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The gluon-gluon induced terms for Higgs production through weak boson fusion (WBF)
are computed. Formally, these are of NNLO in the strong coupling constant. This is the
lowest order at which non-zero color exchange occurs between the scattering quarks, leading
to a color field and thus additional hadronic activity between the outgoing jets. Using a
minimal set of cuts, the numerical impact of these terms is at the percent level with respect
to the NLO rate for weak boson fusion. Applying the so-called WBF cuts leads to an even
stronger suppression, so that we do not expect a significant deterioration of the WBF signal
by these color exchange effects.
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I. INTRODUCTION

One of the primary goals of the CERN Large Hadron Collider (LHC) is to find the mech-
anism for electro-weak symmetry breaking. The “standard” solution suggested many
years ago predicts a fundamental scalar particle, called the Higgs boson (for reviews, see
Refs. [1,12,13]). The interplay of extremely precise measurements and similarly precise cal-
culations allows one to restrict its mass to the range between 114 and about 200 GeV [4]
which is quite remarkable considering the fact that, a priori, this quantity is a free param-
eter of the theory. Unfortunately, the mass region below around 140 GeV turns out to be
rather problematic for Higgs discovery at a hadron collider. The reason is that Higgs decay
into weak gauge bosons is kinematically strongly suppressed, and the Higgs branching ra-
tio into bb becomes dominant, reaching 70% at Mz = 120 GeV and more than 80% below
Mpg = 100 GeV. Without any additional tags from the production process, the signal is
then completely swamped by the QCD production of bb pairs. Gluon fusion, which is the
Higgs production process with the largest cross section at the LHC, does not provide such
additional tags which is why one has to use it in combination with the rare decay into
photons.

A few years ago it was pointed out that weak boson fusion (WBF) is very well suited for
Higgs discoveries in the low mass region, provided that the kinematical distribution of the
outgoing jets is properly identified [5]. The distinguishing feature of this process is the
t-channel exchange of only color-less objects (weak gauge bosons), from which the Higgs
boson is radiated. The signal therefore consists of two hard jets which can be found in
opposite hemispheres of the detector at large rapidities, while the Higgs decay products
are found at more central rapidities, without much more additional hadronic activity.

Even at next-to-leading order (NLO), color exchange among the scattering partons is
strongly suppressed due to the fact that it requires a t-u-channel interference [6, 7, 8, |9, [10,
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FIG. 1: Leading order contributions to (a) weak boson fusion and (b) Higgs-Strahlung;
(c) is the crossed LO amplitude for WBF. The straight solid lines denote quarks
(u,d,c, s,b), the wiggle lines denote W or Z bosons, and the dashed line means a Higgs
boson.

11]. Thus, the next-to-next-to-leading order (NNLO) is the lowest order at which true color-
exchange diagrams can contribute significantly to the WBF signal. The interesting issue
is whether the jets produced by such a mechanism have similar kinematical distributions
as the typical WBF jets. In this case, the color exchange might lead to additional soft
radiation which could deteriorate the WBF signal.

Note that there is a process with the same final state H + 2jets that does not involve
weak gauge bosons: it is due to sub-processes like gg — Hgg, for example, where the
gluons couple to the Higgs boson via a top quark loop. Such terms are part of the NNLO
contribution to gluon fusion |12, [13, 14] and must be considered as background when
aiming for WBF. They were calculated at leading order (LO) in Ref. [15], where the full
top-mass dependence was taken into account. The NLO terms were evaluated in the
heavy-top limit [16].

The interference of this gluon fusion contribution to H + 2jets with the WBF signal at
NLO also leads to a net color exchange among the scattering partons and could diminish
the virtues of the actual WBF signal. However, due to peculiar cancellations, the overall
effect of these terms is negligibly small [17, [18].

The subject of this paper is the investigation and classification of color-exchange terms
arising as radiative corrections to the fusion of weak gauge bosons. We identify a gauge-
invariant, finite set of diagrams that shall allow us to provide an estimate of the size of
such terms and thus their influence on the extraction of the WBF signal from experimental
data.

The remainder of the paper is structured as follows: in Sect.[[Il we list the various NNLO
contributions to the WBF process, identifying the class of diagrams that is relevant for our
discussion, Sect.[ITll describes technical aspects of the calculation, and Sect.[IV] contains
our results. The conclusions are presented in Sect.[V]

II. CLASSIFICATION OF THE DIAGRAMS

Typically, WBF denotes the electro-weak contribution to the process pp — Hjj that does
not involve resonant weak gauge bosons. A tree-level example is shown in Fig.[Il(a). The
contribution involving resonant weak gauge bosons, Fig.[l(b), is usually referred to as
Higgs-Strahlung. At tree-level, this distinction is theoretically well-defined. Experimen-
tally, the two contributions can be distinguished by appropriate cuts: for example, in the



FIG. 2: NLO contributions to WBF: (a) DIS-like and (b) color-exchange diagrams. No-
tation for the straight and wiggle lines is like in Fig.[I} spiral lines denote gluons.

