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Abstract

The recently observed excess in diphoton events at around 750 GeV can be satisfactorily described in terms of
a new spin-0 real singlet with effective interactions to the gauge bosons. In this letter we first review the cur-
rent constraints on this setup. We further explore the production in association with a gauge boson. We show
the potential of this channel to unravel current flat directions in the allowed parameter space. We then study
the potential of two different asymmetries for disentangling the CP nature of such a singlet in both gluon fu-
sion and vector-boson fusion. For this matter, we perform an estimation of the efficiency for selecting signal
and background events in eight different decay modes, namely 4`, 2j 2`, 2j` /ET , 2γ 2j, 4` 2j, 2` γ 2j, 4j 2` and
4j ` /ET . We emphasize that the very different couplings of this new singlet to the Standard Model particles
as well as the larger mass provide a distinctive phenomenology with respect to Higgs searches. We finally
show that a large region of the parameter space could be tested within the current LHC run, the dominant
channel being 2γ 2j.

1. Introduction

The first bunch of data in proton-proton colli-
sions at

√
s = 13 TeV were successfully delivered

by the LHC during last year. Surprisingly, the
first analyses on these data with as few as ∼ 3 fb−1

have revealed unexpected results. Indeed, the AT-
LAS [1] and CMS [2] experiments have pointed out
an excess in diphoton events with an invariant mass
of around 750 GeV; the local significance ranging
from 2 to around 3σ. The reported excess survived
further scrutiny [3] and appears as the best hint
in decades for physics beyond the Standard Model
(SM) at colliders. This fact explains the excitement
of the particle physics community, which has trans-
lated into a plethora of papers in a few months [4].

This diphoton excess can be easily interpreted
in terms of a spin-0 real singlet (although explana-
tions in terms of spin-1 and spin-2 particles have
also received some well deserved attention). Both
production and decay are hence to be mediated by

IThis article is registered under preprint number: DESY
16-054, arXiv:1604.02029.

1mikael.chala@desy.de.

heavier states2 whose effects can be encoded in a
small set of effective operators. Throughout this
letter we adopt this approach and we explore the
potential of the next run of data to unravel the
CP nature of this candidate, namely whether it is
a scalar or a pseudo-scalar (of course, the 750 GeV
singlet could also be an admixture of both scalar
and pseudo-scalar, i.e. it could have some interac-
tions that are not invariant under CP transforma-
tions, but we omit this possibility for now.) We
start considering a generic parameterization in sec-
tion 2 and discussing the current constraints. Pro-
duction via gluon fusion (GF) and vector-boson fu-
sion (VBF) turn out to be sizable in a large re-
gion of the parameter space. However, they are

2The model proposed in [5] is an exception where the
diphoton excess originates from a solitary new degree of
freedom without the need for any additional electrically
charged particles, nor new strong dynamics. Alternative
non-resonant models with long decay chains have also been
proposed to explain the 750 GeV diphoton excess. In this let-
ter, we limit ourselves to the simplest interpretation with a
single resonance whose couplings to gluons and photons are
mediated by additional heavier states charged under QCD
and QED.

Preprint submitted to Elsevier July 22, 2016

ar
X

iv
:1

60
4.

02
02

9v
2 

 [
he

p-
ph

] 
 2

1 
Ju

l 2
01

6



shown to give flat directions that can be only dis-
entangled if new production mechanisms are con-
sidered. In this respect, we explore the poten-
tial of producing the singlet resonance in associ-
ation with a Standard Model (SM) gauge boson
in section 3. The rest of the article is structured
as follows. In sections 4 and 5, we introduce two
asymmetries in the kinematical distributions of GF
and VBF events. They are intended to differen-
tiate the two CP hypothesis. The advantage of
this approach relies on the fact that most sys-
tematic uncertainties cancel out. Statistical un-
certainties are on the other hand properly taken
into account. We perform simulations to estimate
the efficiency for selecting signal and background
events in both categories in eight different decay
modes: 4`, 2j 2`, 2j` /ET , 2γ 2j, 4` 2j, 2` γ 2j, 4j 2`
and 4j ` /ET . We show that after all cuts, sizable
efficiencies are obtained for most signals while still
keeping backgrounds under control. Despite that
we do not attempt to optimize these cuts, all to-
gether the eight channels can probe a wide region
of the available parameter space within the current
run of the LHC, as explained in section 6. We con-
clude in section 7.

