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ARTICLE INFO ABSTRACT

Editor: G.F. Giudice The ATLAS and CMS collaborations at the LHC have recently announced evidence for the rare Higgs boson decay
into a Z boson and a photon. We analyze the interference between the process gg - H — Zy induced by loops
of heavy particles, which is by far the dominant contribution to the signal, and the continuum gg — Zy QCD
background process mediated by light quark loops. This interference modifies the event yield, the resonance
line-shape and the apparent mass of the Higgs boson. We calculate the radiative corrections to this interference
beyond the leading-order approximation in perturbative QCD and find that, while differing numerically from the

corresponding effects on the more studied gg — yy signal, they are generally rather small. As such, they do not

impact significantly the interpretation of the present measurements of the H — Zy decay mode.

1. Introduction

The study of the fundamental properties of the Higgs boson dis-
covered in 2012 [1,2] is high on the agenda of the LHC experimental
collaborations. In particular, precise measurements of the Higgs boson
production and decay rates in all accessible channels are of the utmost
importance as they allow for the determination of the Higgs couplings
to the known particles and probe possible effects of physics beyond
the Standard Model (SM). A new frontier in Higgs physics has recently
been opened by the evidence for the rare decay mode into a Z boson
and a photon, H — Zy, that has been presented in a joint publication
by the ATLAS and CMS collaborations [3], with a signal yield that is
u=2.2+0.7 times the rate expected in the SM. The interpretation of
this signal, and its potential excess, is of great topical interest.

The H — Zy decay mode [4] (see also Ref. [5] for the reverse decay
Z — Hy) is of particular interest for several reasons. It is unique among
the Higgs decays observed to date in that the final state is neither a pair
of identical particles (such as yy) nor a particle-antiparticle pair (such
as bb). Moreover, as a loop-induced process, the H — Zy decay can
yield a non-trivial check of the SM at the quantum level, providing con-
straints on the structure of the Higgs boson and its possible couplings to
heavy particles [6,7]. This process is thus complementary to those from
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Higgs decays into two photons H — yy [8] and the dominant gluon-
fusion production mechanism gg — H [9] which also proceed through
loops of heavy particles: see, e.g., Refs. [10-14]. For this reason, it is in-
triguing that the 3.4¢ signal reported by ATLAS and CMS has a strength
that is somewhat higher than the SM value, leaving some space for pos-
sible physics beyond the SM, though such an apparent excess is not
unexpected when a new process is first discovered.

In order to evaluate possible interpretations of the pp - H — Zy
signal yield, it is important to have at hand the most accurate available
calculation in the SM. As in the more studied yy channel [15-22], the
y Z final state originates not only from the signal process gg > H —» Zy
but also from the QCD background process gg — Zy which proceeds
through box diagrams involving SM light quarks. The interference of
the two processes could modify not only the signal rate but also the
resonance line-shape and the apparent mass of the Higgs boson.

In this paper, we present the results of a calculation of the domi-
nant radiative corrections at next-to-leading order (NLO) in perturba-
tive QCD of the signal strength in the SM, including the interference
with the QCD background gg — Zy. For the latter, we take into account
the virtual corrections generated by light-quark loops in two-loop dia-
grams and the real corrections with soft-gluon emission in one-loop box
and pentagon diagrams. We find that these effects differ numerically
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Fig. 1. Feynman diagrams at leading order for the signal (left) and the back-
ground (right) in the process gg — Zy.

from the corresponding NLO effects in the well-known and more stud-
ied gg — yy process. The NLO corrections are not large. Consequently,
they do not impact significantly the apparent tension between the SM
prediction and the recent ATLAS and CMS measurements. We therefore
await with interest the evolution of this measurement with the accumu-
lation of LHC luminosity.

2. The gg — Zy process

At leading-order (LO), the SM diagram for the dominant Higgs pro-
duction mechanism at the LHC, gg — H [9], followed by the H — Zy
decay [4], is shown in the left panel of Fig. 1. As far as the domi-
nant QCD interactions are concerned, the higher-order corrections to
gg — H production have been given at NLO in Refs. [23-25] and
have been calculated up to N?>LO in the very large top mass limit,
2m, > My [26,27]. The corrections are large, increasing the LO cross
section by more than a factor of two. In the case of the H — Zy de-
cay, the NLO QCD corrections to the relevant top-quark loop have been
found to be very small [28-30]. We note, moreover, that in the SM the
W -boson loop contribution dominates by far over the top-loop contri-
bution, while those of the b-quark and other fermions are negligible.

