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Abstract: We consider the diphoton excess observed by ATLAS and CMS using the most

up-to-date data and estimate the preferred enhancement in the production rate between

8 TeV and 13 TeV. Within the framework of effective field theory (EFT), we then show that

for both spin-0 and spin-2 Standard Model (SM) gauge-singlet resonances, two of the three

processes S → ZZ, S → Zγ, and S → WW must occur with a non-zero rate. Moreover,

we demonstrate that these branching ratios are highly correlated in the EFT. Couplings

of S to additional SM states may be constrained and differentiated by comparing the S

production rates with and without the vector-boson fusion (VBF) cuts. We find that for a

given VBF to inclusive production ratio there is maximum rate of S to gauge bosons, bb̄,

and lighter quark anti-quark pairs. Simultaneous measurements of the width and the VBF

ratio may be able to point towards the existence of hidden decays.
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1 Introduction

First data at the 13 TeV LHC hint to the existence of a diphoton resonance, S, with a mass

mS ∼750 GeV [1–5]. Because S decays to two photons, S → γγ, one generically expects

that S also decays to the other gauge boson pairs: S → ZZ, S → Zγ, and S →WW . The

aim of this manuscript is to make this generic expectation more precise and to consider

implications of couplings to other Standard Model (SM) states.

We begin our discussion by performing an up-to-date fit of S to the available data

(after Moriond EW 2016). We quantify the enhancement of the production cross section

between the 8 TeV and 13 TeV LHC runs implied by the current data. The large preferred

enhancement can be interpreted as a preference for heavy quark annihilation or gluon fusion

dominated production.1 Accordingly, we extract the preferred diphoton signal strengths

for various possible production modes.

One of our central results is that, within our working assumptions, at least two out

of three branching ratios, S → ZZ, S → Zγ, and S → WW , need to be nonzero if the

resonance is a SM gauge singlet.2 Our working assumptions are: (1) that the resonance S

1For alternative production mechanisms leading to large ratios of 13 TeV and 8 TeV production cross-

sections cf. [6–9].
2We also show that the branching ratios are constrained if S is part of an SU(2)L doublet or triplet

representation; in general, we find that in the EFT framework at least one of the additional branching ratios

to electroweak gauge bosons needs to be non vanishing.
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is either a spin-0 or spin-2 particle, and (2) that effective field theory (EFT) may be used

to describe the interactions of S with the SM. Implicitly, this means that we can truncate

the EFT after the first few lowest dimension operators. In our case, we keep systematically

all the terms up to and including operators of dimension 5 (dimension 6 for S that is an

electroweak doublet).

If the mixing of S with the SM-Higgs and its coupling with the Higgs kinetic mixing can

be neglected, two branching ratios (e.g., S → ZZ and S → WW ) are predicted in terms

of the third one (in this case, S → Zγ). If S mixes with the Higgs, then measuring two

branching ratios out of three, S → ZZ, S → Zγ, or S →WW , predicts the third. Below,

we derive the sum rules relating these branching ratios. While the importance of these

decay modes has already been stressed in the literature [6, 10–30], we phrase the discussion

directly in terms of observables, making contact with the experiments very explicit.

Determining the dominant production channel(s) of the resonance is paramount as

more data accumulates. Towards that end, we consider the simultaneous measurements of

the rate after applying vector boson fusion (VBF) cuts along with the total width. This can

distinguish between different production channels and help resolve whether hidden decays

are required. For example, we show that the ratio of the rates with and without applying

VBF cuts is an efficient discriminator between gluon fusion and heavy quark production.

Furthermore, for a given VBF ratio there is a maximum allowed rate to electroweak gauge

bosons and quark pairs (excluding tt̄); measuring a rate beyond this value may indicate

decays to a hidden sector or to currently relatively unconstrained final states, such as tt̄.

The paper is organized as follows. In section 2 we present an updated fit of the

resonance to the most recent ATLAS and CMS 13 TeV and 8 TeV analyses. In section 3

we introduce the EFT interactions of S to the SM particles, assuming S is either spin-

0 and spin-2. In section 4 we derive the correlations between branching ratios of S to

different EW gauge boson pairs. Section 5 discusses the importance of searching for the

potential VBF production of S, while section 6 considers the implications of simultaneous

measurements of the VBF production rate and the total width. We conclude in section 7.

2 Fit to the current data

We start our discussion of the diphoton excess by performing a χ2 analysis of the current

publicly available ATLAS and CMS data. Our analysis addresses the following questions:

(i) What is the significance of the excess after combining all publicly available ATLAS

and CMS data? (ii) What is the preferred production channel for S? (iii) What is the

compatibility between the 8 TeV and 13 TeV data sets? (iv) What is the preferred diphoton

production cross-section, σγγ ≡ σ(pp→ X)13BRγγ , at 13 TeV? In the combination below

we resort to several approximations. Most importantly, we assume constant efficiencies for

different channels. The results should thus be taken as a rough guide only.

The production mechanism of S is presently unknown. Some handle on it can be

obtained already now, though, by comparing the LHC data collected at the 8 TeV and

13 TeV center of mass energies. For this purpose, we examine the dependence of the

current experimental results on the ratio between the 8 TeV and the 13 TeV S production
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Figure 1. The significance of the diphoton excess as a function of R13/8, the ratio of the 13 TeV and

8 TeV production cross sections, for narrow (left panel) and wide (right panel) width hypotheses.

The blue, red and black curves correspond to CMS only data, ATLAS only data and the combined

fit, respectively. The vertical lines indicate different production mechanisms computed using the

NLO NNPDF 2.3 [31] pdf set.
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Figure 2. The compatibility between the 8 TeV and the 13 TeV data sets as a function of the

ratio between the 8 TeV and 13 TeV production, R13/8. The blue, red and black curves correspond

to only CMS, only ATLAS and combined fit. The vertical lines indicate different production

mechanisms (computed using NLO NNPDF 2.3 [31] pdf set). Left: for narrow width hypothesis;

right: for wide width hypothesis.

rates

R13/8 ≡
σ(pp→ S)13

σ(pp→ S)8
. (2.1)

Examining the compatibility between the two sets of measurements gives valuable infor-

mation on the production mechanism because different parton luminosities scale differently

with collider energy.

In our analysis we include the 8 TeV and 13 TeV diphoton searches, including the

Moriond EW 2016 updates, by ATLAS [2] and CMS [4, 5] and distinguish between the

narrow and wide decay width hypotheses. In combining the results we assume uncorre-

lated measurements and construct a χ2 as function of R13/8. For CMS and narrow-width

approximation we use the reported χ2 functions, χ2
CMS,8/13 (see figure 10 of [5]),

χ2
CMS(σγγ , R13/8) = χ2

CMS,8

(
σγγ ·Rref

13/8/R13/8

)
+ χ2

CMS,13(σγγ), (2.2)
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where Rref
13/8 = 4.7 (4.2) was chosen as the reference value by CMS for the spin-0 (spin-2) hy-

pothesis. Here σγγ is the diphoton signal rate at 13 TeV. For the wide resonance hypothesis,

ΓS/mS ∼ 0.06, CMS does not provide the χ2 functions directly. However, we can construct

a quadratic χ2 functions based on the public p-value distributions for 8 TeV and 13 TeV.

These are described by two parameters each, the two minima and the two curvatures.

Similarly, for ATLAS results the χ2
ATLAS(σγγ , R13/8) is defined analogously to (2.2),

but assuming quadratic functions for χ2
ATLAS,8, χ

2
ATLAS,13. In this case, the parameters

are fixed using the quoted significance of the excess for the 13 TeV and 8 TeV analyses,

the compatibility of the two, and the global minimum χγγ . The first three inputs are

provided in [2] except for the narrow width case where the significance of the 8 TeV data

(re)analysis is not provided. We estimate this by fitting the signal to a single mγγ bin.

Such a narrow resonance fit to a binned distribution might not faithfully represent the

maximal significance of the constraint. In order to be conservative, we also consider the

three bins nearest to mS and employ the weakest constraint in the combination fit.

