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Is it even true?

Claim that another function fits background better than ATLAS fit, and when 
it’s used, significance drops to 2 sigma


However their analysis has several grave errors: empty bins at the tail are 
ignored, and normalization is not treated as a free parameter unlike in ATLAS


Fixing these errors, one recovers ATLAS results and significance of 750 GeV 
excess
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Correct theory level analysis roughly reproduces 
ATLAS results concerning diphoton background and 
signal significance 
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where
ˆ̂✓
b

is the set of background parameters which max-
imise the likelihood under the background-only hypoth-

esis and ✓̂ is the set of parameters which maximise the
full likelihood under the signal + background hypothe-
sis for a given value of m

B

and (if we are considering
the free-width analysis) ↵. Here, we restrict to positive
parameter values for the number of signal events, so the
best fit value N̂

S

will always be positive.
The local p-value for the background-only hypothesis

is obtained from the observed value of the test statistic
q

0,obs

using,

p

0

=

Z 1

q

0,obs

f(q
0

) dq
0

(4)

where f(q
0

) is the probability density function of q
0

un-
der the background-only hypothesis. According to Wilks’
Theorem [13], the log-likelihood ratio (appearing in the
top line of Eq. 3) is asymptotically �

2

m

distributed if the
background-only hypothesis is correct. The number of
degrees of freedom m is given by the di↵erence between
the number of parameters in the background-only and
the signal + background hypotheses. For a fixed value of
m

B

(and ↵), there is only one free parameter (the num-
ber of signal events N

S

) so we have m = 1. As detailed
in Ref. [12], in this case q

0

follows a ‘half chi-square’ dis-
tribution and the local signal significance is simply given
by Z =

p
q

0,obs

. The maximum value of the local signif-
icance can then be obtained by maximising over m

B

(or
m

B

and ↵ in the free-width analysis).

III. BACKGROUND-ONLY FITS

We begin by examining in Fig. 1 the fits to the ATLAS
data (black points) which are obtained when no signal
contribution is included. We show the best fit (maxi-
mum likelihood) background curves for k = 0 (red) and
k = 1 (blue), both using a free normalisation N (solid
lines) and when setting N = 1 (dashed lines). We note
that the error bars on the data points are for illustrative
purposes and denote the 1� confidence intervals on the
mean number of expected events in each bin given the
number of observed events.

As pointed out by Davis et al. [6], the k = 0 fixed-
normalisation background curve (dashed red) appears to
underestimate the background above m

��

> 1000 GeV.
When adding an additional parameter to the background
function, either using k = 0 with free normalisation (solid
red) or k = 1 with fixed normalisation (dashed blue), the

FIG. 1. Background-only fits to the ATLAS diphoton in-
variant mass spectrum. The observed numbers of events in
each bin are shown as black circles, while the curves show the
background distribution for the k = 0 (red) and k = 1 (blue)
empirical functions defined in Eq. 2. We show background fits
with both free normalisation (solid) and with fixed normali-
sation (dashed). The background parameters used are those
which maximise the likelihood for the background-only hy-
pothesis. Note that the k = 2 background fits are not shown
as they lie close to the k = 1, free normalisation curve (solid
blue).

fits tend to prefer a higher background at high mass in
order to alleviate this possible tension. The background
contribution is also increased in the region of the 750 GeV
excess, suggesting that the significance of the peak will
be reduced when including these additional parameters.
We note that both the k = 0, free-N background and

the k = 1, fixed-N background appear to match closely
the background-only fit reported in Fig. 1 of Ref. [1].
The ATLAS collaboration state that they use the k = 0
background function in Ref. [1] and we therefore assume
that they also fit the normalisation N of the background,
in order to match the results shown here in Fig. 1. It
therefore appears then that the background curve used
by ATLAS fits the data well, apart from in the region of
the 750 GeV excess and above m

��

⇠ 1600 GeV (where
ATLAS report an excess with 2.8� local significance).
Following Ref. [6], we have calculated the Bayesian In-

formation Crierion (BIC) [14], a model selection crite-
rion which be used to compare the fit to data obtained
using di↵erent models, penalising models which have ad-
ditional free parameters. The Akaike Information Cri-
terion (AIC) [15] is a related model selection criterion,
though in general the BIC penalises the addition of ex-
tra parameters more strongly. The BIC is defined as:

BIC = �2 log L̂+N

p

log n
bins

, (5)

where L̂ is the maximum likelihood and N

p

is the number
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Background function NWA Free-width

Fixed normalisation
k = 0 4.2� 4.9�
k = 1 3.4� 3.7�
k = 2 3.4� 3.7�

Free normalisation
k = 0† 3.4� 3.6�
k = 1 3.5� 3.8�
k = 2 3.4� 3.6�

ATLAS reported 3.6� 3.9�

TABLE III. Estimated local significance of the ATLAS 750
GeV diphoton excess obtained in this work using each of the
background functions described in Eq. 2, assuming a freely
varying resonance width (free-width) and under the narrow
width approximation (NWA). The background function used
by the ATLAS collaboration in Ref. [1] is marked with a dag-
ger. For comparison, we also give the local significance re-
ported by the ATLAS collaboration.

worse than the more complex ones. The remaining back-
ground parametrisations lead to very similar significances
compared with the k = 0, free-N function. Thus, the sig-
nificance of the excess appears to be robust against the
choice of background.

V. DISCUSSION

As initially pointed out by Davis et al. [6], the signif-
icance of the 750 GeV diphoton excess reported by AT-
LAS is higher when the background is fit with the k = 0,
fixed-normalisation parametrisation and is reduced when
an extra parameter is added to the background fit. How-
ever, this appears to be consistent with the results re-
ported by ATLAS. Assuming that the overall normalisa-
tion of the k = 0 background is also included in the fit, we
recover the background-only fit presented in Ref. [1] and
obtain significances close to (but slightly smaller than)
those reported by the ATLAS collaboration.

We also note that the data show no preference for
an increase in complexity of the background function
(as demonstrated by the Bayesian Information Criterion
study in Table III). Furthermore, we find that adding ad-
ditional parameters to the background fit does not have
any impact on the significance of the excess. This is be-
cause of a number of bins above m

��

⇠ 1100 GeV which
see no events. Any smooth background is constrained
not to overshoot these bins.