The Zy final state is also produced in pure QCD in gluon fusion,
gg — Zy, through the box diagram shown in the right panel of Fig. 1.
The cross section for this background process, which is mediated by
light quark loops as heavy quarks decouple at large masses, has been
given at LO in Refs. [31-33]. (We note that there is also a very large
contribution to the background from the gq — yZ tree-level process,
but we ignore it as it does not contribute to the interference which is
our main concern here.) At NLO, the QCD corrections are analogous to
those derived in the gg — yy case [34-36] and the relevant two-loop
helicity amplitudes have been given in Ref. [37]. Note that, at NLO, we
assume massless quarks in the background process, whereas the infinite
top quark mass limit is assumed in the Higgs signal process.

As the Higgs signal and continuum background processes have the
same initial and final states, they will interfere. The total amplitude for
the gg — Zy process including both contributions may be then written
as

AggH AH Zy

A=— +A R (€8]
: 8gZy
M3, — M} +iMyTy

where M, is the invariant mass of the Zy system and, in the first
term, the denominator represents the propagator of the Higgs boson
with mass My and total width I'y;, which we take to be My =125
GeV and I'; =4.07 MeV [38]. The differential cross section for the full
gg — y Z process including the Higgs signal, the continuum background
and their interference is given schematically by

Re Im
Ng + NEke 4+ N1

do(gg = v Z) +
(M2 —M2)2+ M2T2
Zy H H" H

dM,

Ng, (2)

where the various components read

NS=|AggH'AHZy|2’ NB=|AggZy|2’ (3)
N ==2Re[Agepy Apiz, Alyz, 1 X (M3, — M), “
N ==2Iml Ay Az, Aty I X My (5)

Here, we refrain from giving explicit expressions for the various am-
plitudes and simply describe the relevant contributions. For the inter-
ference, its first component N}{e x M éy - M%I does not contribute to
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Fig. 2. Generic Feynman diagrams in NLO QCD for the signal process gg - H
with the decay H — Zy (upper row) and for the background process gg — Zy
(lower row).

the cross section when integrating over the invariant mass, as the gluon
luminosity varies slowly over the total width I';;. However, it distorts
the resonance shape and shifts the position of the peak, changing the
apparent mass of the resonance. On the other hand, the second interfer-
ence term N }m contributes to the cross section, though its contribution
is suppressed by the small Higgs width I'y.

The interference N ;’“ requires an absorptive part in the amplitudes.
For the light quarks with m, < M, y, the contribution of mass cor-
rections to the imaginary part is suppressed by powers of 4m§ / M% u
relative to the value in the massless limit. The amplitudes for the in-
duced ggH and H Zy couplings involve imaginary components when
the particles circulating in the loops have masses below the kinemat-
ical threshold, i.e., M %, > 4m§,, which is the case for bottom quarks.
In the case of the H Zy amplitude, the b—quark contribution is com-
pletely negligible. In turn, the b-quark contribution to the Hgg ampli-
tude is sizeable and its interference with the dominant top contribution
represents about 10% of the total amplitude (at LO) and it has a non-
negligible imaginary component [6,7].

Since the focus of this paper is to assess whether the interference
can resolve the tension between the SM prediction and the H — Zy sig-
nal rate recently measured at the LHC, we consider those contributions
that could be responsible for an enhancement of the interference effects
which go beyond naive expectations from perturbative QCD. Such ef-
fects are usually given by strong phases, e.g., absorptive contributions
arising from light on-shell particles in the loops. It is clear that such
phases, if present, would come from virtual corrections, and are there-
fore correctly taken into account by the soft-virtual approximation.

3. The gg — Zy interference at NLO

At next-to-leading-order in perturbative QCD, some generic Feyn-
man diagrams that contribute to the gg — Zy process are given in
Fig. 2. The upper row shows some NLO diagrams for the signal pro-
cess gg — H with the subsequent decay H — Zy, and the lower row
shows some of the NLO ones that contribute to the SM background. The
latter involve two-loop box diagrams with virtual gluon exchange and
one-loop diagrams (including pentagons) accompanied by real gluon
emission.