FIG. 3: NNLO QCD contributions to WBF: (a), (b) DIS-like diagrams and (c), (d) color-
exchange contributions. Notation is like in Fig.2l

WBEF process, the two outgoing jets are typically produced with a much larger separation
in rapidity than in Higgs-Strahlung where they arise from the decay of a massive gauge
boson. At one-loop, on the other hand, the distinction between WBF and Higgs-Strahlung
is less obvious, in particular for the purely electro-weak corrections. Therefore, in order to
obtain the effects on the WBF process, Ref. [9] calculated the O(«) and O(ay) corrections
to the process pp — Hjj using the full set of diagrams and applied the cuts defined for
the isolation of the WBF contribution.

When focussing only on the QCD corrections, a distinction between WBF and Higgs-
Strahlung at NLO is still possible, since these terms are obtained by dressing the leading
order diagrams with virtual or real gluons. The by far dominant QCD corrections to
the WBF contribution come from DIS-like terms [6, [7, |8, 9], where the gluon modifies
the qqV vertex, see Fig.2l(a). Diagrams where the gluon connects the two quark lines,
Fig.2I(b), give no contribution when interfered with the uncrossed LO amplitude because
of a vanishing color factor. On the other hand, the interference with the crossed leading
order amplitude, Fig.[l(c), is extremely small due to the strong forward-tendency of the
outgoing jets [9].

This paper addresses the NNLO QCD corrections to the WBF process, i.e., terms of order
a?a? to pp — Hjj which do not involve resonant weak gauge bosons. Among them, we
may still distinguish various contributions:
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FIG. 4: Diagrams at O(a®a?) which involve closed quark loops. The notation is as in
Fig.2l except that the wiggle lines can only be Z bosons here, and the particle in the
loop can be a top quark.

e DIS-like terms, i.e. those that merely involve corrections to the qgqV vertex, see
Fig.Bl(a),(b). Due to this similarity and because of the structure of the NLO results,
we expect them to be similar in size as the NNLO corrections to the DIS process
themselves [19].

e Diagrams involving gluon exchange between the two quark lines. Due to the possi-
bility of two gluons forming a color-singlet state, the interference with the uncrossed
amplitude is non-zero, see Fig.[Bl(c),(d). Technically, the double gluon exchange di-
agram (c) is probably the most difficult one when aiming for the full NNLO result.
Note, however, that the net color exchange is still equal to zero in this case. Thus,
we do not expect this contribution to significantly increase the hadronic activity at
central rapidities. It goes without saying that in order to arrive at infra-red finite
results, all the above contributions require the calculation of single and double real
gluon radiation.

e Diagrams involving closed quark loops, Fig.[dl Due to the smallness of the Yukawa
couplings, only the top quark occurs in the loop of diagram (a). In diagram (b), on
the other hand, only the third generation quarks survive the Furry theorem. Neither
(a) nor (b) involves color exchange among the scattering partons. Note that crossing
the external partons may lead to diagrams with a resonant weak boson and thus are
not counted as WBF. In particular, the diagrams where both initial state particles
are gluons were calculated in Ref. [20].

e Diagrams that involve only a single quark line, to be referred to as SQL diagrams
in what follows. A generic set is shown in Fig.Bl The other terms of this class are
obtained by simply crossing the external quarks and gluons, thus leading also to qg,
qg, and gq initial states.

Thus, the only diagrams involving a net color exchange among the scattering partons are
Fig.Bl(d) and obvious variants, plus the SQL contribution. In order to get a handle on the
size of the color exchange, in this paper we shall focus on the latter, i.e., the diagrams of
Fig.lBl They form a gauge-invariant and UV-finite set and are IR finite without taking any
real radiation into account. What also motivates the calculation of these diagrams is that
they are the only ones through NNLO that involve purely gluonic initial states. Recalling
that the gluon luminosity at the LHC is very large, one may expect their numerical impact
to be rather sizable.
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FIG. 5: NNLO contributions to WBF that contain only a single quark line. Shown are only
the diagrams with purely gluonic initial state. qg, gg, and ¢ initial state contributions
are obtained from them by crossing the external quark and gluon legs. Notation is like
in Fig.[2

III. CALCULATION

The Feynman diagrams were generated using FeynArts [21, [22], taking into account the
five light quark flavors, both in the initial and in the final state. In principle, the quark line
in Fig.[Bl could also be the top quark (for the gg channel), but we expect this contribution
to be very small due to the large = values required for the incoming gluons and the reduced
available phase space.

The Feynman diagrams are evaluated using standard techniques. The amplitudes are
simplified with FormCalc [23] and the results in terms of Weyl-spinor chains and coefficients
containing the tensor one-loop integrals have been translated to C++ code for the numerical
evaluation. The one-loop integrals are reduced to a set of standard integrals numerically.
The 5-point integrals are written in terms of 4-point functions following Ref. [24], where a
method for a direct reduction is described that avoids leading inverse Gram determinants
and the associated numerical instabilities. The remaining tensor integrals are recursively
reduced to scalar integrals with the Passarino—Veltman algorithm [25] for non-exceptional
phase-space points. In the exceptional phase-space regions the reduction of the 3- and
4-point tensor integrals is performed using the methods of Ref. [26] which allow for a
numerically stable evaluation. The scalar integrals are calculated using the results of
Refs. [27, 28]. For the numerical evaluation of the one-loop integrals we use a library by
A. Denner implementing the methods of Refs. [24, [26].