Davis et al. introduce a di↵erent possible parametri-
sation for the background (which was also validated by
a Monte Carlo study) and find that the significance of
the excess is further reduced with respect to the k = 1,
fixed-N case. However, the empty bins at high m

��

were
not included in that analysis, leading to a background
fit which overestimates the high m

��

event rate. In-
deed, using the Davis et al. background parametrisation
(with free normalisation) in this analysis gives a local

significance of 3.8� for a free-width resonance. This does
not discount the possibility that exploring a wider range
of possible background functions may impact the signifi-
cance of the 750 GeV excess, but the correct constraints
from the entire range of m

��

should be taken into ac-
count.
It is of course necessary to point out that the signif-

icances we report are only estimates and care must be
taken when comparing with the o�cial ATLAS analy-
sis. In particular, the results reported by ATLAS use
the full unbinned data set, while we consider here only
binned data. Furthermore, this data was obtained by
digitising the results released in Ref. [1]. However, we
have investigated the possible impact of digitisation er-
ror on our analysis. In order to do this, we added random
noise to the first 10 bins in m

��

(distributed uniformly
between �3% and +3% of the number of events in each
bin) in order to simulate digitisation errors.3 Ten such
‘randomised’ datasets were generated and the peak signif-
icance for each was calculated assuming the k = 0, free-N
background. The resulting local significances were in the
range:

NWA: 3.3�–3.5�

Free-width: 3.5�–3.8� .

(6)

These tests indicate that digitisation could have induced
an error of order 0.2� in the analysis, and may also ex-
plain some of the discrepancy between our results and
those reported by ATLAS.
We further note that in this work we have used only

approximate functional forms for the signal distributions
and while we approximately recover the significances re-
ported by the ATLAS collaboration, our analysis does
not capture many of the important details involved in fit-
ting the signal and background (for example, uncertain-
ties in the diphoton mass reconstruction). Furthermore,
we have taken an empirical approach and allowed a wide
range of values for the background parameters N , b, a

0

,
a

1

, a
2

. This may not accurately reflect the background
distributions seen in MCMC and data samples. How-
ever, restricting the possible ranges of the background
parameters is likely only to increase the significance of a
possible excess.

In spite of these simplifications, the broad message of
this note still holds. The significance of the 750 GeV
excess does not appear to be strongly a↵ected by di↵er-
ent choices of smooth background model. While more
complicated background distributions could be explored
to ensure the robustness of the significance reported by
ATLAS, these are likely to be highly constrained by the
lack of observed events at high diphoton invariant mass.

3 At larger values of m�� the small number of events means that
integer numbers of events can accurately be read o↵ the figure.
However at small values of m�� digitisation error could induce
variations of order 10-100 events.
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Figure 1. All data sets collected by both the ATLAS and CMS experiments at
p
s = 8 TeV

and
p
s = 13 TeV runs. The points correspond to the number of events observed in each bin

minus the background fitted functions for each dataset. Left: number of events minus background
reported by each analysis. Right: the same data normalized to the ATLAS 13 TeV cross section,
luminosity, acceptance and efficiency. The error bars are normalized as the square root of the data
normalization.

excess it is possible that the new scalar and the vector-like quarks take part in cancellation
of quadratic divergences of the Higgs boson.

The paper is organized as follows. In Section 2, we study the ATLAS and CMS diphoton
data, identifying the best fit mass, cross-section and width of the proposed scalar. In
Section 3 we introduce a minimal toy model which explains the excess via an effective field
theory of a singlet that couples to gluons and photons. The basic features of the model
and viable parameter space are identified. The toy-model is then extended in Section 4,
where we allow the singlet to mix with the SM Higgs. In Section 5 we briefly discuss the
implications of a broad resonance followed by the possible constraints and predictions in
Section 6. We conclude in Section 7 with a discussion of the possible connection with the
naturalness problem. While this work was in progress, these studies were published [10–27].
A number of them present ideas that have some overlap with our study.

2 A New Resonance?

The ATLAS experiment presented the diphoton spectrum measured with 3.2 fb

�1 collected
at

p
s = 13 TeV [1]. In the bins around 750 GeV, the ATLAS experiment reports the

following number of observed events and the estimated SM background prediction:

Bin[GeV] 650 690 730 770 810 850
Nevents 10 10 14 9 5 2

Nbackground 11.0 8.2 6.3 5.0 3.9 3.1

The largest excess is in the bins centered at 730 and 770 GeV. The local significance of
the excess at 750 GeV is quoted by ATLAS as 3.6 �. There is no evidence for unusual
additional activity (jets, missing energy) in the diphoton events in the excess region, which
puts constraints on the production mode of the hypothetical resonance.

– 3 –

CMS uses 2.6 fb

�1 collected at
p
s = 13 TeV, and their results are given separately

for 2 distinct diphoton categories. In the first category (EBEB) both photons are detected
in the barrel, whereas in the second (EBEE) one photon is detected in the barrel and the
other is found in the end cap. The efficiency and acceptance for potential new resonances
signals are significantly different in the two categories. In the bins around 750 GeV they
find [2]:

Bin[GeV] 700 720 740 760 780 800
Nevents (EBEB) 3 3 4 5 1 1

Nbackground (EBEB) 2.7 2.5 2.1 1.9 1.6 1.5
Nevents (EBEE) 16 4 1 6 2 3

Nbackground (EBEE) 5.2 4.6 4.0 3.5 3.1 2.8

The EBEB category has a mild excess in the two bins centered at 740 and 760 GeV, which
coincides with the ATLAS excess. The EBEE category (a priori less sensitive) has a very
large excess at 700 GeV, however without matching signals in the other more sensitive CMS
category or in the ATLAS data. The local significance of the excess reported by CMS is
2.6 � at around 750 GeV.

Figure 1 (left) shows the reported data minus background from both experiments atp
s = 8 and 13 TeV [1, 2, 28, 29]. Figure 1 (right) presents the same data normalized to the

ATLAS 13 TeV cross section, luminosity, acceptance and efficiency. The normalized CMS
13 TeV data exhibits better correspondence to the ATLAS 13 TeV data at around 750 GeV.
Both the ATLAS and CMS 8 TeV normalized data sets show a mild excess at around 750

GeV.
In what follows we interpret the reported results in the context of a simple extension of

the SM. We take a simplified model which includes one additional real scalar, S, which has
an effective coupling to photons and gluons. In Secs. 3-4 we discuss possible models in more
details. To interpret the above excess we incorporate four distinct data sets. For ATLAS
we use the diphoton search at

p
s = 8 TeV [28] using 20.3 fb�1 of data, and the

p
s = 13

TeV [1] search with 3.2 fb�1 discussed above. For CMS we take the diphoton searches atp
s = 8 [29] using 19.7 fb�1 and the 13 TeV search [2] with 2.6 fb�1.