We report in this paper the results of a simplified SM calculation
at NLO in perturbative QCD that captures the most important features
of the interference effects in this gg - Zy search channel. We treat
the interference term in the so-called soft-virtual approximation, i.e., we
retain the complete contribution from virtual corrections, but neglect
the impact of hard QCD radiation and account only for soft real emis-
sions [39-43]. A brief description of the soft-virtual approximation is
in order. Here, we outline only those features that are relevant for the
discussion of our results. For a detailed derivation we refer the reader
to [42] and to [22] where the application to the yy interference case
is discussed. We define z = Q2 /3, where Q is the invariant mass of the
produced final state, in our case the Zy system, and \/§ is the par-
tonic centre-of-mass energy. The soft-virtual approximation amounts to
an expansion of the partonic cross section around the z — 1 limit. In
this limit the partonic cross section factorises as
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where dé6y g is the LO contribution and {X;} a generic set of variables

describing fully the final-state dynamics. The function G is then ex-

panded perturbatively in a;,

G(za)=d1-2+Y (52) 6" @), @
n=1

where we have suppressed the dependence on the scales yp p which is
implicit in the coefficients G™(z). These are the dominant terms in the
z — 1 limit, which are given by 6(1 — z) and standard plus distributions

In"(1 -
+

Various refinements to the soft-virtual approximation have been pro-
posed in the literature, especially in the case of resonant final states such
as Z/W and Higgs production in the infinite top-mass limit [40,44-
46]. However, the picture is not equally well established for processes
induced by a loop of light quarks such as the continuum background.

Here, in order to provide a more reliable estimation of the uncer-
tainties in our calculation, we also consider an alternative approach to
the naive soft-virtual approximation of Eq. (6). We follow the proposal
in [45], where subleading terms in the soft expansion are partially cap-
tured by replacing

In" =2

vz _ In"(1 - z)

Dn(z)—>Dn(z)+(2—3z+2zz)? - 9

This method has also been adopted for treating the production of a
pair of W bosons at high energy [47]. Although there is no compelling
reason why Eq. (9) should provide more reliable results than a naive
soft-virtual expansion for the interference, we use the difference be-
tween these two predictions as a way to estimate our theory uncertainty
at NLO. We stress however that the SM signal cross section is, instead,
treated exactly through NLO in QCD, i.e., retaining the full dependence
on the real radiation.

Our NLO QCD prediction relies on the two-loop helicity amplitudes
for the background process presented in Ref. [37]. The full helicity in-
formation allows us to incorporate the spin-correlated decay of the Z
boson. In this paper we consider in particular its electron-positron decay
channel, Z — e~e*. In principle, the complete pp — e"e*y scattering
process also includes a contribution where an off-shell photon decays
to leptons, pp — y*(e"e™)y, and one where the Z boson decays to an
e~e*t pair and the final-state photon is emitted off the leptons. How-
ever, both effects are negligible for the particular analysis we present in
this paper. The impact of the former is significantly reduced by the se-
lection cuts we impose on the final-state leptons. The latter is expected
to be small based on the fact that we focus on the Higgs-boson reso-
nance region, which forces the invariant mass of the e~ety system to
be away from the Z resonance peak.

In choosing the selection criteria for the leptons and the photon,
we were inspired by an analysis of the H — Zy channel carried out
by the ATLAS collaboration [48], and adopted analogous cuts used for
the Z — ete™ decay mode. These cuts are rather inclusive and yield
results that are qualitatively similar to the inclusive case. The difference
is restricted to an overall normalisation and simply results in a small
reduction of the cross section. Specifically, we require the e~e™ pair to
have an invariant mass m,, in the range 50 GeV < m,, < 101 GeV, that
all tagged final-state particles satisfy p; > 10 GeV, with i € {e”,e*, 7},
and finally that the rapidities are constrained by |y,+| <2.47 and |y, | <
2.37.

The setup of our calculation is as follows. We adopt the G,, scheme
for the electroweak parameters and choose M, =91.1876 GeV, My, =
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80.398 GeV, I', = 2.4952 GeV and G = 1.16639 - 10~ GeV?, which
results in @ = 1/132.277. For the Higgs boson mass we choose My =
125 GeV. Our predictions are derived for a pp collider at a centre-of-
mass energy of \/E =13.6 TeV, i.e. the current LHC operational mode.
We use the NNPDF31 nlo _as_ 0118 set [49] of parton distribution
functions (PDFs) with the value (M ;) =0.118, and we make use of
the LHAPDF [50] and HOPPET [51] programs for manipulation of the
PDFs. For the QCD factorisation and renormalisation scales, we have
chosen a common reference value yup = pp = pg = %M - Theory uncer-
tainties for the signal process and for the LO interference are estimated
by a simultaneous rescaling of the nominal value by factors 2 and 1/2.
As for the interference at NLO, as described above, the spread is de-
fined by the difference in the standard soft-virtual approximation and
its modification described in Eq. (9).

