
A discussion on the 750 GeV 
diphoton anomaly

Marco Nardecchia
DAMTP and Cavendish Laboratory, 

University of Cambridge

Wednesday 6 April 2016, LNF



Outline
• BSM at the beginning of Run 2   

• Diphoton anomaly phenomenological aspects 

• Weakly coupled extensions 

• Strongly coupled extensions 

• Conclusions



•SM is very successful in describing physics up to the EW scale
•SM is not a complete theory (neutrino masses, dark matter, baryon asymmetry)
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FIG. 1: Allowed region in the ρ, η plane. Superimposed are the individual constraints from charmless

semileptonic B decays (|Vub/Vcb|), mass differences in the B0 (∆md) and Bs (∆ms) neutral meson systems,

and CP violation in K → ππ (εK), B → ψK (sin 2β), B → ππ, ρπ, ρρ (α), and B → DK (γ). Taken from

[6].

follow this approach in Sect. V and VI in two well-motivated SM extensions. In this and the next

section we follow the second strategy, which is less predictive but also more general.

Assuming the new degrees to be heavier than SM fields, we can integrate them out and describe

NP effects by means of a generalization of the Fermi Theory. The SM Lagrangian becomes the

renormalizable part of a more general local Lagrangian which includes an infinite tower of operators

with dimension d > 4, constructed in terms of SM fields, suppressed by inverse powers of an effective

scale Λ > MW :

Leff = LSM +
∑ c(d)i

Λ(d−4)
O(d)

i (SM fields). (3.1)

This general bottom-up approach allows us to analyse all realistic extensions of the SM in terms of a

limited number of parameters (the coefficients of the higher-dimensional operators). The drawback

of this method is the impossibility to establish correlations of NP effects at low and high energies:

the scale Λ defines the cut-off of the effective theory. However, correlations among different low-
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1. Neutrino masses, from Dirac neutrino to GUT see-saw 

•Big question is ⇤?
•Unfortunately, no unique indication from observed BSM physics

2. Dark Matter, from axions to Wimpzillas

3. Baryon asymmetry, from EW baryogenesis to GUT baryogenesis

•However we have a theoretical guideline….

New Physics



New Physics
•Upper bound from naturalness of the Higgs mass

m2
H = m2

tree + �m2
H

�m2
H =

3p
2⇡2

GFm
2
t⇤

2 ⇡ (0.3⇤)2

⇤ < 1 TeV

• Main frameworks to solve this problem: composite Higgs and Supersymmetry

• Prediction: new colored states (the lighter the better)

• Instead….

0-lep. SUSY Searches from ATLAS and CMS

Chris Young, CERN

Limits on models I
! Both ATLAS and CMS set limits on the same models;

g̃ → χ̃0
1 + qq̄/bb̄/tt̄
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Flavour AnomaliesStatus of flavor anomalies (subjective)

• Some would be unambiguous NP signals

Except for theoretically cleanest modes,
cross-checks needed to build robust case

– measurements of related observables

– independent theory / lattice calc.

• h ! ⌧µ: as soon as a new particle is dis-
covered, flavor questions arise

• Few of these are where NP was expected
to show up, even just 5–10 years ago 1 2 3 4

significance (σ)

f(
th

eo
re

ti
ca

l
cl

ea
n

lin
es

s)

h→τμ
B→Ke+e-/B→Kμ+μ-

D0 μμ CP asym
B→D(*)τν

Bd→μμ

B→K *μ+μ- angular
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ϵ'/ϵ

• Each could be an hour talk...
(Good illustrations of how little we know, and how large deviations from SM are still allowed)

Z L – p. 4

Z. Ligeti, 
Moriond QCD 2016



Diphoton anomaly
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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 3: Observed invariant mass spectrum for the EBEB (top) and EBEE (bottom). The results
of parametric fits to the data are also shown.

photon candidates are matched to those selected in the analysis using a k-nearest-neighbours
algorithm, with k=10.

Figure 4 shows, in mgg bins, the measured contributions of the different background compo-
nents in the region ICh < 5 GeV. It can be seen that the dominant component, accounting for
more than 90(80)% of the selected events in the EBEB (EBEE) category, is represented by the
irreducible gg background.

The spectrum of the irreducible background extracted through the procedure described above
is then compared with the predictions extracted by rescaling the mass spectrum predicted by
the Sherpa generator to the one extracted from the 2gNNLO program [33]. The result of the
comparison is shown in Fig. 5. The mass spectra predicted by the simulation are in good agree-
ment with the one seen in data.

• ATLAS: local significance of 3.9σ 
• ATLAS: best fit is obtained for 𝛼 = Γ/M = 6% 
• CMS: local significance of 2.6σ (narrow width)

[ATLAS-CONF-2015-081] [CMS-EXO-15-004]

EBEB 
Barrel-Barrel

EBEE 
Barrel-Endcaps

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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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 –

[1512.05777]

[1512.05777]



After Moriond EW 2016
• ATLAS: spin 2 analysis + re-analysis of Run 1 
• CMS: improved detector calibration + analyzed dataset recorded a 0T

17/03/2016 High mass diphoton resonances at CMS - P. Musella (ETH) 25

Breaking-down the contributions Breaking-down the contributions 

Excess at 760GeV comes mostly from EBEB categories.

Driven by 3.8T category.
(where the observed excess is ~unchanged w.r.t. the previous results).

Observed one event in the 0T dataset compatible with 3.8T excess.

• Local significance: 2.9σ 
• Combining with Run 1 data: 3.4σ 
• Preference for a narrow width



Warning
• We need more data, most likely just a statistical fluctuation 
• However… more than 250 pre-prints on the arXiv
• I will try to give a (biased,partial and simplified) summary on 
possible interpretations of the anomaly in terms of New 
Physics, my apologies for the missing references/works/ideas 

•I will consider only the simplest topology, interesting options 
have been discussed 

THE THEORISTS REACTION

3Riccardo Torre Have we observed new physics at the LHC?
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Even with this little information, the theory community could speculate a lot

Many different explanations

Spin 0 or 2 due to Landau-Yang
For narrow resonance very simple (trivial) theory explanations
For large width harder to explain (non-perturbative couplings, nearby resonances, etc.)

•Focus on the s-channel 2 body decay, spin 0 or 2



Combinations

4Riccardo Torre Some insights into Have we observed new physics at the LHC?

CROSS SECTION BEST FITS

Kamenik, Safdi, Soreq, Zupan, 1603.06566 [hep-ph]

[1603.06566]

• Typical cross section: 1-10 fb



Consistency with LHC 8 TeV 

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

[1512.04933 
…. 
…. 
…. 
.… 
…. 
…. 
…. 
…. 
….]•  An enhancement of the cross section is required

Diagnosing a di-photon resonance at LHC

Main production issue: consistency with 8TeV data

indicates large

singles out preferred production modes

• heavy flavor annihilation / gluon fusion

• pure photon fusion disfavored                                         
⇒ S has at least 2 decay modes

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

⇤
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 ⇥ ��) �

⇤
⌃⌃⇧

⌃⌃⌅

(0.5± 0.6) fb CMS [2]
⇤
s = 8TeV,

(0.4± 0.8) fb ATLAS [3]
⇤
s = 8TeV,

(6± 3) fb CMS [1]
⇤
s = 13TeV,

(10± 3) fb ATLAS [1]
⇤
s = 13TeV.

(1)

The data at
⇤
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

⇤
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

⇤
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

⇤
s (= 8 or 13 TeV) is

⇥(pp ⇥ S ⇥ ��) =
2J + 1

M�s

�⌥

⇥

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

r ⌘ �13TeV/�8TeV & 5

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

⇤ 1

M2/s

dx

x
g(x)g(

M2

sx
), (3a)

C�� = 8⇥2

⇤ 1

M2/s

dx

x
�(x)�(

M2

sx
), (3b)

Cqq̄ =
4⇥2

9

⇤ 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:

�
s Cbb̄ Ccc̄ Css̄ Cdd̄ 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

rbb̄ rcc̄ rss̄ rdd̄ 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 are Kgg = 1.48 and Kqq̄ = 1.20. These corrections depend
on the specific channel but negligibly depend on

�
s because we are considering 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 [55]) 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

see also
1512.05751

•  Gain factor depends only on the type of p.d.f responsible for the production

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
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C�� = 8⇡2
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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

• Focus on two cases: gluon-gluon and bottom-bottom production 

• Cross section is given by

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 (at 2σ) with LHC8 requires r > 3.5

• Another option: change topology and kinematics
[see, 1512.04928,1512.06083,1512.06113,1512.06833, …, …, … ]
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Figure 1: Left (a): The yellow region describes the range of �(S ! gg)/M and �(S ! ��)/M
in which the diphoton rate can be fitted as gg ! S ! ��. Its upper boundary is the green band

(at 1� and 2�) in which the total width is �/M ⇡ 0.06, as suggested by data. Its lower boundary

is the blue band, which assumes a minimal total width � = �(S ! gg) + �(S ! ��). The grey

region is excluded by searches for dijet resonances at Run 1 and is conservatively computed

assuming � = �gg + ���. The upper and right axes show the values of the operator coe�cients

defined in eq. (10). The dotted lines show iso-curves of the ratio between production cross-

sections at 13TeV and 8TeV. Right (b): The analogous plot, assuming that the resonant

production is initiated by bb̄.

production from gg, the claimed signal rate is reproduced for

BR(S ! ��) BR(S ! gg) ⇡ 1.1 ⇥ 10�6

M

�
⇡ 1.8 ⇥ 10�5, (6)

or, equivalently,
���

M

�gg

M
⇡ 1.1 ⇥ 10�6

�

M
⇡ 6 ⇥ 10�8, (7)

where ��� ⌘ �(S ! ��) and �gg ⌘ �(S ! gg). The first set of equalities in eqs. (6)–(7) follows
from the request �(pp ! ��) ⇡ 8 fb at

p
s = 13TeV, while the second one uses the additional

information on the total width, �/M ⇡ 0.06.
Figure 1a visualises the region of ��� and �gg in which the observed excess can be explained.