We work under the assumption that the new particle is dominantly produced via gluon
fusion. We mimic a resonant signal using the Breit-Wigner distribution for the scalar mass
mS 2 [700 � 800] GeV and the width �S 2 [5, 100] GeV. We then perform a Poissonian
likelihood analysis in order to find the best fit to the data as a function of three free
parameters: (i) the singlet mass, mS , (ii) its width, �S , and (iii) production times branching
ratio rate, �(pp ! S) ⇥ Br(S ! ��). This cross section is scaled by efficiency factors for
each analysis.1 This procedure is applied to the following combined data sets:

1. ATLAS 13 TeV + CMS 13 (LHC 13 TeV)
1
For the

p
s = 13 TeV analyse, we calculated the efficiency times acceptance for a scalar resonance

produce in gluon fusion using Monte Carlo simulated data. For the ATLAS search we find ✏ ⇥ A ⇡ 0.65

at M�� = 750 GeV. For the CMS search we find ✏ ⇥ A ⇡0.48(0.21) for the EBEB (EBEE) category

at M�� = 750 GeV. For the 8 TeV diphoton analyses we use the efficiency times acceptance quoted by

Refs. [28, 29].
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ATLAS 13 TeV

CMS 13 TeV



Run-1 Data

No significant 
excess in 

ATLAS or CMS 



Compatibility between  
 13 TeV and 8 TeV LHC 
data 


Angular distributions


Additional activity in 
diphoton events

Production processes

To include in these considerations: CERN-TH et al. 
1512.04933

http://arxiv.org/abs/1512.04933


Gluon fusion is theoretically preferred


Production dominated by light quark-
antiquark collisions leads to serious tension 
between 8 and 13 TeV data. 


Production dominated by heavy quark-
antiquark collisions is just as good as gluon 
fusion from compatibility point of view, 
however model building is more challenging


Production via photon fusion is present in 
any model, however if it’s dominant  there is 
again tension between 8 and 13 TeV data


One or many closely packed resonances near 
750 GeV may be present

Direct production processes

S(750)

S(750)

S(750)

see e.g. 

Csaki et al

1601.00638

http://arxiv.org/abs/1601.00638


In general, all associated production 
processes predict additional activity 
in diphoton events, however problem  
can be avoided by fine tuning the 
model


On the plus side, tension between 8 
and 13 TeV data can be  diminished


On the minus side, required cross 
section more difficult to achieve 
from theory point of view

Associated production processes

CERN-TH et al. 
1512.04933

http://arxiv.org/abs/1512.04933


Direct decay into 2 photons is of course 
the most plausible option


Multi-body decay states are also possible 
as long as additional particles are, for 
kinematic reasons,  soft or aligned with 
the photons


Most interesting alternative possibility is 
cascade decay into 4 photons via light 

Decay process

S(750)

S(750)

S(750)
S(750)



Few proposal in the literature to realize a bump 
at 750 GeV without a new particle at 750 GeV 
(but with another mass)


1512.08221 argues that the bump can be 
reproduced with 375 GeV particle coupled to 
gluon and photons, thanks to kinematic 
properties of the 1-loop gg→γγ diagram


1512.04928 argues the bump could me a 
kinematic edge in a cascade decay from heavier 
resonance into 2 photons and one additional 
particle

Bump without a resonance?

375 GeV

CTPU-15-27

The 750 GeV Diphoton Excess May Not Imply a 750 GeV Resonance
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We discuss non-standard interpretations of the 750 GeV diphoton excess recently reported by the
ATLAS and CMS Collaborations which do not involve a new, relatively broad, resonance with a
mass near 750 GeV. Instead, we consider the sequential cascade decay of a much heavier, possibly
quite narrow, resonance into two photons along with one or more invisible particles. The resulting
diphoton invariant mass signal is generically rather broad, as suggested by the data. We examine
three specific event topologies — the “antler”, the “sandwich”, and the 2-step cascade decay, and
show that they all can provide a good fit to the observed published data. In each case, we delineate
the preferred mass parameter space selected by the best fit. In spite of the presence of invisible
particles in the final state, the measured missing transverse energy is moderate, due to its anti-
correlation with the diphoton invariant mass. We comment on the future prospects of discriminating
with higher statistics between our scenarios, as well as from more conventional interpretations.

PACS numbers: 14.80.-j,12.60.-i

Introduction. Recently, the ATLAS and CMS Col-
laborations have reported first results with data obtained
at the Large Hadron Collider (LHC) operating at 13
TeV. The data shows an intriguing excess in the inclusive
diphoton final state [1, 2]. The ATLAS Collaboration
further reported that about 15 events in the diphoton
invariant mass distribution are observed above the Stan-
dard Model (SM) expectation at 3.9� local significance
(2.3� global significance) with 3.2 fb�1 of data. The ex-
cess appears as a bump at M ⇠ 750 GeV with a rela-
tively broad width � ⇠ 45 GeV, resulting in �/M ⇠ 0.06
[1]. Similar results are reported by the CMS Collabo-
ration for 2.6 fb�1 of data — there are about 10 excess
events at a local significance of 2.6� (2.0�) assuming a
narrow (wide) width [2]. The anomalous events are not
accompanied by significant missing energy, or jet or lep-
ton multiplicity. The required cross section for the excess
is ⇠ 10 fb at 13 TeV, and so far no indication of a similar
excess has been observed in other channels.

While waiting for the definitive verdict on this anomaly
from additional LHC data, it is fun to speculate on new
physics scenarios which are consistent with the current
data. Since the excess was seen in the diphoton invariant
mass spectrum, the most straightforward interpretation
would involve the production of a resonance with mass
near 750 GeV, which decays directly to two photons. The
relative broadness of the observed feature in turn would
imply that this resonance has a relatively large width,
creating some tension with its non-observation in other
channels. Since the initial announcement, many models
along those lines have been proposed [3].

