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We present a calculation of interference effects in Hjj production via gluon fusion and via vector boson
fusion, respectively, beyond tree level. We reproduce results recently discussed in the literature, but go
beyond this calculation by including a class of diagrams not considered previously. Special care is taken in
developing a numerically stable and flexible parton-level Monte Carlo program which allows us to study
cross sections and kinematic distributions within experimentally relevant selection cuts. Loop-induced
interference contributions are found to exhibit kinematical distributions different in shape from vector
boson fusion. Because of the small interference cross section and cancellation among different quark
flavor contributions, their impact on the signal process is found to be negligible in all regions of phase

space, however.
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L. INTRODUCTION

Higgs production via weak boson fusion (WBF), i.e., the
reaction pp — Hjj, mediated by t-channel weak boson
exchange, constitutes a particularly promising production
mechanism for the Higgs boson. Because of the distinctive
signature of two hard jets accompanying the decay prod-
ucts of the Higgs boson, this channel is discussed as a
possible discovery mode for a scalar, CP-even boson as
predicted by the standard model (SM) [1,2], and as power-
ful tool for a later determination of its couplings [3].
Furthermore, WBF could be employed in studying devia-
tions from the SM expectations and help to spot signatures
of physics beyond the standard model. This can only be
achieved, however, if accurate measurements are matched
by precision calculations of SM signal and background
processes and predictions for possible new physics
scenarios.

Next-to-leading order (NLO) QCD corrections to the
SM pp — Hjj WBF signal are available for cross sections
[4] and distributions [5]. At the same level of accuracy,
some of the most important background processes such as
Vjj[6] and VVjj [7] production in WBE, 7 [8] and #7; [9]
production are known. Beyond the standard model, Monte
Carlo studies have been performed for WBF Hj;j produc-
tion in the presence of anomalous gauge boson couplings
[10] and in the context of supersymmetric models [11].
Recently, NLO electroweak (EW) corrections for cross
sections and distributions have been presented [12].
Finite parts of the next-to-next-to-leading order (NNLO)
QCD corrections have been calculated in [13] and found to
be negligible.

An irreducible background to the Higgs signal in WBF
is constituted by Hjj production via gluon fusion (GF).
Higgs production via GF is mediated by a heavy quark
loop. An exact calculation of pp — Hjj via GF at the
lowest nonvanishing order has been performed in [14].
NLO-QCD calculations have made use of the large top
mass limit, where the coupling of the Higgs to gluons
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is parameterized by an effective vertex [15].
Phenomenological studies have revealed the complemen-
tary features of the WBF and the GF Hjj production
processes, suggesting search strategies for suppressing
the GF channel as background to the clean WBF signature.
More recently, GF has also been considered as a signal
process [16], because the dijet angular correlation is sensi-
tive to the CP parity of the Higgs boson.

Although GF and WBF are usually considered as sepa-
rate reactions, their interference in the gg — gqH subpro-
cesses is possible. In Refs. [17,18] interference effects at
tree level due to identical-flavor effects have explicitly
been shown to be tiny and entirely negligible for cross
sections and distributions. The authors of [18] speculated
that loop-induced interference effects should be large. An
explicit calculation revealed, however, that loop-induced
interference effects are also small [19].

We present a similar calculation for the same process,
studying interference effects between GF and WBF which
emerge beyond tree level. Being performed with entirely
different methods, our work confirms the main findings of
Ref. [19] and extends it in two respects: First, we include a
class of real emission contributions which has been ne-
glected in [19]. Second, we develop a fully flexible parton-
level Monte Carlo program which allows us to study cross
sections as well as arbitrary distributions within experi-
mentally feasible selection cuts. Being implemented in the
modular VBFNLO environment [20], the impact of the in-
terference contributions on the WBF signal is studied in
detail.

We give a thorough outline of our calculation in Sec. II.
Numerical results are discussed in Sec. III. We conclude
with a brief summary in Sec. IV.

II. ELEMENTS OF THE CALCULATION

A. General framework

Hjj production in WBF mainly proceeds via quark
scattering, gq — qqH. In Ref. [17] contributions from
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q(pa) q(p1)
Vv
--------------- H(py)
Vv
q'(pv) q(p2)
FIG. 1. Feynman diagram for the tree-level process gq' —
qq'H via WBE.

identical-flavor annihilation processes such as gg — Z* —
ZH with subsequent decay Z — ¢g or similar WH pro-
duction channels have been shown to be entirely negligible
in the phase-space regions where WBF can be observed
experimentally. In the same work, identical quark interfer-
ence effects from gq — gqH and crossing-related chan-
nels were demonstrated to affect cross sections and
kinematic distributions at an insignificant level. This find-
ing was confirmed by Ref. [18]. In the following we will
therefore restrict our discussion to quark scattering via
exchange of a weak boson in the ¢ channel, i.e., the reaction
qq’ — qq'H, where g and ¢’ stand for quarks of different
flavor, see Fig. 1. We will refer to the respective tree-level

scattering amplitude by .’J\/li,(\),)BF. Color factors are not in-

cluded in .’M@BF and will be denoted separately.
Adaptation for the crossed processes q7’' — qG'H, gq' —
gq'H, and gg' — Gg'H is straightforward.