The diphoton rate implies that the acceptable region must lie above the blue band, which is
obtained by assuming no extra decay channels (� = �gg + ���). Note that the blue band is
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(at 1� and 2�) in which the total width is �/M ⇡ 0.06, as suggested by data. Its lower boundary

is the blue band, which assumes a minimal total width � = �(S ! gg) + �(S ! ��). The grey

region is excluded by searches for dijet resonances at Run 1 and is conservatively computed

assuming � = �gg + ���. The upper and right axes show the values of the operator coe�cients

defined in eq. (10). The dotted lines show iso-curves of the ratio between production cross-

sections at 13TeV and 8TeV. Right (b): The analogous plot, assuming that the resonant

production is initiated by bb̄.

production from gg, the claimed signal rate is reproduced for

BR(S ! ��) BR(S ! gg) ⇡ 1.1 ⇥ 10�6

M

�
⇡ 1.8 ⇥ 10�5, (6)

or, equivalently,
���

M

�gg

M
⇡ 1.1 ⇥ 10�6

�

M
⇡ 6 ⇥ 10�8, (7)

where ��� ⌘ �(S ! ��) and �gg ⌘ �(S ! gg). The first set of equalities in eqs. (6)–(7) follows
from the request �(pp ! ��) ⇡ 8 fb at

p
s = 13TeV, while the second one uses the additional

information on the total width, �/M ⇡ 0.06.
Figure 1a visualises the region of ��� and �gg in which the observed excess can be explained.

The diphoton rate implies that the acceptable region must lie above the blue band, which is
obtained by assuming no extra decay channels (� = �gg + ���). Note that the blue band is
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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
units of the width into photons corresponding to the ATLAS observation. The rescaling factor
r = �

13TeV

/�
8TeV

is about 5 for resonances produced from gluons (as well as bottom quarks), see
eq. (5). The first entry in the table shows that rescaling the 8 TeV data constrains the diphoton
peak to be at most 80% of what observed by ATLAS. In section 6 we will further discuss this
tension and show how it can be resolved by the production of a new particle heavier than S.
The other entries show that significant constraints are present in all channels. This holds even
for a possible invisible decay of S into neutrinos or dark matter particles. By computing the
pp ! jS cross section, with the jet j arising from initial state radiation (assuming that pp ! S
comes from gg partons), and comparing it to the bounds on jets plus missing energy, we find
the constraint on the invisible width shown in the table. For the channels above the horizontal
line, the constraints are strong enough that a width �/M ⇡ 0.06 cannot be reproduced without
entering in conflict also with eq. (8). On the other hand, the weakest bound corresponds to a
peak in the dijet distribution. As long as the simplest decay channels are considered, the total
width cannot be larger than �<⇠ 1500 ⇥ �(S ! ��)

obs

. Using the ATLAS result �/M ⇡ 0.06,
this bound implies ���/M > 4⇥ 10�5. This conclusion can be avoided by devising special final
states with weaker bounds, such as many soft multi-jets.

The impact of the Run 1 searches for resonances on the interpretation of the ATLAS excess
is visualised in the left panel of fig. 2. We assume here that S has three possible decay modes:
��, gg, and one of the channels listed in the figure. In each case, we show the region in which
the rate and total width of the excess are explained, and all bounds from Run 1 data given in
table 1 are satisfied. When the third decay channel involves quarks, the contribution to the
S production cross section is included. We observe from the left panel of fig. 2 that solutions
are possible for all channels, although the most constrained channels (e.g. leptons) require
unusually large values of ��� to explain the data.

2.2 An s-channel resonance coupled to b quarks and photons

We can now repeat the analysis for the case in which the resonance S is produced from bottom
quark annihilation. In the limit �b¯b � ��� the signal is reproduced for

���

M

�b¯b

M
⇡ 1.9 ⇥ 10�4

�

M
⇡ 1.1 ⇥ 10�5 , (9)

where, as before, the second equality follows from the further requirement �/M ⇡ 0.06. In view
of the reduced bb̄ parton luminosity (compared to gg) the range of ��� and �b¯b suggested by
the signal rate are now larger, and closer to the claimed value of the total width. The predicted
pp ! bb̄ cross section is at most 0.1 pb, and therefore the search for resonances in bb̄ at Run 1
does not impose a significant constraint. The situation is illustrated in the right panel of fig. 1.

7

• Large partial width in diphoton

���/M & 10�6 ���/M & 10�4narrow width large width

• In the gluon-gluon case, total width (if large) is dominated by decays into other channels



Other decay channels
[1512.04933 
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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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• Electroweak gauge invariance suggests (forces) the presence of other decay 
channels accessible at the LHC

the S decay widths

�(S ! Z�) ⇡ 2⇡↵2M3

"✓
tan ✓

W

⇤B

� cot ✓
W

⇤W

◆
2

+

✓
tan ✓

W

⇤̃B

� cot ✓
W

⇤̃W

◆
2

#
,

�(S ! ZZ) ⇡ ⇡↵2M3

"✓
tan2 ✓

W

⇤B

+
cot2 ✓

W

⇤W

◆
2

+

✓
tan2 ✓

W

⇤̃B

+
cot2 ✓

W

⇤̃W

◆
2

#

+
M

128⇡

✓
M

⇤H

◆
2

,

�(S ! W+W�) ⇡ 2⇡↵2M

sin4 ✓
W

✓
M2

⇤2

W

+
M2

⇤̃2

W

◆
+

M

64⇡

✓
M

⇤H

◆
2

,

�(S ! hh) ⇡ M

128⇡

✓
M

⇤H

◆
2

. (15)

The operators in eq. (13) give rise also to 3-body decays, like S ! ggg or S ! hbb̄. The
latter could be especially interesting for heavy S, since the 2-body decay is suppressed by
v2/⇤2

b . However, for the range of parameters under consideration, these processes can be safely
neglected.

The SU(2)L-invariant operators give rise to the following signal ratios:

operator
�(S ! Z�)

�(S ! ��)

�(S ! ZZ)

�(S ! ��)

�(S ! WW )

�(S ! ��)

WW only 2/tan2 ✓
W

⇡ 7 1/tan4 ✓
W

⇡ 12 2/sin4 ✓
W

⇡ 40

BB only 2 tan2 ✓
W

⇡ 0.6 tan4 ✓
W

⇡ 0.08 0

(16)

We see that the decay to ZZ/WW can be suppressed if the hypercharge BB operators are
the main source of the decay of S to photons. Then the bounds from resonant weak gauge
boson production, shown in table 1, are easily satisfied. A model where the coupling of S to
gauge bosons is generated by the exchange of new matter fields that only possess hypercharge
quantum numbers will only feature SB2

µ⌫ and realise this situation. On the other hand, the
ZZ,WW rates induced by SW 2

µ⌫ exceed the bounds in table 1 by a factor of 2. In the presence

of both operators, the bounds are satisfied for �0.3 < ⇤B/⇤W , ⇤̃B/⇤̃W < 2.4. Fig. 3 shows the
predictions of a set of mediators, as described in the caption.

2.4 E↵ective operators: spin 2

Similar considerations hold if S has spin 2. Taking gravity as inspiration, we can couple a
tensor Sµ⌫ to the various components T (p)

µ⌫ of the energy-momentum tensor:

Sµ⌫
X
p

T (p)
µ⌫

⇤p

, (17)
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• An interesting possibility: S decays into a dark sector 

coupling at a time is present. These operators give rise to

�(S ! ��) = ⇡↵2M

 
M2

⇤2

�

+
M2

⇤̃2

�

!
, (11a)

�(S ! gg) = 8⇡↵2

3

M

 
M2

⇤2

g

+
M2

⇤̃2

g

!
, (11b)

�(S !   ̄) =
N M

8⇡
(y2 S + ỹ2 S) (11c)

where N is the number of components of  (N = 3 for a quark). Focusing on a CP-even
resonance, we obtain from eqs. (7) and (9) that the experimental signal is reproduced for

M

⇤�

M

⇤g

⇡ 0.14

r
�

M
⇡ 0.037 or ybS

M

⇤�
⇡ 9

r
�

M
⇡ 2 . (12)

This result is also shown in fig. 1, where the translation between the operator scales ⇤ and
the partial widths is given by the di↵erent axis labelling. For the gluon-induced process,
the “e↵ective coupling strengths” M/⇤� and M/⇤g can be less than 1 corresponding to ⇤ >
M = 750GeV, although not much larger. On the other hand, in view of the reduced parton
luminosity, S produced through bb̄ pairs requires the e↵ective couplings, M/⇤� and ybS to be
of order unity or larger.