In this letter, we entertain a di↵erent interpretation of
the diphoton excess in the context of a sequential cas-
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FIG. 1: The event topologies with two photons and up to
two invisible particles under consideration in this letter: (a)
antler, (b) sandwich, and (c) 2-step cascade decay. Wavy lines
denote photons, dotted lines represent invisible, weakly inter-
acting, particles (�i) which could be dark matter candidates,
while solid lines correspond to heavier resonances (A, Bi).

cade decay of a much heavier, possibly quite narrow, res-
onance, resulting in a final state with two photons and
one or two invisible particles. Three specific examples
of such simplified model event topologies are exhibited
in Fig. 1: an “antler” topology [4] in Fig. 1(a), a “sand-
wich” topology [5] in Fig. 1(b) and a 2-step cascade decay
in Fig. 1(c). In such scenarios, the resulting diphoton in-
variant mass is typically characterized by a somewhat
broad distribution, which eliminates the necessity of an
intrinsically broad resonance. Furthermore, the peak of
the diphoton mass distribution is found near the upper
kinematic endpoint, making it likely that the first signal
events will be seen at large invariant mass, while the low
mass tail remains buried under the steeply falling SM
background. Interestingly, for signal events with the re-
quired extreme values of the diphoton mass, the missing
transverse momentum turns out to be rather moderate,
due to its anti-correlation with the diphoton mass. Given
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of heavier resonances, both bosonic and fermionic (in the form of top partners), may provide natural candidates for
the messenger M . At the same time, if charged, they contribute to �’s di-photon width. Extra pNGB singlets may
be somewhat heavier that the weak scale [39, 40] but still lower that the composite scale, and thus relatively narrow.
Depending on the properties of the UV completion, the di-photon rate may also be enhanced by Wess-Zumino-Witten
terms. Unfortunately, for the most economical composite Higgs model containing an extra singlet SO(6)/SO(5), this
is not the case [41]. And, while a WZW term is present, it vanishes exactly for the photons, rendering the di-photon
width of this extra singlet negligible. Nevertheless, other constructions may allow this possibility.

Other possibilities for � and M may be found in extended Higgs sectors where �, M may be extra Higgs bosons
with reduced contribution to the EWSB (alignment-limit) and with significant couplings to new non-SM states (such
as extra fermions, possibly Dark Matter).

We conclude this section with the discussion of a di↵erent cascade topology that can give rise to a di-photon signal,
albeit without the presence of a resonance decaying to ��. The di-photon signal can be a kinematic edge in the
cascade decay of

A ! �(B ! �C) (21)

which is currently being misinterpreted as a peak due to the low statistics. In that case, as is well known, we have a
relation between the A, B and C masses given by

m2
��,max

=
(m2

A

�m2
B

)(m2
B

�m2
C

)

m2
B

, (22)

and, for a given final state C, there are resonant peaks in the �C and ��C invariant mass distributions, which at the
moment may not be visible yet due to the low statistics and/or combinatoric backgrounds. A and B will necessarily
be new, non-SM particles, while C can be a SM state. Two interesting cases for C are a vector boson, either a W or
a Z boson, or a jet5.

Let us now assume that A is singly produced in proton-proton collisions, which is motivated by the little activity
in the rest of the signal events. Similar to Eq. (10), fixing the di-photon rate in terms of A and B branching ratios
and masses, we then have

�
A

M
A

✓
dL
dM2

A

c

◆
BR(A ! jj)BR(A ! B�)BR(B ! �C) = 10 fb. (23)

The only information that can be inferred from this equation is a lower bound on BR(A ! jj)BR(A ! B�)BR(B !
�C) as a function of M

A

, which trivially states that if these branching ratios are too small, one cannot accommodate
the observed di-photon rate. One cannot make further progress without knowing more information on the nature of
A and/or B. If B cannot be directly produced in proton proton collisions, one presently can easily explain the bump
as long as Eqs. (22, 23) are satisfied. Future observations of the �C and ��C peaks or the �� line-shape are the only
handles to disprove this possibility.

On the other hand, in models where B can also be produced directly in proton collisions, further constraints apply:
ATLAS and CMS have performed searches for B ! �X for X = W,Z, j, besides di-jet searches. We can use these
searches to set upper limits on BR(B ! �C)⇥BR(B ! jj) and on BR(B ! jj), with the same techniques employed
above. At the same time, by using Eqs. (22, 23), and using the fact that BR(A ! jj)BR(A ! B�) < 1/4 we can
extract a lower limit on BR(B ! �C). The results are shown in Fig. 7, where the upper limits from direct searches
are expressed as solid lines and the lower limit from the requirement to have enough rate to fit the excess is expressed
as a dashed line. Satisfying both constraints is equivalent to imposing an upper bound on BR(B ! jj) which is
non-trivial only for low enough M

B

. 600 GeV in the case B ! Z�. We conclude that there are no obstructions
from Run I searches for explaining the di-photon rate with a kinematic edge. However the absence of significant extra
activity in the events points towards the presence of the intermediate state B not too far from 500 GeV.

V. COLLIMATED PAIRS OF PHOTONS? HIDDEN VALLEY MODELS

In the previous section we discussed models where �, being neutral, couples to two photons via loops of charged
particles. The natural size for this partial width is ↵2

em

/256⇡3m� times the appropriate Casimirs and powers of

5 The case of a top or bottom quark or a Higgs boson would imply the presence of at least one b-jet in most of the events and should be
fairly easy to investigate.

http://arxiv.org/abs/1512.08221
http://arxiv.org/abs/1512.04928


Model-independent 
analysis



ATLAS+CMS run-2 data can be well fit with narrow scalar resonance of 
mass around 750 GeV and σ(pp→S)Br(S→γγ)≈ 5fb 


This is not excluded by run-1 constraints, thanks to a small excess in run-1 
CMS diphoton resonance search near 750 GeV


For a wide resonance the required cross section is twice as large, and any 
mass between 700 and 750 will do. However tension with CMS run-1 limits 
is then large  

What is the mass and cross section?
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Combining run-1 and run-2 data, best fit cross section for narrow resonance 
goes down to σ(pp→S) Br(S→γγ) ≈ 2.5 fb


However, combined significance remains around 3 sigma (Δχ^2 ≈ 11 between 
best fit and no signal hypothesis) 

What is the mass and cross section?
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In combined data, small but not statistically 
significant preference for a large width


Large width more difficult theoretically and 
requires larger diphoton cross section

What is the width?
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What is the mass and cross section?

5

production cross section times branching ratio into photons �⇥BR
��

. In each case, I refit the background distributions
using the appropriate functional forms Eqs. (1)–(3), marginalizing over the background function parameters, and
maximizing the log likelihood assuming Poissonian statistics.

