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• Are we happy with the analysis? [Yes] 

• If it’s real, did we have to get lucky twice? [No] 

• Is it wide or narrow? [??] 

• Is it a resonance or a cascade? [A resonance] 

• Is it a Higgs? [No] 

• Who ordered that? [Nobody I know, maybe Paul?] 

• What next? [Dibosons!]
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6 Diphoton mass spectrum

In the B = 3.8 T data sample, a total of 1236 (665) diphoton pairs are selected in the EBEB (EBEE)
category. Out of these, 97 (184) pairs have an invariant mass above 500 GeV. In the B = 0 T
data sample, a total of 278 (118) diphoton pairs are selected in the EBEB (EBEE) category. Out
of these, 13 (37) pairs have an invariant mass above 500 GeV.

The invariant mass distribution of the selected events is shown in Fig. 4. A parametrisation
of the spectrum of the form f (mgg) = ma+b·log(mgg)

gg , obtained through an unbinned maximum
likelihood fit to the selected events, is shown. This parametric form corresponds to the one
chosen to model the background in the hypothesis tests, as detailed in Section 9.
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Figure 4: Observed invariant mass spectra for the EBEB (left) and EBEE (right). Top (bottom)
row shows the B = 3.8 T (B = 0 T) dataset. The results of parametric fits to the data are also
shown.

CMS 13 TeV

~10 excess γγ events peaked @ 760 GeV

2.9σ local (spin-2), 2.85σ local (spin-0); 
<1σ global (13 TeV only) 

Best fit σ.Br~6.5fb for 750 GeV 
resonance @ 13 TeV 

Available on the CERN CDS information server CMS PAS EXO-16-018

CMS Physics Analysis Summary

Contact: cms-pag-conveners-exotica@cern.ch 2016/03/17

Search for new physics in high mass diphoton events in
3.3 fb�1 of proton-proton collisions at

p
s = 13 TeV and

combined interpretation of searches at 8 TeV and 13 TeV

The CMS Collaboration

Abstract

We report on a search for new physics using high mass diphoton events. The search
employs 3.3 fb�1 of pp collision data collected by the CMS experiment in 2015 at a
center-of-mass energy of 13 TeV. It is aimed at spin-0 and spin-2 resonances of mass
between 500 and 4500 GeV and relative width up to 5.6 ⇥ 10�2. The results of the
search are combined with those obtained by the CMS collaboration in similar searches
at

p
s = 8 TeV.

6 4 Event selection and reconstruction

tracks are rejected.

For the B = 0 T dataset the set of identification criteria is instead the following:

• The transverse size of the electromagnetic cluster, in both the h and f directions, is
required to be compatible with that expected from prompt photons.

• The number of reconstructed tracks contained in a cone of radius 0.3 in h, f space
centred on the photon candidates is required to be at most 3. Tracks compatible with
conversion tracks associated with the photon candidates are excluded from the sum.

• The sum of the transverse energy of additional photon candidates contained in re-
gions of radius 0.3 in h, f is required to be below 3.6(3) GeV for photon candidates
in the barrel (endcap) region.

• Photon candidates associated with electron tracks incompatible with conversion
tracks are rejected.

In the B = 3.8 T dataset the efficiency of the identification criteria for prompt isolated photon
candidates, in the kinematic range considered by the analysis, is above 90(85)% in the bar-
rel (endcaps). In the B = 0 T dataset, the identification efficiency is above about 85(70)% for
prompt isolated photon candidates in the barrel (endcaps). The identification and trigger effi-
ciencies are measured using events containing a pair of electrons, or pair of muon or electron
candidates in association with a photon candidate. The efficiencies measured in data are found
to be compatible with the predicted ones within uncertainties.

The fraction of events where more than one diphoton pair satisfies the selection criteria is
roughly 1%. In these cases, only the pair with the largest scalar sum of photon momenta is
retained. Diphoton pairs are split into two categories: the first, denoted “EBEB” in the fol-
lowing, contains pairs where both candidates are reconstructed in the ECAL barrel, while the
second, denoted “EBEE”, contains pairs where one of the candidates is reconstructed in an
ECAL endcap. Each category is further split to separate events recorded at B = 3.8 T and at
B = 0 T. The fraction of signal events selected in each of the analysis categories is shown in
Fig. 2 for different signal hypotheses.
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Figure 2: Fraction of events selected by the analysis categories for 500 GeV < m < 4.5 TeV and
G/m = 1.4 ⇥ 10�4. Curves for both spin-0 and RS graviton resonances are shown, on the left
for the B = 3.8 T sample and on the right for the B = 0 T one.

The selection criteria were determined using simulated signal and background samples and
fixed prior to inspecting the diphoton invariant mass distribution in the search region, which is
defined as mgg > 500 GeV. The level of agreement between data and simulation was assessed

One analysis, two signal 
interpretations (spin-0,2)

Preference for narrow width



14 11 Results of the search at 13 TeV
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Figure 6: Observed background-only p-value for different signal hypotheses. The range
500 GeV < m < 4.5 TeV is shown for G/m = 1.4 ⇥ 10�4, 1.4 ⇥ 10�2, 5.6 ⇥ 10�2. Results cor-
responding to both the scalar and RS graviton hypotheses are shown.
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Figure 7: Observed background only p-values obtained on the 13 TeV dataset. The mass range
500 GeV < m < 850 GeV is shown is for resonances of G/m = 1.4 ⇥ 10�2. The contributions
of the B = 3.8 T and B = 0 T datasets are shown separately. Due to the different size of the
two datasets, the weight of the B = 0 T categories in the combined result is, at m = 760 GeV,
roughly one fifth of that of the B = 3.8 T ones. The left (right) plot corresponds to the scalar (RS
graviton) hypotheses.



ATLAS 13 TeV

~10-15 excess γγ events peaked @ 750 GeV

3.9σ local, 2.0σ global (spin-0);  
3.6σ local, 1.8σ global (spin-2)

Preference for width > resolution 
Best-fit width ~45 GeV (!!)
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ATLAS NOTE
ATLAS-CONF-2016-018

24th March 2016

Search for resonances in diphoton events with the ATLAS detector

at

p
s=13 TeV

The ATLAS Collaboration

Abstract

Searches for new resonances decaying into two photons in the ATLAS experiment at the
LHC are described. The analysis is based on pp collision data corresponding to an integrated
luminosity of 3.2 fb�1 at

p
s=13 TeV recorded in 2015. Two di�erent searches are performed,

one targeted for a spin-2 particle, using Randall-Sundrum graviton states as a benchmark
model, and one optimized for a spin-0 particle. The most significant deviation from the
background predictions is observed at a diphoton invariant mass around 750 GeV with local
significances of 3.6 and 3.9 standard deviations in the searches optimized for a spin-2 and
spin-0 particle, respectively. The global significances are estimated to be 1.8 and 2.0 standard
deviations. The consistency between the data collected at 13 TeV and 8 TeV is also evaluated.
Limits on the production cross-section for the two benchmark resonances are reported.

© 2016 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

“Spin-2” analysis: preselection + pT > 55GeV 
5066 events w/ mγγ > 200 GeV 

“Spin-0” analysis: additionally pT > 0.4(0.3)mγγ 
2878 events w/ mγγ > 200 GeV 

Two analyses (spin-0,2) 
spin-0 ⊂ spin-2
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Figure 6: Compatibility with the background-only hypothesis as a function of the assumed signal mass m
X

and
relative width �

X

/m
X

for the analysis optimized for a spin-0 resonance search.

Figure 7 shows the limits on the signal fiducial cross section as a function of the hypothesized mass for
various assumptions on the width. Except near 750 GeV, the observed limit is in agreement with the
expected limit assuming the background-only hypothesis. For the relative decay width, �

X

/m
X

, of 1% of
the resonance mass, the fiducial cross-section limits range from 50 fb at 200 GeV to 1 fb at 2000 GeV.

8.2 Results of the search for a spin-2 resonance

Figure 8 shows the diphoton invariant mass distribution for the events selected in the spin-2 resonance
search together with the best background-only fit (N

S

=0). Figure 9 illustrates the local compatibility with
the background-only hypothesis as a function of the assumed mass and for various k/MPl values.

As in the spin-0 resonance search, the largest deviation from the background-only hypothesis is observed
near a mass of 750 GeV, for a k/MPl value of 0.21, corresponding to a local excess of 3.6 standard
deviations and a global significance of 1.8 standard deviations. The width associated to k/MPl = 0.21 at
m

G

⇤ = 750 GeV is 48 GeV.

The events selected in the spin-0 search constitute a subset of those selected in the spin-2 resonance search,
so the two analyses are not independent. The compatibility between the excesses observed in the two
analyses is assessed with a bootstrap statistical procedure, under the assumption of a common signal. If
the spin-0 signal is assumed, the two analyses are compatible within 0.02 standard deviations. It is 0.9
standard deviations for the RS graviton signal model.
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Figure 8: Distribution of the diphoton invariant mass for the selection used in the search for a spin-2 resonance, with
the best background-only fit (top). The di�erence between the data and this fit is shown in the bottom panel. The
arrows indicate values outside the range shown in the bottom panel.
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Best fit width 46 GeV Best fit width 48 GeV



Are we happy with the analysis?
• Well-defined final state, well-studied physics objects 

• Straightforward analysis, no obviously induced scales 

• Insensitive to rare backgrounds 

• Signal, background easily reproducible

f(m�� , a, b) =

 
1�

✓
m��p

s

◆1/3
!b✓
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s
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f(m�� , a, b) = ma+b logm��
��

Modest discomfort: no good sideband above 750 GeV, need to 
extrapolate background functional fit from lower invariant mass. 

Empirically chosen functional forms:

ATL CMS

3

After digitizing the binned m
��

data from each experiment, I fit to these functional forms, marginalizing over the two
free parameters assuming Poisson statistics. While the experiments themselves obviously have access to much more
information of the unbinned diphoton events, I am restricted to the public data, which is of course binned. This loss
of information will result in some degradation of statistical power, as will be seen, but at this stage the di↵erence is
not large. My resulting best-fit backgrounds are shown in Figure 1 overlaid with the experimental data for the four
experimental searches. In all cases, I can successfully reproduce the best-fit backgrounds found by the experimental
collaborations

It should be noted that these functional forms are data-driven, and out of four diphoton analyses, three di↵erent
functional forms were chosen. It has been noted that changing the functional forms to increase support at high
invariant mass could possibly reduce the significance of the observed excess [10]. This is made possible by the low
statistics of diphoton counts at large m

��

. To this I add that the 750 GeV diphoton excess sits near the tail of the
8 TeV ATLAS and CMS analyses. Thus, it is possible to “hide” the 13 TeV excess in the 8 TeV by lowering the
background function in this region and absorbing the excess into the signal. This is especially notable when the signal
is assumed to be a wide resonance, covering much of the high m

��

range.
After fitting the background functions to the digitized data, I then use these background-only fits to validate my

simulation pipeline. I simulate the primary irreducible background of pp ! ��+X using MadGraph5 [11], matched
up to two jets at p

T

= 10 GeV using Pythia6 [12]. Detector simulation is performed using Delphes3 [13], with
the default ATLAS and CMS detector cards. A K-factor of between 1.4� 1.8 was needed to match the experimental
yields. The resulting distributions, normalized using the K-factors, are also shown in Figure 1. While the simulated
m

��

distribution is largely in good agreement, some deviation is observed at low invariant masses. This deviation is
likely due to the lack of box diagrams in the MadGraph5 simulation. Fortunately this occurs far from the signal
region. Therefore, this simulation technique should be acceptable for the generation of signal events.