The coupling of S to photons is not invariant under the SM gauge group. Since M is larger
than v = 174GeV, it is more reasonable to assume electroweak gauge invariant operators in
eq. (10) [21]. Assuming S is an electroweak singlet, the leading SU(3)c ⌦ SU(2)L ⌦ U(1)Y -
invariant operators in a derivative and field expansion a↵ecting S production and decay are
then

g2
3

S

✓
G2

µ⌫

2⇤g

+
Gµ⌫G̃µ⌫

2⇤̃g

◆
+ g2

2

S

✓
W 2

µ⌫

2⇤W

+
Wµ⌫W̃ µ⌫

2⇤̃W

◆
+ g2

1

S

✓
B2

µ⌫

2⇤B

+
Bµ⌫B̃µ⌫

2⇤̃B

◆
+

+S

✓
H ̄L R

⇤ 
+ h.c.

◆
+ S

|DµH|2
⇤H

+ S
H†D2H + h.c.

⇤S

(13)

where H is the Higgs doublet, and the scale ⇤ is in general complex (⇤ is real if S is a
scalar and pure imaginary if S is a pseudo-scalar). The operators in eq. (10) are obtained with
coe�cients

1

⇤�
=

1

⇤B

+
1

⇤W

, y S = v
Re⇤ 
|⇤ |2 , ỹ S = �v

Im⇤ 
|⇤ |2 . (14)

Notice that we did not include the scalar potential interaction S|H|2. One is easily convinced
that, given S has a mass, by a redefinition of S such term can always be eliminated in favor of
the derivative interactions already shown in eq. (13). In the limit MW,Z,h ⌧ M one can neglect
it and the small mixing between S and h, with angle tan 2✓ =

p
2/�Mh⇤S/(M2

S �M2

h), finding
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resonance, we obtain from eqs. (7) and (9) that the experimental signal is reproduced for

M

⇤�

M

⇤g

⇡ 0.14

r
�

M
⇡ 0.037 or ybS

M

⇤�
⇡ 9

r
�

M
⇡ 2 . (12)

This result is also shown in fig. 1, where the translation between the operator scales ⇤ and
the partial widths is given by the di↵erent axis labelling. For the gluon-induced process,
the “e↵ective coupling strengths” M/⇤� and M/⇤g can be less than 1 corresponding to ⇤ >
M = 750GeV, although not much larger. On the other hand, in view of the reduced parton
luminosity, S produced through bb̄ pairs requires the e↵ective couplings, M/⇤� and ybS to be
of order unity or larger.

The coupling of S to photons is not invariant under the SM gauge group. Since M is larger
than v = 174GeV, it is more reasonable to assume electroweak gauge invariant operators in
eq. (10) [21]. Assuming S is an electroweak singlet, the leading SU(3)c ⌦ SU(2)L ⌦ U(1)Y -
invariant operators in a derivative and field expansion a↵ecting S production and decay are
then

g2
3

S

✓
G2

µ⌫

2⇤g

+
Gµ⌫G̃µ⌫

2⇤̃g

◆
+ g2

2

S

✓
W 2

µ⌫

2⇤W

+
Wµ⌫W̃ µ⌫

2⇤̃W

◆
+ g2

1

S

✓
B2

µ⌫

2⇤B

+
Bµ⌫B̃µ⌫

2⇤̃B

◆
+

+S

✓
H ̄L R

⇤ 
+ h.c.

◆
+ S

|DµH|2
⇤H

+ S
H†D2H + h.c.

⇤S

(13)

where H is the Higgs doublet, and the scale ⇤ is in general complex (⇤ is real if S is a
scalar and pure imaginary if S is a pseudo-scalar). The operators in eq. (10) are obtained with
coe�cients

1

⇤�
=

1

⇤B

+
1

⇤W

, y S = v
Re⇤ 
|⇤ |2 , ỹ S = �v

Im⇤ 
|⇤ |2 . (14)

Notice that we did not include the scalar potential interaction S|H|2. One is easily convinced
that, given S has a mass, by a redefinition of S such term can always be eliminated in favor of
the derivative interactions already shown in eq. (13). In the limit MW,Z,h ⌧ M one can neglect
it and the small mixing between S and h, with angle tan 2✓ =

p
2/�Mh⇤S/(M2

S �M2

h), finding

9

the S decay widths
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W

⇤W

◆
2

+

✓
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W

⇤̃B

+
cot2 ✓

W

⇤̃W

◆
2

#

+
M
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✓
M

⇤H

◆
2

,

�(S ! W+W�) ⇡ 2⇡↵2M

sin4 ✓
W
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M2

⇤2

W

+
M2

⇤̃2

W

◆
+

M
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✓
M

⇤H

◆
2

,

�(S ! hh) ⇡ M

128⇡

✓
M

⇤H

◆
2

. (15)

The operators in eq. (13) give rise also to 3-body decays, like S ! ggg or S ! hbb̄. The
latter could be especially interesting for heavy S, since the 2-body decay is suppressed by
v2/⇤2

b . However, for the range of parameters under consideration, these processes can be safely
neglected.

The SU(2)L-invariant operators give rise to the following signal ratios:

operator
�(S ! Z�)

�(S ! ��)

�(S ! ZZ)

�(S ! ��)

�(S ! WW )

�(S ! ��)

WW only 2/tan2 ✓
W

⇡ 7 1/tan4 ✓
W

⇡ 12 2/sin4 ✓
W

⇡ 40

BB only 2 tan2 ✓
W

⇡ 0.6 tan4 ✓
W

⇡ 0.08 0

(16)

We see that the decay to ZZ/WW can be suppressed if the hypercharge BB operators are
the main source of the decay of S to photons. Then the bounds from resonant weak gauge
boson production, shown in table 1, are easily satisfied. A model where the coupling of S to
gauge bosons is generated by the exchange of new matter fields that only possess hypercharge
quantum numbers will only feature SB2

µ⌫ and realise this situation. On the other hand, the
ZZ,WW rates induced by SW 2

µ⌫ exceed the bounds in table 1 by a factor of 2. In the presence

of both operators, the bounds are satisfied for �0.3 < ⇤B/⇤W , ⇤̃B/⇤̃W < 2.4. Fig. 3 shows the
predictions of a set of mediators, as described in the caption.

2.4 E↵ective operators: spin 2

Similar considerations hold if S has spin 2. Taking gravity as inspiration, we can couple a
tensor Sµ⌫ to the various components T (p)

µ⌫ of the energy-momentum tensor:

Sµ⌫
X
p

T (p)
µ⌫

⇤p

, (17)
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Decays into EW gauge bosons
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[A discussion with David Marzocca (ETH)]

• In general we expect to see other decays at the LHC 
• There is an evil region where Br are all small, more quantitative studies are needed to 

compare with the LHC



A Dark Matter connection

S as mediator 
to a dark sector



Extra Q = Dark Matter?

1) The connection with ⌦DM is interesting on its own;
2) if �/M ⇠ 0.06 allows to hide many particles that enhance S ! ��;
3) if �/M ⇠ 0.06 allows to get tree level S ! DMDM decays.
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Direct detection bounds are (weak) irrelevant if S is a scalar (pseudo-scalar).

[Slides from A. Strumia, Moriond EW 2016]



•  Let’s focus on the gg production mechanism, a simple renormalizable picture is given by 
SM extensions with vector-like fermions

g

g

Q

S

Q

g

g

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]:

�(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

L � iyqS Q�5Q + iyeS E�5E

S ⇠ (1,1, 0)
Q ⇠ (3,1, 0)
E ⇠ (1,1, Y )

• A simple toy model Goertz, Kamenik,Katz, MN 1512.08500 
same mechanism in O(100) papers

Q E ⇥NQ

⇥NE

• A large diphoton rate is required 

space. We are now ready to compare these bounds with the information on the model

parameters coming from data on S. To this end, we can use the expression of Section 3 of

[77] adapted to the case of CP-odd interactions. The induced widths from fermion loops

are given by

�(S ! gg) = M
↵2
3

8⇡3
N2

Qy2q⌧Q |P(⌧Q)|2 , (3.17)

�(S ! ��) = M
↵2

16⇡3
Y 4N2

Ey2e⌧E |P(⌧E)|2 , (3.18)

where ⌧Q = 4M2
Q/M2 and ⌧E = 4M2

E/M2 and the loop function is defined as

P(⌧) = arctan2(1/
p

⌧ � 1) . (3.19)

In order to be conservative, we take the values of mediator masses close to their expected

experimental exclusion limit. In particular, we take MQ = 1 TeV and ME = 400 GeV.

