) vector bosons are identical a symmetry factor Cg = 1/2 (C's = 1/6) has to be
included. The three particle phase space of the vector bosons is denoted as d®vvvy. The
real emission corrections are defined on the four particle phase space d®vvyyx where x can
be either g, ¢, or q.

In the case of a ¢ initial state two dipoles are needed as subtraction terms. The
subtraction term for the gluon emission off the quark (neglecting O(e) terms) is

=2
Dot — S;T;C; (ﬂ*_i) IME (G516, D2 By, s s) (3.7)
where
i = P1-P2 —P2-P6 — Pl D6
P1-P2
P16 = T Pp1,
K = p1 + p2 — ps,
K = pi6+p2
g g 2P KK 4 K 2K
(K + K)2 K?
pj = A p; (3.8)

defines the dipole kinematics: q(p1g) + q(p2) — V(p3) + V(ps) + V(p5). The subtraction
term for gluon emission off the anti-quark is obtained by interchanging p; < ps. The real
emission cross section including subtraction terms reads

Cs 1

R A _
daqq o daqq - W2812

Cp |M§q 2 _ pnge@2 _ pi2g6,q dPvyve (3.9)

The part of the NLO cross section which is defined on the 2 — 3 phase space is obtained
after analytic integration of the dipole terms over the phase space of the unresolved particle.



A collinear counter term is added to treat the collinear 1/e pole which is absorbed into
the parton distribution functions at a scale up. All details can be found in [Bf]. The part
which has to be added to the virtual corrections is given by

LCrI(1 T2 272
dach+/da§‘q: aCFM<S£> [—+§—i}d03
g

21 (4dm)=e \ p? e e 3 qq

1
aC
1 %F/d:p K®9(x) dof}(zp1, p2)
0
c 1
+a;f/ﬁxKM(ﬁw ;(p1,7p2) (3.10)
0

where the term
K9 (z) = IC‘m(x)

_ [11+_9;2L10g (%) + {WL +(1—2)—2(1+ 2)log(1 — )

contains plus distributions which are defined as usual

[in[2] sor= [anson =10 s
0

For initial states with a gluon no soft contribution is present and thus one has

oNLO _ A c R A
Ogq / {/ dog, + do*gq] + / {dagq - do*gq] (3.12)

VVV ¢ VVVq

In this case only one subtraction term is needed, namely

Cs 1
dofl — dogy, = N [T IME? — gl%v%]dcbqu : (3.13)
where the dipole is given by
8mas Th
DIIg6.a2 — s 1-2%(1-7% B5)2 . 3.14
FETR [1 =221 —2)] [Mg(Dp))| (3.14)

The momentum mappings p; are identical to the ones in eq. (B.§).
The initial state collinear singularity is again absorbed by the pdfs through a counter
term

1
agT)
dcrg]l—l—/dcrg1 = 27TR /d:EICg’q(aj) dafq(:npl,pg) (3.15)

K9(z) = [#* + (1 — z)?]log ( > 4 2x(1 — z) 4 2[2® + (1 — z)*] log(1 — )

/‘F



The formulas for the cases qg, qg, gq are identical up to relabeling of momenta.
The hadronic differential cross section with hadron momenta P; and P, is the sum
over all partonic initial states convoluted with the parton distribution functions

do(Py, Py) = /dZ1dZ2fa(21,MF)fb(Z2,MF)d0ab(Z1P1, 29 Py) (3.16)

The sum runs over the six partonic configurations qq, 4q, 94, qg, 94, 4g.

3.2 Phase space slicing

To have an independent check for the real radiation we have also implemented the phase
space slicing method in its two cut-off variant [Bg, f(J]. One splits the phase space in
soft, collinear and hard regions with the help of the cut-off parameters d; and d.. In the
soft region the 2 — 4 matrix element is replaced by the eikonal approximation. In the
collinear region one has a convolution of a splitting function with the Born term. Adding
the soft/collinear parts to the virtual corrections all poles cancel and one obtains the three-
particle contribution

as S v sC
o® = (%) E; / dz1dzadol, [fa(zlaMF)fb(Z%NF)( 0+ Ap + 247) (3.17)

+falz, wr) oz, ir) + fa(z1, 1r) fol22, 1)

with
= 41n%6,Cp
As(q — qg) = Cp (2In6, +3/2) In %
f
daV,
Ay = —ab 3.18
0 dO’ﬁ) ( )
The ffunctions are given by
1-059, ab dZ
falz, up) Z/ —fb (z/z, 1ip) P (2) - (3.19)
where
> 1 —2z 2xp;y - po /
Py (z) = Pyp(z) In ( 4 —— | - b(2) (3.20)
z 5

The upper limit 1 — §, ensures that the soft region which is already dealt with is excluded.
The Kronecker §,; indicates that for a # b there is only a collinear divergence and no soft
cut-off is needed.



