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We report on the calculation of the full next-to-leading-order QCD corrections to the production of t7bb
final states at the LHC, which deliver a serious background contribution to the production of a Higgs
boson (decaying into a bb pair) in association with a ¢7 pair. While the corrections significantly reduce the
unphysical scale dependence of the leading-order cross section, our results predict an enhancement of the
t7bb production cross section by a K factor of about 1.8.
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Extending earlier work [1], where we discussed the next-
to-leading-order (NLO) QCD corrections to ttbb produc-
tion via quark-antiquark annihilation, in this Letter we
present first results on the full NLO QCD corrections to
pp — ttbb + X at the LHC; i.e., we complete the existing
results by the contributions from gluonic initial states.

The QCD-initiated production of #7bb final states repre-
sents a very important background to 7H production where
the Higgs boson decays into a bb pair. While early studies
of ttH production at ATLAS [2] and CMS [3] suggested
even discovery potential of this process for a light Higgs
boson, more recent analyses [4—7] with more realistic
background assessments show that the signal significance
is jeopardized if the background from t7bb and 7 + jets
final states is not controlled very well. The calculation
presented in this Letter renders improved signal and back-
ground studies possible that are based on NLO predictions
for tfbb final states. NLO QCD corrections are already
available for the t7H signal [8—11] and the background
from ¢7 + jet [12,13] and ¢7Z [14].

On the theoretical side, the calculation of NLO correc-
tions to 2 — 4 particle processes represents the current
technical frontier. The complexity of such calculations
triggered the creation of prioritized experimenters’ wish-
lists [15,16] for missing NLO calculations for LHC phys-
ics, and the process of ¢7bb production ranges among the
most wanted candidates. In recent years the field of NLO
calculations to multiparticle processes received an enor-
mous boost, most notably by advanced methods for eval-
uating one-loop tensor integrals for Feynman diagrams
[17-23] and by new methods employing unitarity cuts of
one-loop amplitudes analytically (see, e.g., Ref. [24] and
references therein) or numerically [25-30]. The numerical
unitarity-based approaches have successfully passed their
proof of principle in the calculation of specific one-loop
QCD amplitudes, including, in particular, multigluon am-
plitudes [30-32], ud — W'qgg [33], ud— W'ggg

[33,34], uii/gg — ttbb, uii — W*W~bb, uii — bbbb,
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uii/gg — tigg [34], and in the evaluation of the leading-
color contribution at NLO to W + 3jet production at the
Tevatron [33,35,36]. The Feynman-diagrammatic ap-
proach has already been used in complete NLO predictions
for some 2 — 4 reactions at e e~ [37,38] and 7y colliders
[39] and in the evaluation of the amplitude of gg — bbbb
[40] at one loop. The evaluation of t7bb production—also
based on Feynman diagrams, as documented in Ref. [1]
and this Letter—represents the first full NLO calculation
for a 2 — 4 process at a hadron collider.

In LO QCD, 7 and 36 different Feynman diagrams
contribute to the production of t7bb final states via ¢g
annihilation and gg fusion, respectively. The virtual QCD
corrections comprise about 200 one-loop diagrams for the
qq and about 1000 diagrams for the gg initial state, the
most complicated being the 8 and 40 hexagons for the
respective channels. Some hexagon graphs are depicted
in Fig. 1. The real QCD corrections comprise gluon brems-
strahlung in the ¢ and gg channels, ¢g/gg — ttbbg, and

Some generic hexagon diagrams for hadronic 7bb

FIG. 1.
production at NLO QCD.
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(anti)quark—gluon scattering processes, (q)g — ttbb (q).
We consistently neglect contributions involving b quarks
in the initial state because of their suppression in the parton
distribution functions (PDFs). In the following we briefly
describe the calculation of the virtual and real corrections.
Each of these contributions has been worked out twice and
independently, resulting in two completely independent
computer codes.