The global minimum χγγ we obtained from

χ2
ATLAS,approx.(σγγ , R13/8) =

∑
i∈8 TeV

(Ni −Ni,bkg − σγγL8Riεi/R13/8)2

σ2
i

+
∑

i∈13 TeV

(Ni −Ni,bkg − σγγL13Riεi)2

σ2
i

, (2.3)

where L8(13) = 20.3(3.2) fb−1 are the 8 TeV (13 TeV) integrated luminosities and i runs

over the relevant data points presented in [2]. The Ni(Ni,bkg) are the observed (estimated

background) number of events in the i-th bin and σi the corresponding estimated uncer-

tainty. Signal is modeled using a normalized Breit-Wigner resonance function centered at

mS with a width ΓS , whose integral over the i-th bin is given by Ri. Finally, εi is the

corresponding signal efficiency for the 8 (13) TeV analysis. ATLAS presented two analyses

with different cuts on the transverse energies of the photons. In the following, we employ

the “spin-0” analysis which requires pT (γ1(2)) > 0.4 (0.3)mγγ . While it contains only a sub-

set of data passing the cuts of the “spin-2” analysis, it exhibits a slightly more significant

excess and reduced tension with the 8 TeV results. Using MadGraph 5 [32] simulations we

estimate the signal efficiency to be εi ' 0.65 (0.40) close to mγγ ∼ mS for a spin-0 (spin-2)

resonance S. The obtained spin-0 efficiency is consistent with the range quoted in [2].

Next, the ATLAS and CMS χ2 functions are marginalized over σγγ

χ2
ATLAS/CMS(R13/8) = minσγγ

{
χ2

ATLAS/CMS(σγγ , R13/8)
}
. (2.4)

Comparing the marginalized χ2 with the zero-signal hypothesis,

∆χ2
sig = χ2(R13/8)− χ2(0, R13/8) , (2.5)

gives the significance of the excess. We plot ∆χ2
sig in figure 1 assuming a spin-0 S with

either a narrow (left panel) or wide decay width (right panel). At present the difference

between spin-0 and spin-2 hypotheses is negligible, so that we do not plot the corresponding

– 4 –
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results for spin-2. The vertical lines in figure 1 indicate R13/8 ratios expected for different

production mechanisms, computed using the NLO NNPDF 2.3 [31] pdf set. The excess

becomes more significant for larger values of R13/8, i.e., for larger ratios of 13 TeV to 8 TeV

production cross sections.

This feature can be seen also from the compatibility of the 8 TeV and 13 TeV datasets,

which can be assessed through

∆χ2
comp = χ2(R13/8)− χ2

min . (2.6)

Here χ2
min is the minimum of χ2(R13/8) when varying R13/8. The dependence of ∆χ2

comp

on R13/8 is shown in figure 2. Since the significance of the excess in the 8 TeV data is much

smaller than for the 13 TeV measurements, the fit prefers a large enhancement of the 13 TeV

production rates compared to 8 TeV. The above may be interpreted as a preference for hav-

ing sea partons (gluons or heavy quarks) as initial states. These predict higher R13/8 ratios,

R13/8 & 5. In contrast, R13/8 . 3(4) if S is produced through valence quark annihilation or

photon fusion [19, 27, 33–36] which is disfavored by more than 3 (2) σ for a narrow (wide)

S. In the following we will consider these results as indicative but keep the possibility

of valence quark annihilation and photon (or more generally EW vector boson) fusion

dominated S production open. The results for spin-0 and spin-2 are, again, very similar.

Finally, we combine the ATLAS and CMS data to estimate the preferred value for the

cross section σγγ . We use the combined χ2 (2.2), (2.3) to find the 1σ band as function of

R13/8. The results are presented in figure 3. Note that the best-fit cross section grows larger

as the ratio R13/8 increases. In table 1 we summarize the best-fit 13 TeV diphoton rates,

σγγ , for a number of assumed production mechanisms. In table 1 we take the efficiencies, εi,

to be independent of the production mechanism. The errors due to this approximation are

expected to be subleading compared to the current sizable experimental uncertainties and

the limitations of our fitting procedure. For the spin-0 case one can understand the small-

ness of these effects most easily by noting that the photon pT distributions are boost invari-

ant and thus at parton level independent of the particular parton luminosity integration.3

In the subsequent sections we will also make use of experimental constraints on the

branching ratios of S to different final states, such as ZZ, WW , Zh, hh and ff̄ . These

constraints are taken from table 1 of [6] (see also [29]). Using the 8 TeV data [37–40] one

has at 95 % CL

RWW . 40

(
R13/8 5 fb

5σγγ

)
≈ 110 fb

σγγ
, (2.7)

RZZ . 12

(
R13/8 5 fb

5σγγ

)
≈ 65 fb

σγγ
, (2.8)

RZh . 20

(
R13/8 5 fb

5σγγ

)
≈ 110 fb

σγγ
, (2.9)

Rhh . 40

(
R13/8 5 fb

5σγγ

)
≈ 220 fb

σγγ
, (2.10)

3We thank Gilad Perez for insightful discussions on this point.
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Figure 3. The preferred 13 TeV diphoton rate, σγγ , as a function of the 13 TeV to 8 TeV production

cross section ratio, R13/8. The blue, red, and black solid lines give the CMS only, ATLAS only and

combined fit results, respectively, with 1σ bends denoted by blue, red thin lines and the grey band.

The vertical lines indicate different production mechanisms computed using NLO NNPDF 2.3 [31]

pdf set. Left (Right): for narrow (wide) width hypothesis; up (down): for spin-0 (2).

where we have defined

Rf ≡ BRf

/
BRγγ , (2.11)

and in the second step conservatively assumed R13/8 = 5.4 (as in the case of bb̄) for maximal

enhancement of the prompt S production between 8 TeV and 13 TeV. The corresponding

13 TeV searches are less sensitive [41]. For the Zγ final state we use the recent 13 TeV

bound presented by ATLAS [42]:

σ(pp→ X)13BRZγ < 28 fb ⇒ RZγ .
28 fb

σγγ
at 95 % CL , (2.12)

to be compared with the rescaled 8 TeV bound RZγ . 12
(
R13/8 5 fb/5σγγ

)
≈

65 fb/σγγ [43]. The 13 TeV bound in (2.12) is RZγ . 4.2, using the central value

σγγ = 6.6 fb for spin-0 S with wide decay width produced from the bb̄ initial state, cf.

table 1.

3 Effective Field Theory framework

We setup an EFT description of the interactions between S and the SM fields. Our discus-

sion partially overlaps with and extends previous results presented in [6, 10–13, 15–24, 26–

28]. We make two choices for the spin of S. We start with the spin-0 scenario and assume

– 6 –
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narrow width (Γ/m→ 0) wide width (Γ/m = 6 %)

production mech. spin-0 spin-2 spin-0 spin-2

γγ 1.2± 0.4 1.8± 0.5 2.8± 0.7 4.4± 1.2

gg 3.2± 0.7 4.7± 1.0 6.1± 1.3 9.6± 2.1

uū 1.7± 0.4 2.5± 0.7 3.7± 0.9 5.9± 1.4

dd̄ 1.9± 0.5 2.7± 0.7 4.0± 1.0 6.3± 1.5

ss̄ 2.9± 0.7 4.4± 1.0 5.8± 1.3 9.1± 2.0

cc̄ 3.4± 0.8 5.0± 1.1 6.4± 1.3 10.1± 2.1

bb̄ 3.6± 0.8 5.3± 1.1 6.6± 1.4 10.3± 2.2

Table 1. The best fit values of the 13 TeV diphoton rate, σγγ = σ(pp → X)13BRγγ , in fb for

various production mechanisms listed in the first column (see also figure 3). The relevant values of

R13/8 have been computed in [6] using the NLO NNPDF 2.3 [31] pdf set.

that S is either an SU(2)L singlet or triplet, commenting also on the possibility that S is an

electroweak doublet. The resulting phenomenology is quite similar also in the case where S

has spin-2, which we cover next. In all cases we consistently keep all the terms up to and in-

cluding dimension 5 (dimension 6 for the doublet) and comment on effects at higher powers.

3.1 Spin-0, SU(2)L singlet

We first consider the case where S is a gauge singlet spin-0 particle. Assuming CP in-

variance, the remaining choice is whether S is a scalar or a pseudo-scalar. At the level of

observables the differences between these two scenarios are small. We begin with the scalar

case and later mention how the pseudo-scalar case differs.

The only renormalizable interactions of the scalar S with the SM are through the Higgs

doublet field H,

L(4)
int = −µSSH†H −

λS
2
S2H†H. (3.1)

where in the unitary gauge H = (0, v + h)/
√

2, with v = 246 GeV. We will see below that

the dimensionful parameter µS is required to be small, µS . v, in order not to induce

too large of a mixing between S and the Higgs, h. The scalar potential for S contains, in

addition to terms in (3.1), the terms involving only S, λ1m
3
SS+(m2

S/2)S2+λ3mSS
3+λ4S

4.

