PROCEEDINGS

OF SCIENCE

MPP-2010-176

NLO corrections to WWZ and ZZZ production at the
ILC

Fawzi Boudjema

LAPTH, Université de Savoie, CNRS,

BP110, F-74941 Annecy-le-Vieux Cedex, France
E-mail: boudj ema@ app. i n2p3.fr

Le Duc Ninh* Marcus M. Weber

Max-Planck-Institut fur Physik (Werner-Heisenberg-insg},
D-80805Miinchen, Germany

E-mail: | educni nh@nai | . com nmaeber @ppnu. npg. de

Sun Hao
Department of Physics, State University of NewYork, Buffdl 14260, USA

E-mail: hsun6@uf f al 0. edu

We calculate the full one-loop electroweak correctionsitboéson production (ZZZ and WWZ) at
the ILC. This is important to understand the Standard Mo8®)gauge quartic couplings which
can be a window on the mechanism of spontaneous symmetriihgea\Ve find that even after
subtracting the leading QED corrections, the electroweafections can still be large especially
as the energy increases.

3rd Computational Particle Physics Workshop
September 23-25, 2010
KEK Tsukuba Japan

*Speaker.

(© Copyright owned by the author(s) under the terms of the @e&ommons Attribution-NonCommercial-ShareAlike Licen http://pos.sissa.it/



NLO corrections to WWZ and ZZZ production at the ILC Le Duc Ninh

1. Introduction

Due to its clean environment ate linear collider in the TeV range is an ideal machine
to probe in detail and with precision the inner working of #ectroweak structure, in particular
the mechansim of symmetry breaking. From this perspedtigestudy ofete- — W*™W~Z and
ete” — ZZZmay be very instructive and would play a role similaretoe™ — W™W™ at lower
energies. Indeed it has been stressedghat — W W~Z andete™ — ZZZare prime processes
for probing the quartic vector boson couplings [1]. In paskar deviations from the gauge value
in the quarticW™W~-ZZ andZZZZ couplings that are accessible in these reactions mightee th
residual effect of physics intimately related to electralvgeymmetry breaking. Since these effects
can be small and subtle, knowing these cross sections vgthgrecision is mandatory. This calls
for theoretical predictions taking into account loop coti@ns.

In this report we discuss the next-to-leading order (NLOJections to the processese™ —
ZZZandete  — WTW~Z at the future international linear collider (ILC). We alsddaess some
technical issues related to numerically stable evaluaifane-loop integrals, which is a challenge
for one-loop multi-leg automatic calculations.

2. Treeleve

Figure 1: Representative Born diagrams fote& — ZZZ and ée~ — W™W~Z. Diagrams (a) contribute
to both processes while diagrams of type (b) contribute tmbf e~ — WW~Z. The first diagram of type
(a) will be referred to as the Higgsstrahlung contribution.

At leading ordeMWW"W~Z andZZZfinal states are produced through the diagrams shown in
Fig. 1. The important gauge couplings fermion-fermionteegW W andZWW, which also appear
in the well-testedcete~ — W™W ™~ process, have been measured and found in good agreement with
the prediction of the SM [2, 3]. Both processes include thggdstrahlung contribution where the
splitting H* — V'V occurs. This contribution is small and vanishes in the l&iggs mass limit.
Since the precision electroweak data suggest a Higgs méss thee WW threshold, we restrict
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our study to the regioiMy < 160GeV. This means that the Higgsstrahlung contributionreat
be resonant and therefore in our calculation no width iothiced. The important features at tree
level are that the neutral quartic gauge couplt¥Z Zvanishes in the SM and the chargedWWw,
ZZWW couplings occur in thete~ — WTW~Z process. In practice, the couplingWW (and
alsoyyWW) can be tested at lower energies via the proegss — WW™y.