2. Parameterization and current constraints

This letter aims mainly to provide a guideline for
future efforts on the analysis of the parity prop-
erties of a resonance S with mass M ∼ 750 GeV.
We assume S to be a spin-0 SM gauge singlet. Be-
sides, the production cross section into diphotons
mediated by S is assumed to be 8 fb. The question
of the spin and parity properties of S is made le-
gitimate by the unexpected character of the excess
and thus by the absence of any particular theoret-
ical prejudice towards one hypothesis. Actually we
do not focus on any particular model nor we at-
tempt to address the effective-field theory of S in
full generality. In fact, the relevant Lagrangian for
our phenomenological study can be parameterized
as [6]

L =
1

2M
S

(
g23cggG

2 + g22cWWW
2 + g21cBBB

2

+ g23 c̃ggGG̃+ g22 c̃WWWW̃ + g21 c̃BBBB̃

)
. (1)

Here, g3, g2 and g1 stand for the SM SU(3), SU(2)
and U(1) gauge couplings, respectively. G, W and
B are the corresponding field-strength tensors. For

a generic F , F̃ is defined as F̃µν = 1
2εµναβF

αβ .
The tilded (non-tilded) coefficients are zero if S is
a scalar (pseudo-scalar). We disregard further cou-
plings to the SM fermions and to the Higgs doublet
since they do not introduce any qualitative change
in our analysis. Actually the latter has anyway to
be small to pass the constraints from Higgs mea-
surements [7] and ZZ resonant searches [8]. The
decay width of S into the different decay modes
provided by the interactions above can be easily
computed for M � mW,Z , with mW (Z) the mass of
the W±(Z) boson. In this limit, the decay widths
to the different pairs of gauge bosons are given by

Γgg = 8πα2
3M

(
c2gg + c̃2gg

)
,

Γγγ = πα2
emM

(
c2γγ + c̃2γγ

)
,

ΓZγ = 2πα2
emM

[(
cBBtW −

cWW

tW

)2

+

(
c̃BBtW −

c̃WW

tW

)2]
,

ΓZZ = πα2
emM

[(
cBBt

2
W +

cWW

t2W

)2

+

(
c̃BBt

2
W +

c̃WW

t2W

)2 ]
,

ΓWW =
2πα2

em

s4W
M
(
c2WW + c̃2WW

)
, (2)

with cγγ = cBB+cWW , tW and sW the tangent and
sine of the Weinberg angle, αem the fine-structure
constant and α3 = g23/(4π). The photon field-
strength coefficient is thus given by 4παemcγγ/2M .
The cross section for the single production of S and
the subsequent decay into two photons at a center
of mass energy

√
s reads

σγγ(s) =
1

s

1

MΓS
(CggΓgg + CγγΓγγ) Γγγ , (3)

where ΓS stands for the total width. Cgg and Cγγ
represent instead dimensionless parton luminosities
for gluon and photon fusion, respectively. Their
values at 8 (13) TeV have been found to be approx-
imately 174 (2137) and 11 (54), respectively [6].
The single production of S via GF at 13 TeV is
thus enhanced with respect to 8 TeV by a factor
of ∼ 5, which can be in agreement with the ab-
sence of departures from the SM predictions in the
first LHC run. This in fact translates into a bound
on σγγ(8 TeV) . 2 fb [9, 10]. This observation is
no longer true for single production via photon fu-
sion. It is only increased by a factor of ∼ 2.9 and
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Figure 1: Parameter space region in the plane cγγ − cWW /cBB compatible with the diphoton excess and current constraints.
Regions filled with horizontal lines can not account for the observed signal. Regions filled with vertical lines are in turn
bounded by direct searches at 8 TeV. The values of cgg are labeled on dashed contour lines. In the left (right) panel ΓS =
Γgg + ΓWW + ΓBB (ΓS = 45 GeV) is assumed. The total (additional) width is shown in solid green (brown) lines in the left
(right) panel.