For simplicity, we assume that the scalar potential for S does not introduce a vacuum

expectation value for S. If this is not the case, one can simply shift S → S−〈S〉, and then

appropriately redefine the coefficients in the SM and the interaction Lagrangians.

The dimension 5 operators induce couplings to all the SM fields,

L(5)
int = λg

αs
4πmS

SGaµνG
aµν + λB

α

4πc2
WmS

SBµνB
µν + λW

α

4πs2
WmS

SW a
µνW

aµν+

− λH
mS

S(H†H)2 +
λ′H
mS

SDµH
†DµH

− λd
mS

SQ̄LdRH −
λu
mS

SQ̄LuRH
c − λ`

mS
SL̄L`RH + h.c. ,

(3.2)

– 7 –
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where sW (cW ) is the sine (cosine) of the weak mixing angle, Gaµν , Bµν , W a
µν , are the QCD,

hypercharge and weak isospin field strengths, respectively, QL and LL are the quark and

lepton left-handed doublets, respectively, and dR, uR, `R are the right-handed fields for

down-type quarks, up-type quarks, and leptons. In general, the coefficients λd,u,` are 3× 3

complex matrices, where we do not display the dependence on the generational indices.

However, since we are considering the CP conserving case, λd,u,` are assumed real. The

normalization of the operators in the first line of (3.2) reflects the expectation that they

are induced at 1-loop level. The cW = cos θW and sW = sin θW terms in the denominators

ensure that the parameters λB and λW do not contain the loop factors g′2/16π2 = α/4πc2
W

and g2/16π2 = α/4πs2
W . For simplicity we take mS as the operator normalization scale.4

After electroweak symmetry breaking (EWSB), the µSSH
†H term in (3.1) and the

λHS(H†H)2/mS term in (3.2) lead to the mixing between S and h. In terms of the mass

eigenstates, h′, S′, we have h = cαh
′ + sαS

′, S = −sαh′ + cαS
′, where the mixing angle is

sα ≡ sinα ' v2

m2
S

(
µS
v

+
v

mS
λH

)
. (3.3)

The searches for heavy Higgses decaying to WW exclude sα . 0.1 [44].5 In the following,

we work to leading non-trivial order in the small parameter v/mS .

After EWSB the couplings of S with the vector bosons are given by6

Lint ⊃ λγ
α

4πmS
SFµνF

µν + λZ
α

4πmS
SZµνZ

µν + λZγ
α

4πmS
SZµνF

µν

+ λW
α

2πs2
WmS

SW+
µνW

−µν +
κ

2

(
2
m2
W

v
SW+µW−µ +

m2
Z

v
SZµZµ

)
,

(3.4)

where we have defined

κ ≡ 2sα + λ′Hv/mS . (3.5)

Note that this parameter controls the decay rate to the longitudinal W and Z bosons. The

coefficients in the first line in (3.4) may be written in terms of λB and λW :

λγ = λB + λW , (3.6)

λZγ = 2
(
λW

cW
sW
− λB

sW
cW

)
, (3.7)

λZ = λW
c2
W

s2
W

+ λB
s2
W

c2
W

. (3.8)

The coupling of S to a pair of Higgses is, to leading order in v/mS ,

Lint ⊃ −
(
sα
m2
S

v2
+ 2λH

v

mS

)
v

2
Sh2 +

κ− 2sα
2v

S∂µh∂
µh , (3.9)

4Note that this does not mean that the EFT expansion is in E/mS , but rather in E/Λ with Λ the scale

of new states that is parametrically larger then mS .
5The bound on sinα from WW resonance searches does not necessarily apply in this case, however, since

the scalars can decay to SM fermions un-suppressed, reducing the branching fraction.
6From now on we drop the prime on the notation for the mass eigenstate (i.e., S′ → S and h′ → h).
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where mh = 125 GeV is the Higgs mass. These couplings mediate S → hh decays, thus,

non-observation of this decay channel may then be used to put constraints on κ, sα, and λH .

The couplings of S to the SM fermions arise from the mixing with the Higgs and from

dimension-5 operators in eq. (3.2). The couplings to up quarks are thus given by

Lint ⊃ −
(
sαmuiδij + (λu)ij

v√
2mS

)
SūL,iuR,j + h.c., (3.10)

and similarly for the down quarks and charged leptons. The first term in the parenthesis is

due to the mixing with the SM Higgs and is flavor diagonal. The couplings of dimension-5

operators can in principle be flavor violating, though such terms are tightly constrained [45].

In the case of pseudoscalar S there is a smaller number of dimension-5 operators that

we may write:

L(5),PS
int = λ̃g

αs
4πmS

SGaµνG̃
aµν + λ̃B

α

4πc2
WmS

SBµνB̃
µν + λ̃W

α

4πs2
WmS

SW a
µνW̃

aµν+

− i λ̃d
mS

SQ̄LdRH − i
λ̃u
mS

SQ̄LuRH
c − i λ̃`

mS
SL̄L`RH + h.c.. (3.11)

As for the scalar case, we assume CP conservation so that the λ̃d,u,` are real.

3.2 Spin-0, SU(2) doublet

Another interesting possibility is that S is one of the neutral components of a SU(2)L
doublet with Y = 1/2 hypercharge. The scalar can in general mix with the SM Higgs

doublet and the setup is captured by a general two Higgs doublet model. First, one is free

to rotate the two Higgs doublets (Φ1,2) into a basis where only one obtains a vev

Φ1 =

 G+

1√
2
(v + h1 + iG0)

 , Φ2 =

 H+

1√
2
(h2 + ih3)

 . (3.12)

The renormalizable scalar potential of the theory has the form

L(4)
scalar = −

∑
i,j=1,2

µ2
ijΦ
†
iΦj −

∑
i,j,k,l=1,2

λijklΦ
†
iΦjΦ

†
kΦl + h.c. , (3.13)

subject to the condition 〈Φ2〉 = 0 . In the CP conserving limit, i.e., assuming all parameters

in the scalar potential to be real, the CP-odd pseudoscalar h3 does not mix with the other

neutral states and thus forms a mass eigenstate h3 ≡ A0. The two CP even scalars h1,2,

on the other hand, do mix to form the mass eigenstates h and H0(
h

H0

)
=

(
cosα sinα

− sinα cosα

)(
h1

h2

)
. (3.14)

Close to the decoupling limit sinα� 1, one can identify h with the observed Higgs boson

at mh = 125 GeV and H0 and/or A0 with S. In this limit,

mA0 ' mH0 ' mH+ ' mS , (3.15)
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up to corrections of order v2/m2
S ' 0.1 . The renormalizable interactions in the scalar

potential lead to H0 coupling to pairs of Higgs bosons (A0hh coupling is forbidden by CP

invariance). To leading order in sinα it can be written as

L(4)
scalar 3 −v

(
λ

(1)
Hhh + λ

(2)
Hhh sinα

)
H0h2 , (3.16)

where λ
(1,2)
Hhh are in general linear combinations of the λijkl. It is very important that this

coupling of H0 to two Higgses is tuned to be small in order not to violate constraints on

the branching ratio of the resonance to hh.

The renormalizable couplings of the scalars to SM fermions can be described as

L(4)
f = −λΨΨ̄LΦ1ΨR − λ′ΨΨ̄LΦ2ΨR + h.c. , (3.17)

where ΨL = QL, LL denotes the SM quark and lepton left-handed SU(2) doublets, while

ΨR = uR, dR, `R stands for the corresponding right-handed SU(2) singlet fields of up-,

down-quarks and charged leptons. The λ
(′)
d,u,` are in general 3 × 3 complex matrices. In

the mass basis of SM fermions after EWSB, λf =
√

2diag(mf )/v. The A0, H0 couplings to

fermions are given by

L(4)
f = −f̄ iLf

j
R

[
H0

(
−mi

v
δij sinα+

λ′ij√
2

cosα

)
+ iA0

λ′ij√
2

]
+ h.c. , (3.18)

where f = u, d, ν, ` and λ′ij are components of λ′Ψ given in the SM fermion mass basis.