In our case we need only the splitting functions Pyq(z) and Pyq(z). If we write
Pap(2,€) = Pop(2) + €P,(2), we have

Pyq(2) = Cr 1;12 (3.21)
Pl (2) = —Cp(1 - 2)

Pygq(2) = Tr (z* + (1 - 2)*)

Py (2) = —2Tr 2(1 — 2)

We see that the f functions contain an explicit logarithm of . as well as logarithmic
dependencies on d; which are built up by the integration on z1, 5.
The four-body contribution is given by

oW = Z /d21d22fa(217MF)fb(227NF)d&ﬁj, (3.22)
a,b=q,q,9

with the hard-non-collinear partonic cross section given by

R
Oab = 3o / Z|M‘1b| APvyvee (3.23)

where S| M% 2 is the two-to-four body squared matrix element averaged (summed) over
initial (final) degrees of freedom, d®vvyvyy is the four-body phase space and the hard non-
collinear region denoted by HC is defined by

Eg > (58 ;12
2p1 - p6,2p2 - p6 > Oc 12 (3.24)

where pg is the momentum of the soft/collinear parton with energy Eg.

Both methods have been implemented in HELAC[[§]. The results show excellent agree-
ment between the two methods. In the numerical results presented below we only show
the results of the dipole subtraction approach.

4. Numerical results

We present in this section a selection of the results that we obtained for the four processes
studied in this paper.

The complete virtual part of the next-to-leading order calculation for the four processes
studied in this paper has been performed using CutTools [BY| and also checked against an
independent code. The two programs provide identical results for the amplitudes studied.
As further tests, we checked that the tree-level results obtained using Feynman diagrams
coincides with the results obtained with HELAC [[j] and that we reconstruct the correct
structure for the poles after integration. Concerning the finite parts, we agree with the
results obtained by the authors of ref. [If], for the production of three Z bosons. In this
section we will mostly focus on the processes for which no results have appeared yet in the
literature, namely the production of WTW =W+ and WTZZ.

— 10 —



We use the following values for the electroweak parameters:
My =80.4 GeV , My = 91.1875 GeV , Gp = 1.16639 - 107> GeV 2 . (4.1)

In all cases presented here, we set /s = 14 TeV and used CTEQ6L1 [[4] with ay(Myz) =
0.129 at NLO. For the electroweak couplings we use the the G, scheme with

2GpM?2, sin?
Oem = \/_GF WSIH 9W (42)
v
and
sin Oy =1 — M3, /M2 (4.3)

The tree-level cross section has been evaluated using the HELAC event generator [[f].
The same programme, appropriately adapted, has been used to calculate also the real
corrections. The virtual corrections have been calculated on the basis of unweighted tree-
order events produced by HELAC with an indicative CPU time of 180 ms per event, which is
quite good taking into account that the numerical calculation of one-loop amplitudes (the
numerators of the OPP method) is performed using standard momentum representation of
Feynman graphs without any optimization. A conservative comparison with the efficiency
of the tree order calculation, based on HELAC, shows that a further improvement of the
order of 10! — 10? is to be expected.

Since the purpose of our paper is to show the feasibility of the OPP method in a
realistic situation, the results we present here are indicative and they constitute by no
means a detailed discussion of the phenomenology of these processes. Partial results have
been already presented in [I], B4].

It should be mentioned however that all results are available as (un)weighted events,
which means that an exhaustive study in the full phase space, both for three- and four-
particle final states,? poses no problem and will be postponed for the future, taking into
account also decay products and intermediate Higgs contributions.

In figure I, we show results for the py distributions of all processes. For each phase
space point, the pp of each of the three bosons gives an entry in the histograms. The final
result is then divided by 3, yielding, as a normalization factor, the total cross section. The
corresponding K-factors are depicted in figure . In the WtZZ and WTW W cases, we
observe an interesting increase in the K-factor for high values of the transverse momentum.

The corresponding total cross sections are contained in table [ As we can see the
NLO corrections are quite significant, resulting to overall K-factors of order ~ 2.

In figure [}, we show, as an indicative case, the rapidity distribution for WWW pro-
duction, which is the process with the highest cross section. Also here, the rapidity of each
of the three Ws gives an entry in the histograms, that are eventually normalized to the
total cross section.

The K-factor appears to have now an important dependence on the phase space, es-
pecially near the borders of the available rapidity region

20f course both positive and negative contributions have been taken into account, separately.