therefore in tension with current constraints (see
for example [11, 12]). The cγγ coupling is bounded
from above (below) to avoid too large (small) a
diphoton cross section. In the same vein, experi-
mental searches for resonant Zγ [13], ZZ [14] and
W+W− [15] production at 8 TeV set stringent lim-
its on this setup. This information is summarized
in Fig. 1. The allowed parameter space in the
cγγ − cWW /cBB plane that can explain the excess
while evading the current bounds is presented in
this plot. For every point in this plane, cgg has
been fixed so that σγγ(13 TeV) = 8 fb. The corre-
sponding values are shown in dashed blue lines. The
region filled with vertical lines is excluded mainly
by W+W− and Z searches at 8 TeV. Notice also
that the bounds coming from direct searches would
be weaker if σγγ(13 TeV) was smaller. The solid
green (brown) contour lines stand for the total (ad-
ditional) width. In the left panel of the figure we
assume that ΓS coincides with these contours. In
the right panel we fix it instead to the best-fit
value reported by the ATLAS Collaboration [1],
ΓS = 45 GeV, by considering an additional partial
width of S into soft (or partially invisible) particles
that escape detection.

3. Associated production

It can be seen from Fig. 1 that resonance searches
for massive gauge bosons are only sensitive to the
ratio cWW /cBB . It is also apparent that there are
other flat directions, i.e. that the different couplings

cannot be accessed independently from each others.
In fact, even if it was possible to determine ΓS ex-
perimentally, we would have to measure all S decay
modes to be able to bound each coupling indepen-
dently. This seems highly unrealistic, first, because
ΓS might remain out of the experimental resolu-
tion, and second because it would require to also tag
decays into gluons and (potentially) invisible parti-
cles, a notoriously difficult task in the busy hadronic
environment of the LHC. Thus, different strategies
should be considered in this respect. One possibility
relies on S production in association with a gauge
boson (a previous study in this direction has been
presented in [16]). The corresponding Feynman dia-
gram is depicted in the left panel of Fig. 2, while the
cross sections are shown in Fig. 3. These have been
computed by using MadGraph v5 [17] (Feynrules
v2 [18] has been first used to implement the inter-
actions of Eq. 1). Other automatic tools have been
developed and used [19] to study models aiming at
explaining the diphoton excess. In the region of
parameter space compatible with the reported ex-
cess, the associated production cross sections can
be as large as few tens fb. And even for rare de-
cay modes, (e.g. a branching ratio below 0.001 for
S → ZZ → 4`), enough events can still be collected
with large luminosities. Note also that the cor-
responding backgrounds are almost negligible (see
for example [20] for an experimental study of three
photon final states). Thus, in Fig. 4, we elaborate
on the idea of resolving flat directions using further
production modes. To this end, we consider a hypo-
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Figure 2: Feynman diagrams for S production in association
with a gauge boson V . The process on the right panel can
only arise for S coupling directly to the light quarks. It has
not been considered in our analysis, since it can be neglected
under simple flavor assumptions (see the text for details).

thetical scenario in which the ratio cWW /cBB has
been experimentally established (this measurement
can be performed by just observing the ratio of γγ
events over ZZ or Zγ events). Clearly, cγγ and
cgg cannot just be individually determined by fit-
ting the diphoton excess. This flat direction in the
cgg − cγγ plane is depicted by the orange band in
Fig. 4 for ΓS = 45 GeV and cWW /cBB = 1. Now in
addition if the associated production SW± → 2γ 2j
is observed to be, for example, 0.01 ± 0.005 fb, the
degeneracy is broken and cγγ can be constrained in-
dependently, as shown by the vertical band in the
figure. The discussion above assumes no substan-
tial direct coupling of S to the SM fermions. If such
couplings exist, another contribution to the associ-
ated production originates when an EW gauge bo-
son is radiated off from one of the initial quarks
(right panel of Fig. 2). However, the cross section
is negligible when linked to light quarks under the
assumption that the couplings obey a minimal fla-
vor violation structure and are therefore naturally
expected to be of the size of the Yukawa couplings.
Flavor constraints would be hard to evade other-
wise. If large couplings to the light quarks were
nonetheless present, relying on some cancellation to
pass flavor constraints, then a detailed study of the
kinematic would be worth performing in order to
discriminate the various contributions to the asso-
ciated production. We have checked that the asso-
ciated production cross section via an initial b quark
remains smaller than the contributions computed in
Fig. 3 in most of the parameter space. Finally, we
have checked that the gluon-fusion associated pro-
duction S +W±/Z/γ together with an extra jet is
typically subdominant too, except in the region of
small cγγ (< 0.1) where it can anyway be reduced
by an appropriate cut on the gauge boson pT and
by vetoing the extra jet.

