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Assuming a heavy electroweak singlet scalar, which couples to the Standard Model gauge bosons
only through loop-induced couplings, SU(2)L × U(1)Y gauge invariance imposes interesting pat-
terns on its decays into electroweak gauge bosons, which are dictated by only two free parameters.
Therefore experimental measurements on any two of the four possible electroweak channels would
determine the remaining two decay channels completely. Furthermore, searches in the WW/ZZ
channels probe a complimentary region of parameter space from searches in the γγ/Zγ channels.
We derive a model-independent upper bound on the branching fraction in each decay channel, which
for the diphoton channel turns out to be about 61%. Including the coupling to gluons, the upper
bound on the diphoton branching fraction implies an upper bound on the mass scale of additional
colored particles mediating the gluon-fusion production. Using an event rate of about 5 fb for the
reported 750 GeV diphoton excess, we find the new colored particle must be lighter than O(1.7 TeV)
and O(2.6 TeV) for a pure CP-even and a pure CP-odd singlet scalar, respectively.

I. INTRODUCTION

The ATLAS and CMS collaborations have recently
reported interesting excesses in diphoton searches ex-
tracted from LHC Run 2 data of pp collisions with center
of mass energy

√
s=13 TeV [1, 2]. The excesses can be in-

terpreted as a new heavy resonance with mass of approxi-
mately 750 GeV/c2, and appear to be at least marginally
compatible with diphoton searches in LHC Run 1.

With the data in hand, other properties of the putative
resonance are very much in doubt. The ATLAS data
prefer a large width, while the CMS data prefer a narrow
width. The production mechanism at the partonic level
is unknown; it could be dominated by gluon fusion, as for
the Higgs boson, or it could involve photon fusion [3, 4],
or quarks [5, 6]. It is also possible that the decay involves
other particles in addition to photons [7].

In this note we consider the possibility that the ex-
cesses are the result of a heavy electroweak singlet scalar
that couples to Standard Model (SM) gauge bosons via
dimension five operators gauge invariant under SU(2)L×
U(1)Y . We base our discussion on a CP-even scalar, but
similar arguments will apply to a CP-odd scalar unless
otherwise noted. For a CP-even scalar we make the ad-
ditional assumption that we do not need to take into ac-
count mixing with the SM Higgs; this is a non-trivial as-
sumtpion since such mixing is expected to be induced by
the same new physics that induces the above-mentioned
dimension five operators [8]. In other respects our treat-
ment is model independent.

In our simple framework experimental measurements
on any two of the four possible electroweak channels
would determine the remaining two decay channels com-
pletely. Furthermore, searches in the WW/ZZ channels
probe a complimentary region of parameter space from
searches in the γγ/Zγ channels. We derive a model-
independent upper bound on the branching fraction in
each decay channel, which for the diphoton channel turns
out to be about 61%. If we assume that the singlet res-

onance is produced predominantly via gluon fusion, we
show that the upper bound on the diphoton branching
fraction implies an upper bound on the mass scale of
additional colored particles mediating the gluon fusion
production.

II. SCALAR COUPLINGS WITH GAUGE
BOSONS

Couplings of an electroweak singlet scalar with the SM
gauge bosons are induced at the one-loop level at lead-
ing order. Assuming linearly realized SU(2)L × U(1)Y ,
only three dimension five gauge-invariant operators are
generated:
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where the sine and cosine of the weak mixing angle are

cw = g/
√
g2 + g′2 and sw = g′/

√
g2 + g′2, respectively.

Then the first two operators in Eq. (1) become
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from which we obtain the following couplings:

ΓµνSV1V2
=

gsV1V2

mS
(pV1

· pV2
gµν − pνV1

pµV2
) , (4)

gSgg = κg
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4π

, (5)
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αem
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(κW + κB) , (6)
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αem
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gSWW = κW
αem
4πs2w
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The partial decay widths, in the limit mS � mW/Z , are
given by the following expressions [9]:

ΓV1V2
= Ng

δV
64π
|gSV1V2

|2mS , (10)

where Ng = 8 for digluon final states and δV = 2 for final
states with non-identical particles.