At operator dimension five, Φ1,2 only couple to lepton doublets

L(5)
f =

∑
i,j=1,2

λνij
mS

Lc†L Φc∗
i Φc†

j LL + h.c. . (3.19)

The λν11 term contributes to Majorana neutrino masses mν = (λν11 + λν†11)v2/2mS leading

to a severe constraint |λν11| . 10−11. The λ12,21, on the other hand, lead to H0 couplings

to neutrinos

L(5)
f 3 (λν12 + λν21)

v

mS
νT νH0 + h.c. . (3.20)

Finally, direct couplings of A0 to pairs of transverse gauge bosons are induced at

dimension six (in the sα � 1 limit these can be the leading contributions also for H0). The

field strengths may couple to four independent combinations of scalar bilinears,

O1 = Φ†1Φ1 , O2 = Φ†2Φ2 , O3 = Φ†1Φ2 + Φ†2Φ1 , O4 = −i(Φ†1Φ2 − Φ†2Φ1) , (3.21)

along with four additional variants, Oai , that have SU(2) generators τa inserted in-between

the Φ fields (e.g., Oa1 = Φ†1τ
aΦ1). Assuming CP conservation the dimension-six couplings

of Φ1, Φ2 to gauge bosons are then given by

L(6)
gauge =

∑
i=1,2,3

Oi
4πm2

S

(
λgiαsGµνG

µν + λBi
α

c2
W

BµνB
µν + λWi

α

s2
W

WµνW
µν

)

+
O4

4πm2
S

(
λ̃g4αsGµνG̃

µν + λ̃B4
α

c2
W

BµνB̃
µν + λ̃W4

α

s2
W

WµνW̃
µν

)
+
∑

i=1,2,3

αOai
4πsW cWm2

S

λB′i W
a
µνB

µν +
αOa4

4πsW cWm2
S

λ̃B′4 W a
µνB̃

µν .

(3.22)
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Hermiticity ensures that the λi coefficients are real. The leading operators that may gener-

ate decays ofH0 (A0) to electroweak gauge bosons areO3 andOa3 (O4 andOa4). In principle,

either H0 or A0 may be S.7 Since the calculations are similar for both scenarios, we assume

in the following that the ∼750 GeV resonance S is the scalar H0. Then, the couplings of

S to transverse electroweak bosons takes the same form as in (3.4), except that now

λγ =
v

mS

(
λW + λB −

1

2
λ′B

)
, (3.23)

λZγ = 2
v

mS

(
λW

cW
sW
− λB

sW
cW
− 1

4

c2
W − s2

W

sW cW
λ′B

)
, (3.24)

λZ =
v

mS

(
λW

c2
W

s2
W

+ λB
s2
W

c2
W

+
1

2
λ′B

)
, (3.25)

where

λW = −sαλW1 + cαλ
W
3 , λB = −sαλB1 + cαλ

B
3 , λ′B = −sαλB

′
1 + cαλ

B′
3 . (3.26)

The parameter controlling the decays to longitudinal W and Z, κ, is unrelated to the

above parameters, mirroring the singlet discussion. Note that, in this case, the couplings

of S to electroweak gauge bosons have one additional parameter compared to the SU(2)L
singlet scenario. This means that given two of the above couplings, the other two may be

determined.

3.3 Spin-0, SU(2) triplet

In this sub-section we introduce the effective Lagrangian assuming that the 750 GeV res-

onance is the charge-neutral component, S, of an SU(2) triplet, TS . For simplicity we set

the hypercharge to YT = 0, so that S is accompanied by two charge-1 components, T±S .

The leading TS = T iSσ
i interactions with the SM are of dimension three and four,

L(3)
T = µTH

†TSH , (3.27)

L(4)
T = λ1H

†T 2
SH + λ2H

†H Tr
(
T 2
S

)
. (3.28)

The dimensionful parameter, µT , induces a VEV for TS and is tightly constrained by

EWPTs, µT /v < 1.6 % [46, 47]. Consequently, its contribution to the TS → hh decay

rate is negligible. The λ1,2 terms lead, after EWSB, to a universal mass shift of all TS
components. The charged T±S state is thus almost degenerate in mass with S. The S-T±

mass splitting comes from the small mixing of S with the higgs, (3.27), and from dimension

six operator (H†TSH)2 .

The couplings of TS to SM gauge bosons and fermions start at dimension five,

L(5)
T = λWB

α

4πmSsW cW
tr
(
TSWµν

)
Bµν

− λd
mS

Q̄LdRTSH −
λu
mS

Q̄LuRTSH
c − λ`

mS
L̄L`RTSH .

(3.29)

7Because of their mass degeneracy it is also possible that they both contribute to the diphoton signal

leading to apparently wide resonant feature.
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where Wµν = W a
µντ

a. Note that at dimension 5, TS does not couple to gluons. At dimension

7 we find

L(7)
T =

λW,1α

4πm3
Sc

2
W

H†WµνTSW
µνH +

λW,2α

4πm3
Sc

2
W

H†WµνH Tr
(
WµνTS

)
+

λW,3α

4πm3
Sc

2
W

H†Wµντ
aH Tr

(
WµντaTS

)
+

λW,4α

4πm3
Sc

2
W

H†TSWµνW
µνH + h.c.

+
λWB,1α

4πm3
SsW cW

H†H Tr
(
WµνTS

)
Bµν +

iλWB,2α

4πm3
SsW cW

H†τaH Tr
(
Wµν [τa, TS ]

)
Bµν

+
λBα

4πm3
Ss

2
W

H†TSHBµνB
µν +

λGαs
4πm3

S

H†TSHGµνG
µν . (3.30)

It can be easily verified that the number of independent parameters is sufficient to com-

pletely de-correlate S (and T±) decay rates to various EW gauge boson final states.

For the triplet with YT = 1 there is one renormalizable operator, H†HT †STS . First

nonrenromalizable interaction occur at dimension 7 where there are three operators of the

form Tr(HTTSH)BµνB
µν , Tr(HTTSH)Tr(WµνW

µν), (TSH)i(WµνH)iBµν . The analysis is

thus similar to the case of the S being part of the electroweak doublet.

3.4 Spin-2

Next we consider the spin-2 case. At leading dimension five operator level the most general

interactions of a massive spin-2 field Sµν satisfying the mass-shell conditions (cf. [48]) with

the SM can be described in terms of the traceless components of the energy momentum

tensor8

Lspin−2
int =

Sµν

mS

 ∑
A=W,B,G

κA

(
AµαAνβg

αβ − gµν
4
AαβA

αβ
)

+
∑
f

κf
2
f̄ (γµDν + γνDµ) f + κH(4DµH

†DνH − gµνDαH
†DαH)

 . (3.31)

After EWSB the gauge part becomes

Lspin−2
int =

Sµν

mS

[
κγ

(
FµαFνβg

αβ − gµν
4
FαβF

αβ
)

+ κZγ

(
FµαZνβg

αβ − gµν
4
FαβZ

αβ
)

+ κZ

(
ZµαZνβg

αβ − gµν
4
ZαβZ

αβ
)

+ κW

(
WµαWνβg

αβ − gµν
4
WαβW

αβ
)

+ κH

(
m2
W

v
W+
µ W

−
ν +

m2
W

v
W+
ν W

−
µ +

m2
Z

v
ZµZν

)]
, (3.32)

with

κγ = c2
WκB + s2

WκW , (3.33)

8Since Sµν is traceless, it couples only to the traceless components of the SM stress tensors in (3.31).

For each of the SM scalars, vectors, and fermions, there is only a single dimension 4 traceless, symmetric

operator that may couple to Sµν . In (3.31) we chose these tensors to be conserved. However, there are no

extra terms in the dimension 5 effective Lagrangian for Sµν , beyond that written in eq. (3.31), even if we

assume that Sµν does not necessary couple to conserved stress tensors.
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κZγ = 2cW sW (κW − κB) , (3.34)

κZ = s2
WκB + c2

WκW . (3.35)

The resulting relations among the S decay amplitudes and rates to EW gauge bosons are

exactly the same as in the scalar case discussed in section 3.1. Note that κZγ vanishes

exactly in the universal coupling limit κi = κ, where these interactions respect the local

spacetime gauge symmetry. This is to be contrasted with the spin-0 case in eq. (3.7),

where the vanishing of κZγ in general is not protected by a symmetry and thus requires

fine-tuning of the κB and κW coefficients.

Finally, the generalization of the above results to higher SU(2)L representations of S

proceeds analogously to the spin-0 case (modulo different Lorentz contractions), although

these are arguably less motivated from the theory perspective in the spin-2 case.