This simple analysis illustrates the importance of

considering the associated production mechanisms.
Indeed, the argument does not hold equally well for
S production in VBF since it turns out to have a
remaining large dependence on cgg. The reason is
that, contrary to the Higgs case whose couplings
to the electroweak gauge bosons appear at the tree
level, VBF contamination by gluon initiated pro-
cesses in the singlet case can be rather large even
after tagging on forward jets [21, 22]. Cuts in this
respect are provided in section 5. Nonetheless, it
is worth to point out that measurements in VBF
together with the determination of ΓS might shed
light on possible S hidden decays [23].
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Figure 3: Contour lines of the cross sections (in fb) for the
associated production channel with an electroweak gauge bo-
son in the plane cγγ − cWW /cBB . The numbers stand for
each group of three contour lines.
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Figure 4: Regions in the cγγ − cgg plane constrained by
the diphoton excess for cWW /cBB = 1 for ΓS = 45 GeV.
The vertical band stands for the value of cγγ determined
by measurements of pp → SW± → 2γ 2j (see the text for
details). Dijet constraints from 8 TeV data [28, 29] are also
shown.

On top of it, a last comment concerns the spin-
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1 alternatives for explaining the diphoton excess.
As it has been pointed out in [24], these scenar-
ios rely on the production of a 750 GeV vector bo-
son that subsequently decays into a photon and a
light scalar. The latter further decays into two col-
limated photons that, at the detector level, appear
to be a single one. This kind of setup can not how-
ever give rise to sizable amount of three gauge bo-
son events. Particularly with W± in the final state.
As a consequence, S production in association with
gauge bosons provides a striking signature for dis-
entangling spin-0 and spin-1 models.

The distinctive kinematics of associated produc-
tion provides different ways to inquire the parity of
such a scalar. The polar angle of the radiated vec-
tor boson has been highlighted in this respect in the
context of Higgs physics (see for example [25, 26],
and [27] for related experimental searches at Teva-
tron). The large Higgs coupling to the longitudinal
polarization of the gauge bosons are however instru-
mental for these studies. The rather small splitting
between the Higgs mass and mZ and mW is also of
major significance for analyses based on the behav-
ior of the cross section near threshold. Accordingly,
this observable is no longer suitable for S physics
(note that S might not even couple to the longi-
tudinal polarization of the gauge bosons). Related
results in this direction have been also pointed out
in [30]. Further observables for Higgs physics have
been presented for example in [31]. Several angles
between the Higgs momentum and reconstructed
momenta of the leptons and jets in the decay of
the gauge boson produced in association with the
Higgs boson have been identified as discriminating
variables to scrutinize the CP properties of S. How-
ever, the rather small cross section in this channel
compared to GF and VBF makes the latter much
more appropriate for an early data analysis. We
will thus focus on these channels hereafter.

4. Gluon fusion

The GF production cross section can be conve-
niently written as

σGF = 123×
( cgg

0.01

)2
fb, (4)

as computed at LO using MadGraph. The
NN23LO1 [32] parton-distribution functions (PDFs)
have been used. From the computation of the GF
production at higher order in the SM, we expect a

4` 2j 2` 2j ` /ET

ε (%) 42 40 30

σb (fb) 0.04 34 240

Table 1: Estimated signal efficiencies (ε) and background
cross sections (σb) for GF events after the cuts described in
the text.

large K-factor of order 1.7−2 at NLO. This K-factor
will anyway drop in the computation of the asym-
metry computed below. We do not include it since a
consistent treatment would also require a NLO esti-
mation of the various backgrounds, which is beyond
the scope of our analysis. Three different decay
modes of S are considered in GF, namely S → ZZ
in both the fully leptonic (4`) and the semilep-
tonic channels (2j 2`) as well as S →W+W− with
semileptonic decay (2j` /ET ). In order to tag these
events at the experimental level, all events are first
required to pass the following set of common cuts.
Leptons must have p`T > 10 GeV and |η`| < 2.5.