Higgs production in quark scattering reactions, mediated
by a gluon in the ¢ channel which couples to the Higgs
boson via a top-quark loop is depicted in Fig. 2(a). For a
Higgs mass well below the top-pair production threshold,

q(pa) q(p1)
g
-------- H(pu)
g
q'(p) q'(p2)
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the coupling of the gluon to a scalar, CP-even Higgs boson
can be parameterized by an effective Lagrangian of the
form

— s a a
Leff - . HG'U.VG w,

> 2.1

where G denotes the gluonic field tensor and v = 246 GeV
the vacuum expectation value of the Higgs boson. The
respective Feynman diagram is depicted in Fig. 2(b).
Throughout this work we will employ this effective cou-
pling for the Hgg vertex. In the following, we denote the
lowest order scattering amplitude for g¢' — gq'H via GF

by ,’Mgl): Analogous to the WBF case, color factors are not

included in the amplitude M.

At tree level, the GF and WBF production channels for
qq' — qq'H do not interfere due to the color structure of
the two processes. An interference between GF and the
neutral-current contributions to WBF becomes possible,
however, if an additional gluon emission is considered.
Flavor-changing WW-fusion diagrams cannot interfere
with the flavor-conserving gluon exchange diagrams. For
the neutral-current mode, two types of loop contributions
emerge:

(1) One-loop diagrams, where a gluon is exchanged
between the upper and the lower fermion line in
the WBF diagram of Fig. 1 (for V = Z). The re-
spective loop amplitude Mo yields nonvanish-
ing contributions at order O(a*a3) when interfering
with the tree-level GF production amplitude .’Mg)%
Here, we count the HZZ coupling as av and the
Hgg coupling as «,/v; see Fig. 3 for a representa-
tive Feynman graph.

p (IM) q (Pl)
g
------------- H(pn)
g
¢ () ?(r2)

(b)

FIG. 2. Feynman diagrams for the tree-level process qq’ — gq’'H via GF, mediated (a) by a top-quark loop and (b) by the effective

Hgg vertex of Eq. (2.1).
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FIG. 3. Representative loop contribution to the interference cross section for gq' — gq'H via WBF and GF, respectively, at order
O(a?a?), where the 1-loop WBF amplitude interferes with the tree-level GF amplitude.
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FIG. 4. Representative loop contribution to the interference cross section for gq' — gq'H via WBF and GF, respectively, at order
O(a?a?), where the 1-loop GF amplitude interferes with the tree-level WBF amplitude.

(2) GF diagrams with an extra gluon exchanged be-
tween the upper and the lower quark line,

,’M&QIOOP). These also contribute at order O(a’a?)
when interfering with the tree-level ZZ-fusion am-

plitude M&),)BF as depicted in Fig. 4.

All relevant loop diagrams involve pentagon diagrams.
Box, triangle, and bubble diagrams do not contribute due
to color conservation.

At the same order in the perturbative expansion, real
emission diagrams have to be considered. Nonvanishing
neutral-current contributions to the gq’ — qq’gH process
arise from the interference of scattering diagrams like
those depicted in Fig. 5. The upper diagram shows an
interference between gluon emission from the ¢ line in

the WBF amplitude and from the ¢’ line in the GF ampli-
tude. In the lower diagram the inverse configuration is
illustrated. Interference graphs where both gluons are emit-
ted from the same quark line cancel out when colors are
summed over. The same applies to those graphs of the GF
amplitude where a gluon is attached to the internal gluon

line or to the Hgg vertex. We denote the real emission

amplitudes for g¢' — gq’'gH that do not cancel by 3\48532

and M | respectively. Further contributions to gg' —

qq'gH scattering via GF, referred to as ,’J\/lg;al‘f), arise from
a topology absent in gq' — gq’'H, where the Higgs boson
is radiated off the final-state gluon rather than the z-channel
exchange boson (see Fig. 6).

Since only diagrams with gluons being emitted from
different quark lines contribute to the real emission, no

/

S

/

q

q

FIG. 5. Representative cut amplitudes for the gq' — gq’gH process via the interference of WBF and GF amplitudes, at order

O(a?a?).

/

/

q

q

FIG. 6. Representative diagram contributing to the interference of gq’ — gq'gH via WBF and GF, respectively, at order O(a’a?).
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collinearly divergent configurations emerge. Singularities
arise, however, when the final-state gluon in .’]\/li,rfég or

MEM s soft. Such divergences in the real emission
diagrams are eventually canceled by respective singular-
ities in the virtual contributions. To isolate them in inter-
mediate steps of the calculation, a proper regularization
scheme has to be utilized. We therefore perform our cal-
culation in d = 4 — 2e dimensions, implementing both the
dimensional regularization and the dimensional reduction
prescriptions [21]. Checking that both schemes yield the
same results provides a test of our calculation.

B. Virtual contributions

For the discussion of the loop contributions to Hjj
production via WBF and GF, respectively, we resort to
the quark-quark scattering process

4(pa) + q'(py) = q(p1) + q'(p2) + H(py).  (2.2)
The 1-loop amplitudes we are considering,
13

MGme® =3 FYV¥ (py pripp pD) My, (23)

=1
(1100 13 .