4 Correlations between di-boson final states

The observation of the 750 GeV resonance, S, decaying to two photons generically implies

that it should also decay to other pairs of electroweak bosons, S → WW,ZZ,Zγ. The

branching ratios for these decays are correlated, if the EFT expansion can be truncated

at leading order. Some of these correlations have been discussed by authors focusing on

loop-induced dimension-5 operators or in the context of a specific model [11, 24]. Our only

assumption is that the EFT described in section 3 is valid and then phrase the correlations

directly in terms of observables.

We start with the case where S is an electroweak singlet that does not couple to the

Higgs, µS = λS,H = 0. In this limit there is no S-h mixing and the mixing angle (3.3) van-

ishes, sα = 0. It is then easy to rewrite the relations (3.6)–(3.8) purely in terms of observ-

ables — the moduli of the decay amplitudes. We define the normalized decay amplitudes as

Af ≡ ±4

√
πΓf
mSFf

, (4.1)

where Ff are the small phase space correction factors due to massive final state particles,

Fγγ : FγZ : FZZ : FWW = 1 : 0.99 : 0.89 : 0.91.

We work in the EFT limit where all the NP states that generate the dimension 5

operators in eq. (3.2) are off-shell when running in the loop. The contributions from SM

fermions are small. The only potentially significant contribution is from the top running

in the loop, but even this is always sub-leading. The ratio of S → tt̄ decay width, Γtt̄,

and the S → γγ rate induced entirely due to top quarks running in the loop, (Γγγ)tt̄, is

(Γγγ)tt̄/Γtt̄ ' 5×10−6 [6, 49, 50]. Using the bound from direct searches for S → tt̄ at 8 TeV,

Γ(S → tt̄)/Γ(S → γγ) . 300, shows that the contribution to the S → γγ rate from the

top loop is always below O(10−3) and thus negligible. Due to chiral flip suppression, the b

and light quark contributions to S → γγ are also always negligibly small, even if S → bb̄ or

S → 2j were to saturate the total decay width, ΓS . In the limit where we can neglect top-

quark contributions, the S → γγ decay amplitude and the S → ZZ,Zγ,WW decay ampli-

tudes are all real. Namely, the coefficients λB,W are real, while there are also no CP even
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(“strong”) phases from intermediate on-shell states. The decay amplitudes are thus deter-

mined up to discrete choices of either a positive or a negative sign, as denoted in eq. (4.1).

One can now identify four amplitude sum rules (any two of which are linearly inde-

pendent) relating Aγγ to AγZ , AZZ and AWW , independent of the underlying parameters

(λB,W ) of the theory

AZZc2
W +Aγγs2

W =
c2
W − s2

W√
2
AWW , (4.2)

AWW +
√

2Aγγ =
cW
sW
AγZ , (4.3)

AZZ +Aγγ =
c2
W − s2

W√
2sW cW

AγZ , (4.4)

AWW −
√

2AZZ =
sW
cW
AγZ . (4.5)

It is clear that a non-vanishing Aγγ implies that decays to at least two other final states

should occur. If one additional Af is measured or is tightly constrained, the remaining two

rates are accurately predicted. Eqs. (4.2)–(4.5) are valid in the limit of vanishing κ and are

correct for the transverse modes of the decay amplitude. For κ 6= 0, the decay branching

ratios to ZZ and WW will get contribution from the decay amplitudes to the longitudinal

modes of the W and the Z. Both of these are controlled by one additional parameter, κ.

Next, we move our discussion to the level of branching ratios, allowing κ 6= 0. The

rates for S decaying to two EW gauge fields are given by

Γγγ = λ2
γ

α2mS

64π3
, (4.6)

ΓZγ = λ2
Zγ

α2mS

128π3
, (4.7)

ΓZZ = λ2
Z

α2mS

64π3
− 3λZκ

αm2
Z

128π2v
+ κ2 m3

S

128πv2
+O(m2

Z/m
2
S) , (4.8)

ΓWW = λ2
W

α2mS

32π3s4
W

− 3λWκ
αm2

W

64π2vs2
W

+ κ2 m3
S

64πv2
+O(m2

W /m
2
S) . (4.9)

Above, we have kept the m2
Z,W /m

2
S suppressed terms explicit only in the interference term,

proportional to κ. The rate for hh is

Γhh =
mS

32π

√
1− 4

m2
h

m2
S

[
mS

v

(
κ− 2sα

2

)(
1− 2

m2
h

m2
s

)
− v

mS

(
sα
m2
S

v2
+ 2λH

v

mS

)]2

.

(4.10)

The ratio RZγ = BRZγ/BRγγ is controlled by a single parameter,

rBW ≡
λB
λW

, (4.11)

while the ratios RZZ = BRZZ/BRγγ and RWW = BRWW /BRγγ are also sensitive to

rκW ≡
κ

λW
=

2sα + λ′Hv/mS

λW
. (4.12)
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Note that κ (and thus rκW ) can be nonzero even if there is no mixing between S and the

Higgs. Measuring two out of three ratios of branching ratios fixes the two parameters, rBW
and rκW . For instance, a measurement of RZγ fixes rBW , up to a two-fold ambiguity. A

measurement of eitherRZZ orRWW then determines rκW , which means that the remaining

ratio of branching ratios is fully predicted.

This is illustrated in figures 4 and 5. In figure 4 we show the correlations for the κ = 0

limit (see also ref. [11]). In this case all three ratios, RZγ , RZZ , RWW , depend on only one

parameter, rBW . This we trade forRZγ and showRZZ , RWW as functions ofRZγ . Current

collider data imply RZγ . 4.2 (6.6 fb/σγγ), see eq. (2.12) above, from which we find

RZZ . 19− 6.3 , RWW . 68− 20 , (4.13)

assuming σγγ = 2 − 10 fb. For large σγγ values, these bounds are thus comparable to the

8 TeV constraints from eqs. (2.7)–(2.10).

It is possible that one of the decays, S → ZZ,WW,Zγ has vanishing branching ratio.

It is, however, impossible for two of them to vanish simultaneously. For instance, for

vanishing S → Zγ, RZγ = 0, one has RZZ = 1 and RWW = 2. If RZZ = 0, then

RZγ ≈ 1.2 and RWW ≈ 0.37 or RWW ≈ 12. For RWW = 0, one has RZγ ≈ 0.6 with

either RZZ ≈ 0.09 or RZZ ≈ 2.9 . We conclude that in the limit of κ = 0 at least two

of the ratios should deviate from zero, in accordance with amplitude sum rules in (4.2)–

(4.5). For RZγ ' 1 the two remaining ratios, RZZ and RWW , are suppressed, see figure 4

right. Nevertheless, the RZZ and RWW are never zero simultaneously. Finally, note that

establishing upper bounds

RZZ,WW . 0.4 and RZγ . 0.2, (4.14)

would exclude the κ = 0 case.

Next, we discuss the general case keeping κ 6= 0. In figure 5 we show contours of RWW

in the RZγ −RZZ plane. There is a two-fold ambiguity when solving for RWW in terms

of RZγ − RZZ . The two panels in figure 5 show the two solutions for RWW , which we

call branch 1 and branch 2. We see that when RZγ = 0 both RZZ and RWW need to be

nonzero. Similar conclusions apply if RZZ = 0 or RWW = 0. This means that even for

κ 6= 0 at least two of the ratios, RZγ , RZZ , and RWW , need to be nonzero.

We re-emphasize that the above correlations between different di-boson final states rely

on a valid EFT expansion. The assumption is that one can truncate the EFT at dimension

5 operators, while higher orders are neglible. It is possible, for instance, to have a positive

signal only in the diphoton channel, if the interactions of S with the EW gauge fields are

mediated by a dimension 9 operator,

L9 ⊃
1

m5
S

S(gBµνH
†H − g′W i

µνH
†σiH)2 . (4.15)

It is not easy to see what symmetry would allow this dimension 9 operator, but forbid lower

dimensional operators that we were discussing so far. If only a diphoton signal is observed

with no indication of decays to other di-boson states, this would signal a breakdown of EFT.
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Figure 4. RZZ (red) and RWW (blue) as function of RZγ for κ = 0. Left: linear scale, Right:

log-log scale. The horizontal dashed lines are the current upper bounds on RWW,ZZ . 13, 43, the

vertical dashed line is the upper bound RZγ < 4.2, appropriate for bb̄ production (2.12), while

the ticks on the solid lines denote the corresponding values of rBW . For each RZγ there are two

solutions for RZZ,WW , shown by the lower and upper curves. We denote the lower (upper) curves

as branch 1 (branch 2).