Jets are instead required to have pjT > 20 GeV and
ηj < 5. Same-flavor leptons must be separated by
∆R > 0.2 while different-flavor leptons must fulfill
∆R > 0.1. Besides, all leptons must be separated
from other jets by ∆R > 0.2, and jets by ∆R > 0.4
among themselves.

Then, exactly two opposite-sign lepton pairs are
required in the four-lepton channel. The two with
invariant mass closest to mZ are tagged as coming
from one Z, and the other two from the second one.
In the semileptonic ZZ decay exactly two opposite-
sign leptons and at least two jets must be present.
In the semileptonic W+W− decay exactly one lep-
ton and at least two jets and /ET > 20 GeV are
instead required. The longitudinal momentum of
the neutrino can be in this case reconstructed by
the W± on-shell condition (see for example [34]).
Following Ref. [14], we take the smaller in abso-
lute value among the two possible solutions. There
is no further ambiguity in pairing pair of particles
with the corresponding massive gauge bosons in
any of these channels. We therefore require any
reconstructed Z (W±) mass to be in a window of
±20 GeV around mZ (mW ). Besides, each Z and
W± is required to have pT > 250 GeV. On top of
this, the invariant mass of the four SM tagged par-
ticles is required to be in the range [700, 800] GeV.
Finally, the event must not pass the VBF criteria,
to be defined in the next section.
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The window around the mass of the gauge bosons
in the previous cuts is required in order to further
reduce the background with respect to the signal
(which gets only slightly affected). In particular,
pair of jets come mainly from QCD radiation and
hence their invariant masses do not necessarily peak
at the mW (mZ) mass. However, if signals with of-
shell gauge bosons were to be studied, the corre-
sponding cut should be relaxed. In this respect, it
is worth mentioning Ref. [33], where the authors
claim that the four-lepton channel can get sizable
contributions from processes containing a virtual
photon.

The efficiencies for selecting events in each of
these categories are shown in Table 1. The esti-
mated cross sections for the SM backgrounds after
passing all cuts are also shown. The irreducible
backgrounds dominate in all cases. Therefore, only
these have been taking into account. In order
to compute all these quantities we have generated
parton-level events with MadGraph v5 which are
subsequently passed through Pythia v6 [35] to ac-
count for showering, hadronization and fragmenta-
tion effects. The cuts above are finally implemented
in MadAnalysis v5 [36].
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Figure 5: θGF distribution for reconstructed four-lepton sig-
nal events for the scalar (solid blue) and the pseudo-scalar
(dashed red) cases. The background is shown in dotted
green. Signal and background distributions have been inde-
pendently normalized to unity. Their respective importance
will depend on the parameter space point.

Having reconstructed the momenta of the four
decay products, we can define the following asym-
metry:

AGF =
N(θGF > π/4)−N(θGF < π/4)

N(θGF > π/4) +N(θGF < π/4)
, (5)

dd=2.4σmax

σOσE
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Figure 6: AGF distribution for the scalar (solid blue) and
the pseudo-scalar (dashed red) cases with 40 observed events
after 10’000 pseudo experiments. The distance (d) between
the two central values in terms of the largest σ is also shown.

where

θGF =

{
θ if θ < π/2
π − θ if θ > π/2

, (6)

and

θ = arccos

{
(p1 × p2) · (p3 × p4)

|p1 × p2||p3 × p4|

}
, (7)

with p1,2 and p3,4 the three-momenta of the de-
cay products of each massive gauge boson. This
observable has been widely used in Higgs physics
(see for example [37]). However, the small Higgs
mass makes some channels above not suitable for
CP studies with this asymmetry, inasmuch as the
signal peaks in the region populated by the SM
background. For S decays instead, the rather large
mass allows us to stay in much more suppressed
background regions. Note also that two body S
decays could be also considered. As a matter of
fact, photon conversion events have been discussed
in the Higgs literature [38]. The typical opening an-
gle of the lepton products are however of the order
of me/Eγ ∼ 10−6, which is well below any present
or future experimental sensitivity.

