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1 Introduction

Electroweak photon production in association with two charged leptons and two jets is
an important channel at the LHC since it provides information on weak boson scatter-
ing. It is also sensitive to beyond standard model (BSM) physics via anomalous gauge
boson couplings.

At LO, there are two mechanism to produce £7¢~vjj events at the LHC. The QCD-
induced of order O(a2a?) and the EW-induced of order O(a®) which is further classified
into the s-channel contributions, given mainly by tri-boson production with a subsequent
hadronic decay of one of the vector bosons, and the t/u-channel vector boson fusion (VBF)
contributions.

The QCD-induced mechanism is considered to be an irreducible background of the EW
mechanism due to the lack of weak boson scattering and quartic gauge boson couplings,
VV — VV. Despite the a2/a? enhancement, its contribution is comparable in typical VBF
searches. The interference effects among the different mechanism/channels are expected
to be small in LHC measurements. A dedicated study of these effects was carried out in
ref. [1] for same sign WW jj production, where interference effects are expected to be larger
due to the absence of gluon initiated processes and the fixed chirality of the quark lines.

The NLO QCD corrections for the QCD-induced mechanism were given in ref. [2]. The
corrections are moderate, if adequate central scales are chosen, but phase space dependent
and lead to a significant reduction of the scale uncertainty.

The NLO QCD corrections of the tri-boson production processes were first computed
including the leptonic decays in refs. [3-5] and afterwards including the hadronic decays
in refs. [6, 7]. They turned out to be large, around 70%, and not covered by the scale un-
certainties. This is due to logarithmically enhanced configurations [8, 9] and new channels
opening up at NLO.



Figure 1. Representative Feynman diagrams at LO.

Both the QCD-induced and tri-boson production processes are available in the
VBFNLO package [7, 10].

In this paper, we provide results at NLO QCD for the VBF t/u-channel for the
processes

pp— C 0 yjj+ X, T ey (1.1)
pp = voyji+ X, " Z557, (1.2)

focusing mainly on the charged leptonic channel. Representative Feynman diagrams are
shown in figure 1. The bulk of the cross section for both processes comes from regions of the
phase space where the intermediate Z boson is approximately on-shell. For simplicity, in

“

the following, we often refer to the processes by ” Zyvjj” or “Z,vjj” production, although
we will consider all off-shell effects, non-resonant diagrams and spin correlations.

Furthermore, using an Effective Theory (EFT) approach, we will study, at NLO QCD,
BSM effects due to anomalous quartic gauge couplings.!

The processes considered here have been implemented in VBFNLO [7, 10], a parton
level Monte Carlo program which allows the definition of general acceptance cuts and
distributions.

The rest of the paper is organized as follows: in section 2 the calculational setup
as well as the checks performed to ensure the correctness of the calculation are given.
In section 3, results at the integrated cross section level, for differential distributions, as
well as for anomalous couplings studies are presented. Finally, we present our conclusions
in section 4.

2 Calculational setup

The calculation method of the “Zyvjj” and “Z,7vjj” production follows closely the one of
pp — 0707 6565 55 + X [11] (called from now on Z;Z;j;j production for simplicity) and
other VBF channels implemented in VBFNLO.

We work in the VBF approximation and, therefore, only the t/u-channel Feynman
diagrams, neglecting the interference between them, are considered. The s-channel con-
tributions at NLO are accessible in VBFNLO via “ZAV” production, with V' € (W, Z,~)
decaying hadronically. Their size as well as the interference effects are small once typical
VBF cuts are applied.

Triple gauge couplings are tightly constrained in di-boson production and, therefore, they are not
considered in this paper for simplicity.



We work in the five flavor scheme. For the potentially resonating massive vector bosons,
we use a modified complex mass scheme as implemented in MadGraph [12].

Technically, to obtain the NLO QCD corrections to EW t/u-channel contributions of
Zpyjj and Z,7vjj production, we adapt the code with some modifications from the process
pp — Efﬁf 5;6; jji+ X and pp — £T¢ v jj + X implemented in VBFNLO, respectively.
Here, to be self-contained, we give a brief description of the method used for the Z;vjj
process. The Z,7vjj channel is calculated analogously.