The decay widths normalized to the mass of the scalar are given by

� (S ! gg)

M
= 5.7 · 10�6 y2qN

2
Q ,

� (S ! ��)

M
= 1.1 · 10�7 Y 4y2eN

2
E , (3.20)

and we neglected corrections of order (M/2MQ)2 and (M/2ME)2, respectively. Imposing

the bounds on the product of ����gg, we obtain

Y 4N2
EN2

Qy2ey
2
q = 9.6 · 104 . (3.21)

Extra constraints can be derived considering other phenomenological aspects. The

non-observation of any significant excess in the di-photon invariant mass distribution at

the 8 TeV run at the LHC, suggests that the production cross section increases sizeably

when varying the energy from
p

s = 8 TeV to
p

s = 13 TeV. This fact favours production

mechanisms of the scalar S with large gain factor r ⌘ �13 TeV/�8 TeV. In our toy model,

the scalar S can be produced by gluon or photon fusion, and the respective gain factors

are given by r�� = 1.9 and rgg = 4.7. Henceforth, to have a better fit of the 8 TeV and 13

TeV data, we impose in our model that the gluon production dominates over the photon

one:

Cgg�gg > C����� (3.22)

where Cgg = 2137 and C�� = 54 are the partonic integrals as defined in [77]. In terms of

our parameters we get

y2qN
2
Q > 4.9 · 10�4 Y 4y2eN

2
E . (3.23)

An upper bound on �gg can be derived using results for searches for resonances decaying

to di-jet final states [82]. From the analysis of [77] we infer that �gg/M < 2 · 10�3 and this

gives:

y2qN
2
Q < 2.6 · 105. (3.24)

We are now ready to collect all the information and to check in which region of the

parameter space the model can be considered calculable according to our criterion (3.3).
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• Narrow Width ���/M & 10�6 Y 4y2
eN2

e & 10

• Large Width ���/M & 10�4 Y 4y2
eN2

e & 103

Y 4y2
eN2

e ⇡ 1.5
for a top-like state

Weakly coupled models



Calculability in perturbative models
• How large can the couplings and/or the number of states be? 

naively  y2

16⇡2
< 1

y < 4⇡

N  
less naively  Ny2

16⇡2
< 1

y < 4⇡/
p

N

• Strong constraints, a large width makes the interpretation of this anomaly in terms of 
weakly coupled models very challenging

• Other possible issues

1) Landau pole can be very close to the TeV scale

2) Beta function changes very rapidly compared with the coupling itself

A = y + �y log

⇣ µ

E

⌘
µ

d

dµ
y = �y

����
�y

y

���� < 1Possible criterion

3) Vacuum stability,  new interactions (and new scalars) can modify the 
scalar potential
4) Unitary implications from 2 —> 2 scatterings of mediators   

[1512.07624, 
1512.08307, 
1512.07889, 
1512.08500, 
1602.01460, 

…., 
…., 
….,]

[with L. Di Luzio and J. 
Kamenik, tomorrow?]



The Usual Suspects
•  Most economical attempt at the renormalizable level: 2 Higgs Doublet Model

•  Production: directly trough quarks at the tree level 

•  Decay into photons: trough loops of SM particles 

•  TREE level decays are available, for example

If a single Higgs won’t do, try two...

Could S be a neutral component of a THDM (H,A)?
• Higgs & EW data constrain it’s vev and mixing                     
⇒ assume inert limit

• Leading effects through couplings to SM fermions                                   
⇒ quark annihilation preferred as production?

⇒ top quark loops cannot reproduce di-photon signal

⇒ requires additional dynamics at ~TeV similar to singlet 

case (more constrained by EW & Higgs data)

see also 
1512.04921
1512.05332
1512.05623
1512.06587
1512.07497
1512.07616
1512.08508

���

�tt̄
' 2�2m2

t

27⇥2M2

⇥
⇥2 + 4 log2(M/mt)

⇤2 ' 10�5A:

• Requires other mediators in the loop as in the previous case (but now with more 
constraints: Higgs, EWPT, flavour, …)

Total S width in perturbative models

Sizable total width a challenge for weakly coupled models
SM singlet scalar case:
⇒ Fit to signal & width requires

⇒ Popular UV completion with VL fermions (Mψ>M)

⇒ Regime of large ‘t Hooft coupling? 

g

g

�

S

�

�

�

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 y5f⇥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 [23]:

�(S ⇤ gg) = M
�2
3

2⇤3

�����
⇥

f

Irf
⇧
⌅fyfS(⌅f ) +

⇥

s

Irs
As

2M
F(⌅s)

�����

2

, (21a)

�(S ⇤ ⇥⇥) = M
�2

16⇤3

�����
⇥

f

drfQ
2
f
⇧
⌅fyfS(⌅f ) +

⇥

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. I3 = 1/2, I8 = 3), and

P(⌅) = arctan2(1/
⇧
⌅ � 1) , S(⌅) = 1 + (1� ⌅)P(⌅) , F(⌅) = ⌅P(⌅)� 1 . (22)

In the limit of heavy extra particles (⌅ ⇤ ⌅) we have P(⌅) ⇥ 1/⌅ , S(⌅) ⇥ 2/3⌅ , F(⌅) ⇥ 1/3⌅
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Figure 2: Left panel: regions that fit, at 3⇤ confidence level, the �� rate, peak position and
the large width (possibly suggested by ATLAS) assuming a resonance S that can decay into ��,
gg and a third channel among those considered in the figure. The left boundaries of the allowed
regions in the diagonal band are the same for all channels, while the right boundaries di�er
for the individual channels and are marked by the labels. All constraints in table 1 have been
taken into account. Decays into leptons or ZZ can fit data only if �⇤⇤ is large, a possibility
disfavoured by run 1 data. Right panel: regions that fit the diphoton excess and that satisfy
all constraints assuming that S couples to a single parton ⇧ with width �⌃⌃, to photons with
width �⇤⇤, and to Dark Matter such that the total width is � = 0.06M . We show contour-lines
of �DM/M and consider each parton ⇧ = {g, u, d, s, c, b} in turn. Production dominated by uū,
dd̄ and especially �� partons implies a poor compatibility between run 1 and run 2 �� data.

operators

g23S

�
G2

µ⌅

2⇥g
+

Gµ⌅G̃µ⌅

2⇥̃g

⇥
+ e2S

�
F 2
µ⌅

2⇥⇤
+

Fµ⌅F̃ µ⌅

2⇥̃⇤

⇥
+ S

⇤

⇧

⌅̄(y⇧S + i�5ỹ⇧S)⌅, (10)

where ⌅ are the SM fermions and Gµ⌅ and Fµ⌅ are the gluon and photon field strengths and
F̃µ⌅ = 1

2⇥µ⌅�⇥F�⇥. To simplify the notation, we have included simultaneously the CP-even
and CP-odd couplings, but it should be understood that, unless CP is badly broken, only one

8

coupling at a time is present. These operators give rise to

�(S ⌅ ⇥⇥) = ⇤�2M

⇤
M2

⇥2
�

+
M2

⇥̃2
�

⌅
, (11a)
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⇥2
g

+
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⇥̃2
g

⌅
, (11b)

�(S ⌅ ⌅⌅̄) =
N⇤M

8⇤
(y2⇤S + ỹ2⇤S) (11c)

where N⇤ is the number of components of ⌅ (N⇤ = 3 for a quark). Focusing on a CP-even
resonance, we obtain from eqs. (7) and (9) that the experimental signal is reproduced for

M

⇥�

M

⇥g
⇤ 0.14

⇧
�

M
⇤ 0.037 or ybS

M

⇥�
⇤ 9

⇧
�

M
⇤ 2 . (12)

This result is also shown in fig. 1, where the translation between the operator scales ⇥ and
the partial widths is given by the di⇤erent axis labelling. For the gluon-induced process,
the “e⇤ective coupling strengths” M/⇥� and M/⇥g can be less than 1 corresponding to ⇥ >
M = 750GeV, although not much larger. On the other hand, in view of the reduced parton
luminosity, S produced through bb̄ pairs requires the e⇤ective couplings, M/⇥� and ybS to be
of order unity or larger.

The coupling of S to photons is not invariant under the SM gauge group. Since M is larger
than v = 174GeV, it is more reasonable to assume electroweak gauge invariant operators in
eq. (10) [20]. Assuming S is an electroweak singlet, the leading SU(3)c ⇥ SU(2)L ⇥ U(1)Y -
invariant operators in a derivative and field expansion a⇤ecting S production and decay are
then

g23S

�
G2

µ⇥

2⇥g
+

Gµ⇥G̃µ⇥

2⇥̃g

⇥
+ g22S

�
W 2

µ⇥

2⇥W
+
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2⇥̃W

⇥
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�
B2

µ⇥

2⇥B
+

Bµ⇥B̃µ⇥

2⇥̃B

⇥
+

+S

�
H⌅̄L⌅R

⇥⇤
+ h.c.

⇥
+ S

|DµH|2

⇥H
+

M2

2

�
S +

⇥S

M2
(|H|2 � v2)

⇥2

, (13)

where H is the Higgs doublet, and the scale ⇥⇤ is assumed to be complex (⇥⇤ is real if S is a
scalar and pure imaginary if S is a pseudo-scalar). The operators in eq. (10) are obtained with
coe⌅cients

1

⇥�
=

1

⇥B
+

1

⇥W
, y⇤S = v

Re⇥⇤

|⇥⇤|2
, ỹ⇤S = �v

Im⇥⇤

|⇥⇤|2
. (14)

The last term in eq. (10) contains both the S mass term and a ⇥SS|H|2 interaction. It is such
that S = 0 is a minimum, and that the Higgs potential is una⇤ected by integrating out S.1

Notice that even though |DµH|2 is subdominant to |H|2 in the derivative expansion, it may still

1Such a perfect square structure arises in the linear �-model realisation of the pseudo-Goldstone Higgs
scenario [21]
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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 y5f⇥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 [23]:

�(S ⇤ gg) = M
�2
3

2⇤3

�����
⇥

f

Irf
⇧
⌅fyfS(⌅f ) +

⇥

s

Irs
As

2M
F(⌅s)

�����

2

, (21a)

�(S ⇤ ⇥⇥) = M
�2

16⇤3

�����
⇥

f

drfQ
2
f
⇧
⌅fyfS(⌅f ) +

⇥

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. I3 = 1/2, I8 = 3), and

P(⌅) = arctan2(1/
⇧
⌅ � 1) , S(⌅) = 1 + (1� ⌅)P(⌅) , F(⌅) = ⌅P(⌅)� 1 . (22)