III. CONSTRAINTS ON DECAYS INTO
ELECTROWEAK GAUGE BOSONS

Gauge invariance implies the partial decay width in the
four electroweak channels are determined by only two free
parameters: κW and κB . In other words, if we take any
two of the partial widths as input, the other two channels
are completely predicted. There are two simple cases: i)
κW = 0, when the particle running in the loop is an
SU(2)L singlet and only carries the hypercharge, and ii)
κB = 0, when the loop particle carries no hypercharge.
In case i), ΓWW = 0 and the remaining widths have a
fixed relative ratio,

Γγγ : ΓZγ : ΓZZ = 1 : 2s2w/c
2
w : s4w/c

4
w

≈ 1 : 0.6 : 0.09 . (11)

This particular ratio was observed by several groups pre-
viously [5, 6, 10, 11]. Since the total width Γtot ≥
Γγγ + ΓZγ + ΓZZ , there is an upper bound on the branch-
ing fraction into diphoton final states in this case

BR(S → γγ) ≤ 60% . (12)

In case ii), all four channels are present and their relative
ratio is also completely fixed

Γγγ : ΓZγ : ΓZZ : ΓWW

= 1 : 2c2w/s
2
w : c4w/s

4
w : 2/s4w

≈ 1 : 6.7 : 11.2 : 18.9 . (13)

The upper limit on the diphoton decay BR is

BR(S → γγ) ≤ 2.6% . (14)

However, experimentally it is easier to extract ratios
of partial widths, which can be obtained from ratios of
event rates

Bσ(gg → S → V1V2)

Bσ(gg → S → V ′1V
′
2)

=
ΓV1V2

ΓV ′
1V

′
2

, (15)

which only depends on the variable κW /κB . Therefore
we can form the ratio of any two observed decay channels,
which can be used to predict the ratios in the other two
channels. This is demonstrated in the left panel of Fig. 1,
where we normalize the partial widths in the WW , ZZ
and Zγ channel to that of the diphoton channel and plot
the resulting ratios as a function of κW /κB . Once a given
ratio, say ΓZγ/Γγγ is measured, two possible values of
κW /κB are obtained, which in turn determine the other
two ratios ΓZZ/Γγγ and ΓWW /Γγγ that can be checked
against experimentally. There are two possible values
of κW /κB for a given input, because the partial widths
depend quadratically on κB and κW .

It is interesting to note that one can derive an upper
bound on the branching fraction to the diphoton channel
for arbitrary κB and κW . Using Eq. (10) we can express
the sub-total width for S decays into electroweak gauge
bosons as a function of κW and κB :

Γew(κW , κB)

≡ Γγγ + ΓZγ + ΓZZ + ΓWW

=
1

64π

(αem
4π

)2
mS

[
a κ2B + b κ2W

]
, (16)

where

a = 1 + 2s2w/c
2
w + s4w/c

4
w ≈ 1.67 , (17)

b = 1 + 2c2w/s
2
w + (2 + c4w)/s4w ≈ 56.71 . (18)

Then one can derive an upper limit on the branching
fraction of a singlet scalar decaying into diphoton for ar-
bitrary κW and κB :

BR(γγ) =
Γγγ
Γtot

≤ Γγγ
Γew

=
(1 + κW /κB)2

a+ b(κW /κB)2
≤ 61% , (19)

where the maximum occurs at
κW
κB

=
a

b
≈ 0.03 , (20)

which is very close to being saturated in case i). One can
derive the upper bound on all other electroweak channels
in a similar fashion. In the right panel of Fig. 1 we show
the upper bound of BR(V1V2) as a function of κW /κB ,
which attains its maximum value of 61% for κW /κB ≈
0.03 in the γγ channel and decreases quickly away from
the maximum. In the Zγ, ZZ and WW channels, the
maximum branching fractions are 47%, 22% and 67%,
respectively.

Fig. 1 also exhibits two complementary decay patterns:
near κW ≈ 0, γγ and Zγ channels are significantly en-
hanced over the WW and ZZ channels, which are the
dominant ones away from κW ≈ 0. Therefore, searches
in the WW and ZZ channels probe complementary re-
gions of parameter space from searches in γγ and Zγ
channels.
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FIG. 1: Left: Partial widths in WW , ZZ and Zγ, normalized to Γγγ , as a function of κW /κB . Experimental input from one
channel then determines the partial widths in the other two channels. Right: The upper bound of BR(V1V2) as a function of
κW /κB , which has a maximum of 61%, 47%, 22% and 67% for γγ, Zγ, ZZ and WW channels, respectively.

IV. IMPLICATIONS ON THE SCALE OF NEW
PARTICLES

If we further assume that the diphoton resonance is
produced predominantly in the gluon fusion channel, the
upper bound on the diphoton fraction can be used to
infer the mass scale of the new particle mediating the
loop-induced couplings. Given the experimental fit of
the recent diphoton excess at 750 GeV:

σ(gg → S)× BR(S → γγ) ∼ 5 fb , (21)

a lower bound on the production cross-section is ob-
tained, given the upper bound of the diphoton branching
fraction,

σ(gg → S) & 8.2 fb . (22)

This bound can be translated into an estimate on the
mass scale of new colored particle mediating the gluon
fusion production as follows. The coupling of the SM
Higgs with gluons has the form

