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Next-to-leading order QCD corrections to Z boson pair production via vector-boson fusion
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Vector-boson fusion processes are an important tool for the study of electroweak symmetry breaking at
hadron colliders, since they allow to distinguish a light Higgs boson scenario from strong weak-boson
scattering. We here consider the channels WW — ZZ and ZZ — ZZ as part of electroweak Z boson pair
production in association with two tagging jets. We present the calculation of the NLO QCD corrections to
the cross sections for pp — e*e " u u~ + 2 jetsand pp — ete” v, v, + 2 jets via vector-boson fusion
at order a,a®, which is performed in the form of a NLO parton-level Monte Carlo program. The
corrections to the integrated cross sections are found to be modest, while the shapes of some kinematical

distributions change appreciably at NLO. Residual scale uncertainties typically are at the few percent

level.
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L. INTRODUCTION

One of the primary goals of the CERN Large Hadron
Collider (LHC) is the discovery of the Higgs boson and a
thorough investigation of the mechanism of electroweak
(EW) symmetry breaking [1,2]. In this context, vector-
boson fusion (VBF) processes have emerged as a particu-
larly interesting class of processes. Higgs boson production
in VBE, i.e. the reaction gq — gqH, where the Higgs
decay products are detected in association with two tag-
ging jets, offers a promising discovery channel [3] and,
once its existence has been verified, will help to constrain
the couplings of the Higgs boson to gauge bosons and
fermions [4].

In order to distinguish possible signatures of strong
weak-boson scattering from those of a light Higgs boson,
a good understanding of WW — ZZ and ZZ — ZZ scat-
tering processes, which are part of the VBF reaction gg —
qqZZ, is needed. This requires the computation of next-to-
leading order (NLO) QCD corrections to the gq — gqZZ
cross section, including the leptonic decays of the Z bo-
sons. Experimentally, very clean signatures are expected
from the ZZ — €T€~ €' ¢~ decays in VBF with four
charged leptons in the final state, the disadvantage of this
channel being a rather small Z— ete™ or Z— u*u~
branching ratio of about 3%. The ZZ — ¢* €~ v channel,
with two undetected neutrinos, on the other hand, results in
a larger number of events due to the larger Z — v branch-
ing ratio [5].

LO results for EW ZZjj production in VBF have been
available for more than two decades. The first calculations
[6] were performed employing the effective W approxima-
tion [7], where the vector bosons radiated off the scattering
quarks are treated as on-shell particles and, therefore,
kinematical distributions characterizing the tagging jets
cannot be predicted reliably. In the following years, exact
calculations for gq — gqZZ have been completed, first
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without Z boson decay [8], and then including leptonic
decays of the Z bosons within the narrow width approxi-
mation [9].

We go beyond these approximations and develop a fully-
flexible parton-level Monte Carlo program, which allows
for the calculation of cross sections and kinematical dis-
tributions for EW ZZjj production via VBF at NLO QCD
accuracy. The program is structured in complete analogy to
the respective code for EW W* W~ jj production presented
in Ref. [10]. Here, we calculate the ¢-channel weak-boson
exchange contributions to the full matrix elements for
processes like gg—qgete utu~ and gq—
qqe* e v, v, at O(aba,). We consider all resonant and
nonresonant contributions giving rise to a four charged-
lepton and a two charged-lepton plus two neutrino final
state, respectively. Contributions from weak-boson ex-
change in the s-channel are strongly suppressed in the
phase-space regions where VBF can be observed experi-
mentally and therefore disregarded throughout. We do not
specifically require the leptons and neutrinos to stem from
a genuine VBF-like production process, but also include
diagrams where one or two of the Z bosons are emitted
from either quark line. Diagrams, where the final-state
leptons stem from a y — €*€~ decay or nonresonant
production modes, are also taken into account. Finite-
width effects are fully considered. For simplicity, we none-
theless refer to the gg— gg€t€ €€~ and ¢gqg—
qq€* €~ v processes computed this way generically as
“EW ZZjj” production.