Mae ™™ = > FP"(pa P13 Po P2) M (2.4)

i

k=

can be expressed as linear combinations of process-
dependent prefactors, F}'BF and FCF, and fermion spinor

chains .’f\/lk, so-called standard-matrix elements (SME).
Following Ref. [22], we introduce

F?(;I,aﬁj/} = ﬁ(Ply /\1){7(1’ F}/a’)’BYy}u(pa’ /\a)r (25)

F?at,]aﬁy} = ’/_l(PZ: AZ){YQ) Ya ')’ﬁ')’y}”(Pb’ /\b)’ (26)

where u(p;, A;) denotes the quark spinor for fermion i with
momentum p; and helicity A; = *1/2. For contractions
with an arbitrary momentum p we use the shorthand
notation I', =T', p#. For the reaction (2.2), 13 SME
emerge,

My oy = TUTI I A0 apipa,
My gy = T8, T werina),
:M{s,@ = [9Ire aApari
j‘/l{zg} = 4794 AP},
jvl{(),lo} = FZququ’q’,{aﬁpa,aﬁpl}’
My iy = ree, TdddaBroabpl,

“~ !l
M; = I‘%yrq q.apBy,

2.7)

The SME are computed in two independent ways by
means of the helicity amplitude formalism of Ref. [23]
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and the Weyl-van der Waerden formalism of Ref. [24],
respectively.

The coefficients F}'BF and FF contain coupling factors
and remnants of scalar and tensor loop integrals, up to rank
two and up to five propagator denominators. For the com-
putation of the tensor coefficients we have employed two
different methods and developed two completely indepen-
dent computer codes. These codes agree with a relative
accuracy better than 10™® for nonexceptional phase-space
points away from the zeroes of the Gram determinant. The
basic features of the two implementations are described in
the following.

1. Passarino-Veltman type tensor reduction

In one of our implementations, we have used the con-
ventional Passarino-Veltman (PV) reduction formalism
[25,26] for the computation of tensor integrals up to boxes,
generalizing the method in a straightforward manner to
pentagons in the framework of dimensional regularization.
All tensor coefficients are expressed in terms of scalar
master integrals in (4 — 2€) dimensions with a regulariza-
tion scale w. Singularities are manifested as single or
double poles in €. For GF, only integrals with vanishing
internal masses emerge. Expressions for the respective
four-point integrals with up to two external off-shell legs
are taken from Ref. [27]. The infrared-divergent two- and
three-point integrals can be extracted from Refs. [26,28].
For WBEF, scalar integrals with up to two massive propa-
gators are needed. We have calculated the divergent box
integrals by extracting corresponding expressions in mass
regularization from Refs. [29,30]. Employing the method
described in Ref. [28] we have transformed these expres-
sions to dimensional regularization (see the Appendix).
The remaining finite scalar integrals were calculated with
LoopPTooLS [31], and have been compared numerically to
the expressions given in Ref. [19]."

The double and single pole terms of the coefficients
FYYBY and FJY are calculated analytically with the help
of MATHEMATICA. To this end, we perform the tensor
reduction in two steps: first for the singular pieces in d =
4 — 2€ dimensions, and then in four dimensions for the
nonsingular terms. For tensor integrals up to rank two this
separation is trivial, since poles do not mix with the finite
terms when the reduction formalism is applied. Because of
the absence of collinear configurations in the interference
process we are focusing on, all double poles present in
divergent scalar integrals cancel in the full loop ampli-
tudes. This cancellation occurs for each coefficient F,?F,
F)YBE(k =1,...,13) separately. The remaining single
poles for the GF and WBF contributions are proportional
to the respective tree-level amplitudes such that the singu-
lar parts of the loop-induced interference contribution take

'We identified a misprint in one of the respective expressions
of Ref. [19].
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the form

- 1-1 1-1
S 2 Re[ MG MO + MG MG

A € < 0 0
= = 52T+ Y 2R Mgy MG

+ MO pAO* 1o Sab_\ 1 52
ar Mwgel| In A n

A4’
—In Sl + In S12 R
A u? A7 u?

where ) denotes averaging over initial-state spin degrees
of freedom and summation over final-state ones. Here, we
have introduced the notation s;; = 2p; - p;. We will see
below that the divergent pieces are canceled exactly by
respective poles in the real emission contributions. In our
Monte Carlo program we thus retain only the finite parts of
the scalar integrals. The tensor reduction for the nonsin-

gular terms can then be performed numerically.

(2.8)

2. Denner-Dittmaier type tensor reduction

In an independent implementation, we have performed
the reduction from five-point to four-point integrals by
means of the Denner-Dittmaier (DD) reduction formalism
[32], while still reducing the four-point integrals with the
conventional PV tensor reduction discussed above. Like
the PV method the DD reduction is formulated in d di-
mensions, but has the advantage of avoiding subtle can-
cellations, which can spoil the numerical integration. Such
cancellations originate from terms with a very small Gram
determinant in the denominator. If two or more external
momenta are linearly dependent, the Gram determinant
vanishes and we encounter numerical instabilities in the
respective phase-space regions. In the PV approach, one
power of the Gram determinant appears, in general, in each
step of the iterative reduction to lower-rank tensors, and
also when an N-point function is reduced to (N — 1)-point
integrals. In contrast to the PV reduction, the DD approach
avoids Gram determinants in the denominator in the re-
duction from five-point to four-point integrals. In addition,
it reduces the rank of the emerging four-point tensor in-
tegrals by one. A similar reduction formalism has also been
given in [33].

As expected, the DD method turns out to be numerically
far more stable than the PV reduction. Throughout our
numerical studies, we will therefore resort to the DD
formalism. The PV reduction is used only to test our
results.

C. Real emission contributions
For the real emission contribution the partonic subpro-
cess

q(pa) + 4'(py) = q(p1) + ¢'(p2) + g(p,) + H(py)
(2.9)
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has to be considered. The amplitudes M%) and .’Mg‘;al) =
.’Mg%al’t) + .’]Vlgepal’f) are computed numerically by means of
the helicity amplitude formalism of Ref. [23]. Results for
qq9' — qq'gH, 49’ — Gq'gH, and GG’ — G§'gH are ob-
tained analogously. Because of color conservation,
crossing-related subprocesses with a gluon in the initial
state such as gg’ — ggq’H do not contribute to the inter-
ference cross section.