Production cross sections for the 8 TeV data are then reweighted to the 13 TeV results using MadGraph5 simu-
lation to obtain the necessary p.d.f. factors. All cross sections quoted in this paper are in terms of the 13 TeV data,
and are thus directly comparable. The ratio of 13 TeV cross sections to 8 TeV cross sections (for both wide and
narrow resonances), are nearly independent of resonance mass in the 700-800 GeV range considered here. For scalar
mediators coupling to gluons (�

g

), this ratio is ⇠ 4.5, for couplings to valance quarks (�
q

) it is ⇠ 3.1, for couplings
to s/c quarks (�

Q

) it is ⇠ 4.2, and ⇠ 4.0 for bottom quarks (�
b

). These cross section ratios come from two-jet
matching, and so include initial states other than those that couple directly to the mediator in question. Due to the
similarity of the �

g

, �
b

, and �
Q

p.d.f. ratios, I will show only �
g

in this section, and relegate the �
b

and �
Q

results
to Appendix A.

Using the fitting procedure described, in Figure 2, I show the best-fit values for the cross-sections time branching
ratios into photons, as a function of resonance mass (again, for both choices of overall width). The statistical
significance of these best-fit excesses are shown in Figure 3 (for �

Q

and �
b

interpretations, see Figures 8 and 9 in
Appendix A). The statistical significance is obtained from the � log likelihood assuming a single degree of freedom.
Best-fit �⇥BR and statistical significances are shown individually for the Atlas13 and Cms13 data-sets; as is by
now well-understood, both show an excess near 750 GeV.

FIG. 2: Best fit regions (1 and 2�) of a spin-0 mediator decaying to diphotons, as a function of mediator mass and 13 TeV
cross section, assuming the indicated mediator couplings to partons and mediator width. Red regions are the 1 and 2� best-fit
regions for the Atlas13 data, blue is the fit to Cms13 data. The combined best fit for both Atlas13 and Cms13 (Combo13)
are the regions outlined in black dashed lines. The 1 and 2� upper limits from the combined 8 TeV data (Combo8) are the
black dashed regions (with cross sections converted to 13 TeV-equivalents). The best-fit signal combination of all four data
sets (Combo) is the black solid regions.

My statistical fits must be compared with the quoted values from the ATLAS and CMS Collaborations themselves.
For Atlas13, I find a local statistics-only significance for a narrow signal of ⇠ 3.2� for a particle with a mass of
750 GeV. I further find a marginal improvement to the local significance (up to ⇠ 3.5�) for the � = 45 GeV hypothesis.
The full experimental analysis finds 3.6� for the narrow width and 3.9� for the wider resonance, using the unbinned
data and including systematic errors which are not replicable in a theory analysis. Similarly, for the Cms13 data,

More careful analysis by Buckley 1601.04751  

spin-0

3.5σ combined signal, with 4fb best fit cross section   

http://arxiv.org/abs/1601.04751


What is the mass and cross section?

More careful analysis by Buckley 1601.04751  

8

The major di↵erence in the analysis when compared to the spin-0 case are the changes in acceptance of the exper-
iments to diphoton events. These changes are di↵erent for each of the four experimental searches I consider. Almost
across the board, the acceptance e�ciency decreases, leading to larger cross sections needed to fit the anomalous
excess of events, with the notable exception of Cms13. However, these decreases are not uniform, weighting of the
signal seen in each experiment when compared to the spin-0 analysis. I find that Atlas13 has an e�ciency of ⇠ 35%
for 750 GeV mediators. I find the barrel-barrel Cms13 e�ciency is ⇠ 35%, while the barrel-endcap e�ciency is 25%,
for a combined e�ciency of nearly 60%, essentially the same as for the spin-0 case. Atlas8 has an e�ciency of 30%,
and Cms8’s is 45%.

In Figure 4, I show the best-fit regions for signal cross section as a function of mediator mass for the K particle
coupling to gluons or light quarks (couplings to c/s or b quarks are shown in Figure 10, and are very similar to those
for gluons). The statistical significance of the best-fit cross sections are shown in Figure 5. Interestingly, the fact
that the acceptance changes between the spin-0 and spin-2 cases are not uniform across the four analyses tends to
disfavor the spin-2 interpretation. The source of this is largely that the Cms13 e�ciency did not drop, while the other
searches saw fairly significant decreases in their acceptances. As a result, in all cases, adding Atlas13 and Cms13

data together results in a decrease in statistical significance. Even in the wide resonance scenario, adding the 8 TeV
data does not return the statistical significance to the the same level as the Atlas13 data alone. Thus, I concluded
that the spin-2 hypothesis is somewhat disfavored compared to spin-0. Though it must be stressed that the changes
in statistical significance discussed here are less than 1�, and so are at best examples of mild preferences in the data.

FIG. 4: Best fit regions (1 and 2�) of a spin-2 mediator decaying to diphotons, as a function of mediator mass and 13 TeV
cross section, assuming the indicated mediator couplings to partons and mediator width. Red regions are the 1 and 2� best-fit
regions for the Atlas13 data, blue is the fit to Cms13 data. The combined best fit for both Atlas13 and Cms13 (Combo13)
are the regions outlined in black dashed lines. The 1 and 2� upper limits from the combined 8 TeV data (Combo8) are the
black dashed regions (with cross sections converted to 13 TeV-equivalents). The best-fit signal combination of all four data sets
(Combo) is the black solid regions. When combining 8 and 13 TeV data, the 8 TeV cross sections are scaled from the 13 TeV
values by the ratio of p.d.f.s, as described in the text.

spin-2

http://arxiv.org/abs/1601.04751


Everyone‘s model  
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Figure 3. The 68% CL (darker green) and 95% CL (lighter green) regions in the plane of mass
vs. cross-section of a scalar resonance decaying to 2 photons favored by the ATLAS and CMS run-1
and run-2 data . The results are presented assuming a Breit-Wigner shape with � = 5 GeV (left)
and � = 40 GeV (right).

In Fig. 4 we also show the best fit region for mS = 750 GeV in the plane of the resonance
width vs cross section. Again, we see slight preference for a large width: the best fit point
occurs for �S = 30, and � = 4.8 fb. Finally, in the full 3D scan we find the best fit point
for mS ⇡ 730 GeV, � ⇡ 6 fb, and �S ⇡ 40 GeV. This is preferred over the best fit point
with �S = 5 GeV by ��2 ⇡ 2.5.