The outline of the paper is as follows. In Sec. II we
briefly summarize the calculation of the LO and NLO
matrix elements for EW ZZj;j production making use of
the helicity techniques of Ref. [11]. Section III deals with
phenomenological applications of the parton-level
Monte Carlo program which we have developed.
Conclusions are given in Sec. IV.
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II. ELEMENTS OF THE CALCULATION

The calculation of NLO QCD corrections to EW ZZjj
production closely resembles our earlier work for EW
W*W~ production in association with two jets [10]. The
main differences lie in the electroweak aspects of the
processes, while the QCD structure of the NLO corrections
is very similar. The techniques developed in Ref. [10] can
therefore be adapted readily and only need a brief recol-
lection here. For simplicity, we focus on the eTe” u™ ™
decay channel in the following. The application of the
basic features discussed for this case to the e+e_1/# v,
leptonic final state is then straightforward.

The Feynman graphs contributing to pp—
ete utuwjj can be grouped in six topologies, respec-
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tively, for the 579 r-channel neutral-current (NC) and the
241 charged-current (CC) exchange diagrams which ap-
pear at tree level. These groups are sketched in Fig. 1 for
the specific NC subprocess uc — uce*e u* u~. The first
two of these correspond to the emission of two external
vector bosons V from the same (a) or different (b) quark
lines. The remaining topologies are characterized by the
vector-boson subamplitudes L{f, T'%, Toh . and b,
which describe the tree-level amplitudes for the processes
VV—ete utu ,Voete utu ,VV— utu and
VV — ete. In each case, V stands for a virtual y or Z
boson, and « and S are the tensor indices carried by these
vector bosons. The propagator factors 1/(g> — m} +
imyl'y) are included in the definitions of the subampli-

)

The six Feynman-graph topologies contributing to the Born process uc — uce*e™ u* u~. Diagrams analogous to (a), (d),

(e) and (f), with vector-boson emission off the lower quark line, are not shown.
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tudes, which we call “leptonic tensors” in the following.
Graphs for CC processes such as us — dce™e” u* u~ are
obtained by replacing the t-channel y or Z bosons in Fig. 1
with W bosons. They give rise to the new lepton tensors
L;’iw,, T;"Vlfw,ye and T;'V/f W for the subamplitudes
WIW™ —ete u u , WW™ —efe” and WW™ —
AT

Contributions from antiquark initiated #-channel pro-
cesses such as iic — icete” ut u~, which emerge from
crossing the above processes, are fully taken into account.
On the other hand, s-channel exchange diagrams, where all
vector bosons are timelike, contain vector-boson produc-
tion with subsequent decay of one of the bosons into a pair
of jets. These contributions can be safely neglected in the
phase-space region where VBF can be observed experi-
mentally, with widely-separated quark jets of large invari-
ant mass. In the same way, u-channel exchange diagrams
are obtained by the interchange of identical final-state
(anti)quarks. Their interference with the #-channel dia-
grams is strongly suppressed for typical VBF cuts and
therefore completely neglected in our calculation. In the
analogous case of W or Z boson production in VBE, the
neglected s-channel diagrams and interference effects were
found to contribute less than 0.3% to the cross section,
within typical VBF cuts [12]. For Higgs boson production
via VBFE, interference effects amount to less than 1073
within the cuts imposed below [13].

For the treatment of finite-width effects in massive
vector-boson propagators we resort to a modified version
of the complex-mass scheme [14], which has already been
employed in Refs. [10,12]. We globally replace vector-
boson masses m3 with m? — imyI'y, without changing
the real value of sin?6y,. This procedure respects electro-
magnetic gauge invariance. The amplitudes for all NC and
CC subprocesses are calculated and squared separately for
each combination of external quark and lepton helicities.
To save computer time, only the summation over the
various quark helicities is done explicitely, while the four
distinct lepton helicity states are considered by means of a
random summation procedure.

The computation of NLO corrections is performed in
complete analogy to Ref. [10]. For the real-emission con-
tributions we encounter 2892 diagrams for the NC and
1236 for the CC processes, which are evaluated using the
amplitude techniques of Ref. [11] and the leptonic tensors
introduced above. Singularities in the soft and collinear
regions of phase space are regularized in the dimensional-
reduction scheme [15] with space-time dimension d = 4 —
2¢€. The cancellation of these divergences with the respec-
tive poles from the virtual contributions is performed by
introducing the counter terms of the dipole subtraction
method [16]. Since the color and flavor structure of our
processes are the same as for Higgs boson production in
VBF, the analytical form of subtraction terms and finite
collinear pieces is identical to the ones given in Ref. [17].
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The finite parts of the virtual contributions are evaluated by
Passarino-Veltman tensor reduction [18], which is imple-
mented numerically. Here, the fast and stable computation
of pentagon tensor integrals is a major issue, which is
tackled by making use of Ward identities and mapping a
large fraction of the pentagon diagrams onto box-type
contributions with the methods developed in [10]. The
residual pentagon contributions amount only to about
1%o of the cross sections presented below.