To test our implementation we have compared our re-

sults for MU and M at the amplitude level and for
the interference contribution S 2 Re[ MUl pglreal*

MED MED*] (o those of MADGRAPH [34] and found
complete agreement within the numerical accuracy of our
program.

D. Subtraction procedure

The real emission contributions contain soft divergences
which eventually cancel the corresponding poles in the
virtual contributions [cf. Eq. (2.8)]. A convenient method
for isolating the singularities is the so-called phase-space
slicing procedure. It relies on splitting the gg’gH phase
space into soft and hard regions by a suitable cutoff pa-
rameter and performing the integration of the real emission
contributions in the two regimes separately. To check our
results we implement two conceptually different slicing
methods: the two-cutoff slicing method of Ref. [35] which
has been developed in the context of mass regularization,
and the phase-space slicing method of Ref. [36] which
utilizes a Lorentz-invariant cutoff and dimensional
regularization.

1. Lorentz-invariant phase-space slicing

The slicing method of Ref. [36] divides the phase space
of the final-state particles into a hard region where all
partons can be resolved and an infrared region for soft
and collinear configurations. In general, special care is
necessary to separate soft and collinear regions in order
to avoid double counting of singular configurations. Since
the interference contributions of our interest are free of
collinear singularities, the formalism can be greatly sim-
plified, however. In the case of gq' — gq'gH the gluon is
considered as infrared when

Sig = 2p; - Pg < Smin withi=a,b, 1,2 (2.10)
for an arbitrarily small cutoff parameter s,,,, where we
closely follow the notation of Ref. [37]. While for collinear
configurations only one s;, is small, the soft region is
defined by requiring at least two invariants to be smaller
than s,;,. The partonic real emission cross section can then

be decomposed into a soft and a hard part,

aA.real — OA.soft + OA.hard.

@2.11)

The integration over the gluonic degrees of freedom is
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performed analytically in ¢*°, but purely numerically in
Ahard

In order to calculate *°" we use the factorization prop-

erties of the real emission amplitude in the soft limit. As
the energy of the emitted gluon becomes small, the gg’ —
qq' gH interference amplitudes can be approximated by the
tree-level interference amplitudes multiplied by a sum of
eikonal terms,

> 2R MR MG + MG M T

~ G S 2R M MO + MG M

X|: 2sab . 2Sa2 . 2sb1 + 2S12 i|
Sh 52

(2.12)

SagSbg  SagS2g  SbhgS1g  S1gS2g

The color structure of the soft contribution will be consid-
ered below. In the soft region, the four-particle gq'gH
phase space factorizes into a three-particle gq’'H phase
space and the soft gluon phase space for the respective
configuration,

[d(PSy)I" = d(PS3)d(PS)*"(i, j, &), (2.13)

where d(PS;) contains the flux factor, 1/(2§), with §
|

CACF

é_sott
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denoting the partonic center-of-mass energy squared. For
the two outgoing partons i and j, d(PS,)*"(i, j, g) is given
by [36]

(477.)6 SZE 1
1672 T(1 —
X H(Smin - sig)e(smin - sjg)-

d(PSg)SOﬂ(i) j) g) )[st;, jg ']7Edsigds

(2.14)

The integration over the soft gluon phase space can be
performed for each term in the soft interference amplitude
Eq. (2.12) explicitly, using

2s
Q2ue f d(PS ), j, ) —2L
SigSje

_ gs 1 47T/.L €1 /sij\¢

The generalization of this expression to cases where one of
the partons i, j is incoming rather than outgoing is straight-
forward. The soft part of the real emission cross section
then takes the form

(2.15)

[ [d(PS )TN 2 Ref MYsal MED* + MED MU

5 C
= 2T+ e)% f d(PS3)S 2R MO MO + MO MY

2
X {(1 1T ) : [m( S“’) - ln<— S“2> - ln<— 2 ) - 1n<s12 )}
€ Smin Smin Smin Smin Smin

—i—1 n2( ek ) — p2 — Sa2 ) g2 = SeL) 4 opp2( 212
2 Smin Smin Smin Smin '

where we have included the color factor C4Cp/2 = 2.
When 6%°ft is combined with the virtual contributions,

a.qq’H = GVirt é\.soft’

(2.17)

all 1/e poles cancel [cf. Eq. (2.8)]. The remaining terms are
finite and can be integrated over the three-particle phase
space of the gq’'H system and convoluted with the parton
distributions of the incoming fermions numerically. The
resulting three-particle contribution, 074", depends on the
unphysical cutoff parameter s,;,. This dependence can-
cels, however, once 99" is combined with the hard part of
the real emission cross section,

ofull — ghard 4 qq'H. (2.18)

Checking that the full NLO interference cross section is

(2.16)

[

independent of the cutoff parameter therefore provides
another important test of our calculation.

2. Phase-space slicing with energy cutoff

The phase-space slicing method of Ref. [35] in principle
requires two cutoff parameters for separating finite from
collinear and soft divergent regions. For our application,
however, no collinear singular configurations emerge.
Thus, applying a single cutoff on the energy of the poten-
tially soft gluon is sufficient.