To compute the amplitudes, we use the helicity formalism of ref. [13]. This allows
us to factorize amplitudes into a QCD part and electroweak factors. The latter contain
not only the decay currents for V. — ¢t/~ and V — ¢t~ with V,V € (Z,v*), but
also “leptonic tensors” for VV/WTW = — ¢+t~ /v /¢T¢~~, containing the scattering of the
t-channel vector bosons connecting the quark lines. The EW currents and tensors are
calculated only once per phase space point using the routines of the HELAS package [14].
Afterwards, the full LO amplitudes for all sub-processes, qi1q2 — q3qsf™¢~~ and crossing
related ones, can be easily obtained using the pre-calculated structures. Similarly, we obtain
the real emission amplitudes by adding an additional gluon emission to a quark line.

For the virtual corrections, we do not consider graphs with a gluon exchange between
the two quark lines. Due to the color structure of the amplitude, these would only give
non-vanishing contributions for the interferences of t- and u-channel diagrams, which are
phase-space suppresses and neglected in the VBF approximation. Thus only corrections
to a quark line (the upper or the lower one) with up to three bosons emitted have to
be considered. We make use of the routines Boxline and Penline computed in ref. [15],
which respectively combine all the loop diagrams to a quark line with two or three bosons
emitted in a fixed order permutation of the external bosons. The full amplitude is obtained
by including all physically allowed permutations.

We use the Catani-Seymour formalism [16] to deal with the infrared divergences and
we follow ref. [17] to obtain individual factorization and renormalization scales for each of
the two quark lines. This is possible because they each form a gauge invariant sub-set.

To deal with the real photon in the final state, we implement the Frixione smooth cone
isolation cut [18], which preserves IR safety, without the need of introducing photon frag-
mentation functions. Additionally, we split the phase space integration into two separated
regions to improve the convergence of the Monte Carlo integration. The regions are gen-
erated as double EW boson production with (approximately) on-shell Z — ¢¢ decay or as
7 production with Z — £f~ three-body decay, respectively, and they are chosen according
to whether m(€¢) or m(€¢) is closer to My. The final result is obtained by adding the
two integrals. The presence of intermediate off-shell photons, which are far from on-shell
for typical lepton cuts, does not pose numerical problems and their contribution is inte-
grated with the Z ones. For the Z,vjj production channel, this phase space splitting is
not necessary.

To ensure the correctness of our results, we have cross-checked our LO and real matrix
elements with Madgraph [12] and we compared the integrated cross sections with Sherpa,
finding agreement at the machine precision and at the per mille level, respectively. For the
real emission contributions, we need to subtract the s-channel contributions explicitly which



are included in Sherpa, otherwise, agreement at the few percent level is found for typical
VBF cuts. Thus, the neglected s-channel contributions only give a noticeable contribution
to the real emission, leading to an increase at the few per mille level of the total NLO
QCD cross section. Hence, they can be safely neglected. In the following, we discard these
contributions. However, they can be included easily within the VBFNLO package at NLO
QCD, by adding the cross sections for triple electroweak boson production.

Furthermore, we have checked the convergence of the Catani-Seymour subtraction
and, for the virtual contributions, the factorization of the poles, as well as gauge and
parametrization invariance [15].

The numerical stability of the calculation of the virtual amplitudes is controlled with
the use of Ward identities [15]. The amplitude is set to zero if they are not satisfied with a
precision better than one per mille. The fraction of phase space points rejected is around
the per mille level and thus, the error induced by this procedure is negligible since the total
virtual contributions, after analytic cancellation of infrared divergences, are at the level of
a few per cent.