In the limit of heavy extra particles (⌅ ⇤ ⌅) we have P(⌅) ⇥ 1/⌅ , S(⌅) ⇥ 2/3⌅ , F(⌅) ⇥ 1/3⌅
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Figure 2: Left panel: regions that fit, at 3⇤ confidence level, the �� rate, peak position and
the large width (possibly suggested by ATLAS) assuming a resonance S that can decay into ��,
gg and a third channel among those considered in the figure. The left boundaries of the allowed
regions in the diagonal band are the same for all channels, while the right boundaries di�er
for the individual channels and are marked by the labels. All constraints in table 1 have been
taken into account. Decays into leptons or ZZ can fit data only if �⇤⇤ is large, a possibility
disfavoured by run 1 data. Right panel: regions that fit the diphoton excess and that satisfy
all constraints assuming that S couples to a single parton ⇧ with width �⌃⌃, to photons with
width �⇤⇤, and to Dark Matter such that the total width is � = 0.06M . We show contour-lines
of �DM/M and consider each parton ⇧ = {g, u, d, s, c, b} in turn. Production dominated by uū,
dd̄ and especially �� partons implies a poor compatibility between run 1 and run 2 �� data.
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the partial widths is given by the di⇤erent axis labelling. For the gluon-induced process,
the “e⇤ective coupling strengths” M/⇥� and M/⇥g can be less than 1 corresponding to ⇥ >
M = 750GeV, although not much larger. On the other hand, in view of the reduced parton
luminosity, S produced through bb̄ pairs requires the e⇤ective couplings, M/⇥� and ybS to be
of order unity or larger.

The coupling of S to photons is not invariant under the SM gauge group. Since M is larger
than v = 174GeV, it is more reasonable to assume electroweak gauge invariant operators in
eq. (10) [20]. Assuming S is an electroweak singlet, the leading SU(3)c ⇥ SU(2)L ⇥ U(1)Y -
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where H is the Higgs doublet, and the scale ⇥⇤ is assumed to be complex (⇥⇤ is real if S is a
scalar and pure imaginary if S is a pseudo-scalar). The operators in eq. (10) are obtained with
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The last term in eq. (10) contains both the S mass term and a ⇥SS|H|2 interaction. It is such
that S = 0 is a minimum, and that the Higgs potential is una⇤ected by integrating out S.1

Notice that even though |DµH|2 is subdominant to |H|2 in the derivative expansion, it may still

1Such a perfect square structure arises in the linear �-model realisation of the pseudo-Goldstone Higgs
scenario [21]
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•  MSSM: is a special 2HDM + other states (in particular stops and higgsinos)

• Enhancement for extreme values of the parameters (large A-
terms, low values for soft masses) within the order of 
magnitude required to fit the diphoton data

• RPV-MSSM has problems too…

• SUSY is not the MSSM, extensions can reproduce the effect

...then to make it nice, supersymmetrise.

In the MSSM, additional contributions to H,A → gg, γγ from 
sparticle & chargino loops
⇒ Largest effect on H from stop trilinear

large μ and/or At-term and a light stop lead to a parametric 
enhancement 

• Bounded by presence of color/charge breaking vacua
(can be relaxed slightly in if one allows for metastability)

• Constrained by Higgs mass & coupling measurements
(can be relaxed in MSSM extensions, like NMSSM)

mode is from gluon fusion, due to small Yukawa couplings and the fact that we are deep

in the decoupling regime, MH0 ⇧ MZ . As we have seen above, the 2HDM fails by a large

margin to accommodate the data. However, in the MSSM there are extra contributions to

theHgg couplings from sfermions and to theH0⇥⇥ couplings from sfermions and charginos,

in addition to those already present in the 2HDM. The A0gg and A0⇥⇥ vertices receive

no sfermion contributions at one loop as a consequence of CP symmetry, though they do

receive contributions from charginos.4 Dimensional analysis gives, for the contribution of

the two stops, for MSUSY = 1 TeV,

cg ⇥ 2g2s �
vMH0

M2
SUSY

⇥ 0.5

and

c� ⇥ 2Nce
2 � vMH0

M2
SUSY

⇥ 0.1.

Even allowing for similar contributions from other sparticles, this suggests that generically,

the product |cgc� | < 1, nearly three orders of magnitude below what is required according

to Eq. (2.9). However, we must also contemplate that the true resonance width could

be smaller than the “nominal” 45 GeV. The decay width of H0 is dominated by tree-

level decays into top and bottom quarks, and is essentially determined in the MSSM as a

function of tan�, with a minimum of about 2 GeV at tan� ⇤ 6. Hence, Eq. (2.9) can be

recast as
|c�cg|�

�(tan�)/(45GeV)
= ⇤g ⇤ 530. (3.37)

The question is how large the left-hand side may be. First, a small numerator could be

partly compensated for by a factor of up to five due to the denominator. Second, an MSSM

spectrum could also be quite non-degenerate, with hierarchies like mt̃1 ⌅ MH0 , µ ⌅ mt̃2 ;

this is in fact favoured by the observed Higgs mass. In particular, large µ and/or A-terms

and a light stop can lead to a parametric enhancement ⇥ {µ,At}/mt̃1 relative to the naive

estimates above. Third, there could also be important contributions from sbottoms and

staus, as well as charginos, which brings in a large subset of the MSSM parameters. A

conclusion about the fate of the MSSM requires a quantitative treatment, but a brute-force

parameter scan is not really feasible and in any case beyond the scope of this work. Instead,

the purpose of the rest of this section is to obtain simple yet conservative bounds on all

one-loop contributions over the entire MSSM parameter space. First, we will be imposing

tan� > 1. The reason is that the H0tt̄ coupling is
⌃
2mt/(v tan�) in the decoupling

limit, which for tan� < 1 implies a decay width significantly exceeds the width allowed by

observations, cf section 2.1. (Independently, such large couplings would lead to a Landau

pole in yt, and/or strong coupling at low scales, and has very strong support from the

observed Higgs mass of 125 GeV, which we will not separately impose.) The key assumption

4As in the rest of this work, we assume CP conservation. Without this assumption, the gluonic and

photonic couplings of some superposition of the two heavier mass eigenstates H2 and H3 will receive

sparticle loop contributions, so apart from a division of the diphoton signal between H2 and H3 resonant

contributions, we do not expect qualitative changes to our conclusions.
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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

⇧
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

WLV = ⇥⇥
i11LiQ1D̄1 , (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 = Ai33⌃̃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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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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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

⇧
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

WLV = ⇥⇥
i11LiQ1D̄1 , (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 = Ai33⌃̃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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• Sizable production through 
down-type quark annihilation              

• Photonic width through large 
RPV SUSY breaking 

3

FIG. 3. The di-photon signal cross section times branching
ratio as a function of the stau mass for di�erent values of the
RPV coupling ��

i11.

arguments [78]). From Fig. 2, we find that the di-photon
channel is dominant for small ⌅⇥

i11, which however cannot
be made arbitrarily small, since the sneutrino production
cross section is proportional to |⌅⇥

i11|2. We also note that
the partial widths for ⇧̃i ⌅ ⇥Z and ⇧̃i ⌅ ZZ are respec-
tively � 10�4 and � 10�7 of �(⇧̃i ⌅ ⇥⇥). We therefore
neglect these contributions in our subsequent analytical
formulae, although we include them in our numerical re-
sults.

III. RESULTS

We compute the signal cross section at
⌥
s = 13

TeV LHC using the RPV model implementation in
FeynRules [79] and the parton-level event generation
in MadGraph5 [80] with NNPDF2.3 leading order PDF
sets [81]. We find

⌥(pp ⌅ ⇧̃i ⌅ ⇥⇥)13TeV = ⌥13TeV
0 |⌅⇥

i11|2 · BR�� ,(13)

where ⌥13TeV
0 = 156 pb for m⇥̃i = 750 GeV with ⌅⇥

i11 = 1
and BR�� = ���/�tot. We require that the signal cross
section be within the 1⌥ region of the observed value,
i.e. 5.3± 2.4 fb [3]. Fig. 3 shows predictions for the sig-
nal cross section times branching ratio as a function of
the lightest stau mass for di⇥erent values of ⌅⇥

i11. When
the stau mass is smaller than half the resonant sneutrino
mass at the left-hand side of the plot, the branching ratio
to the di-photon channel is highly suppressed and conse-
quently the signal cross section is too small. It is clear
from the figure that when the stau mass is half (or just
over half) the resonant sneutrino mass, the cross section
fits the di-photon excess measurements. Here, on-shell
stau production is kinematically disfavoured, boosting
the ⇥⇥ branching ratio, but as the stau mass further in-
creases, the loop diagram depicted in Fig. 1 becomes in-
creasingly mass suppressed and the signal cross section
dies o⇥.