In four-lepton events, the variable defined in
Eq. 6 takes the form shown in Fig. 5. No sig-
nificant departures from this shape are found in
other channels. In order to quantify the discrimi-
nation power of this asymmetry for a given number
Nobs of observed events, we perform 10’000 pseudo
experiments with Nobs events each. As a matter
of example, the distribution followed by AGF for
Nobs = 40 for signal only is shown in Fig. 6. The

6



d

σE

σO

-0.4

-0.2

0.

0.2

0.4

GF

GF(S→4l) Signal only

1σ Odd 1σ Even

20 40 60 80 100

1

2

3

Number of signal events

d/σmax

d
σE

σO

-0.4

-0.2

0.

0.2

0.4

GF

GF(S→4l) Signal=Background

1σ Odd 1σ Even

20 40 60 80 100

1

2

Number of signal events

d/σmax

Figure 7: One sigma statistical interval for AGF as a function of the total number of observed events for only signal (left panel)
and with as much background as signal (right panel) for the scalar (solid blue) and pseudo-scalar (dashed red) cases. The
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one sigma statistical uncertainty is defined by the
symmetric interval around the center of the distri-
bution containing the 68% of the total area. For
the matter of example, this is also shown in the fig-
ure. These 40 events in the 2j` /ET final state can be
reached, in the minimal width case, for luminosities
as low as L ∼ 5 fb−1 for (cγγ , cWW /cBB) = (2, 2),
while (cγγ , cWW /cBB) = (0.1, 0.1) would require
L > 100 fb−1. The large background makes the
analysis harder and the luminosity needed to dis-
criminate the two CP hypotheses will be estimated
in section 6. Figure 7 gives the asymmetryAGF as a
function of the total number of observed events un-
der the assumption of negligeable background (left
panel) and under the assumption of as many back-
ground events as signal events (right panel).

5. Vector-boson fusion

The LO cross section for producing S in asso-
ciation with two jets with pT larger than 10 GeV,
separated by at least ∆R > 0.1 and with dijet in-
variant mass above 400 GeV, can be approximately
written as

σVBF =

[
45
( cgg

0.01

)2
+ 1.2

c2γγ
(1 + r)2

+ 1.7
c2γγr

(1 + r)2
+ 43

c2γγr
2

(1 + r)2

]
fb, (8)

with r ≡ cWW /cBB . The coefficients above have
been again computed using MadGraph with the

q

q′
S

q′′

q′′′

g

q
S

g

q

Figure 8: Examples of Feynman diagrams for S production
via electroweak (left) and QCD (right) with two additional
jets.

NN23LO1 PDFs. The interference between gluon-
initiated diagrams (proportional to cgg) and VBF
diagrams is negligible and hence not shown in this
equation. Two example diagrams are depicted in
Fig. 8. Hereafter we denote by SQCD and SEW

the production computed using each channel alone.
SQCD in the plane cγγ−cWW /cBB can be easily es-
timated using this equation in light of the cgg values
provided in Fig. 1. Instead SEW is plotted in Fig. 9.

VBF events can be tagged at the experimental
level in five different decay modes of S. These
comprise the three possibilities described in the
previous section with two additional forward jets,
namely 4` 2j, 4j 2` and 4j ` /ET , as well as the de-
cay into γγ and `+`− γ. Events are first selected by
imposing the same common cuts as in GF, while
photons should be separated from any other tagged
particle by ∆R > 0.2. When more than two jets
are present, forward-jet candidates are selected to
be those two jets with invariant mass mj1j2 less
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Figure 9: Contour lines in the plane cWW /cBB − cγγ of S
production cross sections (in fb) with two forward jets initi-
ated by electroweak gauge bosons and after the parton-level
VBF cuts described in the text.

similar to mZ (or mW ) among the four leading
jets. They are subsequently required to fulfill the
VBF criteria. This is defined by mj1j2 > 500 GeV,
ηj1ηj2 < 0, |∆ηj1j2 | > 3 and ∆Rj1j2 > 0.4. These
cuts are motivated by previous searches for heavy
Higgs bosons [8]. Any reconstructed Z (W±) is
again required to have a mass within a window of
±20 GeV around mZ (mW ). Besides, the pT of the
two leading photons as well as the pT of each re-
constructed Z and W± must be still larger than
250 GeV. Finally, we require the invariant mass of
the two reconstructed SM gauge bosons to be in
the range [700, 800] GeV. The efficiencies for se-
lecting events in each of these categories, referred
to events generated using the parton-level cuts in
Eq. 8, are shown in Table 2 for SQCD and SEW.
Notice that gluon-initiated VBF can be dominant
due to the rather large coefficient in front of cgg in
Eq. 8. This result contrasts with the Higgs case, the
reason being that, unlike the singlet S, the Higgs
boson couples to the electroweak gauge bosons at
the tree level.