3 Phenomenological results

In the following, we present results for the LHC mainly for the Z,7vjj channel. Two lepton
families are included in the results presented. Since we apply the same cuts for the first
two families, we compute the process pp — eTe vjj + X, and multiply the result by two.
As EW input parameter, we use the Fermi constant as well as the Z and W mass and
derive the remaining EW parameters via tree-level relations, i.e., we use

Gr = 1.16637 x 107° GeV 2,
My = 80.385 GeV, My = 91.1876 GeV,
ol =agl = 13223422, sin?(Oy) = 0.22289722.

The widths of the bosons are taken as
'y =2.50773065 GeV, TI'y = 2.09666458 GeV. (3.1)

As default, we use the PDFALHC15nlo_100 [19-21] PDF set both at LO and NLO. The
jets are defined with the anti-k; algorithm [22] with radius R = 0.4 and are required to
have a transverse momentum pr; > 30 GeV and rapidity |y;| < 4.5. The jets are ordered
by transverse momenta and the tagging jets at NLO are defined as the two hardest jets.
To simulate typical VBF searches and LHC detector capabilities, we use

Pre(y) > 20(30) GeV, [Ye(y)] < 2.5,

Rjp > 0.4, Ry, > 0.4,

Rjy > 0.4, Ry > 0.0,
myey > 120 GeV, myp > 15 GeV. (3.2)
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Figure 2. Left: dependence of the total cross section on the variation of the factorization and
renormalization scale, as well as the combined variation. Results are shown using the central scales
Q; and My. Right: combined variation of the two scales for different choices of the central value.

The last cut in eq. (3.2) eliminates the singularity arising from a virtual photon, v* — £T¢~.
Additionally, we impose the typical VBF cuts on the tagging jets,

My jo > 600 GeV, ’Ujl - 77]'2| >4 Njy X Njp < 0. (33)

Furthermore, as a photon isolation cut, following the “tight isolation accord” presented in

ref. [23], events are accepted if they satisfy

1 —cosR

—— VR<$ 3.4
71— cosdy <% (3-4)

Z pri0(R — Ryi) < epr
iEpartons
with dp = 0.4 and efficiency, € = 0.05.
As default factorization and renormalization central scale, we chose for each quark line
“i” the corresponding absolute value of the momentum transfer @Q; to the EW process [17],

prE = pr = po = Qi (3.5)

3.1 Total cross section

In the following, we present results for the integrated cross section at the LHC at a center
of mass energy of 13 TeV for different scale choices and PDF sets. In the left panel of
figure 2, we vary independently the factorization and renormalization scale p = &g in the
range & € (0.1,10) around the central scales pg = My (orange line) and py = @Q; (blue
line). At ¢ = 1, we find for ug = Q; oLo = 2.9378(7) 50 tb and onpo = 2.837(1) 9% b
with a K-factor, defined as the ratio of the NLO over the LO predictions, of K = 0.97.
Correspondingly, for puy = Mz we find o1,0 = 3.083(2);213?% fb and oNLO = 2.848(4)fg;%% fb
with a K-factor of K = 0.92. The upper(sub)-scripts correspond to the scale uncertainty
taken at £ = 2(§ = 0.5) being of order 10% at LO and few percent at NLO. The num-

bers in parenthesis quote MC statistical errors. Note that at leading order, we only have



factorization scale uncertainties and that the differences of the LO and NLO predictions
of about 5% and 0.5%, correspondingly, at the central scale for the two different scale
choices are contained in the scale uncertainties. This is, however, not always the case at
LO as we can see in the right panel of figure 2 where we have plotted additionally, setting
pr = pr = Eup for simplicity, the curves for ug € (Hp, Hp+, E7), which are often used in
the corresponding QCD V'V jj induced processes, and are defined as:

HT:% ZPTH‘Z\/m )

partons Vi
1
HT* = 5 ZpT,zeXp‘yZ_y12’+Z\/]m ’
jets Vi
1 ..
Er =5 [Er(jj) + Er(VV)], (3.6)

with V; € (Z,7v). my, denotes the invariant mass of the corresponding leptons (my, = 0
for on-shell photons) and y12 = (y1 + y2)/2 the average rapidity of the two hardest (or
tagging) jets, ordered by decreasing transverse momenta. FEp(jj) and Ep(VV) stand for
the transverse energy of the two tagging jets and of the V'V system, respectively. In the
last two scale choices of eq. (3.6), the first term interpolates between m;; and ) pr jets for
large and small Ay;; = |y1 —y2| values, respectively. First, we note that the LO predictions
for the different central scale choices are not covered by the scale uncertainties. At, £ =1,
we found at LO differences of about 40% for pg = My and pg = Hp«, while the NLO
differences are about 5% for ug = Hp and po = Hp«. Also, note, that the K-factor varies
from 0.92 for pug = Mz to 1.24 for pg = Hp~, and greatly depends on the value of the LO
predictions. While the fixed scale choice pg = Mz leads to a K-factor close to 1, we expect
larger differences at the differential level, as was shown e.g. in ref. [24]. This discussion
shows the necessity of using NLO predictions for obtaining robust results. We expect that
the best results are obtained using pug = Hr or ug = @;, and we stick to the latter one for
the discussion of differential results.

The order 5% uncertainty found above for the more extreme scale choices is, in fact, a
better, but still a low estimate for the error induced by missing NNLO corrections. As was
found for VBF Higgs production, cross sections and various distributions within VBF cuts
are lowered by another 5 to 10% by NNLO corrections as compared to NLO results [25].
This effect is due to a wider energy flow within NNLO quark jets as compared to the NLO
approximation: the narrow R = 0.4 jets capture less of the jet energy at NNLO and thus
have a harder time passing the m;; > 600 GeV requirement [26]. Since this effect should
be universal for all VBF processes, we expect another order 5% reduction of the fiducial
cross section at NNLO, which is not accounted for by the scale considerations.

In figure 3, we plot the scale variation, for equal factorization and renormalization
scale, i.e. up = pur = £€Q;, as well as the associated PDF uncertainty at NLO for the
PDF4LHC151nlo_100 and HERAPDF20 [27] (EIG) sets. In addition, we show the scale
variation for the ABM11 [28] (5 flavors), CT14 [29], MMHT2014 [30], and NNPDF30 [31]
(with as(Mz) = 0.118) sets used at the corresponding order, if available. For NNPDF30
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Figure 3. Combined variation of the factorization and renormalization scale for different PDF sets.
For the NLO results obtained with the PDF4LHC15 and HERAPDF20 sets, the corresponding PDF
uncertainties are shown as bands.

ABM11 CT14 HERAPDF20| MMHT2014 | NNPDF30 |PDF4LHC15

onLo[fh] [2.802(2) 5% | 2.814(2) T340 | 2.972(4) T 5% | 2.866(4) T3¢ | 2.830(6) T 5% | 2.837(1) T2 15k

Table 1. Cross section of the EW production process for different PDF sets and associated PDF
uncertainties. The factorization and renormalization scale are set equal to pp = pug = Q;.

and ABM11, we use the NLO sets for the LO curves and for the CT14 curve at LO, we use
the LO CT10 [32] sets. At LO, we observe at the central point an 8% maximum difference
between the MMHT2014 and the CT10 predictions, which is of the same order as the scale
uncertainty reported previously, while the error of the PDFs is around the few percent level
and, thus, do not cover the uncertainty observed. At NLO, at the central point, a 6% max-
imum difference between HERAPDF20 and AMB11 is found. It is neither covered by the
scale uncertainty, varying only one of the particular scales, nor by the PDF uncertainties,
which are 2% and 1% for these PDFs, respectively. When comparing our default PDF set
(PDF4LHC15 nlo_100), with a 2% PDF uncertainty, with the HERAPDF20 predictions,
they almost overlap with a difference of 4.7%. The size of the PDF uncertainties is of
the same order in the whole range £ € (0.1,10). In table 1, one finds the values at NLO
obtained with the different PDF's as well as the associated asymmetric error at £ = 1.