FIG. 1: Digitized data (red points) from Atlas13 [1] (top left), Cms13 [2] in the barrel-barrel (top center) and barrel-endcap
(top right) categories, Atlas8 [7] (lower left), and Cms8 [8] (lower right). Best-fit background functions Eqs. (1)–(3) are shown
in blue. MadGraph5 simulated background events are shown in green.

I now turn to the excess at 750 GeV in the 13 TeV data. I fit the data to two possibilities: either a spin-0 or spin-2
particle decaying to two photons with a mass near 750 GeV.2 In particular, I will discuss the agreement of the four
data sets, and the preference in the data (if any) for a wide or narrow resonance.

2 Spin-1 mediators decaying to diphotons are ruled out by the Landau-Yang theorem, though it may be possible to find gauge bosons
mediator solutions through su�cient theoretical model-building e↵orts [14].

But: no statistical preference for additional parameters; 
 fits work well in other contexts

[Buckley, 1601.04751]
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Predictions at high invariant masses. 

As we all know, bump hunts in the diphoton system assume a smooth 
function which can be fitted to the data. Begging the question,

How smooth is smooth? :-) 

Figure 2. Representative Feynman diagrams for the calculation of gg ! �� at LO (top left) and
NLO (the remainder). The virtual two-loop corrections are shown in the top right, while the bottom
row corresponds to real radiation contributions.

soft [51, 52] and beam [53] functions, together with the process-dependent hard function.
Various component pieces of this calculation, including explicit results for the hard function,
are given in Appendix A

2.2 gg initiated loops at LO and NLO

The NNLO calculation of �� production represents the first order in perturbation theory
that is sensitive to gg initial states. One class of gg configurations corresponds to real-real
corrections, i.e. the gg ! qq�� matrix element that is related to the contribution shown in
figure 1 (right) by crossing. These pieces are combined with contributions from the DGLAP
evolution of the parton distribution functions in the real-virtual and double-virtual terms
to ensure an IR-finite result. The second type of contribution is due to nF “box” loops, for
which a representative Feynman diagram is shown in the top left corner of Figure 2. This
contribution has no tree-level analogue and is thus separately finite.

The box diagrams result in a sizeable cross section (⇡ �LO), primarily due to the large
gluon flux at LHC energies and the fact that this contribution sums over different quark
flavors in the loop. In this section, we focus on nF = 5 light quark loops. Since this
contribution is clearly important for phenomenology it is interesting to try to isolate and
compute higher order corrections to it. We illustrate typical component pieces of these
NLO corrections in the remaining diagrams in Figure 2. They comprise two-loop gg ! ��

amplitudes, and one-loop ggg�� and gqq�� amplitudes. A NLO calculation of gg ! ��

including the two-loop and one-loop ggg�� amplitudes was presented in refs. [20, 21]. An
infrared-finite calculation can be obtained from the gg ! �� two loop amplitudes and the
ggg�� one-loop amplitudes, provided that a suitable modification to the quark PDFs is used
(essentially using a LO evolution for the quark PDFs and a NLO evolution for the gluon
PDFs). On the other hand if the qqg�� amplitudes are included then the corresponding
collinear singularity can be absorbed into the quark PDFs as normal at NLO, allowing
for a fully consistent treatment. In the original calculation [20, 21] (and the corresponding
implementation in MCFM [46]) the first approach was taken. Here we will follow the second
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Figure 10. The ratio of various different theoretical predictions to the NNLO nF = 5 differential
cross section. The different predictions correspond to: the inclusion of the top quark gg ! ��

box diagrams (green), the ��N3LO
gg,nF

correction (red) and the ��N3LO
gg,nF

and the top boxes with the
��N3LO

gg,nF
correction re-scaled by the ratio K(mt) described in the text (blue).

from barrel to end-cap calorimeters. We maintain the same isolation requirements as the
previous section, which again differs slightly from the treatment in the ATLAS paper.

Our first concern is to address the impact of the gg pieces at NLO, represented by
the contribution ��N3LO

gg,nF
defined previously, and the contribution of the top quark loop.

We summarize our results in Figure ??, in which we present several different theoretical
predictions, each normalized to the the default NNLO prediction with 5 light flavors. The
first alternative is one in which the NNLO prediction is augmented by the inclusion of the
top loops, i.e. the gg contribution corresponds to �gg(mt+5lf ) in the notation of section ??.
In the second prediction we use the result for five light flavors but add the NLO corrections
to the gg channel, i.e. the term ��N3LO

gg,nF
. For the final alternative we include the top

quark loop contribution and attempt to account for the NLO corrections to all gg loops by
rescaling the ��N3LO

gg,nF
result by a factor K(mt) that is given by,

K(mt) =
�gg(5`f +mt)

�gg(5`f )
. (4.7)

This collection of predictions covers a range of theoretical options that may extend the
NNLO predictions described in the previous sections. The top loops, illustrated by the
green curve in the figure typically represent around a 1% effect across the invariant mass
range of interest. For m�� < 2mt there is a destructive interference, which reduces the cross
section, whilst at higher energies there is a small enhancement. Therefore, although the top
loops are an important contribution in terms of the nF box loops (as shown in section ??),
they are not particularly important in the total rate. At this order the gg pieces reside in
the Born phase space, which is particularly impacted by the staggered cuts at high m�� .

– 15 –

Ciaran Williams, Moriond
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ggg�� one-loop amplitudes, provided that a suitable modification to the quark PDFs is used
(essentially using a LO evolution for the quark PDFs and a NLO evolution for the gluon
PDFs). On the other hand if the qqg�� amplitudes are included then the corresponding
collinear singularity can be absorbed into the quark PDFs as normal at NLO, allowing
for a fully consistent treatment. In the original calculation [20, 21] (and the corresponding
implementation in MCFM [46]) the first approach was taken. Here we will follow the second
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Figure 2. Representative Feynman diagrams for the calculation of gg ! �� at LO (top left) and
NLO (the remainder). The virtual two-loop corrections are shown in the top right, while the bottom
row corresponds to real radiation contributions.

soft [51, 52] and beam [53] functions, together with the process-dependent hard function.
Various component pieces of this calculation, including explicit results for the hard function,
are given in Appendix A
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contribution has no tree-level analogue and is thus separately finite.
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(essentially using a LO evolution for the quark PDFs and a NLO evolution for the gluon
PDFs). On the other hand if the qqg�� amplitudes are included then the corresponding
collinear singularity can be absorbed into the quark PDFs as normal at NLO, allowing
for a fully consistent treatment. In the original calculation [20, 21] (and the corresponding
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Figure 10. The ratio of various different theoretical predictions to the NNLO nF = 5 differential
cross section. The different predictions correspond to: the inclusion of the top quark gg ! ��

box diagrams (green), the ��N3LO
gg,nF

correction (red) and the ��N3LO
gg,nF

and the top boxes with the
��N3LO

gg,nF
correction re-scaled by the ratio K(mt) described in the text (blue).

analyses the Standard Model background is accounted for by using a data-driven approach
that fits a smooth polynomial function to the data across the entire m�� spectrum. A
resonance might then be observed as a local excess in this spectrum, deviating from the
fitted form. Although well-motivated, one might be concerned that the spectrum may not
be correctly modeled at high energies, where there is little data, and that small fluctuations
could unduly influence the form of the fit and result in misinterpretation of the data. Such
worries could be lessened by using a first-principles theoretical prediction for the spectrum
and it is this issue that we aim to address in this section.

As a concrete example, we will produce NNLO predictions for the invariant mass spec-
trum at high energies using cuts that are inspired by the recent ATLAS analysis [16].
Specifically, these are:

p�,hardT > 0.4m�� p�,softT > 0.3m��

|⌘� | < 2.37, excluding the region, 1.37 < |⌘� | < 1.52 (4.6)

We will only be interested in the region m�� > 150 GeV, so these represent hard cuts on the
photon momenta. The small region of rapidity that is removed corresponds to the transition
from barrel to end-cap calorimeters. We maintain the same isolation requirements as the
previous section, which again differs slightly from the treatment in the ATLAS paper.

Our first concern is to address the impact of the gg pieces at NLO, represented by
the contribution ��N3LO

gg,nF
defined previously, and the contribution of the top quark loop.

We summarize our results in Figure 10, in which we present several different theoretical
predictions, each normalized to the the default NNLO prediction with 5 light flavors. The

– 15 –
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Figure 1: Invariant mass distribution of the selected diphoton events. Residual number of events with respect to the
fit result are shown in the bottom pane. The first two bins in the lower pane are outside the vertical plot range.

The events in this region are scrutinized. No detector or reconstruction e�ect that could explain the larger
rate is found, nor any indication of anomalous background contamination. The kinematic properties of
these events are studied with respect to those of events populating the invariant mass regions above and
below the excess, and no significant di�erence is observed.

The Run-1 analysis presented in Ref. [13] is extended to invariant masses larger than 600 GeV by using the
new background modeling techniques presented in this note (cf. Section 7). The compatibility between
the results obtained with the 8 TeV and 13 TeV datasets is estimated under the NWA hypothesis and
assuming a large-width resonance with ↵ = 6%, using the best fit value of the ratio of cross sections. For
an s-channel gluon-initiated process, the parton-luminosity ratio is expected to be 4.7 [43]. Under those
assumptions, the results obtained with the two datasets are found to be compatible within 2.2 and 1.4
standard deviations for the two width hypotheses respectively.

The 95% CL expected and observed upper limits on �fiducial⇥BR(X ! ��), corresponding to the fiducial
volume defined in Section 6, are computed using the CLs technique [39, 44] for a scalar resonance with
narrow width as a function of the mass hypothesis mX , and are presented in Figure 3. The larger diphoton
rate in the mass region around 750 GeV is translated to a higher-than-expected cross section limit at the
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Figure 11. The rate-normalized shapes of the m�� distribution from the ATLAS collaboration
and the MCFM NNLO prediction for µ = m�� . The lower panel indicates the ratio of the data to
the NNLO prediction.

As we found in the previous section the effects of the NLO corrections to the gg pieces
are larger, however their effects are much more pronounced at lower invariant masses. By
the time invariant masses of order 500 GeV are probed, the corrections are 2% or smaller.
The attempt to model the combined effect of corrections to both the light-quark and top
quark loops shows, as expected, the largest deviations from the NNLO(5`f ) prediction.
However the deviations are still of order 3% or smaller in the high invariant mass region.
Therefore, although the corrections to the gg loops and the effect of the finite top quark
mass can have about a 6% effect at invariant masses around 200 GeV, the effect at higher
masses is somewhat smaller. Since we aim to compare the ATLAS data, which is not
corrected for fakes or identification efficiencies, to our parton-level prediction we are not
concerned about effects at this level. As a result we will simply use the most consistent
prediction3, corresponding to NNLO(5`f ), for comparison with the fitting function used by
ATLAS.