In analogy to the Lorentz-invariant slicing method de-
scribed previously, the real emission contribution can be
evaluated numerically in the “hard” region of phase space
above the cutoff, where it is completely finite. Below the
energy cutoff, however, the phase-space integration over
the gluonic degrees of freedom is performed analytically.
Following Refs. [38,39], this “‘soft” contribution to the
partonic cross section can be written as

073004-6
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c,C =
a".SOﬁ,E-cut :ﬁ A“F d(PSQZZRe[.?Vl&),)BF.?Vl(O)* M((E,)}):M&),)];F
27 2
a3 2 2 2 2
xf pg|: Sab _ Sa2 _ s})l + Slz i|’ (219)
Ig ‘Ezz<EAE 2 27TE3 SagSbg  SagS2¢  SbgS1g  S1gS2g

where Ej is the gluon energy, AE the energy cutoff in the rest frame of the two incoming partons, and A a mass used as
regulator. As above, d(PS3) denotes the gg’ H phase space. Evaluating the integrals over the gluonic degrees of freedom in
Eq. (2.19) and rewriting the mass-regulated result in terms of dimensional regularization, the corresponding soft cross

section is of the form

a.soft,E-cut — CY CACF

f d(PS;)Y 2Re[ M M

MO+ MO MO

{@(zg) Ren

B 4EaEb> B Li2< |
Sab

+ Li2<1

where the E; denote the quark energies in the partonic rest
frame. In complete analogy to the Lorentz-invariant phase-
space slicing, the soft contribution to the partonic cross
section is combined with the virtual cross section. The
resulting sum is then free of soft poles and can be evaluated
numerically. Upon adding the hard part of the real emission
contribution, the dependence on the cutoff parameter AE
cancels.

3. Checks

We have checked that the total pp — Hjj interference
cross section at the LHC within typical WBF cuts (for
details, see our standard definition of cuts in Sec. III) is

(a)
full i
T TTT T =

alab]

0.5 g -

22} —qp( Z2L) 4 (212
darp? darp? 4

4E,E
- 2) - Li2<1 -
Sa2

4E, F 4FE
£) 1152
Sp1 S12
{

independent of the cutoff parameter for both phase-space
slicing schemes.

For the Lorentz-invariant slicing method, we have varied
Smin in the range 1 GeV? < s,,;,, < 10° GeV2. For smaller
cutoff values, large logarithms arise and numerical insta-
bilities are to be expected. If, on the other hand, a very
large value is chosen for s, the soft approximation used
for determining 6*° is not applicable anymore. Figure 7(a)
demonstrates that the two contributions ¢?¢# and ¢hard
individually depend on s,,;,, while the sum ™! is constant
in the considered range of the cutoff parameter.

A very similar pattern arises for the energy-cutoff slicing
method, depicted in Fig. 7(b). We have normalized the
energy cutoff AE by /3 for this study.

(2.20)

(b)
full
a

o— I = =

A TR

1_5KI I T =<

FIG. 7 (color online).
cuts on the cutoff of the Lorentz-invariant phase-space slicing method (a) and of the energy-cutoff slicing method (b). Shown are o

0.0

Ll

i Lo

Smin[GeVZE]

100

1000

ey
S,
b
0.5F -
L - ]
L - hard
- g
T PO RN R ol
0.0
107° 1074 1073 107° 107!
AE/VE

Dependence of the interference cross section for pp — Hjj production at the LHC within standard selection

(blue), o74# (green), and their sum, o™ (red).
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ITII. NUMERICAL RESULTS

The cross section contributions discussed above have
been implemented in a fully flexible parton-level Monte
Carlo program, structured analogous to the VBFNLO code
[20] which has been developed for the study of WBF-type
production processes at the LHC.

The loop-induced interference contributions for Hjj
production via GF and WBF we consider are a gauge-
invariant subclass of the full NLO-QCD corrections to
the scattering process pp — Hjj. For the parton distribu-
tion functions of the proton we therefore use the CTEQ6M
set at NLO [40] with «a,(m;) = 0.118. We set quark
masses to zero throughout and neglect contributions
from external top or bottom quarks. As electroweak
input parameters we have chosen the gauge boson masses,
mz = 91.188 GeV, my = 80.419 GeV, and the measured
value of the Fermi constant, Gg = 1.166 X 1077 /GeV?.
Thereof, we compute sin’6y, and « using LO electroweak
relations. For reconstructing jets from final-state partons,
we use the kt algorithm [41] with resolution parameter
Rt = 0.38.

Since we want to study the impact of the interference
contributions on the Higgs signal in WBF, we apply cuts
that are typical for WBF studies at the LHC. We require at
least two hard jets with

prj = 20 GeV, |)7j| =45, 3.1

where pr; is the transverse component and y; the rapidity
of the (massive) jet momentum which is reconstructed as
the four-vector sum of massless partons of pseudorapidity
|| < 5. We refer to the two reconstructed jets of highest
transverse momentum as ‘‘tagging jets”’. The Higgs boson
decay products, which we generically call “leptons” in the
following, are required to be located between the two
tagging jets, and they should be well observable. To simu-
late a generic Higgs decay without specifying a particular
channel we generate an isotropic Higgs boson decay into
two massless particles (which represent yy or bb final
states) and require

pre =20 GeV, Il =25 AR, =06 (3.2)

where AR;, denotes the jet-lepton separation in the
rapidity-azimuthal angle plane. In addition, the leptons
need to fall between the rapidities of the two tagging jets

Yj,min << Yj,max- (33)

Furthermore, we impose large rapidity separation of the
two tagging jets,

Ay =y —ypl >4, 34

and demand that the two tagging jets be located in opposite
detector hemispheres,

yit Xyp <0, (3.5)
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with an invariant mass

M;; > 600 GeV. (3.6)

To ensure the reliability of our calculation, we have
compared our results to those of Ref. [19] and found
agreement with their main predictions. Diagrams where
the Higgs boson is radiated off the final-state gluon rather
than the 7-channel exchange boson as in Fig. 6 have not
been considered in [19]. This approximation seems rea-
sonable, as we found that contributions from these graphs
amount to only about 0.3% of the total interference cross
section. For individual subprocesses they can be larger,
however. For the dd — ddH channel, for instance, they
yield approximately 5% of the subprocess cross section.