In figure 4, we plot the cross sections for different energies. In addition to our default
PDF set, we plot the lines for the AMB11 and NNPDF30 sets, where larger differences of
about 20% are seen at a center of mass energy of 100 TeV. The bands include the scale and
PDF uncertainties, which are added in quadrature. The combined uncertainty at 100 TeV
rounds the 8% for the AMBI11 set, dominated by the PDF uncertainty of about 7%, and
3% for the NNPDF30 and our default PDF4LHC15 nlo_100 set.

In order to remove contributions not relevant for the study of anomalous coupling
effects, in figure 5, we plot the integrated cross section depending on the minimum value
required for the invariant mass, mz,, of the EW system both for the Z,vjj and Z,vjj
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Figure 4. Dependence of the total cross section on the center of mass energy using different PDF
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Figure 5. The dependence of the total cross section on the minimum required invariant mass of
the EW system is shown in the upper panel. The other panels show the K-factors and the ratio

o(Zevji)/o(Zui3)-

channels, neglecting the corresponding cut specified in eq. (3.2). For leptonic decays of the
Z-boson, two lepton generations are counted while for Z — vv only one generation is con-
sidered, which gives roughly equal cross sections for easier comparison. When applying cuts,
we treat the neutrinos the same as charged leptons, such that differences of the two pro-
cesses can be entirely associated with differences in the amplitude and coupling constants.
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For the Zyyjj channel, we show lines at LO (red) and NLO (blue), including the scale
uncertainty, while only the central value at NLO (green) is shown for the Z,7vjj channel
for comparison. In the middle panel, the K-factors are shown, while in the third panel, the
ratios of the Z;vjj and Z,7vjj channels are plotted. We observe that imposing a minimum
value mz, > 90 GeV, the contributions from a photon radiated off the charged leptons
(radiative Z decays), which is absent in the Z,7jj channel, start to decrease significantly
since configurations of the decay Z — ¢~ ¢~ can only be off-shell. For values of mz, > 120
GeV, these contributions are almost completely gone. This is confirmed in the third panel
with a ratio almost constant beyond this value. Similar observations were found in the QCD
induced process in ref. [2]. The additional pollution of the signal due to contributions where
the photon or Z boson are directly radiated from the quark lines can only be avoided using
more restrictiveeparation cuts, at the cost of a reduced cross section.

Following the recommendation of the “tight isolation accord” of ref. [23], we set the
efficiency to € = 0.05. In figure 6, we study the dependence of the cross section on the
efficiency parameter plotting the cross section varying e in the range ¢ € (0.01,1). We
observe mild dependencies of around 3%(6%) in the whole range shown and of order 2%(3%)
in € € (0.01,0.05) for 69 = 0.4(0.7). For comparison, we also show results for the QCD
induced process. In this case, we find larger differences of about 12%(23%), with 6%(13%)
differences in the e € (0.01,0.05) range with 69 = 0.4(0.7). The milder variation found
in the EW channel is expected due to the characteristic signature of the VBF processes
with two forward jets and the photon produced in the central region, where little hadronic
activity is expected due to the formation of a rapidity gap in VBF processes.

Finally, in table 2 we give the NLO cross sections of the EW and QCD production
processes at different collider energies including scale uncertainties. The number in paren-
thesis represents the statistical Monte Carlo integration error, while the upper and the
lower numbers represent the scale uncertainty error at £ = 2 and £ = 0.5, respectively.
With the given VBF cuts, both mechanisms are of the same order, in spite of the (a/ag)?
suppression of the EW channel.



EW QCD
1% 14%

8TeV | 0.808(1) fey, b 0.735(6) 11 fb

13TeV | 2.837(1)7 9% b 2.764(2) 157 fb

)_

+13%
14 TeV | 3.359(6

02%fb 3.31(2) 7122 fb

0.9% +13%

Table 2. Cross section of the EW and QCD production process at different center-of-mass energies.