We compare our NNLO prediction to the ATLAS data in Figure ??. We note that
to properly compare our prediction to the data requires knowledge of both the fake rate

3
This is because a consistent inclusion of the effect of top quark loops would require alterations to the

running of ↵s and additional top quark loops in the qqg�� one-loop amplitude.
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Can check with a first principles calculation of the shape of the SM 
prediction and compare the shape to the data. 
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Figure 10: Ratio of pp cross sections at
p
s = 13TeV and 8TeV for producing a narrow

resonance S with mass M computed for di↵erent initial partons, compared to the inverse ratio

of luminosities accumulated by CMS (upper) and ATLAS (lower). This reflects the relationship

of the total number of events observed between 8 and 13TeV, but does not reflect the significance,
which depends additionally on the background at the two energies.

increases by a factor 4.7 for gg initial partons and by 5.4 for bb̄ partons. This roughly compen-
sates for the reduced luminosity accumulated during Run 2 (3.6 fb�1 in ATLAS and 2.6 fb�1 in
CMS) with respect to Run 1 (about 20 fb�1). Furthermore, the SM �� background increases
by a smaller factor ⇡ 2.3. Indeed it is dominated by qq̄ ! �� and �(pp ! ��) ⇡ 6 fb at 8
TeV and ⇡ 14 fb at 13 TeV, after imposing m�� > 750GeV and standard cuts. We thereby
see that Run 2 data can already be more powerful than Run 1 data. A stronger increase of
the signal/background ratio is obtained if the 750 GeV diphoton resonance originates from the
decay of a heavier resonance, according to the process depicted in fig. 11. This scenario could
arise in both perturbative or strongly coupled models. Here we will just consider the generic
predictions.

6.1 General framework

The basic framework is that a heavy “parent” resonance P is produced at the LHC, pp ! P .
Then P decays to a 750 GeV resonance S and another state R. Finally R decays to final
state particles which evade detection. If they are dark matter particles we will denote them
by �. Alternatively, R may also cascade through hidden sector states terminating in a large
multiplicity of soft hadrons, as may occur in ‘Hidden Valley’ scenarios [52]. As these additional
states evade detection the only observed end product is S, which decays to two photons. Let
us first consider the case that � is a stable dark matter particle.

36

*Reflects event #, not significance 

A priori expect greater sensitivity at 8 TeV

[Franceschini et al. 1512.04933]

i.e. for signal to be real, must other prohibitive limits be wrong?



Diphotons kill diphotons?

widths as summed over all S polarisations, rather than averaging over them. The decay into
two photons implies that the two relevant cases are J = 0, 2. As far as eq. (2) is concerned,
without loss of generality, we can focus on a spin-0 resonance. The dimensionless partonic
integrals are

Cgg =
⇡2

8

Z
1

M2/s

dx

x
g(x)g(

M2

sx
), (3a)

C�� = 8⇡2

Z
1

M2/s

dx

x
�(x)�(

M2

sx
), (3b)

Cqq̄ =
4⇡2

9

Z
1

M2/s

dx

x


q(x)q̄(

M2

sx
) + q̄(x)q(

M2

sx
)

�
. (3c)

Their numerical values, computed for a resonance atM = 750GeV using the MSTW2008NLO [4]
set of pdfs evaluated at the scale µ = M , are:

p
s Cb¯b Ccc̄ Css̄ Cd ¯d Cuū Cgg C��

8TeV 1.07 2.7 7.2 89 158 174 11
13TeV 15.3 36 83 627 1054 2137 54

, (4)

where C�� has a 100% uncertainty if extracted purely from data without relying on theory.
On the other hand, the values of C�� are reliably extracted from theory, assuming that quark
splittings into photons dominate the photon pdf. Thus, the gain factors r = �

13TeV

/�
8TeV

=
[C}}/s]13TeV/[C}}/s]8TeV from 8 to 13 TeV are

rb¯b rcc̄ rss̄ rd ¯d ruū rgg r��
5.4 5.1 4.3 2.7 2.5 4.7 1.9

. (5)

Higher order QCD corrections (not included here) can modify the numbers in eq. (4) by K
factors of order unity. Typical values at NLO are Kgg = 1.5 and Kqq̄ = 1.2 (c.f. [5]). These
corrections depend on the specific channel but negligibly depend on

p
s because we are consid-

ering a resonant process that always occurs at the same centre-of-mass parton energy. Hence,
they roughly cancel out in the gain factors r.

We will focus mostly on gg and bb̄ induced processes, which represent the extreme cases
as they give the minimum and maximum value of C, and also lead to a large gain in parton
luminosity going from 8 to 13 TeV, as needed to fit the data. On the other hand, S production
from �� (see also [6]) is disfavoured by the small value of r��, which has a small uncertainty,
because partonic photons are dominantly emitted from u quarks, and their pdf evolution is
under good theoretical control.

2.1 An s-channel resonance coupled to gluons and photons

Let us first consider the case in which a spin-0 resonance is produced from gluon fusion and
decays into two photons. When production from �� partons can be neglected with respect to

4

best fit has a narrow width and a local statistical significance of 2.6�. Assuming a large width
�/M ⇡ 0.06, the significance decreases to 2.0�, corresponding to a cross section of about 6 fb.

The anomalous events are not accompanied by significant missing energy, nor leptons or
jets. No resonances at invariant mass 750GeV are seen in the new data in ZZ, `+`�, or jj
events. No �� resonances were seen in Run 1 data at

p
s = 8TeV, altough both CMS and

ATLAS data showed a mild upward fluctuation at m�� = 750GeV. The excess in the cross
sections in the m�� interval, roughly corresponding to the claimed width, can be estimated as:

�(pp ! ��) ⇡

8>><>>:
(0.5 ± 0.6) fb CMS [2]

p
s = 8TeV,

(0.4 ± 0.8) fb ATLAS [3]
p
s = 8TeV,

(6 ± 3) fb CMS [1]
p
s = 13TeV,

(10 ± 3) fb ATLAS [1]
p
s = 13TeV.

(1)

The data at
p
s = 8 and 13 TeV are compatible at 2� if the signal cross section grows by at

least a factor of 5.
While the answer to the question in the title could just be “a statistical fluctuation”, it is

interesting to try to interpret the result as a manifestation of new physics. In section 2 we
assume that the signal is due to a new resonance and determine the required partial widths,
relating them to an e↵ective description in terms of non-renormalizable operators. In section 3
we present weakly-coupled renormalizable models that realise the necessary properties of the
resonance. The total signal rate can be reproduced in simple models, while rather special
ingredients are needed to reproduce also the relatively large width. An alternative explanation
of the apparently large width could come from a multiplet of narrow resonances with mass
di↵erence comparable to �. In section 4 we interpret the signal in the context of strongly-
interacting new physics. Modelling the resonance as a composite state allows for a natural
explanation of the large width, as well as the partial width in the �� channel. In section 5
we consider decays into Dark Matter. In section 6 we discuss the compatibility between data
at

p
s = 8 and 13TeV and propose a di↵erent approach to explain the absence of signals

in Run 1. We speculate on the existence of a new particle, too heavy to have a significant
production rate at

p
s = 8 TeV, but much more accessible at 13 TeV. This particle decays

into the 750GeV resonance accompanied either by invisible particles, possibly related to dark
matter, or to undetected soft radiation. Conclusions are presented in section 7.

2 Phenomenological analysis

We start by interpreting the excess as the resonant process pp ! S ! �� where S is a new
uncoloured boson with mass M , spin J , and width �, coupled to partons in the proton. The
signal cross section at proton centre-of-mass energy

p
s (= 8 or 13 TeV) is

�(pp ! S ! ��) =
2J + 1

M�s

X
}

C}}̄�(S ! }}̄)

�
�(S ! ��) , (2)

where the relevant S decay widths are evaluated at leading order in QCD. The sum is over
all partons } = {g, b, c, s, u, d, �}. The 2J + 1 factor could be reabsorbed by redefining the

3

Consistency depends on 
production mode; change in 
luminosity function between 

8, 13 TeV varies

Table 2: Summary of systematic uncertainties on the expected signal yield, excluding those on the production cross
section and the acceptance. The total systematic uncertainty is obtained by summing the individual contributions
in quadrature.

Source Uncertainty in signal yield [%]
Integrated luminosity 2.8
MC statistics 1.0
Trigger e�ciency 1.0
Photon ID e�ciency 3.0

Photon isolation e�ciency 0.3–2.1
(for m

G

⇤ = 500–3000 GeV)
Total ⇡5
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Figure 3: Observed invariant mass distribution of the selected diphoton events (black dots; the vertical and hori-
zontal axes on logarithmic scales). To compensate for the rapid decrease of the spectrum, the bins are chosen to
have constant logarithmic width. Specifically, the ratio of the upper to lower bin boundary is equal to 1.038 for
all bins, and the first bin starts at 179 GeV. Superimposed are the SM background prediction including irreducible
and reducible components and two examples of signal predictions. The low-mass control region is indicated by an
arrow. (Bottom) Bin-by-bin significance of the di↵erence between data and background expectation.
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2σ consistency for r ≳ 5

E.g. compatible w/ gluon fusion

As of December 15, excess 
events around 750 GeV:
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18 12 Combined analysis of

p
s = 8 TeV and 13 TeV datasets
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Figure 9: Observed background only p-values obtained from the combination of 8 TeV and
13 TeV results for different signal hypotheses. The contributions of the 8 and 13 TeV datasets
are shown separately. At m = 750 GeV, the two datasets contribute with similar weights to the
combined result. The left (right) column corresponds to the scalar (RS graviton) signals.

CMS reanalysis of 8 TeV data, 8+13 TeV combination  
(revised statistical procedure consistent with 13 TeV analysis)

Combined significance: 3.4σ local, 1.6σ global 
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Figure 13: Distribution of the invariant mass of the two photons in the 8 TeV data: (a) for the selection optimized
for the search of a spin-0 particle, (b) for the selection optimized for the search of spin-2 particle. The data are
compared to the best background-only fit.
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ATLAS reanalysis of 8 TeV data, no combination  

(revised energy calibration, statistical procedure consistent with 13 TeV analysis)

8 TeV significance: 1.9σ global spin-0 (w/6% width), no excess spin-2 

Spin-0 8/13 TeV consistent @ 1.2σ, Spin-2 consistent @ 2.1σ



Other channels?
final � at

p
s = 8TeV implied bound on

state f observed expected ref. �(S ! f)/�(S ! ��)
obs

�� < 1.5 fb < 1.1 fb [8, 9] < 0.8 (r/5)
e+e�, µ+µ� < 1.2 fb < 1.2 fb [10] < 0.6 (r/5)

⌧+⌧� < 12 fb < 15 fb [11] < 6 (r/5)
Z� < 11 fb < 11 fb [12] < 6 (r/5)
ZZ < 12 fb < 20 fb [13] < 6 (r/5)
Zh < 19 fb < 28 fb [14] < 10 (r/5)
hh < 39 fb < 42 fb [15] < 20 (r/5)

W+W� < 40 fb < 70 fb [16, 17] < 20 (r/5)
tt̄ < 450 fb < 600 fb [18] < 300 (r/5)

invisible < 0.8 pb - [19] < 400 (r/5)
bb̄ <⇠ 1 pb <⇠ 1 pb [20] < 500 (r/5)
jj <⇠ 2.5 pb - [7] < 1300 (r/5)

Table 1: Upper bounds at 95% confidence level on pp cross sections at
p
s = 8TeV for various

final states produced through a resonance with M = 750GeV and �/M ⇡ 0.06. Assuming that

the production cross section grows as r = �
13TeV

/�
8TeV

⇡ 5, and that S ! �� fits the central

value of the �� anomaly, we show in the last column the upper bounds on the partial widths in

di↵erent channels. Similar analyses claim a bound on the jj cross section which is weaker by

a factor of few, and with a surprisingly large dependence on the assumed width and shape.

essentially straight when �gg � ���. This is because, in this limit, the total width is � ⇡ �gg,
and eq. (7) simplifies into ���/M ⇡ 1.1 ⇥ 10�6, irrespectively of the value of �.