Since the other gauge boson channels are suppressed,
there is no constraint from those decay modes. On the

other hand, the ⇧̃i ⌅ dd̄ channel is constrained by the
di-jet resonance searches [76, 77]. The most stringent
constraint comes from the

⌥
s = 8 TeV LHC data:2

⌥(pp ⌅ ⇧̃i ⌅ dd̄)8TeV ⇧ ⌥8TeV
0 |⌅⇥

i11|2 · BRdd̄
<� 2.5 pb,

(14)

where ⌥8TeV
0 = 57 pb is the

⌥
s = 8 TeV production cross

section for pp ⌅ ⇧̃i with ⌅⇥
i11 = 1 and BRdd̄ = �dd̄/�tot

is the branching ratio of the di-jet decay mode.
Let us first consider the �X = 0 case. Since the up-

per limit of the di-jet cross section (2.5 pb) is much larger
than the preferred di-photon cross section (8 fb), we have
�dd̄ ⇤ ��� in the most of the interesting parameter re-
gion. In this regime the total width of the sneutrino can
be approximated by �dd̄

⌃� |⌅⇥
i11|2 and we have

⌥(pp ⌅ ⇧̃i ⌅ ⇥⇥) ⌃� |⌅⇥
i11|2 ·

� ���

|⌅⇥
i11|2

⇥
� ��� , (15)

⌥(pp ⌅ ⇧̃i ⌅ dd̄) ⌃� |⌅⇥
i11|2 ·

� �dd̄

|⌅⇥
i11|2

⇥
⌃ |⌅⇥

i11|2, (16)

thus the ⇥⇥ signal rate is approximately independent of
⌅⇥
i11 as Fig. 3 shows in the region m⇤̃1 > m⇥̃i/2. The di-

jet signal cross section also receives a contribution from
charged slepton production:

⌥(pp ⌅ ẽ�Li
⌅ ūd) = ⌥8 TeV

� |⌅⇥
i11|2 (17)

⌥(pp ⌅ ẽ+Li
⌅ ud̄) = ⌥8 TeV

+ |⌅⇥
i11|2, (18)

since, to a good approximation, the charged slepton
branching ratio into 2 jets is 1 because m⇥̃� ⇤ m⇤̃1 and
so the loop diagrams for W⇥ and WZ decays are sup-
pressed because they involve the tau sneutrino. SU(2)L
invariance leads to the tree-level relation m2

ẽLi
= m2

⇥̃i
+

M2
W cos 2�, thus mẽi = 746 GeV for m⇥̃i = 750 GeV

and tan� = 5, for instance. This means that the
charged slepton contribution to the di-jets constraint can-
not be made small by arbitrarily changing the mass of
the charged slepton. We obtain ⌥8 TeV

� = 23 pb and
⌥8 TeV
+ = 57 pb for a 750 GeV charged slepton.
Fig. 4 shows our numerical result for the �X = 0 case.

Throughout this section, we take the maximal left-right
mixing (⇤ = ⌃/4) and Ai33 = 14m⇤̃1 so that the signal
rate is maximized. With this relation, Ai33 respects the
perturbativity bound: larger values of Ai33 generate a
large | ̃i|4 operator via the box diagram of  ̃i and �̃R
[78]. In the green shaded region the di-photon signal
rate is within the 1 ⌥ band of the observed value, whereas
the red shaded region is excluded by the di-jet resonance
searches. As discussed above, the signal rate depends
almost exclusively on m⇤̃1 unless |⌅⇥

i11| ⇥ 1. As can be
seen, in order to explain the di-photon excess the lightest

2 Note that the reported results from the early Run II LHC di-
jet resonance searches [82, 83] do not cover the region at di-jet
invariant masses of 750 GeV at all.



Candidates in strongly coupled models
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Figure 8: Compilation of values of �/M for bosonic neutral resonances produced by QCD
interactions.

4 Strongly coupled models

As discussed in detail in the previous section, a relatively large width �/M � 0.06, combined
with constraints from the rates in the various channels, would severely limit the weakly coupled
options. If one demands a weakly coupled description up to above 10 TeV, one has basically
two options: in one the width is dominated by an invisible channel and light leptons at the
threshold of discovery are responsible for the sizable coupling to photons (fig. 7, lower-right
panel), in the other the width is mimicked by the presence of one or more nearby resonances.
It makes sense to investigate in more detail how well the properties of the new resonance fit
scenarios with a novel strong dynamics around the weak scale (fig. 8 shows a compilation of
the �/M values of the bosonic neutral resonances produced by QCD interactions). We shall
explore various incarnations of the scalar S as a composite state of the new dynamics. Two
broad scenarios can be imagined.

• S is a component of an extended sector, explaining the naturalness of the electroweak
scale and producing the Higgs doublet as a composite state.

• S belongs to a sector that is not directly responsible for electroweak symmetry breaking.
This can be realised in explicit simple models with extra vector-like fermions, described
by a QCD-like fundamental Lagrangian. The electroweak scale could be linked to the
new strong interactions in a more subtle way as in [36] or [37] or because of dark matter.

A particularly motivated option is that S is a light Pseudo-Nambu-Goldstone Boson (PNGB)
from the spontaneous breakdown of an internal global symmetry. Another perhaps more exotic
option is that S is a pseudo-dilaton from the spontaneous breakdown of approximate scale
invariance. In addition one should also entertain the possibility of composite states that appear
around the confinement scale, analogous to charmonium in QCD. If the new sector contains new
coloured states, as most likely required to produce S from gluon fusion, coloured resonances
are expected around the same scale as S which could produce observable experimental signals.

20

[slides from J. Kamenik,]



Strongly coupled models
• The 750 GeV state is a composite state of a strongly coupled sector 

• Simplest idea: vector-like confinement (not direct connection with the EW breaking) 2

GH = SU(N) SU(3)C SU(2)L U(1)Y

ΨD ! !̄ 1 1/3

ΨL ! 1 ! −1/2

Ψ̄D !̄ ! 1 −1/3

Ψ̄L !̄ 1 ! 1/2

TABLE I. Charge assignment of hidden quarks under the hidden and standard model gauge groups. Here, ΨD,L and Ψ̄D,L are
left-handed Weyl spinors.

with a mass difference of 10s of GeV, explaining a slight preference to a wide width in the ATLAS data; (iii) the two
resonances are at ≃ 750 GeV and ≃ 2 TeV, responsible for the 750 GeV diphoton excess [1, 2] and the 2 TeV diboson
excess [10], respectively. We calculate the masses of the hidden pions in the model and discuss their phenomenology.
We find that the masses of the hidden pions can be larger than the case without the singlet hidden quark; in particular,
the leptoquark type hidden pion can be as heavy as ∼ 1.5 TeV, depending on scenarios. We discuss physics of hidden
pions and hidden baryons that decay only through interactions beyond the GH and standard model gauge dynamics.
We find that cosmological constraints on this model are weaker than those in the model without the extra hidden
quark.
The organization of this paper is as follows. In Section II, we consider the minimal model and its phenomenology

at the TeV scale. We calculate all the hidden pion masses and discuss their signatures and current constraints. We
also discuss particles with higher masses, in particular the hidden η′ meson and spin-1 resonances. In Section III, we
study physics above the TeV scale, especially its implications for collider physics and cosmology. The hidden pion
that is stable under the GH and GSM gauge dynamics as well as low-lying hidden baryons are studied in detail. We
discuss the possibility that the GH sector is conformal and/or that the theory is supersymmetric above the TeV scale.
In Section IV, we study an extension of the model in which there is an extra hidden quark that is singlet under GSM

and has a mass smaller than Λ. We discuss possible signals of two GSM-singlet hidden pions which can be viewed as
diboson resonances produced by gluon fusion. Section V is devoted to final discussion. In the Appendix, we analyze
the effect of possible CP violation in the GH sector on the standard model physics.

II. MODEL AT THE TEV SCALE

The model at the TeV scale is given by a hidden gauge group GH = SU(N), with the dynamical scale (the mass
scale of generic low-lying resonances) Λ, and hidden quarks charged under both GH and the standard model gauge
groups as shown in Table I.1 The hidden quarks have mass terms

L = −mDΨDΨ̄D −mLΨLΨ̄L + h.c., (1)

where we take mD,L > 0, which does not lead to a loss of generality if we keep all the phases in the other part
of the theory. These masses are assumed to be sufficiently smaller than the dynamical scale, mD,L ≪ Λ, so that
ΨD,L and Ψ̄D,L can be regarded as light quarks from the point of view of the GH dynamics. Note that the charge
assignment of the hidden quarks is such that they are a vectorlike fermion in the bifundamental representation of
GH and SU(5) ⊃ GSM. The model therefore preserves gauge coupling unification at the level of the standard model;
this is significant especially given the possible threshold corrections around the TeV and unification scales (see,
e.g., [11]). The unification of the couplings becomes even better if we introduce supersymmetry near the TeV scale
(see Section III).

A. Hidden Pion for the 750 GeV Diphoton Excess

The strong GH dynamics makes the hidden quarks condensate

⟨ΨDΨ̄D +Ψ†
DΨ̄†

D⟩ ≈ ⟨ΨLΨ̄L +Ψ†
LΨ̄

†
L⟩ ≡ −c. (2)

1 Throughout the paper, we adopt the hypercharge normalization such that the standard model left-handed Weyl fermions have
(q, u, d, l, e) = (1/6,−2/3, 1/3,−1/2, 1).