The results obtained for the Born amplitude, the real
emission and the virtual corrections have been tested ex-
tensively. For the tree-level amplitude, we have performed
a comparison to the fully automatically generated results
provided by MadGraph [19], and we found agreement at
the 10713 level. In the same way, the real-emission con-
tributions have been checked. For the latter, also QCD
gauge invariance has been tested, which turned out to be
fulfilled within the numerical accuracy of the program. The
numerical stability of the finite parts of the pentagon con-
tributions is monitored by checking numerically that they
satisfy electroweak Ward identities with a relative error
less than 6 = 1.0. This criterion is violated by about 3% of
the generated events. The contributions from these phase-
space points to the finite parts of the pentagon diagrams are
disregarded and the remaining pentagon parts are corrected
by a global factor for this loss. In Ref. [10] we found that
this procedure gives a stable result for the pentagon con-
tributions when varying the accuracy parameter 6 between
1073 and 1000.

ITII. NUMERICAL RESULTS

The cross-section contributions discussed in the pre-
vious section are implemented in a fully-flexible parton-
level Monte Carlo program for EW ZZj;j production at
NLO QCD accuracy, very similar to the programs for Hjj,
Vjj and W*W~jj production in VBF described in
Refs. [10,12,17].

Throughout our calculation, fermion masses are set to
zero and external b- and f-quark contributions are ne-
glected. However, the code does allow the inclusion of
b-quark initiated subprocesses for NC exchange where
internal top-quark propagators do not occur. For the
Cabibbo-Kobayashi-Maskawa matrix, Vcgy, a diagonal
form equal to the identity matrix has been used, which
yields the same results as a calculation employing the exact
Vckm when the summation over all quark flavors is
performed.

We use the CTEQ6M parton distributions with
ay(my) = 0.118 at NLO, and the CTEQ6LI1 set at LO
[20]. We chose m; = 91.188 GeV, my = 80.419 GeV
and Gy = 1.166 X 107°/GeV? as electroweak input pa-
rameters. Thereof, aqpp = 1/132.54 and sin?0y, =
0.22217 are computed via LO electroweak relations. To
reconstruct jets from final-state partons, the ky algorithm
[21,22] is used with resolution parameter D = 0.8.
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Partonic cross sections are calculated for events with at
least two hard jets, which are required to have

pr; =20 GeV, |yl =45 3.1)

Here y; denotes the rapidity of the (massive) jet momen-
tum which is reconstructed as the four-vector sum of
massless partons of pseudorapidity |n| < 5. The two re-
constructed jets of highest transverse momentum are called
“tagging jets”’. At LO, they are the final-state quarks which
are characteristic of vector-boson fusion processes.
Backgrounds to VBF are significantly reduced by requiring
a large rapidity separation of the two tagging jets. We
therefore impose the cut

Ay =lyj, =y, >4 (3.2)

Furthermore, the tagging jets are imposed to reside in
opposite detector hemispheres,

Yiv " Vi, <0, (3.3)

with an invariant mass

M;; > 600 GeV. (3.4)

These cuts render the LO differential cross section for
ZZjj finite, since they enforce finite scattering angles for
the two quark jets. For the NLO contributions, initial-state
singularities, due to collinear ¢ — gg and g — ¢g split-
ting, are factorized into the respective quark and gluon
distribution functions of the proton. Additional divergen-
ces, stemming from the t-channel exchange of low-
virtuality photons in real-emission diagrams, are avoided
by imposing a cut on the virtuality of the photon, Qi’min =
4 GeV>. Events that do not pass this cut give rise to a
collinear ¢ — gy singularity, which is considered to be
part of the QCD corrections to py — ZZjj and not calcu-
lated here.