In the opposite limit ��� � �gg, production from �� partons becomes important and this
is reflected in the figure by the fact that all allowed bands become horizontal at negligible �gg

and at

�(S ! ��)

M
= 0.008

r
�

M
⇡ 0.002 i.e. BR(S ! ��) ⇡ 0.008

r
M

�
⇡ 0.03. (8)

However, at the same time, Run 2 and Run 1 �� data become incompatible such that a joint
fit has a poor confidence level.

In each point of the allowed region in fig. 1a above the blue band (coloured in yellow), eq. (7)
determines the value of the total width. In particular, along the green band the constraint on
the total width �/M ⇡ 0.06 is satisfied. This is the region singled out by the ATLAS data, taken
at face value. In each point of the plane in fig. 1a we can compute the rate of dijets induced
by the decay of S back into two gluons. Searches for dijet resonances at

p
s = 8 TeV [7] rule

out the grey region in the figure. Note that, for �gg > ���, a resonance coupled only to gluons
and photons (which corresponds to the intersection between blue and green bands) predicts a
peak in pp ! jj in tension with the existing experimental upper bound.

In order to relax this constraint, it is useful to consider extra decay channels beyond ��
and gg. Table 1 summarises the upper bounds on cross sections at 8 TeV due to an s-channel

6

Compatible w/ resonance decaying to diverse final states
[Franceschini et al. 1512.04933]
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Figure 4: Weakly coupled models.

3 Weakly coupled models

Here we describe how to obtain weakly coupled (renormalizable) models realising the scenario
discussed in the previous section via the Feynman diagram in fig. 4. The SM is extended
by adding one (or more) scalar singlets S, and extra vector-like fermions Qf (written in Dirac
notation) or scalars Q̃s with massMi, hypercharge Yi, chargeQi and in the colour representation
ri, with the couplings

SQ̄f (yf + i y
5f�5)Qf + SAsQ̃⇤

sQ̃s. (20)

As before, the use of the scalar or pseudo-scalar interaction depends on the CP nature of S.
This kind of structure is fairly generic in models that extend the SM sector around the weak
scale. One is easily convinced that our conclusions are not dramatically a↵ected by allowing
also matter with SU(2)L quantum numbers. The case in which the scalar S is part of a SU(2)L
multiplet will be dealt with later and the model building constraints imposed by the large width
will be investigated in the next subsection.

Focusing on the CP-even couplings, we find that the fermion and scalar loops induce the
following widths [5]:
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where ⌧i = 4M2

i /M
2 and Ir and dr are the index and dimension of the colour representation r

(e.g. I
3

= 1/2, I
8

= 3), and

P(⌧) = arctan2(1/
p
⌧ � 1) , S(⌧) = 1 + (1 � ⌧)P(⌧) , F(⌧) = ⌧P(⌧) � 1 . (22)

In the limit of heavy extra particles (⌧ ! 1) we have P(⌧) ⇡ 1/⌧ , S(⌧) ⇡ 2/3⌧ , F(⌧) ⇡ 1/3⌧
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As before, the use of the scalar or pseudo-scalar interaction depends on the CP nature of S.
This kind of structure is fairly generic in models that extend the SM sector around the weak
scale. One is easily convinced that our conclusions are not dramatically a↵ected by allowing
also matter with SU(2)L quantum numbers. The case in which the scalar S is part of a SU(2)L
multiplet will be dealt with later and the model building constraints imposed by the large width
will be investigated in the next subsection.
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Here we describe how to obtain weakly coupled (renormalizable) models realising the scenario
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scale. One is easily convinced that our conclusions are not dramatically a↵ected by allowing
also matter with SU(2)L quantum numbers. The case in which the scalar S is part of a SU(2)L
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will be investigated in the next subsection.

Focusing on the CP-even couplings, we find that the fermion and scalar loops induce the
following widths [5]:

�(S ! gg) = M
↵2

3

2⇡3

�����X
f

Irf
p
⌧fyfS(⌧f ) +

X
s

Irs
As

2M
F(⌧s)

�����
2

, (21a)

�(S ! ��) = M
↵2

16⇡3

�����X
f

drfQ
2

f

p
⌧fyfS(⌧f ) +

X
s

drsQ
2

s

As

2M
F(⌧s)

�����
2

, (21b)

where ⌧i = 4M2

i /M
2 and Ir and dr are the index and dimension of the colour representation r

(e.g. I
3

= 1/2, I
8

= 3), and

P(⌧) = arctan2(1/
p
⌧ � 1) , S(⌧) = 1 + (1 � ⌧)P(⌧) , F(⌧) = ⌧P(⌧) � 1 . (22)

In the limit of heavy extra particles (⌧ ! 1) we have P(⌧) ⇡ 1/⌧ , S(⌧) ⇡ 2/3⌧ , F(⌧) ⇡ 1/3⌧

12

g

g

Q

S

Q

g

g

Figure 4: Weakly coupled models.
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Here we describe how to obtain weakly coupled (renormalizable) models realising the scenario
discussed in the previous section via the Feynman diagram in fig. 4. The SM is extended
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scale. One is easily convinced that our conclusions are not dramatically a↵ected by allowing
also matter with SU(2)L quantum numbers. The case in which the scalar S is part of a SU(2)L
multiplet will be dealt with later and the model building constraints imposed by the large width
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Predictive 
channels

Matter Br(�!Z�) Br(�!WW ) Br(�!ZZ) Br(�!��)

Representation Br(�!��) Br(�!��) Br(�!��) Br(�!gg)

d̄ (3̄,1) 1
3

0.61 0 0.093 4.1⇥ 10�4

ū (3̄,1)�2
3

0.61 0 0.093 6.6⇥ 10�3

Q (3̄,1)1 0.61 0 0.093 3.3⇥ 10�2

Q (3,2) 1
6

4.5 26 7.4 2.6⇥ 10�3

Unified 0.18 4.5 1.7 6.6⇥ 10�3

Table 2: Leading order ratio of branching ratios of di-gauge boson final states for a spin zero resonance �

with gauge boson interactions originating from various SU(3)C ⇥SU(2)L ⇥U(1)Y matter representations
in the absence of electroweak symmetry breaking e↵ects or mixing with the Higgs boson. Unified refers
to any combination of matter representations that can be embedded within complete multiplets of a non-
Abelian grand unified gauge group. With a single matter representation these ratios of branching ratios
are independent of the massive matter spectrum, and with multiple representations are obtained with
uniform coupling of the resonance to each representation in either the degeneracy or decoupling limits of
the massive matter spectrum. The branching ratios Br(� ! WW ) and Br(� ! ZZ) are very sensitive
to mixing e↵ects with the Higgs boson. The gauge couplings are evaluated at a renormalization scale of
µ = 750 GeV.

they provide a sensitive probe of the quantum numbers of the charged matter connecting the res-

onance to SM gauge bosons. Although absolute branching ratios cannot be reliably determined,

the ratios of branching ratios into these final states can be uniquely represented in terms of the

matter representations of the additional charged and strongly interacting states. In particular,

the ratio of branching ratios into Z� and �� is given by

Br(� ! Z�)

Br(� ! ��)
= 2

✓
tan ✓W � tan#21 cot ✓W

1 + tan#21

◆2✓
1� m2

Z

m2
�

◆3

(2.5)

Note that this depends on only a single ratio of amplitude coe�cients, namely tan#21, so that a

measurement of the ratio of branching ratios to Z� and �� would fully determine this parameter.

Examples of the numerical values of this and other ratios for various canonical matter repre-

sentations are given in Table 2. Likewise, the ratio of branching ratios into �� and gg is given

by

Br(� ! ��)

Br(� ! gg)
=

↵2

8↵2
s
tan2 #13

�
1 + tan#21

�2
(2.6)

and depends on two ratios of amplitude coe�cients, tan#21 and tan#13. In principle, given a

measurement of Z�, ��, and gg branching ratios, both tan#13 and tan#21 could be unambiguously

5

Portal matter 
generates various 
other modes with 

fixed BR ratios 
depending on 
quantum #s 

Also fix production 
rates in terms of 

fiducial xsec

Matter �(�!gg)LO ·Br(�!gg)/GeV � ·Br(pp!�!gg)LO/pb

Representation � ·Br(pp!�!��)LO/5 fb � ·Br(pp!�!��)LO/5 fb

d̄ (3̄,1) 1
3

1.8 12

ū (3̄,1)�2
3

0.12 0.76

Q (3̄,1)1 0.023 0.15

Q (3,2) 1
6

0.30 1.9

Unified 0.12 0.76

Table 3: Leading order resonant partial decay width to gluons and resonant di-gluon cross section for the
benchmark spin zero resonance with mass m� = 750 GeV and with gauge boson interactions originating
from various matter representations and with di-photon cross section � · Br(pp ! � ! ��)LO = 5 fb
at

p
s = 13 TeV using ratio of branching ratios given in Table 2. The total resonant decay width is

�(� ! All) = �(� ! gg)/Br(� ! gg).

fb at
p
s = 8 TeV. This is interesting in light of a suggestive excess in semi-leptonic WW events

at 750 GeV in 8 TeV CMS data [43], and suggests that WW is a particularly promising channel

for ongoing searches at 13 TeV.

These conclusions are substantially altered when the resonance mixes with the Higgs to even

a modest degree. In the absence of mixing, WW and ZZ final states involve contributions from

both longitudinally- and transversely-polarized gauge bosons, but the contribution of longitudi-

nal polarizations to the WW and ZZ partial widths is suppressed by O(m4
Z/m

4
�) relative to the

transverse polarizations. Mixing with the Higgs, however, introduces tree-level couplings to lon-

gitudinal components of W and Z bosons that can significantly modify branching ratios to WW

and ZZ even when the mixing angle is small. The resulting mixing-induced partial widths for the

decay of the resonance to longitudinalW and Z bosons scale as �(� ! ALAL) / sin2 ✓�h m3
�/m

2
A.

For mixing angles of natural size sin ✓�h ⇠ m2
h/m

2
�, the mixing angle suppression is largely com-

pensated for by enhanced longitudinal couplings. Although Higgs mixing is somewhat constrained

by Higgs coupling measurements, even small resonance-Higgs mixing mixing can significantly en-

hance the longitudinal decay modes of the resonance and alter the branching ratios to WW and

ZZ relative to those involving one or more massless gauge bosons. This makes ratios of branch-

ing ratios to WW and ZZ final states – and measurement of the longitudinal versus transverse

polarization fractions – a particularly sensitive probe of mixing between the Higgs and a new

resonance.