The evaluation of the virtual corrections starts with the
generation of the one-loop amplitudes via two independent
versions of FEYNARTS [41,42]. Using either inhouse
MATHEMATICA routines or FORMCALC [43], each diagram
is decomposed in terms of standard spin and color struc-
tures, as described in Ref. [1] for the ¢g channel in detail.
The coefficients in the resulting linear combination of
these standard structures contain the one-loop tensor inte-
grals. The obtained expressions are not reduced to standard
scalar integrals analytically, but the tensor integrals are
evaluated by means of algorithms that perform a recursive
reduction to master integrals in numerical form. This
avoids a further increase of the huge analytic expressions
and permits to adapt the reduction strategy to the specific
numerical problems that appear in different phase-space
regions. In detail, the 6-/5-point integrals are directly ex-
pressed in terms of 5-/4-point integrals [18,22]. Tensor
4-point and 3-point integrals are reduced to standard scalar
integrals with the Passarino—Veltman algorithm [44] as
long as no small Gram determinant appears in the reduc-
tion. If small Gram determinants occur, the alternative
schemes of Ref. [22] are applied. Ultraviolet (UV) diver-
gences are regularized dimensionally throughout, but in-
frared (IR) divergences are treated in different variants,
which comprise pure dimensional regularization with
strictly massless light quarks (including b quarks) and a
hybrid scheme with small quark masses. The correspond-
ing scalar master integrals are evaluated using the methods
and results of Refs. [45,46], where different regularization
schemes are translated into each other as described in
Ref. [47]. Our treatment of rational terms of UV or IR
origin is described in appendix A of Ref. [1]. More details
on the two independent calculations of the virtual correc-
tions in the gg channel will be presented elsewhere.

In both evaluations of the real corrections the amplitudes
are calculated in the form of helicity matrix elements
which have been generated with MADGRAPH 4.1.33 [48].
While the amplitudes for gg — tfbbg have been checked
with the spinor formalism of Ref. [49], those for gg —
ttbbg have been verified with an implementation of off-
shell recursion relations [50-52]. The singularities for soft
or collinear gluon emission are isolated via dipole subtrac-
tion [53-56] for NLO QCD calculations using the formu-
lation [53] for massive quarks. One of the two calculations
employs the automatic MADDIPOLE implementation of di-
pole subtraction [57]. After combining virtual and real
corrections, singularities connected to collinear configura-

tions in the final state cancel for “collinear-safe” observ-
ables after applying a jet algorithm. Singularities
connected to collinear initial-state splittings are removed
via MS QCD factorization by PDF redefinitions. In both
evaluations the phase-space integration is performed with
multichannel Monte Carlo generators [58] and adaptive
weight optimization similar to the one implemented in
LUSIFER [59].

In the following we consider the process pp — tibb +
X at the LHC, i.e., for \/E = 14 TeV. For the top-quark
mass, renormalized in the on-shell scheme, we take the
numerical value m, = 172.6 GeV [60]. All other QCD
partons (including b quarks) are treated as massless par-
ticles, and collinear final-state configurations, which give
rise to singularities, are recombined into IR-safe jets using
a ky algorithm [61]. Specifically, we adopt the k4 algorithm
of Ref. [62] and recombine all final-state b quarks and
gluons with pseudorapidity |n| < 5 into jets with separa-
tion 4/A¢? + Ay> > D = 0.8 in the rapidity—azimuthal-
angle plane. Requiring two b-quark jets, this also avoids
collinear singularities resulting from the splitting of gluons
into (massless) b quarks. Motivated by the search for a
ttH(H — bb) signal at the LHC [4,5], we impose the
following additional cuts on the transverse momenta, the
rapidity, and the invariant mass of the two (recombined) b
jets: pr, >20 GeV, |y,| <2.5, and my; > my; .. We
plot results either as a function of m,; ., or for m,; ., =
0. Note, however, that the jet algorithm and the require-
ment of having two b jets with finite py, in the final-state
sets an effective lower limit on the invariant mass m,j; of
roughly 20 GeV. The outgoing (anti)top quarks are neither
affected by the jet algorithm nor by phase-space cuts.