The phase-space integration is performed with Monte Carlo techniques using the adaptive
multi-dimensional integration program Vegas [29].

The correctness of our results was checked on the one hand by confirming their gauge
invariance in the usual way, i.e. by replacing the external gluon polarization vector by
the incoming momentum. On the other hand, the major part of the diagrams was inde-
pendently calculated completely within FeynArts/FormCalc/LoopTools |21, 22, [23]. Of
course, complete agreement was found among the two calculations.



Note that some of the diagrams, e.g. Fig.[l(b), are singular as one or both of the outgoing
partons become soft or collinear to the incoming parton(s). This cannot occur if we ask
for the typical WBF signal which involves two hard jets, however. In fact, our minimal set
of cuts imposed on the outgoing jets is

prj > 20GeV, Inj| <5, R> 0.6, je{1,2}, (1)

where pr; and 7; are the transverse momentum and the pseudo-rapidities of the final state
jets, respectively. R is the separation of the jets in the n—¢ plane,

R =/(An)? + (A¢)?, An=mn1—n2, Ap = ¢1 — ¢2, (2)

where ¢; is the azimuthal angle of the jet. Eq. () ensures that the events contain two
well-separated hard jets at not too large rapidities.

The virtue of the WBF process is that a set of additional cuts on the outgoing jets allows
for a significant improvement of the signal-to-background ratio, where “background” also
includes Higgs production by other mechanisms than WBF, in particular by processes
involving resonant gauge bosons. These so-called WBF cuts are given by Eq. (1) plus

m-n2 <0, |An| > 4.2, mj; > 600GeV, (3)

where m;; is the invariant mass of the two-jet system. These cuts allow only for events in
which the jets lie in opposite hemispheres of the detector, are separated by a significant
rapidity gap, and have a large invariant mass.

IV. RESULTS

Since the SQL diagrams are a NNLO contribution to WBF we use the NNLO MRST2004
parton distributions [30] and a 2-loop running a,. As the scale in the evaluation of both

the PDFs and «a, we use u = my. The input parameters for the electro-weak sector are
a =1/137.036, my = 80.423 GeV, myz = 91.1876 GeV and sin? Oy = 0.222.

For comparison, in Fig.[6] we show the total cross section for WBF at the LHC at LO
and NLO QCD, both with the minimal set of cuts, Eq. (), and with WBF cuts, Eq. [3).
The curves were produced using the program vbfnlo [31]. One observes that the NLO
corrections are of the order of 10%, and that the WBF cuts reduce the cross section by
roughly a factor 2-3.

Fig.[Mshows the cross section due to the SQL contribution of Fig.[Bl When minimal cuts are
applied, the overall magnitude amounts to roughly 2% of the LO terms for My = 100 GeV.
However, the fall-off of the SQL contribution with increasing My is much steeper than for
the conventional WBF process (note the logarithmic scale). Fig.[[l(b) shows the individual
contributions from g¢g, gg, gg, and qq initial states as they are obtained by crossing the
external partons in Fig.[Bl It is quite remarkable that the gg component dominates all the
other channels by almost an order of magnitude.

WBEF cuts suppress the SQL contribution by roughly a factor of 30, meaning that its effect
on the WBF signal is completely negligible. The reason for this large suppression becomes
clear once the relevant kinematical distributions are considered in more detail. Fig.[Bl(a)
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FIG. 6: (a) Total WBF cross section at the LHC at LO and NLO, both with the minimal
set of cuts, Eq. [), and with WBF cuts. Curves obtained using Ref. [31].
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FIG. 7: (a) Total cross section at the LHC for the SQL contribution of Fig.[H as a function
of the Higgs mass my. Solid: with the minimal set of cuts, Eq. (l); dashed: with WBF
cuts. (b) Individual contributions to the total cross section at the LHC when WBF cuts
are applied.

and (b) show the distribution for the separation of the two jets when produced through
SQL diagrams and the invariant mass of the two-jet system, respectively. The curves
clearly show that the bulk of the events lies below the cuts of Eq. [3]). In particular the
cut on |An| is extremely effective in removing this potentially dangerous component of the
WBEF process, thereby preserving its promising perspective for Higgs studies at the LHC.
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FIG. 8: Kinematical distributions of the final state jets for the SQL contribution using
minimal cuts, Eq. ().

V. CONCLUSIONS

WBF is a remarkable channel in the sense that the Higgs decay products are found in
a region of the detector where hadronic activity is rather low. We have shown that
for a potential source of such hadronic activity that occurs at NNLO, among them the
purely gluon-initiated contribution, this statement remains true, because it is efficiently
suppressed by the usual WBF cuts. In combination with recent results on interference
effects with the gluon fusion process |17], this is a reassuring observation concerning the
usefulness of the WBF process at the LHC.
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