In addition to enhancing decays into WW and ZZ final states, mixing with the Higgs also

introduces di-Higgs and di-top resonant channels. While these may be appreciable, they are not

enhanced by longitudinal couplings, and so resonant tt and hh production is likely to provide

7
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Figure 2: The leading-order proton-proton cross section times diphoton branching ratio in fb at
p
s = 13

TeV for an elementary spin-zero scalar resonance of mass 750 GeV coupled at one-loop to the Standard
Model gauge bosons through various vector-like representations of fermionic portal matter fields of mass
M . Mixing with the Higgs boson has been set to zero, and the Yukawa couplings have been set to
y = 1. Contours are shown for vector-like fermions d̄; ū; Q; Q; 5 ⌘ d̄ + L; 10 ⌘ Q + ū + `; and
10+ 5 ⌘ Q+ ū+ d̄+L+ ` defined in Table 3. The dashed grey line denotes � ·Br(pp ! � ! ��) = 5 fb.

These couplings lead to partial widths for the decay of the pseudoscalar into pairs of gluons and

photons of the form

�(� ! gg) =
↵2
s

32⇡3

M3
�

M2

�����
X

i

2NfCRy g1/2

✓
4M2

M2
�

◆�����

2

(3.7)

�(� ! ��) =
↵2
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�
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�����
X

i

2NfdRQ
2
i y g1/2

✓
4M2

M2
�

◆�����

2

(3.8)

where in this case the loop function

g1/2(⌧) = ⌧ [sin�1(1/
p
⌧)]2 (3.9)

is normalized such that g1/2 ! 1 for 2M � M�. Again, the ratio of these partial widths

(and additional partial widths into other Standard Model gauge bosons) exemplify the features

discussed in Section 2.

In general, the observation of a resonant signal at the LHC would suggest a preferred mass

scale and couplings for portal states. For example, the 13 TeV resonant production cross section

of a scalar whose gluon couplings are induced by Nf vector-like fermionic flavors transforming in

the fundamental of QCD is

�(pp ! �) ' 10 fb⇥N2
f y

2
 

✓
1TeV

M

◆2

(3.10)

Note that the cross section due to scalar portal fields is nearly an order of magnitude smaller.

A di-photon excess near 750 GeV would generically favor portal states at or beneath the

TeV scale, with the precise scale and couplings depending on the full set of quantum numbers

of portal states. A broad variety of cases can be worked out (for a single copy of given matter

representations) simply using (3.10) in conjunction with the results in Table 2. To illustrate the
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3 Weakly coupled models

Here we describe how to obtain weakly coupled (renormalizable) models realising the scenario
discussed in the previous section via the Feynman diagram in fig. 4. The SM is extended
by adding one (or more) scalar singlets S, and extra vector-like fermions Qf (written in Dirac
notation) or scalars Q̃s with massMi, hypercharge Yi, chargeQi and in the colour representation
ri, with the couplings

SQ̄f (yf + i y
5f�5)Qf + SAsQ̃⇤

sQ̃s. (20)

As before, the use of the scalar or pseudo-scalar interaction depends on the CP nature of S.
This kind of structure is fairly generic in models that extend the SM sector around the weak
scale. One is easily convinced that our conclusions are not dramatically a↵ected by allowing
also matter with SU(2)L quantum numbers. The case in which the scalar S is part of a SU(2)L
multiplet will be dealt with later and the model building constraints imposed by the large width
will be investigated in the next subsection.

Focusing on the CP-even couplings, we find that the fermion and scalar loops induce the
following widths [5]:
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where ⌧i = 4M2

i /M
2 and Ir and dr are the index and dimension of the colour representation r

(e.g. I
3

= 1/2, I
8

= 3), and

P(⌧) = arctan2(1/
p
⌧ � 1) , S(⌧) = 1 + (1 � ⌧)P(⌧) , F(⌧) = ⌧P(⌧) � 1 . (22)

In the limit of heavy extra particles (⌧ ! 1) we have P(⌧) ⇡ 1/⌧ , S(⌧) ⇡ 2/3⌧ , F(⌧) ⇡ 1/3⌧
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Relevant 13 TeV limits: Zγ
Matter Br(�!Z�) Br(�!WW ) Br(�!ZZ) Br(�!��)

Representation Br(�!��) Br(�!��) Br(�!��) Br(�!gg)

d̄ (3̄,1) 1
3

0.61 0 0.093 4.1⇥ 10�4

ū (3̄,1)�2
3

0.61 0 0.093 6.6⇥ 10�3

Q (3̄,1)1 0.61 0 0.093 3.3⇥ 10�2

Q (3,2) 1
6

4.5 26 7.4 2.6⇥ 10�3

Unified 0.18 4.5 1.7 6.6⇥ 10�3

Table 2: Leading order ratio of branching ratios of di-gauge boson final states for a spin zero resonance �

with gauge boson interactions originating from various SU(3)C ⇥SU(2)L ⇥U(1)Y matter representations
in the absence of electroweak symmetry breaking e↵ects or mixing with the Higgs boson. Unified refers
to any combination of matter representations that can be embedded within complete multiplets of a non-
Abelian grand unified gauge group. With a single matter representation these ratios of branching ratios
are independent of the massive matter spectrum, and with multiple representations are obtained with
uniform coupling of the resonance to each representation in either the degeneracy or decoupling limits of
the massive matter spectrum. The branching ratios Br(� ! WW ) and Br(� ! ZZ) are very sensitive
to mixing e↵ects with the Higgs boson. The gauge couplings are evaluated at a renormalization scale of
µ = 750 GeV.

they provide a sensitive probe of the quantum numbers of the charged matter connecting the res-

onance to SM gauge bosons. Although absolute branching ratios cannot be reliably determined,

the ratios of branching ratios into these final states can be uniquely represented in terms of the

matter representations of the additional charged and strongly interacting states. In particular,

the ratio of branching ratios into Z� and �� is given by

Br(� ! Z�)
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= 2
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1 + tan#21
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(2.5)

Note that this depends on only a single ratio of amplitude coe�cients, namely tan#21, so that a

measurement of the ratio of branching ratios to Z� and �� would fully determine this parameter.

Examples of the numerical values of this and other ratios for various canonical matter repre-

sentations are given in Table 2. Likewise, the ratio of branching ratios into �� and gg is given

by

Br(� ! ��)

Br(� ! gg)
=

↵2

8↵2
s
tan2 #13
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1 + tan#21

�2
(2.6)

and depends on two ratios of amplitude coe�cients, tan#21 and tan#13. In principle, given a

measurement of Z�, ��, and gg branching ratios, both tan#13 and tan#21 could be unambiguously
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Wide or narrow?
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Figure 6: Compatibility with the background-only hypothesis as a function of the assumed signal mass m
X

and
relative width �

X

/m
X

for the analysis optimized for a spin-0 resonance search.

Figure 7 shows the limits on the signal fiducial cross section as a function of the hypothesized mass for
various assumptions on the width. Except near 750 GeV, the observed limit is in agreement with the
expected limit assuming the background-only hypothesis. For the relative decay width, �

X

/m
X

, of 1% of
the resonance mass, the fiducial cross-section limits range from 50 fb at 200 GeV to 1 fb at 2000 GeV.

8.2 Results of the search for a spin-2 resonance

Figure 8 shows the diphoton invariant mass distribution for the events selected in the spin-2 resonance
search together with the best background-only fit (N

S

=0). Figure 9 illustrates the local compatibility with
the background-only hypothesis as a function of the assumed mass and for various k/MPl values.

As in the spin-0 resonance search, the largest deviation from the background-only hypothesis is observed
near a mass of 750 GeV, for a k/MPl value of 0.21, corresponding to a local excess of 3.6 standard
deviations and a global significance of 1.8 standard deviations. The width associated to k/MPl = 0.21 at
m

G

⇤ = 750 GeV is 48 GeV.

The events selected in the spin-0 search constitute a subset of those selected in the spin-2 resonance search,
so the two analyses are not independent. The compatibility between the excesses observed in the two
analyses is assessed with a bootstrap statistical procedure, under the assumption of a common signal. If
the spin-0 signal is assumed, the two analyses are compatible within 0.02 standard deviations. It is 0.9
standard deviations for the RS graviton signal model.
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Is it a resonance, or not?
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Figure 11: Production of a diphoton resonance S from the decay of a heavier “parent” resonance

P . The additional decay products �, originating from the decay of R, may be stable dark matter

candidates and escape undetected (left) or may decay into high multiplicity soft hadronic final

states (right), which are di�cult to discriminate from soft QCD processes. For the case of

dark matter production significant missing energy is avoided by a small mass splitting mP =
mS +mR +�, where � ⇠ 10GeV is small enough to suppress the missing energy signature.

There are a number of possibilities for the nature of the particles involved, which we will
now discuss.

• For a gg initial state a scalar parent resonance P could be produced via a loop of heavy
particles, denoted with a dot in fig. 11. This scalar resonance could decay to two scalars,
S and R.

• For a bb initial state P could be a heavy vector boson, which decays to a scalar S and
another vector R. For the remainder of this work we will consider the gg initial state and
scalar P , S, and R.

• The most minimal possibility for a gg initial state would be if P decays to two S resonances
(i.e. R = S in fig. 11). In this way, if S has the largest branching ratio to dark matter S !
�� and a smaller branching ratio to diphotons S ! ��, then the majority of the observed
events would be in the gg ! P ! SS ! ���� final state. Eventually an observation of a
pair of diphoton resonances would be expected from gg ! P ! SS ! ����, however this
would depend on the diphoton branching ratio. To make this setup even more appealing,
it could be that the dark matter � is in an electroweak multiplet, such that direct decays
to dark matter generate the required width, and loops of charged dark matter partners
generate the coupling to photons. In this case final states gg ! P ! SS ! �+����
could occur, where �± ! �0 + ⇡±, where the final state pions are very soft.8

• Finally, the missing energy spectrum can be significantly softened if the parent resonance
decays immediately to a three-body final state, P ! SRT , where now T is some additional

8Also for higher EW multiplets longer cascades could occur i.e. S ! �+++���� ! �++���⇡+⇡� !
�+��2⇡+2⇡� ! 2�03⇡+3⇡�.
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Figure 12: Missing energy spectrum for the benchmark parameter point described in the text

when R decays to dark matter. For R decays to high multiplicity hadronic final states there would

be no overall missing energy; however the diphoton system would have the same transverse boost.

and benchmark couplings of
⇤g,P = 40 TeV, � = 1. (78)

To study the phenomenology we have implemented this model in MadGraph [53]. Events were
showered in Pythia [54]. Resonances are decayed using MadSpin [55]. For these benchmark
parameters the cross sections and branching ratios are

�(pp ! P ) = 74 fb, BR(P ! RS) = 0.94, BR(P ! gg) = 0.06 (79)

consistent with bounds on dijet resonances. Thus, to achieve the needed total e↵ective cross
section for the diphoton resonances we require a branching ratio into photons of BR(S !
��) ⇡ 0.1. If the experimental hint for a width of �S ⇠ 45 GeV was also to be generated then
it would likely be required to generate a larger production cross section, in order to tolerate a
smaller diphoton branching ratio. This is because it would typically be di�cult, especially in
perturbative models, to have �S!�� ⇠ 4.5 GeV for a branching ratio BR(S ! ��) ⇡ 0.1. More
generally, the width and branching ratio parameters could be achieved by using the scenarios
described in sect. 3. In fig. 12 we show the missing energy distribution of the events. As can
be seen, the majority of the events are at missing energies of pT ⇠ 70 GeV.