We consistently use the CTEQ6 [63,64] set of PDF’s;
i.e., we take CTEQ6L1 PDF’s with a one-loop running a;
in LO and CTEQ6M PDFs with a two-loop running « in
NLO, but the suppressed contributions from b quarks in the
initial state have been neglected. The number of active
flavours is Ny = 5, and the respective QCD parameters
are AL = 165 MeV and AYS = 226 MeV. In the renor-
malization of the strong coupling constant the top-quark
loop in the gluon self-energy is subtracted at zero momen-
tum. In this scheme, the running of «, is generated solely
by the contributions of the light-quark and gluon loops. By
default, we set the renormalization and factorization
scales, murp and wp, to the common value wpy=
m, + myp /2.

In Fig. 2 we show the scale dependence of the LO and
NLO cross sections upon varying the renormalization and
factorization scales in a uniform or an antipodal way. We
observe an appreciable reduction of the scale uncertainty
upon going from LO to NLO. Varying the scale up or down
by a factor 2 changes the cross section by 70% in LO and
by 34% in NLO. At the central scale, the full pp cross
section receives a very large NLO correction of 77%,
which is mainly due to the gluonic initial states.
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FIG. 2 (color online). Dependence of the LO and NLO cross
sections of pp — ttbb + X at the LHC for m; ., =0 and

Mo = my.

Introducing a veto on extra jets by requiring prje <
50 GeV reduces the K factor to roughly 1.2. For the ¢g
channel we found a very small correction of 2.5% [1]. The
full LO and NLO cross sections are given by opo =
1488.8(1.2) fb and on o = 2638(6) fb, where the num-
bers in parentheses are the errors of the Monte Carlo in-
tegration for 2 X 107 events.

Figure 3 shows the LO and NLO cross sections as a
function of the cut m,; ., on the bb invariant mass, where
the bands indicate the effect from a uniform or antipodal
rescaling of wy and wy by factors 1/2 and 2. The shown
LO and NLO bands overlap in the whole considered range
in my; .» Which is motivated by the search for a low-mass
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FIG. 3 (color online). LO and NLO cross sections for pp —
1ibb + X at the LHC as function of my;,, with the bands
indicating the scale dependence by varying wr and wp by
factors 1/2 and 2 in a uniform or antipodal way (u, = m, +

mbl;,cut/z)‘

Higgs boson. In contrast to the pure gg channel [1], the
NLO corrections to the full pp process induce only a
moderate distortion of the functional dependence on
myj .- The reduction of the scale uncertainty from about
*70% to =33% and the large impact of the NLO correc-
tion hold true for the considered range in m, ..

In summary we have presented first results on the full
NLO prediction for the process pp — tibb + X at the
LHC. The NLO corrections appreciably reduce the un-
physical scale dependence of the LO cross section, but at
the same time enhance the cross section by a K factor of
about 1.8 for the usual scale choice. This large correction
factor can be strongly reduced by imposing a veto on hard
jets. It will be interesting to see how these NLO results
influence the signal significance of #7-Higgs production
with a Higgs boson decaying into a bb pair, to which direct
ttbb production represents a serious background.

On the technical side the presented calculation consti-
tutes the first complete NLO prediction for a hadronic
process of the type 2 — 4 particles. Speed and stability
of the evaluation show good performance of the Feynman-
diagrammatic approach that is augmented by dedicated
reduction methods of tensor loop integrals for exceptional
phase-space regions.

On a single 3 GHz Intel Xeon processor, the evaluation
of the virtual corrections for gg — t7bb (including sums
over color and polarization states) takes about 160 ms per
phase-space point. This remarkably high speed suggests
that the employed reduction method might turn out to be a
very efficient tool for various other multiparticle processes
at the LHC.
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