• SU(N) gauge dynamics similar to QCD

• S is a pseudo-Goldstone boson associated to the breaking of the global symmetry

SU(5)L ⇥ SU(5)R ! SU(5)V

• Extra colored and charged “pions” are predicted 

⇡ ⇠ (8,1, 0)� (3,2,�5/6)� (3,2,+5/6)� (1,3, 0)��(1,1, 0)

[From 1602.01092, 
see also 

1512.04850, 
1512.04933 
1602.07297 

]

• Di-gluon and Di-photon couplings are generated  by WZW terms

• Same as in QCD  ⇡0 ! ��

3

These condensations do not break the standard model gauge groups, since the hidden quark quantum numbers under
these gauge groups are vectorlike with respect to GH [12]. The spectrum below Λ then consists of hidden pions,
arising from spontaneous breaking of the approximate SU(5)A axial flavor symmetry:

ψ(Adj,1, 0), χ
(

!,!,−
5

6

)

, ϕ(1,Adj, 0), φ(1,1, 0), (3)

where ψ, ϕ, and φ are real scalars while χ is a complex scalar, and the quantum numbers represent those under
SU(3)C × SU(2)L × U(1)Y . The masses of these particles are given by [13]

m2
ψ = 2mD

c

f2
+ 3∆C , (4)

m2
χ = (mD +mL)

c

f2
+

4

3
∆C +

3

4
∆L +

5

12
∆Y , (5)

m2
ϕ = 2mL

c

f2
+ 2∆L, (6)

m2
φ =

4mD + 6mL

5

c

f2
. (7)

Here, f is the decay constant,2 and ∆C,L,Y are contributions from standard model gauge loops, of order

∆C ≃
3g23
16π2

Λ2, ∆L ≃
3g22
16π2

Λ2, ∆Y ≃
3g21
16π2

Λ2, (8)

where g3, g2, and g1 are the gauge couplings of SU(3)C , SU(2)L, and U(1)Y , respectively, with g1 in the SU(5)
normalization. Using naive dimensional analysis [14], we can estimate the quark bilinear condensate and the decay
constant as

c ≈
N

16π2
Λ3, f ≈

√
N

4π
Λ, (9)

where we have assumed N " 5, i.e. the number of color is not much smaller than that of flavor in the GH gauge
theory. For N ≪ 5, we might instead have c ≈ (5/16π2)Λ3 and f ≈ (

√
5/4π)Λ, but below we use Eq. (9) even in this

case because the resulting differences are insignificant for our results.
The couplings of the hidden pions with the standard model gauge fields are determined by chiral anomalies and

given by

L =
Ng23
64π2f

dabcψaϵµνρσGb
µνG

c
ρσ +

Ng3g1
32

√
15π2f

ψaϵµνρσGa
µνBρσ

−
3Ng2g1

64
√
15π2f

ϕαϵµνρσWα
µνBρσ

+
Ng23

32
√
15π2f

φ ϵµνρσGa
µνG

a
ρσ −

3Ng22
64

√
15π2f

φ ϵµνρσWα
µνW

α
ρσ −

Ng21
64

√
15π2f

φ ϵµνρσBµνBρσ, (10)

where a, b, c = 1, · · · , 8 and α = 1, 2, 3 are SU(3)C and SU(2)L adjoint indices, respectively, and dabc ≡ 2tr[ta{tb, tc}]
with ta being half of the Gell-Mann matrices. We assume that the φ particle produced by gluon fusion and decaying
to a diphoton is responsible for the observed excess [3], so we take

mφ ≃ 750 GeV. (11)

The decay of φ occurs through interactions in Eq. (10) and leads to standard model gauge bosons. The diphoton rate
at

√
s = 13 TeV is given by

σ(pp → φ→ γγ) ≃ 7.8 fb

(

N

5

500 GeV

f

)2

. (12)

2 Our definition of the decay constant, f , is a factor of 2 different from that in Ref. [13]: f = F/2.



Strongly coupled models
• Other phenomenological aspects of this class of theories: 

1) Large coset space contains coloured pseudo-goldstone

3) These models are automatically MFV (Minimally Flavour Violating) 
because of the gauge symmetry
4) Other options can be explored (for example S is associated with 
an anomalous current like the eta’ in QCD)
5) Possible dark matter candidate(s) because of extra symmetries

E

2)          , other strongly coupled resonances accessible at the LHCf & v

v

m⇢

mB

[in particular see 1602.07297]

• The bad side: there is no direct link with the EW symmetry breaking. More 
ambitious idea: Composite Higgs and S from the same strong dynamics  

Pseudo Nambu-Goldstone Boson

S = η is a pNGB of a spontaneously broken U(1)η global symmetry
Eg: Composite Higgs models

A set of pNGBs:8 Modello Standard

Figura 1.3: Contributo dell’Higgs allo scattering W+W� �W+W�.

l’Higgs acquista un valore di aspettazione sul vuoto non nullo pari a ⌥H†H� = v2

2 ,

ovvero

⌥H� =

⇤

⇧ 0
v⇥
2

⌅

⌃ , (1.23)

a meno di una trasformazione di gauge. Questo valore di aspettazione sul vuoto non

nullo rompe spontaneamente la simmetria della teoria a SU(3)c ⇥ U(1)em e genera

una massa per tutte le particelle che interagiscono con l’Higgs, fermioni e bosoni di

gauge massivi, la quale sarà quindi sempre proporzionale al prodotto della costante

di accoppiamento con H per v:

MW =
gv

2
. (1.24)

Sviluppando il potenziale dell’Higgs nel campo h(x) otteniamo la massa m2
h = 2�v2.

Nel caso dello scattering studiato in precedenza, i diagrammi di Figura 1.3 che

coinvolgono lo scambio dell’Higgs aggiungeranno all’ampiezza i termini

A =
s + t

v2

�
1 +O(M2

w/s)
⇥
� a2 s

v2

s

s�m2
h + i�hmh

� a2 t

v2

t

t�m2
h + i�hmh

. (1.25)

Essendo a = 1, per energie s, t ⇤ m2
h i termini dovuti allo scambio dell’Higgs cancel-

lano esattamente la divergenza quadratica dell’ampiezza di scattering della (1.17),

unitarizzando quindi lo scattering. Calcolando lo scattering di due bosoni vettore

elettrodeboli in due Higgs e prendendo il limite di grandi energie, come vedremo in

dettaglio nel seguito, si ottiene che questo è proporzionale a b�a2. Nel Modello Stan-

dard, dunque, dato b = a = 1 anche questo scattering è unitario. Analogamente, la

condizione c = 1 rende unitario quello tra bosoni vettore e fermioni. Una condizione

necessaria a⇢nché l’Higgs unitarizzi in maniera perturbativa, è che l’ampiezza, per

s ⇤ m2
h, rimanga perturbativa [1]. In questo limite otteniamo

A ⇧ �
s m2

h

v2(s�m2
h)

+�
t m2

h

v2(t�m2
h)

s�m2
h�⌅ �

2m2
h

v2
. (1.26)

G

H

SU(2)L × U(1)Y

- Higgs doublet H
- Real scalar singlet η 
- …

Real pseudo-scalar singletη
Minimal scenario:     G = SO(6) → H = SO(5)

LHC Pheno: Potential
We perform a parameter scan, requiring the measured Higgs and top masses 
and benchmark value for ξ. We predict a definite range for λ
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Figure 2. In the left column we show the distribution of the points obtained from the

scan of the next-to-minimal model in the (m
⌘

,�) plane, while in the right column we show

the distribution of the fine-tuning �, computed summing in quadrature the logarithmic

derivatives of ⇠ with respect to all the parameters of the model, versus m
⌘

. The upper row

is for ⇠ = 0.1 while the lower one for ⇠ = 0.05. All the points here reproduce the correct top

and Higgs masses. The blue points pass the direct searches bounds described in section 4.2,

the orange ones do not.

Computing the fine-tuning as presented in the minimal model, we find that for

m
⌘

. 200 GeV most of the points present ��1 ⇠ ⇠ with a tail of points with

��1 . 0.5%, as can be seen in the right panels of figure 2. Increasing m
⌘

the
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where we fixed m
1S

= m
F

/2 in order to respect the bound from the second sum rule

and to simplify the expression. In this region this model behaves like the minimal

model discussed in the previous section, in particular we expect the DM mass to

be m
⌘

⇠ 63 GeV and the coupling � ⇠ 6 ⇥ 10�2, eq. (3.13). A similar result

is obtained by expanding for small mixings ✏
Q

and ✏
T

(in order to obtain simple

analytic expressions) and going in the sin ✓ ! 1 limit, due to a term proportional to

log sin2 ✓ in the leading term in µ2

h

and µ2

⌘

, as in eq. (3.24). In this case we exactly

reproduce the relations of eq. (3.12), and therefore the same conclusions apply.

A di↵erent region is reached (always in an expansion for small mixings) in the

limit of big m
F

� f and small sin ✓ ⌧ 1, that is with a hierarchy m
2S

� m
F

�
m

1S

⇠ f . In this case we obtain

(µ2

h

)f ' � N
c

8⇡2

m2

F

(✏2
Q

� 2✏2
T

)

f 2

log
1
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,

µ2
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' N
c

4⇡2

m2

F

✏2
T

f 2

log
1

sin2 ✓
,

�f

h

' N
c

16⇡2f 4



�2(✏2
Q

� 2✏2
T

)2 + (✏4
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+ 4✏4
T

) log
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�

,
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◆

.

(3.24)

In this case the DM mass can be arbitrarily high (for big m
F

and small sin ✓), while

in order to obtain the correct EW scale, that is to suppress (µ2

h

)f , it is necessary to

tune ✏2
Q

⇠ 2✏2
T

. If this tuning is avoided here, then the gauge contribution to µ2

h

has

to provide the necessary cancellation, which will imply higher values of the vector

mass m
⇢

than the case in eq. (3.15). In both cases, we expect the tuning in this

region to be higher than in the cases examined previously, for which the expected

tuning is as in eq. (3.16). Taking ✏2
Q

⇠ 2✏2
T

, from the expression for �
h

in eq. (3.24)

we can fix ✏
T

by requiring the correct Higgs mass and then substitute this in the

formula for �. We obtain

� ' m2

h

4v2
' 0.065 , (3.25)

which is the same value we obtained in the minimal model.