6.3 Suppressed parent resonance decays

If the mass splitting � is small, the phase space for P ! RS decays is greatly suppressed.
This can be seen from the fact that the width is proportional to pS/mP , where pS is given in
eq. (74). As P has been produced in parton collisions at the LHC it may also decay into SM
final states, thus for this class of models it may be necessary to ensure the P ! RS decays to
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Figure 2. Diagrams for the heavier resonance scenarios I–IV.

corresponding to the gluon-dominant, universal coupling, and quark-dominant sce-

narios, respectively. These scenarios amount to 99%, 87% and 7% gluon fusion

contributions to the total 750 GeV spin-2 resonance production cross section at the

13 TeV LHC respectively [41].

2.2 Heavier parent resonance

Another way to induce a peak in the diphoton invariant mass distribution is by

invoking more complicated decays or decay chains of a heavier parent particle, leading

to three (or more)-body final states. In this case, one can envisage a number of

di↵erent topologies. In our study, we consider the following possibilities:

I) A process of the type pp ! S
3

! S
2

+ S
1

, S
2

! �� with S
1

being invisible

or leading to soft decay products. Such a scenario could e.g. be motivated by

considering dark matter or “hidden valley” [56] models. In principle S
3

can be a

fundamental scalar or vector [10] or a composite particle (QQ̄ bound state) [4].

II) A 3-body decay scenario with single production of the heavier resonance: pp !
S
3

! S
1

�� [33], where S
1

is again invisible or decays softly. This scenario is

equivalent to the previous one in the limit that S
2

is heavy (virtual).

III) A 3-body decay scenario as above but with associated production of S
3

and S
1

:

pp ! S
3

S
1

, S
3

! S
1

�� [33]. Such a scenario has the advantage of allowing for

the existence of a new conserved quantum number under which S
1

and S
3

are

charged, and which would stabilize S
1

, the lightest state of the new sector.

IV) The “antler” topology from a process of the type pp ! S
3

! �
2

�
2

, �
2

! �
1

+�

as proposed in [35].5 While it is rather di�cult to envisage a realistic scenario,

this topology is reminiscent of general gauge-mediated supersymmetry breaking

scenarios [57] with a su�ciently short-lived neutralino NLSP, see e.g. [58].

For concreteness, we concentrate on gluon-initiated production of a CP-even

spin-0 parent resonance. The relevant diagrams are shown in Fig. 2. These scenarios

5Note that in this scenario we take the �i’s to be fermions, as the scalar case cannot be rendered
gauge invariant at the leading operator order unless �1,2 are mass degenerate.
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Figure 1. Diagrams of the 750 GeV resonance scenario for spin-0 (left) and spin-2 (right).

Spin-0

In the spin-0 case, gluon fusion production followed by decay into a pair of photons

can be parametrized by the e↵ective Lagrangian

Lg
0

=
1

4⇤

⇥(⇠)

g G
a
µ⌫

(⇠)

Ga,µ⌫ +
(⇠)

� Aµ⌫

(⇠)

Aµ⌫
⇤
X

0

, (2.1)

where Ga
µ⌫ and Aµ⌫ are the SU(3)C and U(1)

EM

field strength tensors respectively,

G̃a
µ⌫ = 1

2

✏µ⌫⇢�Ga,⇢� and Ãµ⌫ = 1

2

✏µ⌫⇢�A⇢� are their duals, and
(⇠)

g and
(⇠)

� are the

CP-even (odd) couplings of X
0

to gluons and photons. This Lagrangian leads to

gg ! X
0

! ��/gg at the leading order (LO).

To study the case of X
0

production from bb̄ annihilation, we write an e↵ective

Lagragian as

Lb
0

=
(⇠)

b b̄(i�5)bX0

+
1

4⇤

(⇠)

� Aµ⌫

(⇠)

Aµ⌫X
0

, (2.2)

where
(⇠)

b parametrises the CP-even (odd) coupling of the X
0

to a pair of b-quarks.

This Lagrangian leads to bb̄ ! X
0

! ��/bb̄. The coe�cients
(⇠)

b should generically

be understood as
(⇠)

b ⇠ cbmb/⇤ where the value of cb/⇤ can vary from one model to

another. As an example, if X
0

is taken to be the (heavy) pseudoscalar of a type-II

two Higgs doublet model, one would expect ⇤ ⇠ v = 246 GeV and cb ⇠ tan �.

Spin-2

As an alternative possibility, we also consider a massive spin-2 particle which couples

to the SM gauge and matter fields through their energy–momentum tensors [51, 52].

As argued above, we only consider the interactions with gluons, light quarks and

photons [41]:

L
2

= � 1

⇤

⇥
g T

g
µ⌫ + q T

q
µ⌫ + � T

�
µ⌫

⇤
Xµ⌫

2

, (2.3)

where Xµ⌫
2

is the spin-2 resonance and T g,q,�
µ⌫ are the energy–momentum tensors;

see the explicit formulae, e.g., in [52, 53]. While conventional graviton excitations

have a universal coupling strength ⇤�1, we adopt a more general parametrisation

by introducing the coupling parameters g, q and � without assuming any specific

UV model [54, 55]. We consider three cases:

R ⌘ q/g = {0.1, 1, 10} , (2.4)

– 5 –
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final � at
p
s = 8TeV implied bound on

state f observed expected ref. �(S ! f)/�(S ! ��)
obs

�� < 1.5 fb < 1.1 fb [8, 9] < 0.8 (r/5)
e+e�, µ+µ� < 1.2 fb < 1.2 fb [10] < 0.6 (r/5)

⌧+⌧� < 12 fb < 15 fb [11] < 6 (r/5)
Z� < 11 fb < 11 fb [12] < 6 (r/5)
ZZ < 12 fb < 20 fb [13] < 6 (r/5)
Zh < 19 fb < 28 fb [14] < 10 (r/5)
hh < 39 fb < 42 fb [15] < 20 (r/5)

W+W� < 40 fb < 70 fb [16, 17] < 20 (r/5)
tt̄ < 450 fb < 600 fb [18] < 300 (r/5)

invisible < 0.8 pb - [19] < 400 (r/5)
bb̄ <⇠ 1 pb <⇠ 1 pb [20] < 500 (r/5)
jj <⇠ 2.5 pb - [7] < 1300 (r/5)

Table 1: Upper bounds at 95% confidence level on pp cross sections at
p
s = 8TeV for various

final states produced through a resonance with M = 750GeV and �/M ⇡ 0.06. Assuming that

the production cross section grows as r = �
13TeV

/�
8TeV

⇡ 5, and that S ! �� fits the central

value of the �� anomaly, we show in the last column the upper bounds on the partial widths in

di↵erent channels. Similar analyses claim a bound on the jj cross section which is weaker by

a factor of few, and with a surprisingly large dependence on the assumed width and shape.

essentially straight when �gg � ���. This is because, in this limit, the total width is � ⇡ �gg,
and eq. (7) simplifies into ���/M ⇡ 1.1 ⇥ 10�6, irrespectively of the value of �.

In the opposite limit ��� � �gg, production from �� partons becomes important and this
is reflected in the figure by the fact that all allowed bands become horizontal at negligible �gg

and at

�(S ! ��)

M
= 0.008

r
�

M
⇡ 0.002 i.e. BR(S ! ��) ⇡ 0.008

r
M

�
⇡ 0.03. (8)

However, at the same time, Run 2 and Run 1 �� data become incompatible such that a joint
fit has a poor confidence level.

In each point of the allowed region in fig. 1a above the blue band (coloured in yellow), eq. (7)
determines the value of the total width. In particular, along the green band the constraint on
the total width �/M ⇡ 0.06 is satisfied. This is the region singled out by the ATLAS data, taken
at face value. In each point of the plane in fig. 1a we can compute the rate of dijets induced
by the decay of S back into two gluons. Searches for dijet resonances at

p
s = 8 TeV [7] rule

out the grey region in the figure. Note that, for �gg > ���, a resonance coupled only to gluons
and photons (which corresponds to the intersection between blue and green bands) predicts a
peak in pp ! jj in tension with the existing experimental upper bound.

In order to relax this constraint, it is useful to consider extra decay channels beyond ��
and gg. Table 1 summarises the upper bounds on cross sections at 8 TeV due to an s-channel
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We explain the recent excess seen by ATLAS and CMS experiments at around 750 GeV in the
di-photon invariant mass as a narrow width sneutrino decaying to di-photons via a stau loop in
R�parity violating Supersymmetry. The stau mass is predicted to be somewhere between half the
resonant sneutrino mass and half the sneutrino mass plus 14 GeV. The scenario also predicts further
signal channels at an invariant mass of 750 GeV, the most promising being into di-jets.

I. INTRODUCTION

The ATLAS and CMS collaborations have recently
presented the results of di-photon resonance searches in
early Run II of

p
s = 13 TeV data [1, 2]. ATLAS ob-

served an excess of 3.9 � local significance (2.3 � global)
at a di-photon invariant mass of around 750 GeV with 3.2
fb�1 integrated luminosity. CMS also observed a 2.6 �

excess locally (< 1.2 � globally) at a similar mass ⇠ 760
GeV in 2.6 fb�1 of data. The ATLAS excess prefers
a large width ⇠ 45 GeV, but only at a very mild level
(the local significance increases by 0.3� above the narrow
width approximation [1]) whereas such a fit has not been
performed on the CMS data. These excesses are consis-
tent with a new narrow-width resonance decaying into
two photons with approximately �(pp ! ��) ⇡ 5.3± 2.4
fb (unfolding e�ciency and acceptance as in Ref. [3]1).
The possibility of a new 750 GeV resonance decaying into
di-photons has stimulated a lot of ideas and speculation
in the theory community recently; for an incomplete list,
see e.g. [3–19, 21–75]. Many of the interpretations rely
on Higgs or other scalar bosons with additional charged
particles that enhance the di-photon branching ratio and
the total width.

In this work we interpret the observed di-photon excess
within the Minimal Supersymmetric Standard Model
(MSSM) framework as a 750 GeV scalar neutrino (sneu-
trino) resonance, dd̄ ! ⌫̃

i

, produced via the R-parity
violating (RPV) interaction

W

LV

= �

0
i11

L

i

Q

1

D̄

1

, (1)

where i is the family index of the sneutrino. The sneu-
trino may decay into two photons through a triangle loop

1 This assumes e�ciency times acceptance of 0.65 for ATLAS and
0.48 for CMS. These numbers were calculated assuming gluon
fusion production, which will not be our case. However, to the
accuracy with which we work, the approximation should be suf-
ficiently good.