3 Toy Model: A Singlet

We begin by studying a minimal model which addresses the excess discussed above. We
introduce a real scalar, S, coupled to photons and gluons

LS,e↵ =

e2

4v
cs��SAµ⌫Aµ⌫ +

g2s
4v

csggSG
a
µ⌫G

a
µ⌫ , (3.1)

where e is the electromagnetic constant, gs is the QCD coupling constant, and v ' 246 GeV
is introduced for dimensional reasons. In our numerical analyses we use the SM couplings
evaluated at 750 GeV, gs = 1.07, and e = 0.31. These couplings are non-renormalizable,
but they may arise effectively in a renormalizable model after integrating out vector-like
quarks at one loop. We assume the singlet has a Yukawa coupling yX to a vector-like quark
X which resides in the fundamental representation of SU(3)c and has mass mX and electric
charge QX ,

L � �yXS ¯XX . (3.2)
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Simplest effective model

Scalar field S coupled to photons and gluons

via effective non-renormalizable interactions
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Figure 4. The 68% CL (darker green) and 95% CL (lighter green) regions in the plane of width
vs. cross-section of a 750 GeV scalar resonance decaying to 2 photons favored by the ATLAS and
CMS run-1 and run-2 data .

Assuming mX & mS , we integrate out X to generate the following effective couplings to
gluons and photons (see e.g. [30, 31]):

csgg =

yXv

12⇡2mX
, cs�� =

yXQ2
Xv

2⇡2mX
. (3.3)

As a consequence, the ratio between the photon and gluon couplings is fixed by the electric
charge of X, cs�� = 6Q2

Xcsgg.
The partial decay widths mediated by these effective couplings are given by,

�(S ! ��) = c2s��
e4m3

S

64⇡v2
, �(S ! gg) = c2sgg

g4sm
3
S

8⇡v2
. (3.4)

Assuming that S can decay only to gluons and to photons, the branching fraction for the
photon decays is found to be,

Br(S ! ��) =
e4c2s��

8g4sc
2
sgg + e4c2s��

. (3.5)

Under the same assumption, the total decay width of S is always small for perturbative
values of yX and mX & 1 TeV. In the narrow width approximation, the tree-level production
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Figure 5. The 68% CL (darker green) and 95% CL (lighter green) regions of the parameter space
favored by the ATLAS and CMS diphoton data from run-1 and run-2, assuming a singlet with
mS = 750 GeV. The blue lines correspond to the couplings generated from integrating out a vector-
like quark with QX = 2/3 (leftmost) and QX = 1/3 (rightmost) interacting via a Yukawa coupling
with the singlet. The red lines are contours of constant �(pp ! gg) cross section at

p
s = 13 TeV

LHC. The red-shaded area is excluded by dijet searches at
p
s = 8 TeV LHC [32] assuming perfect

acceptance.

cross section of the scalar is given by:

�(pp ! S) = k
⇡c2sggg

4
sm

2
S

64v2E2
LHC

Lgg

✓
m2

S

E2
LHC

◆
, (3.6)

where Lgg is the gluon luminosity function, and the k-factor accounts for the higher-order
QCD corrections. The gluon luminosity is obtained using the central value of the NNLO
MSTW2008 PDFs [33]. With this choice, matching to the known NNLO cross sections of
a Higgs-like scalar [34], we estimate k ⇡ 3.4.

With the above, we are now ready to estimate the range of parameters of the toy
model that fit the ATLAS and CMS excess, fixing its mass, mS = 750 GeV and assuming a
narrow width. The results are shown in Fig. 5. The best fit regions are obtained assuming
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Figure 3. The 68% CL (darker green) and 95% CL (lighter green) regions in the plane of mass
vs. cross-section of a scalar resonance decaying to 2 photons favored by the ATLAS and CMS run-1
and run-2 data . The results are presented assuming a Breit-Wigner shape with � = 5 GeV (left)
and � = 40 GeV (right).

In Fig. 4 we also show the best fit region for mS = 750 GeV in the plane of the resonance
width vs cross section. Again, we see slight preference for a large width: the best fit point
occurs for �S = 30, and � = 4.8 fb. Finally, in the full 3D scan we find the best fit point
for mS ⇡ 730 GeV, � ⇡ 6 fb, and �S ⇡ 40 GeV. This is preferred over the best fit point
with �S = 5 GeV by ��2 ⇡ 2.5.

3 Toy Model: A Singlet

We begin by studying a minimal model which addresses the excess discussed above. We
introduce a real scalar, S, coupled to photons and gluons

LS,e↵ =

e2

4v
cs��SAµ⌫Aµ⌫ +

g2s
4v

csggSG
a
µ⌫G

a
µ⌫ , (3.1)

where e is the electromagnetic constant, gs is the QCD coupling constant, and v ' 246 GeV
is introduced for dimensional reasons. In our numerical analyses we use the SM couplings
evaluated at 750 GeV, gs = 1.07, and e = 0.31. These couplings are non-renormalizable,
but they may arise effectively in a renormalizable model after integrating out vector-like
quarks at one loop. We assume the singlet has a Yukawa coupling yX to a vector-like quark
X which resides in the fundamental representation of SU(3)c and has mass mX and electric
charge QX ,

L � �yXS ¯XX . (3.2)
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One prediction of the simplest model: there must be an accompanying dijet 
resonance signal


Dijet resonance can be observable in portion of parameter space, but it can also 
be buried forever under SM background
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with scouting data 



Effective couplings generated by integrating out 
e.g. new vector-like quarks with Yukawa 
couplings to scalar S 


Because of 1-loop suppression large Yukawa 
needed. E.g. for QX=2/3, mX=1 TeV we need yX 
= 3 

Origin of effective couplings
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Figure 4. The 68% CL (darker green) and 95% CL (lighter green) regions in the plane of width
vs. cross-section of a 750 GeV scalar resonance decaying to 2 photons favored by the ATLAS and
CMS run-1 and run-2 data .