3. NLO calculations

Our calculations are done in the framework of the SM. Theuslricorrections have been
evaluated using a conventional Feynman-diagram baseagipusing standard techniques of
tensor reduction. We use the packagegnAr t s andFor nCal c- 6. O to generate all Feynman
diagrams and helicity amplitude expressions [4]. We alsoSlioopS to check the correctness
of the amplitudes by checking non-linear gauge invariaisee (5] and references therein). The
total number of diagrams in the 't Hooft-Feynman gauge isualay00 including 109 pentagon
diagrams forete~ — W*tW~Z and about 1800 including 64 pentagons éde~ — ZZZ This
already shows that™e~ — WHtW~Z with as many as 109 pentagons is more challenging than
ete” — ZZZ Indeed getting stable results for all scalar and tensotquwpnk 4) box integrals in
the procese"e” — WTW~Z is a highly nontrivial task. The five-point integrals are wedd to
four-point integrals by using the method of Denner-Dittendb] which does not involve the Gram
determinant, deé = det(2p; - p;) with p; ; being the external momenta, in the denominator. The
four-point (and three-point) tensor integrals are in twoursively reduced to scalar integrals by
using Passarino-Veltman (PV) method. The problem withriieshod is that the numerical results
become unstable when the Gram determinant is small. Faniost the result for a rank-4 box
integral includes tensor coefficients of the form

Dijw = %, (3.1)
where the numerator is a complicated function of internaégea and external momenta whose
indices have been excluded for simplicity. In many casesfuhetion N vanishes in the limit
detG — 0, leaving the tensor coefficients finite. In particularstis usually true if the internal
particles are massive. This non-trivial behavior of the stator which is a linear combination
of scalar integrals can be spoiled by numerical canceflatioinconsistent approximations (like
small mass/momentum approximations) in calculation ofst@ar integrals, leading to numerical
instabilities in the right-hand side of Eq. (3.1) when @dtecomes small. A good way to solve
this problem is therefore using higher-precision arithmietthe calculation of loop integrals when
numerical cancellation occurs.

It is important to notice that the PV method fails when@e$ exactly zero. If this happens
the N-point function of rankM can be written as a combination @ — 1)-point functions of rank
M. This is called segmentation [7]. We have exploited thi$ fa@void the small d&b region by
using segmentation if the following condition is met

det(G)

— <107, (3.2)
(2pfa0?
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Figure 2: Dependence a5%.¢ "W 2 on the soft cutofs (E, < &./5/2) in phase-space slicing. Only

the non-singular part is shown, i.e. the IR singula(m@) terms are set to zero. The result using dipole
subtraction is shown for comparison with the error given gy width of the band.

wherep?,,, is the maximum external mass of a box diagram. This extréipalés used only for the
four-point integrals and turns out to be good enough for teegnt calculations. We have compared
this to the method of using higher precision arithmetic ¢iquple precision for the Fortran 77 code)
and obtained good agreement.

In addition to the virtual corrections we also have to coesigtal photon emission.e. the
processegte” — WHrW~Zyandete — ZZZy. The corresponding amplitudes are divergent in
the soft and collinear limits. The soft singularities cdragminst the ones in the virtual corrections
while the collinear singularities are regularized by thggital electron mass. To extract the sin-
gularities from the real corrections and combine them with\irtual contribution we apply both
the dipole subtraction scheme and a phase space slicingdéthe former is used to produce the
final results since it yields smaller integration errorsta®a in Fig. 2. Further details are given in
[8].

It is well-known that the collinear QED correction relatedinitial state radiation ire"e -
processes is large. In order to see the effect of the weakamns, one should separate this large
QED correction from the full result. It means that we can deftre weak correction as an infrared
and collinear finite quantity. The definition we adopt in théper is based on the dipole subtraction
formalism. In this approach, the sum of the virtual and theated "endpoint” (see [9] for the
definition) contributions satisfies the above conditiond aan be chosen as a definition for the
weak correction

Oweak = Ovirt + Oendpoint (3.3)

For the numerical results shown in the next section, we walkenuse of this definition.

Before presenting our numerical results it is stressedwabave performed the calculation
in at least two independent ways both for the virtual and #& corrections leading to two in-
dependent numerical codes (one code is written in Fortranhé&7other in C++). A comparison



NLO corrections to WWZ and ZZZ production at the ILC Le Duc Ninh

of both codes has shown full agreement at the level of thgrated cross sections as well as all
the distributions that we have studied. Moreover, we havedietailed comparisons with other
groups [10, 11] and obtained good agreement.