— 11 —
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Figure 4: Transverse momentum distribution, as defined in the text, for the four processes pp —
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VVV: NLO (solid line) compared with the LO contribution (dashed line).

Table 1:

Process scale p Born cross section [fb] | NLO cross section [fb]
777 30y 9.7(1) 15.3(1)
WZZ | 2My + My 20.2(1) 40.4(2)
WWZ | My + 2My 96.8(6) 185.5(8)
WWW 3Myy 82.5(5) 146.2(6)

Cross section for the four processes, corresponding to the distributions in figure H Dif-

ferent values of the factorization(renormalization) scale are used for the different processes.
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Figure 5: K—factors, corresponding to the plots in figure @

Let us discuss now the results obtained for the production of WTW W T and W+ ZZ.
In tables f| and [J we present the results for the cross sections (infb) of pp — WHTW W+
and pp — WTZZ, respectively. Each table contains the Born level, the NLO result and
the corresponding K-factor.

We close this section by commenting on our choice of the pdfs, which corresponds
to a LO set.
contains no «ay dependence, no improvement on the renormalization scale dependence is

As we already pointed out in the Introduction, as the LO contribution
expected. This fact is evident from tables f| and f|. By including higher order corrections

one expects to cancel the leading logarithm in the factorization scale which governs the
DGLAP evolution of the parton distribution functions. However, as triple vector boson

- 13 —



log(do/dy)
K —factor

Figure 6: Rapidity distribution, as defined in the text, for pp — WTW =W ™T: on the left plot,
NLO (solid line) compared with the LO contribution (dashed line) in logarithmic scale; on the right,
the corresponding K —factor. The scale is set to u = 3Myy .

scale oB ONLO K

pw=M/2 | 82.7(5) | 153.2(6) | 1.85
uw=M 81.4(5) | 144.5(6) | 1.77
pw=2M | 81.8(5) | 139.1(6) | 1.70

Table 2: Cross section pp — WTW-WT infb for different values of the factoriza-
tion(renormalization) scale. In the table above we set M = 3M .

scale oB ONLO K

= M/2 | 20.2(1) | 43.0(2) | 2.12
w=M 20.0(1) | 39.7(2) | 1.99
p=2M |19.7(1) | 37.8(2) | 1.91

Table 3: Cross section pp — W1 ZZ infb for different values of the factorization(renormalization)
scale. In the table above we set M = 3M 4.

production has only a mild factorization scale dependence from the start, as the x values
are around the scaling region of the pdfs, the compensation of the leading logarithmic
terms accidentally does not improve the scale dependence here. The difference of using LO
or NLO pdfs is thus marginal. We have checked this fact for the process W+ZZ. By using
the NLO set CTEQ6M, instead of the LO set CTEQ6L1, we get a{;VOZZ = 21.2(1) fb and
J\I)IVLZ% = 42.6(2) fb. Those numbers have to be compared with the second line of table [I.
In addition, in figure [, we show the pr distribution produced by using the two different

sets of pdfs.
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Figure 7: Transverse momentum distribution, as defined in the text, for the processes pp —
WTZZ. The solid histograms are produced with CTEQ6M pdfs and the dashed ones with
CTEQG6L1 pdfs. The upper curves are the NLO results while the two lower curves are the LO
contributions.

5. Summary and conclusions

In this paper we considered the production of three vector bosons at the LHC. We discussed
four processes, namely ZZZ, WTW~Z, W+ZZ, and WTW W™ production: for each
process we calculated the next-to-leading order QCD corrections, presenting our results in
the form of transverse momentum and rapidity distributions. The QCD corrections are
quite sizable, with a K-factor of order 2. The K-factor is rather uniform in py distributions,
while shows an important dependence on the phase space as far as rapidity distributions
are concerned. Given the size of the corrections the QCD corrections have to be taken into
account in experimental studies at the LHC.

This paper also represents the first complete calculation of physical cross-sections per-
formed using the recently introduced OPP method for the reduction of one-loop amplitudes,
in which the reduction to known integrals is performed at the integrand level, using the
Fortran code CutTools.

The efficiency of the OPP method is quite good. It can be further improved by
developing the numerical evaluation of the integrand in the one-loop amplitude by means
of recursion relations [[ff]], without relying on Feynman diagrams.

We conclude that the OPP method is a viable alternative to perform phenomeno-
logically relevant one-loop calculations, as it does not rely on the recursive evaluation of
scalar and tensor momentum integrals. Its versatility and simplicity make it a very good
candidate for the construction of a universal NLO calculator/event-generator.
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