FIG. 1. Example Feynman diagram for resonant sneutrino
production via the LiQ1D̄1 operator in Eq. (1) and its decay
to two photons through the triangle stau loop via the soft
term ˜̀

i
˜̀
3⌧̃

+
R in Eq. (2). The cross in the stau propagator

represents the left-right mixing in the stau sector. There are
other diagrams with ⌧̃L⌧̃

⇤
L�� or ⌧̃R⌧̃

⇤
R�� vertices which are not

shown.

diagram of staus with a large left-right mixing via the
RPV soft supersymmetry (SUSY) breaking term

Lsoft

LV

= A

i33

˜̀
i

˜̀
3

⌧̃

+

R

+ (H.c.) , (2)

where the SU(2)
L

indices of ˜̀
i

and ˜̀
3

are anti-
symmetrically contracted implicitly, which forbids i to
be 3, so the 750 GeV sneutrino has to be of electron or
muon type in our scenario. The process shown in Fig. 1
will contribute to the di-photon signal and may explain
the excesses observed in the ATLAS and CMS data, as
shown below.
The rest of the paper is organised as follows. In Sec. II

we consider the decay of the sneutrino and discuss the
constraints on our scenario. In Sec. III we show our re-
sults and discuss the value of the sneutrino width that
one can obtain in our scenario. Sec. IV discusses how one
might tweak the model in order to increase the width of
the sneutrino in the event that it is unambiguously mea-
sured by the experiment to be a wide resonance. Sec. V
is devoted to conclusions.
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FIG. 4. The preferred region for the di-photon excess (green)
and the excluded region from the di-jet resonance search (red),
assuming there is no other decay channel than dd̄, ��, �Z, ZZ
and WW . The dashed contours show the total decay width
of the sneutrino in GeV.

stau mass must be within the narrow window 375GeV 
m

⌧̃1
<⇠ 389GeV, where the lower mass limit is required to

forbid the two-body decay mode, ⌫̃
i

! ⌧̃

+

1

⌧̃

�
1

. Contrary
to the di-photon rate, the di-jet constraint is sensitive to
|�0

i11

| and excludes the region where |�0
i11

| > 0.135.
The dashed contours in Fig. 4 show the total decay

width of the sneutrino in GeV. As we discussed previ-
ously, the total width is dominated by the ⌫̃

i

! dd̄ mode
and depends only on |�0

i11

| unless |�0
i11

| ⌧ 1. As can be
seen, �

tot

> 0.8 GeV is excluded by the di-jet constraint
in the region favoured by the di-photon excess. This is a
prediction of our model: if the signal persists and the res-
onance is better resolved, it should have a narrow width.

IV. MODEL TWEAKS

One way to increase �
tot

would be to allow the sneu-
trino to have other decay modes, X. If �

X

were as large
as or larger than �

d

¯

d

, the cross sections would scale as

�(pp ! ⌫̃

i

! ��) /⇠ |�0
i11

|2
⇣ �

��

c|�0
i11

|2 + �
X

⌘
,

�(pp ! ⌫̃

i

! dd̄) /⇠ |�0
i11

|2
⇣
c|�0

i11

|2 + �

1n

�
X

c|�0
i11

|2 + �
X

⌘
,

�(pp ! ⌫̃

i

! X) /⇠ |�0
i11

|2
⇣ �

X

c|�0
i11

|2 + �
X

⌘
, (19)

where c is some constant. A few remarks can be made.
First of all, all processes depend on �

X

. Second, the
di-photon rate now also depends on �

0
i11

. Therefore, for

�
X

> 0, to compensate for the suppression in the di-
photon rate, a larger value of |�0

i11

| will be preferred. The
su�x n of the Kronecker delta is 0 except for X = d

k

d̄

l

with d

k

being one of d, s, b (and d̄

l

being one one of d̄, s̄, b̄)
excluding X = dd̄. These decay modes can be opened up
by introducing a non-zero �

0
ikl

coupling for the L

i

Q

k

D̄

l

operator in the superpotential in Eq. (1). For n = 1, the
di-jet cross section is independent of �

X

, whereas it is
suppressed with �

X

> 0 for the n = 0 case.
Appropriate constraints on �(pp ! ⌫̃

i

! X) should
be taken into account3. For example, if some of the neu-
tralinos and charginos are lighter than ⌫̃

i

, one can con-
sider ⌫̃

i

! ⌫�̃

0

j

and ⌫̃

i

! `

±
�̃

⌥
j

. In RPV scenarios the

�

0

j

and �

±
j

subsequently decay into jets and leptons via
RPV interactions and these processes may be observed
as multi-jet and/or multi-lepton with or without large
missing transverse momentum final states. Constraints
on these processes depend on the details of the final state
particles and the masses of �0

j

and �

±
j

, but are typically
more stringent than the di-jet constraint. Another pos-
sibility is X = bb̄ or bs̄ (sb̄). The upper bound on the
bb̄ signal cross-section is about 1 pb from the di-bottom
resonance search [85], whilst the latter does not have any
other constraint apart from the di-jet constraint previ-
ously covered.

Finally, one could tweak the model to explain a wider
peak by having multiple sneutrino resonances, e.g. ⌫̃

e

and
⌫̃

µ

, with slightly di↵erent masses, �m ⇠ O(10) GeV: at
present, statistics are such that one cannot resolve these
two di↵erent masses with the ATLAS data presented,
however the tweak predicts that in the future, the double-
peak structure would be resolved (the di-photon invariant
mass resolution is around 1% i.e. ⇠ 7 GeV).

V. CONCLUSION AND DISCUSSION

One can explain the di-photon excess via resonant
sneutrino production whilst remaining on the allowed
side of other collider constraints. The model contains
a stau of mass 375 to 389 GeV and a 750 GeV sneutrino.

It is interesting to note that resonant left-handed slep-
ton production has been used to simultaneously explain
the ATLAS di-boson excess at 2 TeV in LHC Run I and
the anomalous magnetic moment of the muon [78]. It re-
mains to be seen whether the R�parity violating MSSM
has enough freedom to simultaneously fit these measure-
ments (which are also discrepant with SM predictions)
and the di-photon excess addressed here. We leave the
answer to this question to a future paper.

The most pressing concern resulting from this and
other works is: will the 750 GeV �� excess persist in
future Run II data? If the answer is ‘yes’, there are

3 For a comprehensive list of LHC probes on hidden sector, see
e.g. [84].

RPV sneutrino
[Allanach, Bhupal Dev, Renner, Sakurai 1512.07645]

8 TeV tension since 
qq initiated?

2

TABLE I.

Analysis Constraint in units of f/TeV

jj [30] m3 . 0.11

Z� [31] m2�m1 . 3.3⇥ 10�2

ZZ [32] m1s
2
W +m2c

2
W . 3.5⇥ 10�2

WW [33, 34] m2 . 4.5⇥ 10�2

�� [1–3] 1.1⇥ 10�2 . m1c
2
W +m2s

2
W . 1.4⇥ 10�2

�(� ! ��) = (m1c
2
W

+m2s
2
W

)2m3
�

/(32⇡f2), where s
W

and c
W

are the sine and cosine of the weak mixing an-
gle. The partial decay widths of a are obtained by simply
replacing � ! a.
Run-I searches for resonances in the Z� [31], ZZ [32]

and WW [33, 34] final states, place 95% CL upper limits
on the signal rate at around 4 fb, 12 fb and 40 fb, re-
spectively. These constraints translate into the bounds
on the sgoldstino couplings to gauge bosons, which are
given in terms of ratios of di↵erent linear combinations
of gaugino masses over f . In Table I we give the con-
straints in terms of the sgoldstino parameter space. In
the last line of the table we have translated the range
preferred by the di-photon excess, obtained by requiring
6 fb<�⇥BR

��

< 10 fb at 13 TeV [4], into a range of the
relevant combination of bino and wino masses.
The interplay of the di↵erent constraints on m1 and

m2 and the observed excess in di-photons in the plane
(m1/f,m2/f) is shown in Figure 1. From the figure it
is clear that the strongest constraint on the region pre-
ferred by the di-photon excess come from the Run-1 Z�
search. This implies that Run-II Z� searches will have
great sensitivity to the sgoldstino signal hypothesis. Note
also that the constraints from the Run-I searches in the
ZZ and WW final states are not much weaker, which
suggests that, if the di-photon excess can be attributed
to the sgoldstino, all the di-boson final states will show
up at about the same time.
Since the dominant decay mode of the sgoldstino is into

gluons, important limits are placed by resonance searches
in the di-jet final states [30]. The 95% CL upper limit of
2.5 pb on the di-jet signal rate can be translated into the
bound reported in the first line of Table I, which can be
rewritten in the form,

p
f

3.9TeV
&

r

m3

1.7TeV
, (1)

where the constraint has been normalized to the current
lower limit on the gluino mass from Run-II searches at
around 1.7TeV [1]. For this minimum m3 value we ob-
tain an absolute minimum value of

p
f of 3.9TeV. Since

the maximum sgoldstino total decay width is obtained
by saturating the di-jet constraint (1), we conclude that
the total sgoldstino width does not exceed about 0.4GeV.
Therefore, the fact that the largest significance for the di-
photon excess in the current data [1–3] is obtained for a
resonance width of around 45GeV can not be explained
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FIG. 1. The green region is allowed by the Run-I searches
in the Z�, ZZ and WW final states, while the blue region is
preferred by the Run-II di-photon excess. The di↵erent edges
of the allowed region correspond to the exclusion limits from
the Z� and ZZ searches, respectively, while the WW searches
only exclude the parameter space above the dashed line.

by the narrow widths of the sgoldstino scalars, if they
are mass-degenerate at around 750GeV. In the follow-
ing section we will investigate alternative explanations
to account for a broader width.

We will from hereon focus on the case where the SUSY
breaking scale

p
f is as low as possible, i.e. when the di-

jet constraint (1) is saturated. This is motivated by the
fact that, as we will discuss in the Section IV, new F -term
contribution to the tree level Higgs mass are maximized
for low values of

p
f . This also maximizes the mass split-

ting between � and a that we propose in Section III as
an explanation of the broad resonance width preferred
by the data. Moreover, low values of

p
f correspond to

low values of m3, which is the most interesting case from
the point of view of fine-tuning and gluino searches.

In Figure 2 we show, in the (m3,m1) plane, the regions
that are allowed by all Run-I constraints and where the
di-photon excess can be explained by the sgoldstino. The
two blue regions correspond to two representative values
of the wino mass, m2 = 0.7 and m2 = 1.4 TeV. Con-
straints from di-jets are satisfied by construction since
we require the bound in eq. (1) to be saturated through-
out the plane. The left edges of these regions are again
due to the constraint placed by the Run-I Z� search [31],
while the height of the regions are determined by the di-
photon signal rate preferred by the Run-II excess. Of
course, di↵erent values of m2 are possible and would give
rise to regions that are shifted towards the left or right
for smaller or larger values of m2, respectively.

�(� ! ��) =
(m2

1c
2
W +m2

2s
2
W )M3

�

32⇡F 2

�(� ! gg) =
m2

3M
3
�

4⇡F 2

“Sgoldstino”
[Petersson, Torre 1512.05333]

Ruled out by gluino mass 
limits in calculable models

Who ordered that?

W=QLD + LLE A-term (Not sgoldstino of primary 
SUSY breaking)

Not obvious out of the box, but necessity is the mother of invention…

0

@
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 �
�

1

A

Sbino in supersoft SUSY / dirac gauginos
[Carpenter, Colburn, Goodman 1512.06107]

Scalar adjoint of U(1)Y, couples to sfermions via D-term
Fitting signal requires mD~ 10 TeV, enormous splitting in multiplet



Compositeness
Not a parametrically light ingredient of minimal composite Higgs 

model, but can arise in non-minimal models with larger cosets. E.g.