In Fig. 8 we show the total cross section oy for the
interference contribution within the cuts of Egs. (3.1),
3.2), (3.3), (3.4), (3.5), and (3.6) and for a Higgs mass of
myg = 120 GeV. The factorization scale, w, and the re-
normalization scale, u,, which enters the strong coupling,
are chosen as follows: In panel (a), we set
(3.7)

Mt = gme> ag’(/““r) = a?(frmH)-

In panel (b), we associate the scale for gluon emission from
either quark line with the transverse momentum of the
corresponding jet by setting

M = §fPTj,

3.8
a?(/““r) = as(frpTl) : as(‘frpT2) : as(frmH)' e

Because of the absence of collinear singularities, w; enters
only via the parton distribution functions of the incoming
fermions, which are mainly probed at rather large values of
Feynman x. In this regime, the valence and sea quark
distributions depend on the factorization scale only mildly.
Thus, the variation of o{3* with w; is very small. On the
other hand, the interference cross section exhibits a pro-
nounced dependence on u.. Since the loop-induced GF X
WBF interference in ¢’ — gq’'H production, o+, repre-
sents the first nonvanishing contribution in the perturbative
expansion, the renormalization scale enters only via the
strong coupling constant. Thus, the entire u, dependence
of the interference cross section can be traced back to the
variation of the a3 (u,) coupling factor with the renormal-
ization scale. Reminiscent of what has been observed for
pure WBF production processes (cf., e.g., Ref. [42]), a
dynamical scale choice as in Eq. (3.8) [see Fig. 8(b)] yields
predictions with a somewhat reduced scale dependence as
compared to the fixed scale option of Eq. (3.7), shown in
Fig. 8(a).

Compared to the total WBF cross section within typical
selection cuts, the interference contribution we have calcu-
lated is almost negligible in magnitude. In Table I we list
o' for both, interference and pure WBF cross sections
for the various flavor combinations of the scattering quarks
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FIG. 8 (color online).

Dependence of the total interference cross section 0" for H jj production at the LHC on the factorization and

nt

renormalization scales for the two different scenarios described in the text. The factorization scale w; and the renormalization scale u,
are scaled as my for (a) and as the jets’ transverse momenta in (b); cf. Egs. (3.7) and (3.8), respectively. The curves show o as a
function of the scale parameter ¢ for three different cases: &, = &; = £ (red solid line), & = & and &, = 1.0 (blue dash-dotted line),

&= € and &; = 1.0 (green dashed line).

and antiquarks, setting u; = u, = my. For WBF, we con-
sider neutral- and charged-current subprocesses at O(a?).
No W-exchange diagrams contribute to the interference
cross section. Table I reveals the strong cancellations oc-
curring in o{* among the separate channels. While some
contributions, in particular, for the gq’ subprocesses, are
sizeable, their sum amounts to 1.5 ab only. We will show
below that the subtle cancellation between the same and
opposite isospin qq, qg, and g g scattering contributions
leads to unexpected shapes of kinematic distributions in
flavor-blind experiments.

Figure 9 depicts the shapes of the transverse-momentum
distributions for “pure”” WBF Hjj production and for the

TABLE 1. Contributions of various neutral-current (NC) flavor
combinations to o (in ab) and o (in fb), and of the
charged-current (CC) contributions to WBF. Also shown is their
sum within the cuts of Egs. (3.1), (3.2), (3.3), (3.4), (3.5), and

(3.6).

Initial-state flavor combination ot [ab]  oWsE [fb]
NC: (u+c)u+c)+(d+ s)d+ys) 51.4 72.3
NC: (u + c)(d + s) —49.8 70.8
CC: (u+c)d+s) 405.7
NC: (u+ c)i@+ &) + (d + s)(d + 3) -3.1 39.3
NC: (u+c)d+3)+@+eé)d+s) 22 43.0
CC:(u+c)a+¢c)+(d+s)d+53) 230.7
NC: (@ +é&)a+¢é)+(d+35)(d+3) 4.0 5.1
NC: (i + &)(d + 5) -3.2 43
CC: (i@ + ¢)(d +3) 25.7
Sum 1.5 896.9

WBF X GF interference contribution we have calculated.
The very hard pr distribution encountered for the interfer-
ence significantly differs from the shape of the WBF curve.
The small size of the pr distribution at low momentum
transfer is mainly due to strong cancellations among the
different flavor contributions to the full pp — Hjj inter-
ference cross section, as illustrated by Fig. 9(b), where the
contributions for same isospin and opposite isospin gq +
qg + G g scattering, o and o7 ¢, are shown separately.
The two contributions cancel almost precisely to give the
total interference contribution, b + 0¥ = o7y At high
p, the cancellation effects are less pronounced. In short,
the interference contribution has a harder transverse-
momentum spectrum than expected, because of a very
efficient cancellation around pry, ~ 100 GeV, where

the individual distributions peak.