Note that our conclusions apply also to the case where S is a pseudo-scalar. The

effective interaction with the SM gauge field are given in eq. (3.11). The different ratios,

RZγ,ZZ,WW are all controlled by one ratio of parameters, λ̃B/λ̃W . The discussion is thus

the same as in the case of a scalar S, but with κ = 0. Therefore, the correlations shown in

figure 4 also hold for the pseudoscalar case.

At this point it is instructive to consider whether these conclusions derived for the case

of a SU(2)L singlet S can be invalidated if S is part of a larger weak multiplet. If S is

one of the neutral states of a doublet (HS), the leading interactions with SM gauge bosons

arise purely from the S−h mixing. Additional interactions of S with gauge bosons arise at

dimension 6, as shown in (3.22). Through dimension 6, there are five relevant parameters

that go into determining the 3 ratios RWW , RZZ , and RZγ . These are λW , λB, λ′B, sinα,

and an analog of the λ′H singlet term, arising from a dimension 6 operator ∼(HDµH)2.

However, it may be verified that — just as in the singlet case — sin α and λ′H only enter

into the ratios in the form of a single parameter κ. When κ = 0, then it may be seen

directly through (3.23)–(3.25) that there is not enough freedom to set more than two of

ratios to zero. That is, in addition to Γγγ , at least one of the other electroweak final states

must be non-vanishing. A direct analysis shows that this conclusion is not changed when

κ 6= 0, in analogy to the singlet case.

More interesting is the case of a SU(2)L triplet (TS) with hypercharge YT = 0 or

±1. Consider for concreteness YT = 0, where its interaction with the SM (up to mass

dimension 5) are given in eqs. (3.27)–(3.29). As we can see the leading interaction between

TS and EW gauge boson is controlled by only one parameter, λWB. This means that the
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Figure 5. Contours of RWW in the RZγ − RZZ plane, with theoretically allowed region shaded

orange. The two plots correspond to the two solutions, left (right) branch 1 (2). The grey (red,

blue) regions are excluded by Zγ (ZZ, WW ) resonance search.

branching ratios to S → ZZ,Zγ,WW are all uniquely predicted in terms of the BRγγ .

The corresponding couplings in (4.6)–(4.9) are given by

λγ : λγZ : λZ : λW = sW cW : c2
W − s2

W : −sW cW : 0, Triplet, YT = 0. (4.16)

The predicted ratio RZγ ' (cW /sW )2 ' 3.3 is in slight tension with the existing LHC

searches for Zγ resonances. The tight correlations among λf are lifted at dimension seven,

see L(7)
T in eq. (3.30), thus again necessarily implying violation of the EFT power counting.

It can be easily verified that the number of independent parameters at that order is sufficient

to completely de-correlate S decay rates to various EW gauge boson final states.

If S is part of an electroweak triplet this means that that T± charged states are also

being produced. The production cross sections depend on the couplings of the triplet to the

light quarks, b quarks and to the electroweak bosons. The dominant decays are T± → 2j

and the decays to gauge bosons, T± →W±γ and T± →W±Z.

5 VBF production

An interesting possibility to probe different couplings of the resonance to the standard

model is given by measuring the production in association with two forward jets, similar

to the Higgs vector boson fusion.9

Given that the new state is probed in the γγ final state together with the unavoidable

correlations between the other electroweak final states, we learn that there is a minimal

9Note that the discussion presented here is related but complementary to that in [33]. In that work, it

was shown that a variety of related observables, such as the jet multiplicity and kinematic distributions,

may be used to distinguish the gluon fusion and photon fusion scenarios.
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Figure 6. Examples of leading order diagrams contributing to the VBF-tagged production of

S due to its couplings to EW gauge bosons (left-hand side), SM quarks (center) and gluons

(right-hand side).

contribution to the VBF cross section. In practice, we may search for VBF by choosing a

set of VBF cuts, such as requiring two jets with:

pT (j) > 60 GeV , |ηj | < 5 , |∆η(jj)| > 3.6 , mjj > 1 TeV , (5.1)

while not imposing any cuts on the final state photons. Using MadGraph simulations for

both spin hypotheses and all production modes we checked that imposing photon cuts in

addition to the VBF ones leads to similar efficiency corrections as in the inclusive case.

Note that all production channels will generate events that pass the VBF cuts (see figure 6),

though we expect a larger ratio of the rate after the VBF cuts versus the inclusive rate for

actual vector-boson fusion production channels. For simplicity, we restrict this discussion

to spin 0, and we comment briefly on spin 2 at the end of the section.

Below, we use MadGraph [32] to simulate the different cross sections. For spin zero

the cross section for events passing the VBF cuts is given by

σ13 TeV
VBF,0 =

(
1 + 1.1RZγ + 0.76RZZ + 1.2RWW ± 0.46

√
RZZ ± 1.0

√
RZγ ± 1.0

√
RZγRZZ

+ 93Rgg + 2.3Ruū + 1.0Rdd̄ + 0.11Rss̄

+ 0.084Rcc̄ + 0.058Rbb̄
)
BRγγ

(
ΓS

45 GeV

)
42 fb , (5.2)

where the ± stands for considering both interference possibilities. Here Rp are the signal

rates in channel p normalized to the diphoton rate, cf. eq. (2.11). In (5.2) we quote only

the central values for the numerical factors obtained using NLO NNPDF 2.3 [31] pdf set.

The errors are expected to be at the level of tens of percent, depending on the channel.

The inclusive cross section is given by [6]

σ13 TeV
inc,0 =

(
ΓS

45 GeV

)
BRγγ

(
64Rgg + 36Ruū + 21Rdd̄ + 2.8Rss̄ + 1.2Rcc̄ + 0.51Rbb̄

+ 1 + 0.36RZγ + 0.060RZZ + 0.092RWW

)
4.1 pb , (5.3)

where the interference terms are negligible. For the inclusive photon fusion cross section

estimate we use [36] which was obtained using the MMHTNLO pdf set [51] with NLO (in

αS) DGLAP running. The related error was estimated in [36] to be ∼ ±15 − 20%. The
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inclusive rates for the remaining production channels were obtained using NLO NNPDF

2.3 [31] pdf. In the case of SWW , SZγ and SZZ couplings, a significant part of the

inclusive production is due to associated production of pp→ SW and pp→ SZ. Searching

for associated production is one way of probing the S couplings to vector bosons. We focus

on the VBF part. In particular, we consider the ratio between the VBF and the inclusive

production cross sections

RVBF/inc ≡
σ13 TeV

VBF

σ13 TeV
inc

. (5.4)

In figure 7 we plot RVBF/inc as a function of RZγ for a variety of quark and

gluon production channels. We switch on one production channel at the time, p =

gg, uū, dd̄, ss̄, cc̄, bb̄, and take Rp to be the maximal experimentally allowed value, given

in [6]. In addition we allow for the electroweak production. For fixed RZγ the diphoton

rates (5.2), (5.3) still depend on two variables that can be taken as RZZ and κ. These are

varied making sure that the 8 TeV bound on RWW,ZZ are obeyed, resulting in the colored

regions in figure 7 (left panel for branch-1, right panel for branch-2).

The purely electroweak production is shown as a blue band. The VBF to inclusive

ratio, RVBF/inc, is seen to depend heavily on whether RWW and RZZ are from the upper

or the lower branch solution (for a given RZγ , see, for example, figure 4). For the other

production channels the width of the bands is smaller; the smaller the width of the bands,

the smaller the relative contribution of the VBF production from electroweak gauge boson

fusion. For instance, for the maximal value of gluon fusion, the VBF production is always

sub-leading. For bb̄ production, on the other hand, electroweak gauge boson production

can be comparable.

Interestingly, we find that for RZγ & 2.5 the observable RVBF/inc can distinguish

the pure electroweak production from all the other production channels. In particular,

if RVBF/inc is found to be greater than 2.6%, then the production must occur through

electroweak gauge boson fusion. If RVBF/inc < 0.3%, then the production must receive

contributions from the quark channels. This is particularly relevant given that in section 2

we showed that the current most-favored production channels are heavy-quark annihilation

and gluon fusion; the VBF analysis gives a method for discriminating these scenarios. The

ratio RVBF/inc cannot be greater than 5.3% in any of the channels.