αs
12π

h

v
GaµνG

aµν , (23)

and gives rise to a cross-section of 734 fb at mh=750
GeV. This number is obtained by multiplying the 8 TeV
cross-section of 156.8 fb [12] with the parton luminosity
ratio of 4.7 [13]. Therefore, for a CP-even singlet scalar
with the coupling to gluons in Eq. (1), the production
cross-section is

σ(gg → S) =

(
3v

4mS

)2

κ2g×734 fb = κ2g×44.4 fb . (24)

The lower bound in Eq. (22) then requires κg & 0.43.
Since, on general ground, κg ∼ mS/mX , we then obtain

mX . 1.7 TeV . (25)

For a CP-odd singlet scalar, if the colored particle medi-
ating the gluonic coupling is a fermion, the loop function
is a factor of 3/2 larger than the corresponding loop func-
tion for a CP-even scalar [14]. In this case the production
cross-section is

σ(gg → S̃) =

(
3

2

3v

4mS̃

)2

κ̃2g × 734 fb = κ̃2g × 99.9 fb .

(26)
Therefore the bound on the mass of the new colored par-
ticle is

mX̃ . 2.6 TeV . (27)

Notice that the lower bounds in Eqs. (25) and (27) are
saturated when κB � κg, which requires either a large
multiplicity of new charged particles that are uncolored,
or a small number of new particles with substantial elec-
tric charges.

Away from the limiting case of κB � κg, the upper
bound on the mass of new colored particle can be refined
by including the gluonic decay width in the total width
of the singlet scalar.

BR(γγ) =
(κW + κB)2

aκ2B + bκ2W + cκ2g
, (28)

where a and b are given in Eqs. (17) and (18), respec-
tively, and c = 8(αs/αem)2 ≈ 1827.2. For a given κg,
Eq. (28) is maximized for κW /κB

κW
κB

=
a

b
+
c

b

κ2g
κ2B
≈ 0.03 + 32.2

κ2g
κ2B

, (29)

from which we can compute the maximum possible event
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FIG. 2: Upper bounds on the mass of the new colored scalar mediating the singlet scalar coupling to gluons, assuming an
event rate Bσ(gg → S/S̃ → γγ) that is between 3 fb and 7 fb at 13 TeV LHC. Here a maximum diphoton decay branching
fraction following from κW /κB ≈ 0.03 + 32.2κ2

g/κ
2
B is used.

rate for a given κg, as a function of κg and κB ,

Bσ ≤ σ(gg → S)× BR(γγ)

∣∣∣∣
κW
κB

= a
b+

c
b

κ2g

κ2
B

. (30)

In Fig. 2 we plot the right-hand side of the above equation
with respect to κB and mX ∼ mS/κg, for both the CP-
even and the CP-odd scalars. We see that the additional
colored scalars need to be lighter than 2.7 TeV (3.4 TeV)
for a CP-even (CP-odd) scalar, if we assume a smaller
event rate of about 3 fb for the 750 GeV diphoton excess.
If we take the event rate to be about 5 fb, the bounds
become 1.7 TeV and 2.6 TeV, respectively.

V. DISCUSSION AND OUTLOOK

In this note we have focused on the possibility that the
ATLAS and CMS diphoton excesses are the result of a
heavy electroweak singlet scalar that couples to SM gauge
bosons via dimension five operators gauge invariant un-
der SU(2)L × U(1)Y . We considered a CP-even scalar,
but showed how similar arguments apply to a CP-odd
scalar. For a CP-even scalar we made the non-trivial as-
sumption that we can ignore mixing with the SM Higgs.
In other respects our treatment was model independent.

In our simple framework experimental measurements
on any two of the four possible electroweak channels
would determine the remaining two decay channels com-
pletely. Searches in the WW/ZZ channels probe a com-
plimentary region of parameter space from searches in the
γγ/Zγ channels. We derived a model-independent upper

bound on the branching fraction in each decay channel,
which for the diphoton channel turns out to be about
61%. We then made the further assumption that the sin-
glet resonance is produced predominantly via gluon fu-
sion, and showed that the upper bound on the diphoton
branching fraction implies an upper bound on the mass
scale of additional colored particles mediating the gluon-
fusion production. Using an event rate of 5 fb for the
reported diphoton excess, we found that the new colored
particle must be lighter than O(1.7 TeV) and O(2.6 TeV)
for a pure CP-even and a pure CP-odd singlet scalar, re-
spectively; Fig. 2 shows the scaling of these bounds when
one makes other assumptions about the event rate.

It is of course premature to attempt to squeeze too
much out of what may well turn out to be a pair of sta-
tistical fluctuations. But by the same token if a new
heavy resonance is indeed present, new data could very
quickly reveal much about its nature. Of particular in-
terest are stronger constraints or high mass excesses in
the other diboson channels ZZ, WW , Zγ; as observed
in [11], analyses from LHC Run 1 [15–18] already pro-
vide interesting constraints on the heavy singlet scenario
discussed here.
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