This cancellation pattern is reflected by the tagging-jet
invariant mass M ;. For studying the corresponding shapes
of the pure EW and of the mixed QCD-EW production
processes, we have switched off the invariant-mass cut of
Eq. (3.6). The emerging curves are displayed in Fig. 10.
While the interference cross section is negative at small
values of the dijet-invariant mass, it is relatively large at
high M;;. Indeed, it is remarkable to find that the interfer-
ence cross section yields an even harder M;; distribution
than the pure WBF cross section does. This behavior is
somewhat unexpected if considering the rather soft
invariant-mass distribution of the pure GF H jj production
process which has been reported in the literature [14]. The
full GF pp — Hjj cross section, however, is dominated by
gluon-initiated partonic channels such as gg — ggH and
qg — qgH. To the interference cross section, on the other
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FIG. 9 (color online).

Panel (a) shows the normalized transverse-momentum distributions for the tagging jet with the highest pr for

WBF (blue dashed line) and for the WBF X GF interference contribution (red solid line). In panel (b) the sum of all positive (green
dashed line) and the magnitude of all negative contributions (black dashed line) are shown separately. The red solid line gives the sum

of all contributions, multiplied by a factor of 10.

hand, only quark (and antiquark) initiated subprocesses
contribute, which tend to give larger values of M;; than
gluonic contributions. More importantly, the cancellation
effects reported above in the context of the tagging-jet
transverse-momentum distribution affect the summation
over the various flavor contributions to the dijet-invari-
ant-mass distribution in a similar manner, thereby giving
rise to a broad invariant-mass distribution which is very
small at low values of M;;.

The aforementioned cancellations have different effects
on the rapidity distribution of the third, nontagged jet with
respect to the tagged jet located in the positive-rapidity
hemisphere,

Yaiee = y3 — max(yy, y,), (3.9

which is shown in Fig. 11 for the interference contribution
and the pure WBF cross section. The separation of the
lowest pt jet from the tagged jet located in the negative-
rapidity hemisphere, —y; + min(y;, y,), would be a mirror
copy thereof due to our symmetric selection cuts. For
generating the distribution, we required a minimum trans-
verse momentum of pr3 = 10 GeV for the third jet in
addition to the selection cuts of Egs. (3.1), (3.2), (3.3),
(3.4), (3.5), and (3.6). The peak of the distribution at small
|yqirr] emphasizes that the soft jet prefers being close in
rapidity to the hard jet in the respective detector hemi-

()

0.08F -

1 0.04 )
- |
= Lo
3
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FIG. 10 (color online). Panel (a) shows the normalized tagging-jet invariant-mass distributions for WBF (blue dashed line) and for

the WBF X GF interference contribution (red solid line). Panel (b) depicts the sum of all positive contributions, a’f’:ts (green dashed
line), the magnitude of all negative contributions, — o-?lflg (black dashed line), and their sum, o;,;, multiplied by a factor of 10 (red solid

line).
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line) and for the WBF X GF interference contribution (red solid line). Panel (b) depicts the sum of all positive contributions, o
(green dashed line), the magnitude of all negative contributions, — o

of 10 (red solid line).

sphere for both, interference and WBF contributions.
While in WBF the third jet prefers rapidities larger than
the associated tag jet, yqirx > 0, for the interference con-
tribution yg;; peaks at negative values for the various flavor
contributions and their sum, indicating that the soft jet is
typically located in between the two tagged jets. This may
indicate that the rapidity gap for a color singlet EW-boson
exchange may in general be filled by the EW-QCD inter-
ference contribution.

IV. SUMMARY AND CONCLUSIONS

In this article we have computed the order O(a’a?)
interference contributions to the Hjj production cross
section in pp collisions at the LHC via GF and WBF.
Since results for the total interference cross section and
angular distributions have already been discussed in the
literature [19], we have put special emphasis on technical
and phenomenological aspects of the calculation which
have not been discussed elsewhere. In particular, we have
given a detailed outline of the methods used for the evalu-
ation of loop contributions, the subtraction of singularities
present in intermediate steps of the calculation, and the
checks we have performed to ensure the reliability of our
results. In the real emission contributions we have included
a finite class of diagrams that has not been considered
previously. We found the numerical value of these contri-
butions small, however.

Having implemented the interference amplitudes in a
flexible Monte Carlo program based on the VBFNLO frame-
work of Ref. [20], we are able to provide total cross
sections and arbitrary kinematic distributions within ex-
perimentally feasible selection cuts. Considering the inter-
ference cross section as possible ‘“‘contamination” of the

neg
int
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Panel (a) shows the normalized rapidity-separation distribution of the nontagged jet for WBF (blue dashed

pos
nt
(black dashed line), and their sum, o7, multiplied by a factor

clean WBF H jj production signature, we have studied the
associated contributions within typical WBF cuts with
widely separated hard tag jets and compared the shape of
some characteristic distributions to those of the respective
pure WBF curves. We found that, indeed, the interference
contributions exhibit features rather different from the
WBEF signal which are caused by strong cancellations
among the separate flavor channels. However, due to the
small size of the interference cross section which is found
to be in the atto-barn range only, the impact of this con-
tribution to both, integrated cross sections and differential
distributions, is negligible.
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APPENDIX: INFRARED-DIVERGENT SCALAR
BOX INTEGRALS

In this appendix, we denote the infrared-divergent box
integrals with massive propagators which emerge in the
calculation of the loop corrections to WBF-induced penta-
gon diagrams. We do not list the other scalar loop integrals
encountered in our calculation, since they can be found
elsewhere (see, e.g., [19,27,31]).