The ability for RVBF/inc to distinguish between channels is not as clear in the spin-2

scenario, for one because in this case the quark contributions to VBF are enhanced relative

to the spin-0 scenario. Explicitly, we find that

σ13 TeV
VBF,2 =

(
1 + 0.97RZγ + 0.59RZZ + 0.90RWW ± 0.18

√
RZZ ± 0.95

√
RZγ

± 0.68
√
RZγRZZ + 66Rgg + 49Ruū + 19Rdd̄ + 1.5Rss̄

+ 0.95Rcc̄ + 0.63Rbb̄
)
BRγγ

(
ΓS

45 GeV

)
350 fb , (5.5)

while

σ13 TeV
inc,2 =

(
ΓS

45 GeV

)
BRγγ

(
39Rgg + 19Ruū + 12Rdd̄ + 1.3Rss̄ + 0.63Rcc̄ + 0.27Rbb̄

+ 1 + 0.53RZγ + 0.16RZZ + 0.21RWW

)
38 pb . (5.6)
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Figure 7. R0
VBF/inc for the different production mechanisms. Left: branch 1 for RWW,ZZ , Right:

branch 2 for RWW,ZZ (See figure 4).

The enhanced RVBF/inc ratio for quark production for spin 2 compared to spin 0 may

be understood because the coupling of Sµν to quarks scales with the momentum of the

quarks, while the coupling of the spin-0 resonance to quarks is momentum independent.

As such, the Sµν production through quark anti-quark production occurs preferentially

with higher quark momenta and thus a larger fraction of the events pass the VBF cuts,

compared to spin-0 production. Thus, for spin 2 the VBF cuts are less efficient at reducing

the contribution from quark anti-quark annihilation.

6 Constraints on the partial widths of S

One of the more exciting possibilities is that the low-energy effective field theory of the SM

plus a single new∼750 GeV particle is insufficient at low energies to explain the observations

and that new light states are also required. For example, there are hints that the total

width ΓS may be quite large, ∼45 GeV. Such a large width may be obtained within the EFT

framework described in this paper, but — as we show below — obtaining this width puts

strong constraints on other observables, such as RVBF/inc, or may require large branching

ratios to tt̄. However, it should be noted that the large width is only supported by ATLAS

data [1] at the moment.

The production rate of the resonance times the branching ratio to photons, σγγ =

σ13 TeV
inc ×BRγγ , is fixed by the CMS and ATLAS observations, though the best-ft values of

σγγ depend on the production channel (see table 1). For spin-0, the inclusive cross section

is given in (5.3). The total decay rate ΓS may be written as

ΓS = Γγγ (1 +RZγ +RZZ +RWW +Rgg +Ruū +Rdd̄ +Rss̄ +Rcc̄ +Rbb̄ +Rtt̄
+Reē +Rµµ̄ +Rτ τ̄ +Rinvisble) .

(6.1)

Each of the ratios R above is subject to constraints (see, for example, [6]). We consider the

possibility that the non-vanishing rates are those to electroweak gauge bosons and — as
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Figure 8. The maximum rate (4.2 fb/σγγ)Γhad+EW, which is a lower bound on the total rate ΓS , for

the spin-0 resonance S decaying to hadronic final states and electroweak gauge boson as a function of

the VBF/inclusive ratio RVBF/inc. To find the maximum rate, we marginalize over the κ parameter

and consider both branch 1 (left) and branch 2 (right) for the ratios RWW,ZZ , as a function of RZγ .

We allow S to couple to electroweak gauge bosons and either gg, bb̄, cc̄, ss̄, dd̄, or uū, as shown.

suggested by the current data — either gg, bb̄, cc̄, ss̄, dd̄, or uū. Current limits, scaled from

8 TeV to 13 TeV, then imply Rgg . 1300 and Rbb̄ . 500 [6]. As was shown in section 5,

the rates to gluons and quarks also determine the ratio R0
VBF/inc. This allows us determine

the width as a function of R0
VBF/inc for these scenarios, as illustrated in figure 8.

In figure 8, we show — for each channel — the maximum value of (1/σγγ)Γhad+EW,

where Γhad+EW is the rate to quarks (except top), gluons, and electroweak gauge bosons,

as a function of the VBF ratio RVBF/inc.
10 We normalize σγγ to 4.2 fb. Note that to find

the maximum we marginalize over the κ parameter, given the current constraints. The

left (right) panel refers to branch 1 (branch 2) for the ratios RZZ,WW . Note that on the

far right of these plots, the production is completely through EW gauge boson fusion. At

the other extreme, at very small values of RVBF/inc, the production is dominated by the

heavy quarks or gluon fusion (depending on the relevant channel). This is true for all

channels except branch 1 of the gluon fusion channel, where both the smallest and largest

values of RVBF/inc are obtained through EW gauge boson fusion. Interestingly, we find

that that the maximum Γhad+EW is a strong function of RVBF/inc for each channel. Thus,

dual measurements of Γhad+EW and RVBF/inc may help illuminate the possibility that new

light states are required in the EFT or that large branching ratios to currently-weakly-

constrained final states, such as tt̄, are required.

The above discussion is relevant only for the spin-0 resonance; if the resonance is

instead spin 2, then the relationship between RVBF/inc and the partial width to hadronic

10Note that we do not include decays of S to hh pairs in Γhad+EW because this rate in principle depends

on more parameters. However, in general the rate to hh (4.10) is found to be small (< 3 GeV), except for a

narrow range of RZγ ∈ [0.5, 0.75], where — only for branch 1 — it is possible for the rate Γhh to be larger

without violating current constraints.
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and electroweak states is not so clear. In part, this is because — in this case — there is

no strong separation in RVBF/inc between quark anti-quark annihilation and vector boson

fusion. On the other hand, the partial width is in general much smaller in the spin-2 scenario

since the production cross section is enhanced. More specifically, after marginalizing over

all production channels, we find that the constraint (4.2 fb/σγγ)Γhad+EW < 5 GeV. Thus, if

the width of the resonance is indeed ∼45 GeV and the resonance is spin 2, then additional

decays are required. Future data, combined with the formalism presented above, should

help distinguish between these possibilities.

7 Conclusions

In this paper, we showed that the effective field theory of the new state S, combined with

the standard model, leads to non-trivial signatures at the level of the LHC observables. In

section 4, we concentrated on the decay of S and showed that there are necessarily decays

into other electroweak final states, with non-trivial relations between the branching ratios

among the final states. Importantly, the branching-ratio relations and sum rules we derived

in that section will be tested in future runs of the collider. In section 5 we asked a related

question: given the effective field theory and the rate to diphotons observed so far, how can

observables, such as ratios of rates that survive VBF cuts to inclusive rates, tell us about the

coupling of S to non-electroweak states, such as quarks. We showed that the VBF ratio is a

discriminator between gluon-fusion production and, for example, quark anti-quark produc-

tion. This is particularly relevant, given that in section 2 we showed that current LHC data

supports production through either gluon fusion or heavy quark annihilation. Similarly, in

section 6 we showed that additional constraints on the coupling of the resonance to non-

electroweak states are found when considering simultaneously the total width along with

the VBF ratio. In summary, we have provided a variety of simple relations directly among

observables at the LHC which, in light of the low energy effective field theory, may have

profound implications for understanding the nature of the excess as more data accumulates.
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[33] C. Csáki, J. Hubisz, S. Lombardo and J. Terning, Gluon versus photon production of a

750 GeV diphoton resonance, Phys. Rev. D 93 (2016) 095020 [arXiv:1601.00638] [INSPIRE].

[34] L.A. Harland-Lang, V.A. Khoze and M.G. Ryskin, The photon PDF in events with rapidity

gaps, Eur. Phys. J. C 76 (2016) 255 [arXiv:1601.03772] [INSPIRE].

[35] M. Ababekri, S. Dulat, J. Isaacson, C. Schmidt and C.P. Yuan, Implication of CMS data on

photon PDFs, arXiv:1603.04874 [INSPIRE].

[36] L.A. Harland-Lang, V.A. Khoze and M.G. Ryskin, The production of a diphoton resonance

via photon-photon fusion, JHEP 03 (2016) 182 [arXiv:1601.07187] [INSPIRE].

[37] ATLAS collaboration, Search for an additional, heavy Higgs boson in the H → ZZ decay

channel at
√
s = 8 TeV in pp collision data with the ATLAS detector, Eur. Phys. J. C 76

(2016) 45 [arXiv:1507.05930] [INSPIRE].

[38] ATLAS collaboration, A search for resonant Higgs-pair production in the bb̄bb̄ final state in

pp collisions at
√
s = 8 TeV, ATLAS-CONF-2014-005, CERN, Geneva Switzerland (2014).