In the discussion of the pp — €T€ €'T €'~ jj channel,
we focus on the leptonic final state e™e~ u™ u~ through-
out. Results for the four-lepton final state with any combi-
nation of electrons and/or muons (ie. efe utu”,
ete ete and u™ u” u™ u™) are obtained by multiplying
the respective numbers for ete” u™ u~ by a factor of 2.
This procedure neglects very small Pauli-interference ef-
fects for identical charged leptons, however. Similarly, the
ete” v, v, combination on which we concentrate, is re-
lated to an arbitrary two lepton plus two neutrino final state
in the case of pp — €€~ v jj production: Here, a factor
of 6 is needed to take into account all neutrino species and
two families of charged leptons. To ensure that the charged

leptons are well observable, we impose the lepton cuts
pre = 20 GeV, |7]g| =25, ARjg =04, (3.5)
mee = 15 GeV, ARy = 0.2, '

where AR;¢ and ARy, denote the jet-lepton and lepton-
lepton separation in the rapidity-azimuthal angle plane. In
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addition, the charged leptons are required to fall between
the rapidities of the two tagging jets

Yj,min < Ne¢ < Yjmax- (36)

In order to compute the full cross section for EW ZZjj
production, contributions from the Higgs boson resonance,
qq — Hqq — ZZqq, as well as from the ZZ continuum
have to be considered. A representative for the latter, which
effectively starts at the Z-pair threshold, is obtained (for a
Higgs mass below the Z-pair threshold) by imposing a cut
on the four-lepton invariant mass of

Myz =\(per + pe- + por + po- V> > my + 10 GeV,
(3.7)

and correspondingly for the €€~ v final state. Since the
contribution from the Higgs boson resonance has already
been computed in Ref. [17], we focus on the ZZ continuum
in the following, if not stated otherwise, and assume my =
120 GeV.

The continuum cross section oy, for EW e*e” v wPuldi
production, within the cuts of Egs. (3.1), (3.2), (3.3), (3.4),
(3.5), (3.6), and (3.7), is shown in Fig. 2. The figure
illustrates the dependence of the NLO cross section on
the renormalization and factorization scales, wy and wp,
which are taken as multiples of the Z mass,

g = Epmy, up = Epmy. (3.3)

The LO cross section only depends on wp = &épmy. By

varying the scale factor £ = ¢ in the range 0.1 <+ 10, the

value of oLQ, changes by almost a factor of 2, indicating

T T T T T ' I

020 my = 120 GeV ]
. mgy; > 130 GeV

solid:  NLO pp=pg=¢m,

0.181 dotdash: NLO pp=¢m,

dots: LO =¢m,
016 pp=§my ]

O cuts [fb]

FIG. 2 (color online). Scale dependence of the total EW
e+e_v,u v, jj cross section at LO and NLO within the cuts of
Egs. (3.1), (3.2), (3.3), (34), (3.5), (3.6), and (3.7) for pp
collisions at the LHC. The NLO curves show oMt as functions
of the scale parameter ¢ for three different cases: wrp = up =
émyz (solid red), up = émyz and pwp = myz (dot-dashed blue),
pmrp = myzand up = £émy (dashed green). The LO cross section
depends only on wy (dotted black line).
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the theoretical uncertainty of the LO calculation. The
strong scale dependence is reduced substantially after the
inclusion of NLO corrections. For MO we study three
different cases: &p = & = & (solid red line), &y = &,
ér =1 (dot-dashed blue line), and ép =1, &= ¢&
(dashed green line). The latter curve illustrates clearly
the weak dependence of oM:© on the renormalization
scale, which can be understood from the fact that a ()
enters only at NLO. Since the LO cross section is com-
pletely independent of wp and the K factor is close to 1,
a(ug) multiplies a very small contribution only. Also the
factorization-scale dependence of the full cross section is
rather low, such that the variation of oN.© with the scale
parameter amounts to less than 2% for all cases in the
interesting range 0.5 < ¢ < 2. In the following, we fix the
scales to up = ur = my.