We obtained the respective soft and collinear singular
box diagrams by extracting appropriate expressions from
Refs. [29,30] in the limit of small quark masses. According
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ma

2 2
S1=q 52 = 45
m ms FIG. 12. Momentum and mass assignments for a general scalar
box diagram.
2 2
S4 = qj m 83 = g3
4

to Ref. [28], a relation between different regularization schemes can be established making use of the genuine
singularity structure of infrared-divergent triangle integrals. With the help of this property, we transformed the divergent
four-point integrals from mass regularization to dimensional regularization.

In the following, we refer to a genuine scalar four-point function as depicted in Fig. 12,

DO(‘]I’ 42, 43; My, Ny, ms, m4) = M fddq ; ! ;
(im) [¢* — mi +i8](q + q1)* — m3 + i8]
% 1
[(qg+ g1+ q2)* —m} +i6ll(qg + q1 + g2 + q3)* — mj + i8]
= I{(s1, 52, 53, 54 S12, 233 M3, m3, m3, m3), (A1)

where the g; denote incoming momenta of the external legs and the m; correspond to the masses of the internally
propagating particles. The kinematic invariants, s; and s;;, are related to the external momenta via s; = g? and s; =
(g;i+gq j)z. Overlined quantities are defined as § = s + i6, etc.

In this notation, the collinear divergent box integral with two equal internal and two different external mass scales,
which is sketched in Fig. 13, takes the form

m- — S

1 (T(1+ €) (Amu*\e m?—5 m? 1 -D .
Iff(m%,, O, O, 85458, t; mz, mz, O, 0) = D—]{ p ( mILZL ) |:1n< 3 _4> + 1n<m2 — f>:| - §1n2<}nz(Tis4)(l + l6)>

1 1 x 1 ((m? = s)(m? — s,)
+ zlnz(_xl4k]) + §1n2<_k—1]4> - Elnz(—kzxm) - 27Tl9< Dl 4 )

2 2 2 2 2 .2 — ¢
< [9(%) In(x k) + 0<m72mH> 1n<x;4> — 9<s4_2> ln(k2x14)}
m m ky m

_ 27Ti0(s — 2)0(’"2('";_ s“))[ln(mlzz;”f__sj)z (1+ i6)> + 1n<m;; = ié‘ﬂ

2

55 7 D
- % + 2Li2( ST ) - 2L12<7_> + Li2<1 TR i8)>
S4

m? — 7 m?(m? — s4)

. D, . mz(mz - S4) . X24 1 X24
—Liy( 1+ — i +Lis( 1+ =24} + 5 —xpy,— | In 1 + 22
12( D(m* — s) l D, ) 12( ky ) ”’7( s kl) n( ky )

+ Liy(1 + xp4ky) + n(—x24, k1) In(1 + xp4k) — Lip(1 + x4k5)

— 2 2 _ 2
— (—=xa4, ko) In(1 + xp4k,) + 27Ti6<s " >0<m (s = m )>

m2 Dl
(mp(m* — 5) + sH)m*> __m*(m* —s) m>—t
X |:ln< Dy’ =) io D, ) + ln< 3 léﬂ}, (A2)

with

073004-12



MIXED QCD-ELECTROWEAK CONTRIBUTIONS TO HIGGS- ... PHYSICAL REVIEW D 77, 073004 (2008)

9 m m
my &= 51 >

m

Sy \

F.IG~ 13. Momentum.and mass assignments for the cgllipear FIG. 14. Momentum and mass assignments for the soft diver-
divergent scalar box dlagrar_n of Eq. (A2). Unlabeled thin lines gent scalar box diagram of Eq. (A4). Unlabeled thin lines
correspond to massless particles. correspond to massless particles.

n(a, b) = In(ab) — In(a) — In(d),
Dy = (s = m?)(t — m?) + (s4 — m*)m?,

D, = m%,(m?> — s)(m?> — 1) + m*[m?(s + 1 — 54) + s(s4 — 21)],

2 2
B = \/1 424 2i52—4(m%, — 2m?)0(dm? — m2),

my H
D,(m* — s)
‘x = 7’
U mt(m? — sy) (A3)
D, . (m*—s)(m*—sy)
Xo4 = —i0 )
Dym, D,
2 + 2 2 + 2
K _2m* = (1 ! ,B)mH+i52m (1 Z,B)mH’
2m 2Bmy
m?> — s, m?(t — s4)
ky = +id .
2 M —t ! (m?* — 1)?

The soft divergent box integral with one internal and one external mass scale shown in Fig. 14 is given by

+ 2\ e + 2\ e 2 _ 3 2
19(5,,0,0,0;5, £:0, m?, 0,0) = —— {F(l © <47”‘ ) At (47”2‘ > [m(mz t‘) + In(—2 ﬂ

s(t — m?) €2 5 € m

) m
1 s Ky m? m? — 5, (5 —m?
- 51112(_ ﬁ) - 2111(_ W) ln<m2 — l_‘> - ln2<7> + le(T)
. 51 -1 . -7 K} 51 - m2 ’7T2
— 2L -] — 2L - —1 Infl ——— | ——L A4
T R ) B G (e e SR

We would like to note that our results agree with those of Ref. [19], if u? is replaced by u in all terms of Eq. (A.19) in
[19].
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