– 24 –

http://dx.doi.org/10.1016/j.nuclphysb.2016.04.002
http://dx.doi.org/10.1016/j.nuclphysb.2016.04.002
http://arxiv.org/abs/1512.06562
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.06562
http://arxiv.org/abs/1512.06696
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.06696
http://dx.doi.org/10.1016/j.nuclphysb.2016.02.031
http://arxiv.org/abs/1512.06773
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.06773
http://dx.doi.org/10.1007/JHEP04(2016)084
http://arxiv.org/abs/1512.06799
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.06799
http://dx.doi.org/10.1103/PhysRevD.93.115023
http://dx.doi.org/10.1103/PhysRevD.93.115023
http://arxiv.org/abs/1512.07733
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.07733
http://dx.doi.org/10.1007/JHEP02(2016)186
http://arxiv.org/abs/1512.08507
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.08507
http://dx.doi.org/10.1103/PhysRevD.93.055008
http://dx.doi.org/10.1103/PhysRevD.93.055008
http://arxiv.org/abs/1601.02004
http://inspirehep.net/search?p=find+EPRINT+arXiv:1601.02004
http://dx.doi.org/10.1103/PhysRevLett.116.231801
http://arxiv.org/abs/1601.01712
http://inspirehep.net/search?p=find+EPRINT+arXiv:1601.01712
http://dx.doi.org/10.1140/epjc/s10052-016-3970-7
http://arxiv.org/abs/1512.04929
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.04929
http://arxiv.org/abs/1512.05332
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.05332
http://dx.doi.org/10.1007/JHEP06(2016)082
http://arxiv.org/abs/1512.05775
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.05775
http://dx.doi.org/10.1007/JHEP04(2015)040
http://dx.doi.org/10.1007/JHEP04(2015)040
http://arxiv.org/abs/1410.8849
http://inspirehep.net/search?p=find+EPRINT+arXiv:1410.8849
http://dx.doi.org/10.1007/JHEP07(2014)079
http://dx.doi.org/10.1007/JHEP07(2014)079
http://arxiv.org/abs/1405.0301
http://inspirehep.net/search?p=find+EPRINT+arXiv:1405.0301
http://dx.doi.org/10.1103/PhysRevD.93.095020
http://arxiv.org/abs/1601.00638
http://inspirehep.net/search?p=find+EPRINT+arXiv:1601.00638
http://dx.doi.org/10.1140/epjc/s10052-016-4100-2
http://arxiv.org/abs/1601.03772
http://inspirehep.net/search?p=find+EPRINT+arXiv:1601.03772
http://arxiv.org/abs/1603.04874
http://inspirehep.net/search?p=find+EPRINT+arXiv:1603.04874
http://dx.doi.org/10.1007/JHEP03(2016)182
http://arxiv.org/abs/1601.07187
http://inspirehep.net/search?p=find+EPRINT+arXiv:1601.07187
http://dx.doi.org/10.1140/epjc/s10052-015-3820-z
http://dx.doi.org/10.1140/epjc/s10052-015-3820-z
http://arxiv.org/abs/1507.05930
http://inspirehep.net/search?p=find+J+%22Eur.Phys.J.,C76,45%22
http://cds.cern.ch/record/1666518


J
H
E
P
0
7
(
2
0
1
6
)
0
4
2

[39] CMS collaboration, Search for a Higgs boson in the mass range from 145 to 1000 GeV

decaying to a pair of W or Z bosons, JHEP 10 (2015) 144 [arXiv:1504.00936] [INSPIRE].

[40] ATLAS collaboration, Search for a high-mass Higgs boson decaying to a W boson pair in pp

collisions at
√
s = 8 TeV with the ATLAS detector, JHEP 01 (2016) 032

[arXiv:1509.00389] [INSPIRE].

[41] CMS collaboration, Search for a heavy scalar boson decaying into a pair of Z bosons in the

2`2ν final state, CMS-PAS-HIG-16-001, CERN, Geneva Switzerland (2016).

[42] ATLAS collaboration, Search for heavy resonances decaying to a Z boson and a photon in

pp collisions at
√
s = 13 TeV with the ATLAS detector, ATLAS-CONF-2016-010, CERN,

Geneva Switzerland (2016).

[43] ATLAS collaboration, Search for new resonances in Wγ and Zγ final states in pp collisions

at
√
s = 8 TeV with the ATLAS detector, Phys. Lett. B 738 (2014) 428 [arXiv:1407.8150]

[INSPIRE].

[44] A. Falkowski, O. Slone and T. Volansky, Phenomenology of a 750 GeV singlet, JHEP 02

(2016) 152 [arXiv:1512.05777] [INSPIRE].

[45] F. Goertz, J.F. Kamenik, A. Katz and M. Nardecchia, Indirect constraints on the scalar

di-photon resonance at the LHC, JHEP 05 (2016) 187 [arXiv:1512.08500] [INSPIRE].

[46] Particle Data Group collaboration, K.A. Olive et al., Review of particle physics, Chin.

Phys. C 38 (2014) 090001 [INSPIRE].

[47] K. Yagyu, Higgs sectors with exotic scalar fields, in 1st Toyama International Workshop on

Higgs as a Probe of New Physics 2013 (HPNP2013), Toyama Japan February 13–16 2013

[arXiv:1304.6338] [INSPIRE].

[48] I.L. Buchbinder, D.M. Gitman, V.A. Krykhtin and V.D. Pershin, Equations of motion for

massive spin-2 field coupled to gravity, Nucl. Phys. B 584 (2000) 615 [hep-th/9910188]

[INSPIRE].

[49] A. Angelescu, A. Djouadi and G. Moreau, Scenarii for interpretations of the LHC diphoton

excess: two Higgs doublets and vector-like quarks and leptons, Phys. Lett. B 756 (2016) 126

[arXiv:1512.04921] [INSPIRE].

[50] D. Aloni, K. Blum, A. Dery, A. Efrati and Y. Nir, On a possible large width 750 GeV

diphoton resonance at ATLAS and CMS, arXiv:1512.05778 [INSPIRE].

[51] L.A. Harland-Lang, A.D. Martin, P. Motylinski and R.S. Thorne, Parton distributions in the

LHC era: MMHT 2014 PDFs, Eur. Phys. J. C 75 (2015) 204 [arXiv:1412.3989] [INSPIRE].

– 25 –

http://dx.doi.org/10.1007/JHEP10(2015)144
http://arxiv.org/abs/1504.00936
http://inspirehep.net/search?p=find+EPRINT+arXiv:1504.00936
http://dx.doi.org/10.1007/JHEP01(2016)032
http://arxiv.org/abs/1509.00389
http://inspirehep.net/search?p=find+EPRINT+arXiv:1509.00389
http://cds.cern.ch/record/2140099
http://cds.cern.ch/record/2139795
http://dx.doi.org/10.1016/j.physletb.2014.10.002
http://arxiv.org/abs/1407.8150
http://inspirehep.net/search?p=find+EPRINT+arXiv:1407.8150
http://dx.doi.org/10.1007/JHEP02(2016)152
http://dx.doi.org/10.1007/JHEP02(2016)152
http://arxiv.org/abs/1512.05777
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.05777
http://dx.doi.org/10.1007/JHEP05(2016)187
http://arxiv.org/abs/1512.08500
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.08500
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://inspirehep.net/search?p=find+J+%22Chin.Phys.,C38,090001%22
http://arxiv.org/abs/1304.6338
http://inspirehep.net/search?p=find+EPRINT+arXiv:1304.6338
http://dx.doi.org/10.1016/S0550-3213(00)00389-8
http://arxiv.org/abs/hep-th/9910188
http://inspirehep.net/search?p=find+EPRINT+hep-th/9910188
http://dx.doi.org/10.1016/j.physletb.2016.02.064
http://arxiv.org/abs/1512.04921
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.04921
http://arxiv.org/abs/1512.05778
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.05778
http://dx.doi.org/10.1140/epjc/s10052-015-3397-6
http://arxiv.org/abs/1412.3989
http://inspirehep.net/search?p=find+EPRINT+arXiv:1412.3989

	Introduction
	Fit to the current data
	Effective Field Theory framework
	Spin-0, SU(2)(L) singlet
	Spin-0, SU(2) doublet
	Spin-0, SU(2) triplet
	Spin-2

	Correlations between di-boson final states
	VBF production
	Constraints on the partial widths of S
	Conclusions