2γ 2j 4` 2j 2` γ 2j 4j 2` 4j ` /ET

εQCD 6 12 14 11 9

εEW 18 15 18 15 12

σb (fb) 0.42 0.001 0.03 1.8 15

Table 2: Estimated signal efficiencies (ε, in percent) and
background cross sections (σb) for VBF events after the cuts
described in the text. Gluon-initiated processes (QCD) can
very much contaminate pure electroweak (EW) VBF.

The estimated background cross sections are also
shown in Table 2. The irreducible backgrounds
dominate each category. The channels 4j 2` and
4j ` /ET are mostly populated by Drell–Yan and W±

production with radiated jets, rather than by dibo-
son events. These cross sections are of similar mag-
nitude to those reported in the figures of Ref. [8],
which uses slightly different cuts. We construct the
following asymmetry for VBF events:

AVBF =
N(θVBF > π/4)−N(θVBF < π/4)

N(θVBF > π/4) +N(θVBF < π/4)
, (9)

where, analogously to the GF case,

θVBF =

{
θ if θ < π/2
π − θ if θ > π/2

, (10)

with θ the angle between the pT of the two tagged
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θVBF
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ro
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b
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Odd EW Odd QCD Even EW

Even QCD Background

Figure 10: θVBF distribution for reconstructed four-lepton
signal events for the scalar (blue) and the pseudo-scalar (red)
cases. Solid and dashed lines stand for SEW and SQCD re-
spectively. The background is shown in dotted green. Signal
and background distributions have been independently nor-
malized to unity. Their respective importance will depend
on the parameter space point.

forward jets. This observable has been previously
considered in the literature in the context of Higgs
studies (see for example [39, 40]). As a matter of ex-
ample, we show the distribution for θVBF as recon-
structed in four-lepton signal events in Fig. 10. As
in the GF case, the distribution in other channels
does not present significant differences. The dis-
crimination power of this angle is apparent from the
plot. In order to quantify it for a given number Nobs

of observed events we proceed as in the previous
section. Figure 11 shows the distribution followed
by AVBF for Nobs = 40 and SQCD = SEW, under
the assumption that the background is negligible.
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Figure 12: One sigma statistical interval forAVBF as a function of the total number of observed events for only signal (left panel)
and as much background as signal (right panel) for the scalar (solid blue) and pseudo-scalar (dashed red) cases. SQCD = SEW

has been assumed in both panels. The distance (d) between the two central values in terms of σmax ≡ max{σO, σE} is shown
in the lower panels.
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Figure 11: AVBF distribution for the scalar (solid blue) and
the pseudo-scalar (dashed red) cases with 40 observed events
and SQCD = SEW after 10’000 pseudo experiments. The
distance (d) between the two central values in terms of the
largest σ is shown in the lower panels.

In the 2j2γ channel, this number of events can be
reached with luminosities of order L ∼ 60 fb−1 for
(cγγ , cWW /cBB) = (2, 2), while (cγγ , cWW /cBB) =
(0.1, 0.1) requiress L ∼ 200 fb−1. We plot the one
sigma statistical interval as a function of the to-
tal number of observed events in Fig. 12 under the
assumption of no background (left panel) and as
much background as signal (right panel). It turns
out that less than 40 (60) events are necessary to
start disentangling the CP properties of S if there
is no background (if there is as much background as
signal). Despite this result being apparently much

better than the one obtained in GF (see Fig. 7),
in practice VBF is much suppressed (see Eq. 4 and
Fig. 9) and they are hence complementary.