Assuming mX & mS , we integrate out X to generate the following effective couplings to
gluons and photons (see e.g. [30, 31]):

csgg =

yXv

12⇡2mX
, cs�� =

yXQ2
Xv

2⇡2mX
. (3.3)

As a consequence, the ratio between the photon and gluon couplings is fixed by the electric
charge of X, cs�� = 6Q2

Xcsgg.
The partial decay widths mediated by these effective couplings are given by,

�(S ! ��) = c2s��
e4m3

S

64⇡v2
, �(S ! gg) = c2sgg

g4sm
3
S

8⇡v2
. (3.4)

Assuming that S can decay only to gluons and to photons, the branching fraction for the
photon decays is found to be,

Br(S ! ��) =
e4c2s��

8g4sc
2
sgg + e4c2s��

. (3.5)

Under the same assumption, the total decay width of S is always small for perturbative
values of yX and mX & 1 TeV. In the narrow width approximation, the tree-level production
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narrow width. The results are shown in Fig. 5. The best fit regions are obtained assuming
mS = 750 GeV contributing to two ATLAS bins at 730 and 770 GeV, and to two CMS bins
at 740 and 760 GeV. In the entire displayed region �S . 1 GeV, which a posteriori justifies
the use of narrow width approximation.

The experimentally favored region corresponds to the effective coupling to photons in
the range cs�� 2 [0.02, 0.04], and the couplings to gluon csgg & 0.01. Clearly, large Yukawa
couplings are needed to arrive at the effective couplings in that ballpark. For example, for
a vector-like top quark X with QX = 2/3, mX = 1 TeV, and yX = 5 one finds csgg ' 0.01,
cs�� ' 0.03. Alternatively, one can employ several vector-like quarks with smaller Yukawa
couplings.

In Fig. 5 we also display the contours of the digluon production cross section at
p
s = 13

TeV, which varies between O(0.1) pb and O(10) pb in the interesting parameter space. Note
that the current run-2 LHC dijet resonance searches [37, 38] do not probe the region at
750 GeV at all. We stress that it is this dijet signal in the above cross-section range that is
the cleanest model-independent verification of this scalar interpretation of the resonance.
The upcoming ATLAS trigger-level dijet analysis may therefore shed light on this interpre-
tation. The dijet cross-section in run-1 is predicted to be a factor of ⇠ 5 smaller. Except
for a very large csgg, this is not excluded by the existing run-1 analyses, which set the limit
�(pp ! S ! jj) ⇥ A . 12 pb in ATLAS [39] and �(pp ! S ! gg) ⇥ A . 1.8 pb in CMS
[34] for mS ⇡ 750 GeV. For the CMS search, using parton level simulation we estimate
the acceptance A ⇡ 0.56. The corresponding dijet cross section at the Tevatron is below a
femtobarn, and therefore well below the sensitivity of the CDF search [40].

Two final remarks are in order here. One is that the results remain unchanged if the
singlet scalar is replaced by a pseudo-scalar with the effective couplings [41]:

L � e2

4v
c̃s��SFµ⌫

˜Fµ⌫ +
g2s
4v

c̃sggSG
a
µ⌫

˜Ga
µ⌫ , (3.7)

which can be generated by integrating out a vector-like quark with the Yukawa coupling
�yXS ¯X�5X. Then the favored parameter space is still that in Fig. 5 with the replacement
csvv ! c̃svv.

The other remark is that, generically, integrating out vector-like quarks at one loop
yields effective couplings not only to photons and gluons but also to ZZ, Z�, and WW

[10, 19, 21]. For example, if the vector-like quark has quantum numbers (3, 1)QX under the
SM gauge group then one obtains

LS,e↵ � e2

4vc2✓
cs��SBµ⌫Bµ⌫ =

e2

4v
cs��S

�
Aµ⌫Aµ⌫ � 2t✓Aµ⌫Zµ⌫ + t2✓Zµ⌫Zµ⌫

�
, (3.8)

where t✓ are the tangent of the weak mixing angle. In this case Br(S ! Z�)/Br(S !
��) ⇡ 2t2✓ ⇡ 0.6, Br(S ! ZZ)/Br(S ! ��) ⇡ t4✓ ⇡ 0.1. On the other hand, if the vector-
like quark has zero hypercharge and non-trivial weak SU(2) quantum numbers, then one
predicts Br(S ! Z�)/Br(S ! ��) ⇡ 2t�2

✓ ⇡ 7, Br(S ! ZZ)/Br(S ! ��) ⇡ t�4
✓ ⇡ 13,

and Br(S ! WW )/Br(S ! ��) ⇡ 2s�4
✓ ⇡ 40. Other patterns may arise when different

quantum numbers are assumed, or when the vector-like quarks mix with the SM ones.
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In high-energy theory, SU(2)xU(1) invariant operators generated.

This implies correlation between couplings of resonance to EW gauge bosons 

e.g. if vector-like quarks have hypercharge but no SU(2) quantum numbers: 

Similarly, if vector-like quarks have no hypercharge but only SU(2) quantum numbers: 



Beyond minimal model 



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 [6, 7] < 0.8 (r/5)
e+e� + µ+µ� < 1.2 fb < 1.2 fb [8] < 0.6 (r/5)

⌧+⌧� < 12 fb < 15 fb [9] < 6 (r/5)
Z� < 4.0 fb < 3.4 fb [10] < 2 (r/5)
ZZ < 12 fb < 20 fb [11] < 6 (r/5)
Zh < 19 fb < 28 fb [12] < 10 (r/5)
hh < 39 fb < 42 fb [13] < 20 (r/5)

W+W� < 40 fb < 70 fb [14,15] < 20 (r/5)
tt̄ < 550 fb - [16] < 300 (r/5)

invisible < 0.8 pb - [17] < 400 (r/5)
bb̄ <⇠ 1 pb <⇠ 1 pb [18] < 500 (r/5)
jj <⇠ 2.5 pb - [5] < 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.

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 [5] 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
narrow resonance at 750GeV, decaying into various final states. In the last column of the table,
the limit on the 8 TeV cross section is translated into a limit on the partial decay width, in

6

CERN-TH et al. 
1512.04933

http://arxiv.org/abs/1512.04933


Large (10 GeV or more) width difficult to explain by invisible decays due to run-1 
monojet bounds  


Loophole if huge contribution to effective coupling to photons present 


Nevertheless, invisible or other exotic (e.g. lepton jets) signals at 750 GeV 
interesting to search for 

Can it have large invisible width?
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Figure 3. The 68% CL (darker green) and 95% CL (lighter green) regions in the plane of mass
vs. cross-section of a scalar resonance decaying to 2 photons favored by the ATLAS and CMS run-1
and run-2 data . The results are presented assuming a Breit-Wigner shape with � = 5 GeV (left)
and � = 40 GeV (right).