Fig. 3 displays our main findings. It shows the signal and inter-
ference (magnified by a factor of 10) line-shapes at LO and NLO as
functions of the difference between the Zy invariant mass and the Higgs
boson mass. The central values of the cross sections are obtained for the
reference scale choice, while the bands stem from scale variations. The
LO cross section for the signal, gg — H — Z(e"e™)y, is shown as a blue
band, and the NLO cross-section is shown as a green band. The ratio be-
tween the two is the well-known K factor of about ~ 2 [23-25]. The
red band shows the result of the calculation of the signal-background
interference at LO and the orange band is the result of our NLO in-
terference calculation in the soft-virtual approximation, i.e., including
virtual contributions and the leading real contributions from soft-gluon
emission.

We estimate the uncertainty band of the interference contribution
from the spread between the two different approaches to the soft-virtual
approximations discussed above. We point out that the standard scale-
variation uncertainty on the interference term (obtained by dividing
and multiplying the central scale by a factor of two) is accidentally
small and is contained within our more conservative estimate.

We note that, already at LO, the interference tends to reduce the
total cross section and shift the effective Higgs mass to higher values.
However, both these effects are numerically very small (recall the fac-
tor of 10 of magnification in Fig. 3). The effects at NLO are qualitatively
similar to those at the LO, and are larger numerically by a small factor
that depends on the value of the invariant mass of the Zy system rela-
tive to the Higgs pole mass, as can be seen in Fig. 3. This differs from
the large K factor for the non-interference term.

We observe that, if we restrict the invariant mass window of the Zy
system to a very narrow window, 124 — 126 GeV, the cross sections of
the signal and interference terms in the fiducial volume outlined above
are

NLO _ +20% NLOgy _ +12%
Ogig = 12077755 fb, o SV = —0.03447 5. fb, (10$)

where the label SV refers to the prediction in the soft-virtual approxima-
tion, and its central value is the mean of the results extracted in the two
approaches described above. The uncertainty is assessed as discussed
for Fig. 3. Thus, we estimate that the interference has a destructive im-
pact on the total rate of O(=3%).!

The NLO QCD corrections to the interference in the gg — Zy process
are small and do not modify substantially the signal rate in the Higgs
gg > H — Zy production channel. These effects also do not modify
significantly the effective Higgs mass measured in the Zy final state,
which should be indistinguishable from that measured in the yy and
Z 7Z final states.

As a final remark, it is worth mentioning a few qualitative differ-
ences with respect to the more deeply investigated interference in the
yy decay channel. In the latter, the Higgs boson decays to a pair of
massless spin-1 particles, and given the scalar nature of the Higgs, these

! This number may be subject to small variations upon including large missing
higher-order QCD corrections in the signal process.
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Fig. 3. The gg - H — Zy signal cross section at LO (in blue) and at NLO in
QCD (in green), and the interference with the gg — yZ QCD background at
LO (in red) and at NLO but in the soft-virtual approximation (in orange). The
bands represent the scale variation, except for NLOgy, where the band shows
the spread between two different soft-virtual approximations, see the text for
details. The results are for the LHC with \/E = 13.6 TeV, and the interference
terms are magnified by a factor of 10 for visualisation purposes.

photons must have identical helicities [15,17]. In this configuration, the
corresponding LO background amplitudes receive an imaginary contri-
bution that is suppressed by the ratio mg /M %, where m, is the mass of
a light quark running in the loop, see, e.g., Fig. 1. Therefore, a notice-
able destructive effect arises only at NLO [16]. In the Zy mode instead,
such a helicity selection does not occur and an absorptive part is al-
ready manifest at LO. Furthermore, the real contribution N}{e has an
opposite impact on the line shape than the one in yy, which induces a
slight excess of events to right of the Higgs boson peak and not to the

left as in yy.
4. Conclusions

We have considered the interference between the signal amplitude
for Higgs production at the LHC and its subsequent decay into a photon
and a Z boson, gg — H — Zy, and the amplitude for the pure QCD
background process gg — Zy beyond leading order in perturbative
QCD. The conclusions from our analysis are that interference effects be-
yond leading order are small given the current experimental accuracy,
as was already the case for the leading-order QCD interference effects.
They do not modify significantly the apparent tension between the SM
prediction for the gg — H — Zy signal strength and that recently mea-
sured by the ATLAS and CMS collaborations, namely y =2.2+0.7.

As such, they leave space for alternative explanations of the appar-
ent tension: either the speculative possibility of physics beyond the SM
(see, e.g., [52]) or, more plausibly, a statistical fluctuation. We await
with interest the accumulation of more LHC data to resolve this issue.
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