SO(6) ! SO(5) ! SO(4)

5 PNGBs + 4 PNGBs organize into 1 singlet + 2 doublets)

[No, Sanz, Setford 1512.05700]

Singlet disfavored (intrinsic Higgs mixing), but second 
doublet inert, couples to SM via vector-like fermions, looks 

like elementary spin-0 scenario.

Who ordered that?

Additional vector-like fermions from fermionic 
resonances, no need for new ingredients there. 

Could be hanging around, but not automatic. 
Other candidates from compositeness?



Who ordered that?
KK graviton: avatar of strongly-warped extra dimension 

[Giddings & Zhang 1602.02793]
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FIG. 3. The decay branching ratios of the 750 GeV KK gravi-
ton.

TABLE I. The constraints on � (pp ! G⇤
1) at 8 TeV LHC

(95% C.L. upper bound). The A in the table is the cut ac-
ceptance of the process. The bounds for ⇤ shown in the last
column are calculated using the central value of eq. (25).

� (pp ! G⇤
1)Br (pb) � (pp ! G⇤

1) (pb) ⇤ (TeV)
jj 1.25/A [33] 1.9/A 10A
V V 0.065 [34] 0.055 [35] 1.2 13
tt̄ 0.52 [36], 0.4 [37] 7.8 5.1
�� 0.0024 [38], 0.0018 [39] 0.042 69

`+`� 0.0011 [40], 0.0014 [41] 0.051 63
⌧+⌧� 0.01a [42] 0.47 21
hh 0.045 [43], 0.041 [44] 7.7 5.1

a This is the constraint on a spin-1 particle. The spin-2 KK
graviton will have a little larger cut acceptance and the exact
constraint will be a little smaller but roughly the same.

TABLE II. The constraints on ⇤ at 8 TeV LHC (95% C.L.
upper bound), with PDF uncertainties.

jj V V tt̄ �� `+`� ⌧+⌧� hh
⇤ (TeV) 10+1.2

0.9 A 13+1.5
�1.2 5.1+0.6

�0.5 69+8
�6 63+7

�6 21+2
�2 5.1+0.6

�0.5

V. CONSTRAINTS FROM LHC RUN-II

One should also examine the dilepton constraints from
the 13 TeV LHC on a warped KK graviton. Both AT-
LAS and CMS collaborations search for an exotic spin-1
resonance in the dilepton final state [45, 46]. The upper
bounds are summarized in TABLE III. To give a con-
straint for a graviton, we generate the signal events by
the same method as in Sec. III but require the gravi-
ton to decay into dileptons. We also simulate a 750 GeV
Z

0 for comparison, and infer the graviton bounds using
the ratio between the cut acceptances, which should sup-
press uncertainties. The ratios between graviton and Z

0

TABLE III. The upper bounds on � (pp ! Z0) Br (Z0 ! ``)
from the 13 TeV LHC. The unit in this table is fb.

Channel ee µµ combined
13 TeV ATLAS [45] 6.2 13.8 5.6
13 TeV CMS [46] 3.5 8.5 2.9

cut acceptances (✏``X) from our simulations are

ATLAS: Rµµ =
✏

µµ
G⇤

1

✏

µµ
Z0

= 1.12, Ree =
✏

ee
G⇤

1

✏

ee
Z0

= 1.35,(26)

CMS: Rµµ =
✏

µµ
G⇤

1

✏

µµ
Z0

= 1.16, Ree =
✏

ee
G⇤

1

✏

ee
Z0

= 1.23. (27)

The cut acceptances for the graviton are larger than for
the Z

0 due to the final state leptons being more central
in the detector on average, which was also noted for the
8 TeV LHC (e.g., see Ref [41]). The strongest constraints
are from the ee-channel. We show the constraints on a
warped KK graviton from such 13 TeV dilepton searches
in TABLE IV. We only show the result with CT14llo
PDF since the constraints here are also from the 13 TeV
LHC. We see from the result that the combined best-

TABLE IV. The bounds on � (pp ! G⇤
1) Br (G

⇤
1 ! ��) and ⇤

at 13 TeV LHC.

Channel ATLAS (ee) ATLAS (µµ) CMS (ee) CMS (µµ)
� (fb) 9.2 24.6 5.7 14.7

⇤ (TeV) 60 37 76 48

fit result from the 13 TeV ATLAS and 13 TeV CMS
diphoton data is nearly excluded by the 13 TeV dilepton
constraints (CMS ee channel), at 98% C.L. The best-fit
result from the ATLAS signal is excluded by the 13 TeV
CMS dielectron channel with 98.8% C.L., and excluded
by the 13 TeV ATLAS dielectron channel with 96.8%
C.L. The best-fit result from the 13 TeV CMS dipho-
ton data is however (with less than 1� uncertainty) still
consistent with the 13 TeV dilepton constraints.
The CMS report[3] also combines the 8 TeV results

with the 13 TeV results. The best-fit to the combined 8
TeV and 13 TeV CMS diphoton data is

�(pp ! G

⇤
1

! ��) = 4.5+1.9
�1.7 fb, (28)

⇤= 86+20

�17

TeV, (29)

which is consistent with the constraint from the 13 TeV
LHC dilepton data.
We also conclude from this discussion that if the 750

GeV excess is confirmed by the next round of data, and
its source is a KK graviton in the simple type of warped
compactification that we have considered, the resonance
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TABLE I. The constraints on � (pp ! G⇤
1) at 8 TeV LHC

(95% C.L. upper bound). The A in the table is the cut ac-
ceptance of the process. The bounds for ⇤ shown in the last
column are calculated using the central value of eq. (25).

� (pp ! G⇤
1)Br (pb) � (pp ! G⇤

1) (pb) ⇤ (TeV)
jj 1.25/A [33] 1.9/A 10A
V V 0.065 [34] 0.055 [35] 1.2 13
tt̄ 0.52 [36], 0.4 [37] 7.8 5.1
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hh 0.045 [43], 0.041 [44] 7.7 5.1

a This is the constraint on a spin-1 particle. The spin-2 KK
graviton will have a little larger cut acceptance and the exact
constraint will be a little smaller but roughly the same.

TABLE II. The constraints on ⇤ at 8 TeV LHC (95% C.L.
upper bound), with PDF uncertainties.

jj V V tt̄ �� `+`� ⌧+⌧� hh
⇤ (TeV) 10+1.2

0.9 A 13+1.5
�1.2 5.1+0.6

�0.5 69+8
�6 63+7

�6 21+2
�2 5.1+0.6
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V. CONSTRAINTS FROM LHC RUN-II

One should also examine the dilepton constraints from
the 13 TeV LHC on a warped KK graviton. Both AT-
LAS and CMS collaborations search for an exotic spin-1
resonance in the dilepton final state [45, 46]. The upper
bounds are summarized in TABLE III. To give a con-
straint for a graviton, we generate the signal events by
the same method as in Sec. III but require the gravi-
ton to decay into dileptons. We also simulate a 750 GeV
Z

0 for comparison, and infer the graviton bounds using
the ratio between the cut acceptances, which should sup-
press uncertainties. The ratios between graviton and Z

0

TABLE III. The upper bounds on � (pp ! Z0) Br (Z0 ! ``)
from the 13 TeV LHC. The unit in this table is fb.

Channel ee µµ combined
13 TeV ATLAS [45] 6.2 13.8 5.6
13 TeV CMS [46] 3.5 8.5 2.9

cut acceptances (✏``X) from our simulations are

ATLAS: Rµµ =
✏

µµ
G⇤

1

✏

µµ
Z0

= 1.12, Ree =
✏

ee
G⇤

1

✏

ee
Z0

= 1.35,(26)

CMS: Rµµ =
✏

µµ
G⇤

1

✏

µµ
Z0

= 1.16, Ree =
✏

ee
G⇤

1

✏

ee
Z0

= 1.23. (27)

The cut acceptances for the graviton are larger than for
the Z

0 due to the final state leptons being more central
in the detector on average, which was also noted for the
8 TeV LHC (e.g., see Ref [41]). The strongest constraints
are from the ee-channel. We show the constraints on a
warped KK graviton from such 13 TeV dilepton searches
in TABLE IV. We only show the result with CT14llo
PDF since the constraints here are also from the 13 TeV
LHC. We see from the result that the combined best-

TABLE IV. The bounds on � (pp ! G⇤
1) Br (G

⇤
1 ! ��) and ⇤

at 13 TeV LHC.

Channel ATLAS (ee) ATLAS (µµ) CMS (ee) CMS (µµ)
� (fb) 9.2 24.6 5.7 14.7

⇤ (TeV) 60 37 76 48

fit result from the 13 TeV ATLAS and 13 TeV CMS
diphoton data is nearly excluded by the 13 TeV dilepton
constraints (CMS ee channel), at 98% C.L. The best-fit
result from the ATLAS signal is excluded by the 13 TeV
CMS dielectron channel with 98.8% C.L., and excluded
by the 13 TeV ATLAS dielectron channel with 96.8%
C.L. The best-fit result from the 13 TeV CMS dipho-
ton data is however (with less than 1� uncertainty) still
consistent with the 13 TeV dilepton constraints.
The CMS report[3] also combines the 8 TeV results

with the 13 TeV results. The best-fit to the combined 8
TeV and 13 TeV CMS diphoton data is
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which is consistent with the constraint from the 13 TeV
LHC dilepton data.
We also conclude from this discussion that if the 750

GeV excess is confirmed by the next round of data, and
its source is a KK graviton in the simple type of warped
compactification that we have considered, the resonance

Strong tension with dileptons
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Can be made viable if SM fields are put into 
the bulk, so each field has independent 

coupling depending on geography, but then 
expect to see other KK modes.
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Who ordered that?
• Most of the Standard Model field content isn’t 

“deeply motivated by theory considerations” 

• Nobody said BSM had to be “minimal” 

• Many “complete” UV theories give SM field content 
+ exotics [Cvetic, Halverson, Langacker 1512.07622] 

• No atheists in foxholes, etc.: if it’s real I don’t much 
care if it fits with some theory prior.



At 750 GeV Elsewhere

Spin 0
elementary Zγ, ZZ, possibly WW, dijets Vector-like quark searches, 

SUSY-like searches (RPC,RPV)

glueball Zγ, ZZ, possibly WW, dijets γγ, Zγ, ZZ, possibly WW, dijets 
cascades

hyperonium Zγ, ZZ, possibly WW, beaucoup 
dijets

γγ, Zγ, ZZ, possibly WW, dijets, 
dileptons

hyperpion Zγ, ZZ, possibly WW, dijets Zγ, ZZ, possibly WW, γj, Zj, 
beaucoup dijets

Spin 2 ZZ, WW, dileptons Higher KK modes, other KK 
modes

Non Res Met / soft radiation / stealth Other decays of parent  
(dijets,…)

What next?



• Are we happy with the analysis? 
• If it’s real, did we have to get lucky twice? 
• Is it wide or narrow? 
• Is it a resonance or a cascade? 
• Is it a Higgs? 
• Who ordered that? 
• What next?

Anything else?