4. Numerical results

To absorb large corrections to the electromagnetic cogimd universal corrections due to
the isospin breaking effects we use

a = ag

2G, Mg
:7\[# W sir? Bw,

u

g, = a(0)(1+Ar) 4.2)

u

with G, denoting the Fermi constant afg is the weak-mixing angle, at tree level. The explicit
form of Ar at one-loop order together with all the input parametergaen in [8]. When calculat-
ing the NLO corrections we have to subtract the one-liopontribution to avoid double counting.
Since the real photon corrections are proportionat {8), we require the full NLO corrections to
be of orderg(ag a(0)).
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Figure 3: The total cross section for'e™ — ZZZ (top) and ée~ — W™W~Z (bottom) as a function qf's
for the Born, full&'(a) and genuine weak correction. The panels on the left show e, Bhe full NLO
and the weak correction. The panels on the right show theespnding relative (to the Born) percentage
corrections.



NLO corrections to WWZ and ZZZ production at the ILC Le Duc Ninh

e'ee 272727

As shown in Fig. 3 the tree-level cross section rises shawplye the threshold for production
opens, reaches a peak of aboutfih around a centre-of-mass energy of 600GeV before very
slowly decreasing with a value of abouB@b at 1 TeV. The full NLO corrections are quite large
and negative around threshold35%, decreasing sharply to stabilise at a plateau arqse
600GeV with—16% correction. The sharp rise and negative correctioraaehergies are easily
understood. They are essentially due to initial state tatigISR) and the behaviour of the tree-
level cross section. The photon radiation reduces thetaffecentre-of-mass energy and therefore
explains what is observed in the figure. On the other handeheige weak corrections, in i@,
scheme, are relatively small at thresholed/%. They however increase steadily with a correction
as large as-18% at,/s=1TeV.
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Figure 4: From top to bottom: distributions for the WW invariant masslahe rapidity of the WW system
for efe” — WTW~Z . The panels on the left show the Born, the full NLO and thekweearection. The
panels on the right show the corresponding relative (to tbenBpercentage corrections.

eree -—WW-Z:

Compared t&ZZ production, the cross section fere — W™W~Z is almost 2 orders of magni-
tudes larger for the same centre-of-mass energy. For exaa@00GeV it is about 40fb at tree
level, compared to 1fb for the" e~ — ZZZcross section. For an anticipated luminosity of 15b
this means that the cross section should be known at the ipéawel. The behaviour of the total
cross section as a function of energy resembles thatef — ZZZ It rises sharply once the
threshold for production opens, reaches a peak before \@mysdecreasing as shown in Fig. 3.
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However as already discussed the value of the peak is mugérlar 50fb at NLO, moreover
the peak is reached arourds = 1 TeV, much higher than i@ZZ This explains the bulk of the
NLO corrections at lower energies which are dominated byQ@B® correction, large and negative
around threshold and smaller at higher energies. As thggimcreases the weak corrections get
larger reaching about 18% at./s= 1.5TeV. This is similar to the result of ZZZ production and
is consistent with the behavior of double-logarithmic Sumlacorrections.

In Fig. 4 we show the distributions in th&W invariant mass and the rapidity of thgw
system. Due to photon radiation, in the full NLO correcti@asne large corrections do show up
at the edges of phase space. However, even after subtradtitle QED corrections the weak
corrections cannot be parameterized by an overall scalerfdor all the distributions that we have
studied.

5. Conclusions

We have presented a calculation of the full next-to-leadirder correction to the processes
e'e- —WTW~-Z andete™ — ZZZin the energy range of the international linear collider and
for Higgs masses below th&'W threshold. These processes would be the successdreof—
W*W~ in that they would measure the quartic coupliMy$VZZandZZZZ which could retain
residual effects of the physics of electroweak symmetnakirey. With this in mind we have
subtracted the QED corrections and studied the genuine a@agctions in thes, scheme. We
find that the weak corrections can be large and increase héterergy.
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