3.2 Differential distributions

In the following, we show results for differential distributions at /s = 13 TeV for the QCD
and EW induced Zyvjj processes using our default settings described in section 2. In the
top panels, we show the EW LO (red) and NLO (dark-blue) curves, including the scale
uncertainties. In light-blue, we show the QCD induced process at NLO, including its scale
uncertainties. In the bottom panels, we show the corresponding EW K-factor as well as the
scale uncertainty band compared to the LO result at the central scale. PDF uncertainties
of the EW process are shown as hatched bands. In figure 7, we show in the upper row
the differential distribution of the invariant mass of the electroweak system (left) and the
minimum R-separation between the photon and one of the leptons (right). In the lower
row, we show jet observables for the tagging jets, the dijet invariant mass (left) and the
rapidity separation (right). Given the appropriate scale choice, @Q;, we observed modest K-
factors, close to one, in the whole spectrum, with larger variation in the rapidity separation
plot, ranging from 0.90-1.10, and a drastic reduction of the scale uncertainties. In the top-
right plot, we show in addition the curve (green) without the myz4 > 120 GeV cut. As
expected, the cut only reduces events with photons emitted close to the charged leptons.
In the bottom-left plot, one can observe clearly the distinct behaviour of the invariant mass
distribution of the tagging jets for the EW vs QCD channels, with a steeper fall-off of the
cross section for the QCD induced process.

In figure 8, we show the normalized centralized rapidity distribution of the recon-
structed Z boson system (left) and the photon (right) with respect to the tagging jests,

Yy — %(?ﬂ +y2)

=)= Y1 — Y2

(3.7)

Whereas for the EW process, the electroweak particles are nearly exclusively produced in
the central region between the two tagging jets located at z* = +1/2, they are produced
in a broader rapidity range for the QCD process. Note that the distributions are not
symmetric because the jets are ppr-ordered. In particular for the QCD process, larger
contributions can be found in the vicinity of the hardest jet. The particular shape of the
QCD distributions can be explained by kinematic configurations, where the hardest jet
recoils against the EW system, and a second jet, possibly stemming from gluon radiation,
is produced at large separation to fulfill the VBF cuts.

~10 -
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Figure 7. Differential cross sections of the EW and QCD induced process, showing the dependence
on mz~, min(R,;), m;;, and Ay;;. For the min(R.;) distributions, we also show the NLO EW cross
section without applying a cut on mz,. Solid bands result from scale variation by a factor of two
around the central value. For the EW process, the uncertainties associated with the PDF are shown
as hatched bands.

3.3 Anomalous couplings

In our implementation of the Z,7vjj production cross section, we allow for modified gauge
couplings in the framework of an effective Lagrangian

LerT = Lsm + Z Z Adi4 O,Ed), (3.8)
d>4 1

where the operators of dimension 6 and 8 have first been defined in refs. [33-35]. Due to
minor differences in the definition of the field strength tensors in VBFNLO, our conventions
for the dimension 8 operators differ from the ones given in ref. [35]. The exact definition,
as well as the corresponding conversion rules can be found in ref. [36], appendix A. While
all operators given in refs. [33-35] affect the Z;7jj production cross section, the operators

OT’g = Euyéwjéaggaﬂ and (39)
Or9 = Ba,uB"’ Bg, B"® (3.10)
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with

~ gl
By = i% By (3.11)

are of particular interest for Z,vjj production since they only involve neutral gauge bosons.
Hence, they can first be constrained in vector boson scattering pp — V'V jj or triboson
production pp — VVV of neutral gauge bosons (V € (Z, A)). Current experimental
constraints on these operators can be found in refs. [37, 38].