6. Results

For each point in the parameter space region
and for each of the eight event categories i defined
for GF and VBF, we compute AGF and AVBF by
estimating the number of signal and background
events. For a fixed luminosity, the latter can be de-
rived from Tables 1 and 2. The number of signal
events in each case can be in turn computed as

Nsignal =
∑
i

σ × BR (S → i)× εi, (11)

where εi stands for the corresponding experimental
efficiency as provided in Tables 1 and 2, too. We as-
sume these efficiencies to be independent of the co-
efficients of the operators in Eq. 1. We have checked
that this is the case in almost the whole parame-
ter space, small variations arising only in the VBF
2γ 2j channel for cWW � cγγ . At any rate, this re-
gion is dominated by SQCD and therefore not sen-
sitive to these variations. Figure 13 shows the re-
gions where, with a total luminosity of 300 fb−1, the
CP-odd hypothesis can be excluded at the 2σ level
in favor of the CP-even using the two asymmetries
separately (in the left panel no extra sources for ΓS
are considered while in the right panel ΓS = 45 GeV
instead). These regions are defined by requiring the
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Figure 13: Parameter space regions for which the CP odd and even hypothesis can be disentangled at the 2σ level with 300 fb−1.
The region where the CP nature can be determined by the different channels is given by the area above the corresponding line.
The grey striped regions are excluded (see Fig. 1). In the left panel we assume no extra contributions to ΓS , while in the right
panel we fix ΓS = 45 GeV. The light area enclosed by the dashed lines stands for the 1.7σ region.

mean value of A in the odd case to be separated by
at least 2σ from the mean value of A in the even
case. For the matter of an example, this separation
(d) is also shown in Figs. 6 and 11.

The separation between the two hypothesis ex-
ceeds 1.5σ throughout the parameter space. It is
important to mention that small variations on the
efficiency and cross section of the 2γ 2j channel can
make the corresponding region to look notably dif-
ferent for a fixed luminosity. In that respect, an
optimisation of the different cuts, as well as other
more sophisticated analyses like the matrix-element
method used [41] in the four-lepton Higgs decay
channel, can help covering larger regions of the pa-
rameter space. At any rate, even with the basic
cuts used in our analysis, luminosities slightly larger
than 300 fb−1 will be sufficient to test at the 2σ con-
fidence level the whole parameter space compatible
with 8 TeV constraints and 13 TeV data.

The area excluded by searches at 8 TeV (see
Fig. 1) has been superimposed. Note that this area
would be smaller if the required diphoton cross sec-
tion at 13 TeV was smaller than the 8 fb that we are
using throughout this letter. With 30 fb−1 only a
small portion of the available parameter space can
be tested.

It can be shown that GF and VBF channels are
complementary, the former being mostly sensitive
to the upper region with even small cγγ . It is also
worth emphasizing the role played by semileptonic
W+W− decays. This is in contrast with Higgs
physics, for which considering these final states is

not even possible, inasmuch as the signal peaks in
the region populated by the huge W±+ jets back-
ground. At any rate, the dominant channel is given
by S → γγ in VBF. Indeed, the fact that gluon-
initiated processes can also contaminate the EW
VBF selection makes this channel sensitive even to
regions of small EW couplings, which require large
cgg.

7. Conclusions

The recently observed diphoton excess around
750 GeV is triggering a lot of attention. One of the
most widely studied explanations relies on a spin-
0 real singlet with effective interactions to the SM
gauge bosons. In this letter we have thus adopted
this setup and discussed the LHC reach for unrav-
eling the CP properties of such a resonance. First,
we reviewed the current constraints and commented
on the possibility of avoiding flat directions (e.g. re-
solving the individual couplings to photons and glu-
ons) by considering the associated production with
a gauge boson. We have then studied the LHC
potential for unraveling the CP nature of such a
scalar. Two different asymmetries have been cov-
ered in this regard. These are to be constructed
out of events produced in gluon and vector-boson
fusion respectively. We have shown that events in
these categories can be efficiently tagged at the ex-
perimental level while keeping backgrounds under
control. We have emphasized that as few as ∼ 50
events are needed to separate the CP even and odd
hypotheses. This number of events can be reached
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in different regions of the parameter space during
the next LHC run. In particular, for the full run
all the parameter space region is expected to be
probed, relying mainly on the VBF 2γ 2j channel.
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