In Fig. 4 we also show the best fit region for mS = 750 GeV in the plane of the resonance
width vs cross section. Again, we see slight preference for a large width: the best fit point
occurs for �S = 30, and � = 4.8 fb. Finally, in the full 3D scan we find the best fit point
for mS ⇡ 730 GeV, � ⇡ 6 fb, and �S ⇡ 40 GeV. This is preferred over the best fit point
with �S = 5 GeV by ��2 ⇡ 2.5.

3 Toy Model: A Singlet

We begin by studying a minimal model which addresses the excess discussed above. We
introduce a real scalar, S, coupled to photons and gluons

LS,e↵ =

e2

4v
cs��SAµ⌫Aµ⌫ +

g2s
4v

csggSG
a
µ⌫G

a
µ⌫ , (3.1)

where e is the electromagnetic constant, gs is the QCD coupling constant, and v ' 246 GeV
is introduced for dimensional reasons. In our numerical analyses we use the SM couplings
evaluated at 750 GeV, gs = 1.07, and e = 0.31. These couplings are non-renormalizable,
but they may arise effectively in a renormalizable model after integrating out vector-like
quarks at one loop. We assume the singlet has a Yukawa coupling yX to a vector-like quark
X which resides in the fundamental representation of SU(3)c and has mass mX and electric
charge QX ,

L � �yXS ¯XX . (3.2)
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For a singlet scalar, it is natural to mix with the Higgs boson


Unless some symmetries or fine-tuning prevent it, mixing angle expected 
to be  sinα∼mh^2/mS^2


For 750 GeV resonance, mixing angle strongly constrained by non-
observation of WW and ZZ resonances
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For a singlet scalar, it is natural to mix with the Higgs boson


Unless some symmetries or fine-tuning prevent it, mixing angle expected 
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Large mixing angles excluded by 
WW and ZZ resonances 
searches, and by Higgs couplings 
measurements 


For T’ particle generating 
effective couplings of 750 GeV 
particle to gluons and photons, 
mixing angle needs to be 
smaller than 0.01 


More generally, mixing angle 
constrained to be smaller than 
0.1 

How much mixing with Higgs?

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-0.2

-0.1

0.0

0.1

0.2

QX

si
nHaL

Doublet+Singlet+X; yX=2.5, mX=1 TeV, mS=750 GeV

ZZ

Higgs couplings



Bigger Picture? 



Singlet scalar and vector-like quarks can be trivially embedded in any model, 
so in the first approximation anything goes 


It is however less trivial to naturally realize a heavy scalar with a large 
diphoton branching fraction. E.g. SM Higgs with mh=750 GeV would have 
Br(h→γγ)∼10^-7


Selected interesting proposals in the literature  
- superpartner of Goldstino from low-scale spontaneous breaking of 
supersymmetry, see e.g. Torre,Petersson 1512.05333  
- radion in the Randall-Sundrum model, see e.g. Ahmed et al 1512.05771   
- KK graviton in the Randall-Sundrum model, see e.g. Giddings,Zhang 
1602.02793 
- 0++ composite state from pure strongly interacting SU(N) sector, see e.g. 
Craig et al 1512.07733 
- “hidden pion” Goldstone boson of a strongly interacting sector, see e.g. 
Harigaya,Nomura 1602.01092  
 

Bigger picture?

This implies

m
2

⇡ 1.4 TeV,

m
3

⇡ 2.0 TeV,

aLM⇤ = 12.8 TeV,

M⇤ = 4.3⇥ 1017 GeV. (2.24)

Thus, the model is very predictive: all parameters are already fixed, which usually is a
bad sign... This one predicts that the branching fraction to electrons and muons (to-
gether) is equal to the branching fraction to photons, which is in some tension with run-1
data. The biggest mental problem here is the scale: for kaL ⇡ 200 GeV we expect huge
contributions to all sorts of electroweak precision data from higher-dimension operators
on the IR brane. Indeed, the holographic interpretation is that the SM is all composite
(including the gauge fields), with the compositeness scale of order kaL. This is hard to
swallow. On the other hand, the cuto↵ of the theory is ⇠ M⇤aL is in the 10 TeV range,
so maybe it’s ok... On yet another hand, with the 10 TeV cuto↵, the little hierarchy
problem for the Higgs mass is not solved, so one needs to add some susy or Goldstone
spices to the mix.

X Br(g
1

! X) [%] Br(g1!X)

Br(g1!��)

�� 4.3 1
ZZ 4.0 0.9
WW 8.3 1.9
µµ 2.1 0.5
jj 67 15.5
tt 6.5 1.5
hh 0.4 0.08

Table 1: Branching fractions of the graviton decay in the all IR model. j includes gluons
and quarks up to b but no t. I took into account the W and Z mass (it changes the
branching fractions a bit, e.g from 4.6% to 4.1% for Z), but the top mass is neglected
(the mass corrections for fermion width need to be calculated yet).

A All about spin 2

A.1 Spin-2 polarization vectors

For a graviton with momentum p, spin-2 polarization vectors satisfy

pµ✏µ⌫(p, n) = p⌫✏µ⌫(p, n) = ✏µµ(p, n) = 0, ✏µ⌫(p, n)✏
⇤
µ⌫(p, n) = 1. (A.1)

8

Predictions for RS: 
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http://arxiv.org/abs/arXiv:1602.02793
http://arxiv.org/abs/1512.07733
http://arxiv.org/abs/1602.01092


In explicit models, large couplings are needed (for example, large 
Yukawa couplings of resonance to new vector-like fermions)


Typically, these couplings run away to a Landau pole at a few TeV


Most natural embedding are into models with new strong interactions, 
that give rise to a light (pseudo-Goldstone?) composite state


Can this strongly interacting sector have anything to do with solving 
the hierarchy problem?  (as e.g. in little Higgs, composite Higgs, or 
Randall-Sundrum-type models)

Bigger picture?



Can it solve hierarchy problem?
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For T’ particle generating effective couplings of 750 GeV particle to gluons 
and photons, the same particle may possibly cancel quadratic divergences of 
from to loop contributions to Higgs mass  



Summary
750 GeV resonance needs to be confirmed by 2016 
LHC data. For the moment, only “what if” 
speculations


Several phenomenological models describing ATLAS 
and CMS observations exist, and they can be 
embedded in more motivated constructions 


There is some tension between run-2 and run-1 
diphoton data, but they can be shrugged off us 
downward fluke in run-1 and/or upward fluke in 
run-2


Resonance searches in other channels (diboson, 