Including anomalous gauge couplings, the amplitude rises as M(s) x s? for large
invariant masses s = mQZ,Y of the underlying vector boson scattering process, leading to
unitarity violation for large invariant masses. Unitarity of the scattering amplitude can be
restored by multiplying the amplitude with a form factor of the form

F(s) = <1 + AQ;) - (3.12)

A different approach to unitarize the amplitude, via K-matrix unitarization, has been
explored in ref. [39], leading to a modification of the normalized eigen-amplitudes ays
according to

arj

arjy —» ———.
1—ary

(3.13)

In the large s limit, K-matrix unitarization leads to a behavior similar to applying a
modified, complex form factor [40],
2

Fo(s) = <1 - ZA;F4> B : (3.14)

and in the following we compare this complex form factor with the conventional form factor
defined in eq. (3.12). The form factor scales App and A% are set according to the unitarity
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Figure 9. Cross section of Zy7vjj production in the SM and for different values of frg. The line
styles are as given in figure 10.

constraint, such that the helicity combination with the largest contribution to the zeroth
partial wave fulfills the unitarity condition for all vector boson scatterings VV — V A and
WW = VA (Ve (Z A).

In the following, we show results for the Or g operator as an example.? In figure 9,
we show the dependence of the Zyyjj cross section on the invariant mass mz, of the
electroweak system for different values of frg. It can be seen that well below the form
factor scale, the results using the complex form factor (dashed lines) closely follows the
results where no unitarization is applied. Only close to and above the form factor scale,
the modified form factor leads to a significant suppression, removing the unitarity violating
tail of the distribution. The different values of frg influence the shape of the distribution
well below the form factor scale, but for very high invariant masses they lead to identical
results, given by the unitarity condition. In contrast, the conventional form factor (dotted
lines) also leads to a significant reduction of the cross section well below the form factor
scale, reducing the effect of the anomalous coupling in a larger region of the phase space.

While figure 9 illustrates the differences of the two form factors over a broad range
of mg,, it is clear that the phase-space region above the form factor scale is determined
by the unitarization procedure and shouldn’t be used to constrain anomalous couplings.
In figure 10 we focus on smaller invariant masses and, in addition, we show the cross
section differential in the final state transverse momenta. Similar to the mz, distribution,
we observe that the conventional form factor (dotted lines) leads to a large suppression,
whereas its complex version (dashed lines) leads to results much closer to the results without
unitarization. However, also for the complex form factor, the deviations from the result
without unitarization start already at small transverse momentum. In particular for the
transverse momentum of the softer lepton, we obtain a large suppression already for very
small values of pr,.

Since anomalous gauge couplings lead to an increased cross section in the tails of the
distributions, experimental limits are often obtained from a comparison of the observed

2A comprehensive analysis including all dimension 8 operators is beyond the scope of this paper.
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event count with the cross section

i ~ do(mzy)
o(mzy) :/ dmyg,———=, (3.15)
7 mré)}yn v dmZ/y

where a lower cut on the invariant mass of the electroweak system is applied. We therefore
show the dependence of the cross section on this cut in figure 11, where it can be seen that
a large fraction of the cross section results from contributions with invariant masses above
the form factor scales. We want to point out that theoretical predictions in this phase space
region highly depend on the unitarization procedure. A preferred procedure to compare
experimental results with theoretical predictions should therefore be a comparison based
on differential distributions, restricted to invariant masses of the electroweak system well
below the form factor scale.
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Figure 11. Dependence of the Z,vjj total cross section on an additional cut m Z~ according to
eq. (3.15). The line styles are as given in figure 10.

4 Conclusions

In this article, we have reported results at NLO QCD for VBF Z~ production, including
the leptonic decay of the Z boson with all off-shell effects and spin correlations taken
into account. While, at LO, the results greatly depend on the scale choice, with up to 40%
differences at the central value, the NLO results reduce considerably the scale uncertainties,
to the few percent level. PDF uncertainties of individual sets have been studied yielding
errors of a few percent, which are propagated quite homogeneously over the available phase
space. However, the central values of the predictions for the different sets differ by up to
6%, which is not covered by the combined uncertainty associated to the pdf sets and scale
variation. Furthermore, we have presented results for anomalous couplings, introducing a
novel complex form factor which resembles the features of the K-matrix unitarization, and
we pointed out the necessity to constrain anomalous couplings with data well below the
form factor scale only.
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