As a representative for the observables characterizing
the tagging jets, we show the invariant mass distribution of
the tagging-jet pair, da/dM}z}g, for EW ete utujj
production in Fig. 3. The shape of the distribution at
NLO differs from the respective LO result. This is empha-
sized in panel (b) of the figure, where we show the dy-

namical K factor, defined as

donro/dx

K@ = doio/dx

(3.9)

Because of the extra parton emerging in the real-emission
contributions to the NLO cross section, the quarks which
constitute the tagging jets tend to have smaller transverse
momenta than at LO, thereby giving rise to lower values of
their invariant mass. The transverse-momentum distribu-
tions of the tagging jets, per se, exhibit K factors in the
range 0.8 + 1.4. On the other hand, angular distributions,
such as the azimuthal angle between the tagging jets, dis-
play rather uniform K factors for the scale choice up =
Mr = myz. For this particular scale choice, the total cross
section is barely affected by the inclusion of NLO correc-
tions, leading to a K factor of 0.99.

(a)

solid: NLO
dashes: LO ]

5

g
o
—
o

|

K factor

1.0-.1079

do/dMi 8 [fb/GeV]

0.85 L L L
1000 2000 3000 1000 2000 3000

M}e [GeV] M} [GeV]

FIG. 3 (color online). Invariant-mass distribution of the tag-
ging jets in EW eTe~ u* u™ jj production at the LHC. Panel (a)
shows the NLO (solid red) and the LO results (dashed black).
Panel (b) displays the K factor as defined in Eq. (3.9).
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FIG. 4 (color online). Panel (a): distribution of the four-lepton
invariant mass in EW e*e” u* u~jj continuum production at
the LHC, within the cuts of Egs. (3.1), (3.2), (3.3), (3.4), (3.9),
(3.6), and (3.7) with my = 120 GeV. Panel (b) shows the same
observable when the contribution from a Higgs boson of mass
my = 500 GeV is included. In each case, NLO (red solid) and
LO (black dashed) results are shown.

Finally, we show the distribution of the invariant mass of
the eTe” u™ ™ system, which is given by Eq. (3.7) and
can be fully reconstructed experimentally. It is very sensi-
tive to a light Higgs boson, showing a pronounced reso-
nance behavior for my = 800 GeV. For values of my of
the order of 1 TeV, the peak is diluted due to the large
corresponding width of the Higgs boson (I'y; = 500 GeV)
and the signal is distributed over a wide range in M.
Figure 4 illustrates the resonance behavior of M y:
panel (a) shows the M, distribution for the continuum
production of four charged leptons. Panel (b) displays the
same observable, but now including the resonance contri-
bution from a Higgs boson with my; = 500 GeV.

One remarkable feature of Fig. 4 is that LO and NLO
results are virtually indistinguishable, for the scale choice
Mp = up = my. For the My, distribution, the invariant
mass of the Z pair is another possible scale choice, which,
however, would lead to substantially reduced LO differen-
tial cross-section predictions at high values of M,;. One
finds, for example, a decrease by a factor of = 1.8 in
do™®/dM,, at M,;, = 1.5 TeV when changing wp =
myz to up = Mz, which largely is due to an underestimate
of the LO parton distributions at large Feynman-x. The
NLO prediction, on the other hand, decreases by about
13% compared to our default choice wr = up = my,
demonstrating the precision gained by including the NLO
corrections.

IV. CONCLUSIONS

In this paper we have presented first results for EW ZZjj
production at NLO QCD accuracy, obtained with a fully-
flexible parton-level Monte Carlo program that allows for a
straightforward implementation of realistic experimental
cuts. The integrated cross sections for the two processes
pp—ete uujjand pp — ete v, v, jj were found
to exhibit K factors around 0.99, which shows that higher-
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order corrections are under excellent control. Larger NLO
contributions are obtained for some kinematical distribu-
tions with dynamical K factors in the range 0.8 + 1.4.
These results hold for a default scale choice of u = my.
Leading order results can change substantially, by up to a
factor of 2, for other scale choices, while NLO results are
very stable, demonstrating the value of the NLO correc-
tions. An estimate of the theoretical uncertainty of the
NLO calculation is provided by the scale variation of cross
sections, within VBF cuts. It amounts to about 2% for
integrated cross sections and, in extreme cases, up to
10% for distributions, when changing scales by a factor
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of 2. Similar uncertainties are induced by the present errors
on parton distribution functions, which, in the analogous
case of Higgs boson production in VBF, were found to be
about *+3.5% [17].
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