Also in this case we performed a numerical parameter scan of the model, ex-

tracting randomly f
⇢

2 [ 1p
2

f, 2f ], ✏
T

2 [0.2f, 6f ], m
S

2 [0, 8f ], m
F

2 [m
S

, 8f ],

✓ 2 [0, ⇡
2

] and obtaining ✏
Q

by requiring the correct top mass at the TeV scale

M
top

(1 TeV) ' 155 GeV. As in the minimal model, the vector mass m
⇢

has been

fixed by requiring ⇠ = 0.1 (or 0.05) and we selected only the points with a Higgs

mass between 120 GeV and 130 GeV. From these scans we observe that, even when

relaxing the tuning condition ✏2
Q

⇠ 2✏2
T

, the value of the coupling � remains always

of the same order of magnitude, that is in the range 3⇥ 10�2 . � . 7⇥ 10�2, while

the DM mass can vary from m
⌘

⇠ m
h

/2 up to m
⌘

⇠ O(700) GeV, see figure 2.
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around

disfavored. In the opposite limit, that is ✏2
Q

, ✏2
T

⌧ m2, we obtain M2

top

' 2⇠✏2
Q

✏2
T

/m2

and

� = �f = �(µ2

h

)f

f 2

' 1

2
�f

h

' N
c

M2

top

4⇡2v2
m2

f 2

. (3.12)

In this case, the scale of the top partner masses m has to be smaller than ⇠ 1.5f '
1.2 (1.6) TeV for ⇠ = 0.1 (0.05), in order to reproduce the correct Higgs mass. We

have checked numerically that, indeed, the relation �f ' 1

2

�f

h

holds, up to O(20%)

corrections, in all the parameter space. This fact, using eq. (2.6) and the fact that

the gauge contribution to �
h

is always negligible, allows us to conclude that in this

model, for a given ⇠, the Higgs mass fixes both the DM mass and portal coupling

m
⌘

' 1

2
m

h

' 63 GeV , and � =
m2

⌘

v2
' 1

4

m2

h

v2
' 0.065 . (3.13)

Let us finally discuss how ⇠ can be tuned to realistic values, in particular our

benchmark values ⇠ = 0.1, 0.05. From the relation � (µ

2
h)

f

f

2 ' 1

2

�f

h

and eq. (2.6) we get

⇠ ' 1

2
� (µ2

h

)g

m2

h

2⇠ , (3.14)

where we neglected the gauge contribution to �
h

since it is always negligible with

respect to the fermionic one. The gauge contribution to µ2

h

is therefore necessary in

order to reduce ⇠. Eq. (3.3) allows to fix the composite vector mass as a function of

the Higgs mass (for a given value of f
⇢

/f , which has been set to 1 in this example)

m
⇢

⇠
r

2

log 2

⇡

3

m
h

m
W

vp
⇠
' 2 TeV (for ⇠ = 0.1) . (3.15)

From eq. (3.14) we see that, in absence of the gauge contribution, the natural value

of ⇠ would be ⇠ 0.5. Therefore, we can estimate the amount of tuning needed to get

a smaller value with the simple relation

� ⇠ 1

2⇠
, (3.16)

that is, a ⇠ 20% tuning for ⇠ = 0.1. Such a low amount of tuning in this model is

due to the fact that the extreme simplicity of the model after imposing the Weinberg

sum rules fixes � (µ

2
h)

f

f

2 to be of the same order (actually, a factor of 2 smaller) of �
h

,

see eqs. (3.11, 3.12). This and the relations in eq. (3.10) are non-generic features

of these kind of models: in general the mass term in the potential is expected to

be generated at quadratic order in the mixings while the self-coupling term only at

quartic order, so that
�

�

�

(µ

2
h)

f

f

2
�

f
h

�

�

�

would be naturally much bigger than 1 and therefore

the needed amount of tuning much larger. For this reason, in order to assess with

more generality the viability of these DM model, in the next section we study also a

non-minimal model, in which this more generic feature is indeed present.
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Low-energy Lagrangian

(expanding for small ξ *)

Derivative interactions hηη 
via dim-6 operators

SM + ηField content:

ent parametrization of the SO(6)/SO(5) coset. In appendix B, we describe in detail

the e↵ective potential analyzed in section 3.

2 Composite Higgs and Dark Matter model

In this section we present a Composite DM model in which both the Higgs doublet

H and the scalar singlet DM particle ⌘ arise as composite pNGBs, characterized by

the NGB decay constant f (analogous to the f
⇡

constant for pions in QCD), from

a spontaneous symmetry breaking due to the dynamics of a new strongly coupled

sector, lying at a high scale ⇤ ⇠ 4⇡f . The minimal scenario, considered here, is

based on the SO(6) ! SO(5) symmetry breaking pattern. The singlet ⌘ is stable

thanks to a parity under which

⌘ ! �⌘ . (2.1)

The main di↵erence between this case and models in which ⌘ is an elementary scalar

(see, e.g., refs. [22–24]) comes from derivative interactions between ⌘ and H. As

we show explicitly in the next subsection, these interactions depend only on the

symmetry breaking pattern and on the scale f . Expanding up to dimension-6 terms

in (|H|2, ⌘2)/f 2, the chiral Lagrangian can be written as [21]

Lkin ' |D
µ

H|2 + 1

2
(@

µ

⌘)2 +
1

2f 2

✓

@
µ

|H|2 + 1

2
@
µ

⌘2
◆

2

, (2.2)

where D
µ

H is the usual SM covariant derivative of the Higgs doublet.

In order to provide a mass to the SM fermions, in particular to the top quark, we

assume the partial compositeness mechanism: each SM fermion mixes with one (or

more) composite vector-like fermions with the same quantum numbers [12, 14]. Upon

integrating out the heavy fermions, the SM Yukawa interactions are generated, along

with higher order interaction terms. Considering, for example, the bottom quark,

up to dimension-6 terms the e↵ective Yukawa Lagrangian can be written as

LY uk,b ' �y
b

q̄
L

Hb
R

✓

1� 
hb

|H|2
f 2

� 
⌘b

1

2

⌘2

f 2

+ . . .

◆

+ h.c. , (2.3)

and similarly for the other SM fermions. In our explicit model all the coe�cients


hf

= 
⌘f

= 1 where in general they depend on the choice of embedding of the SM

fermions in (incomplete) SO(6) representations and of the parametrization of the

SO(6)/SO(5) coset, as discussed in detail in appendix A.

These mixing terms break explicitly the global symmetry and therefore induce,

at one-loop, an e↵ective potential for the pNGBs, V (H, ⌘)
e↵

. This potential presents

a minimum for H, away from the origin, which breaks the EW symmetry to U(1)
em

.

Since SM fermion masses arise via the mixing terms, the more massive the fermion,

the bigger the mixing has to be. The main contribution to the potential is thus

– 3 –

due to the top quark mixing terms. Another important source of explicit symmetry

breaking is due to the SM EW gauge interactions. Assuming invariance under the

parity in eq. (2.1), the most general scalar potential, up to dimension 4 terms, is

V (H, ⌘)
e↵

= µ2

h

|H|2 + µ2

⌘

2
⌘2 + �

h

|H|4 + �
⌘

4
⌘4 + �|H|2⌘2 , (2.4)

where � is often dubbed Higgs portal coupling [25]. Assuming that 0 < �µ2

h

< �
h

f 2

and µ2

⌘

� �
µ

2
h

�h
> 0, this potential has a minimum for

hHi =
✓

0,
vp
2

◆

t

, h⌘i = 0, where v2 = �µ2

h

�
h

⌘ ⇠f 2 ' (246 GeV)2 . (2.5)

The masses of the physical fields h and ⌘, being h the Higgs boson, are given by

m2

h

= 2�
h

v2(1� ⇠) , m2

⌘

= µ2

⌘

+ �v2 , (2.6)

where the (1 � ⇠) factor in the Higgs mass is a correction due to a wave function

normalization e↵ect, see eq. (2.11) in the next subsection.

Following ref. [19], in order to render the scalar potential calculable (to be able

to compute the Higgs and scalar DM masses and couplings), we assume the Minimal

Higgs Potential hypothesis, that is we assume the potential to be dominated by the

contributions due to SM fields and the lighter resonances, and we impose generalized

Weinberg sum rules in order to remove the quadratic and logarithmic sensitivity to

the cuto↵. At one loop, the only composite states which contribute to the scalar

potential are those that mix with the elementary SM particles, breaking the global

SO(6) symmetry with such mixings. Such states are the spin-1/2 top partners and

composite spin-1 resonances, with masses of the order m2

⇢

⌧ ⇤2, which mix with the

SM EW gauge bosons.

The main aim of the rest of this section is to build explicit models in order to

study the allowed range of the DM mass and Higgs portal coupling in realistic cases

which, in particular, correctly describe both the top and Higgs mass and which still

evade the bounds from direct searches of top partners at the LHC.

2.1 Structure and symmetries of the SO(6)/SO(5) coset

Let us review here the basic structure of next-to-minimal Composite Higgs models

where the strong sector enjoys a global symmetry SO(6) ⌦ U(1)
X

1 spontaneously

broken to the subgroup SO(5) ⌦ U(1)
X

at a scale f [18, 21, 26]. Due to this spon-

taneous symmetry breaking, the low energy theory has 5 NGBs, which transform in

the fundamental, 5, of SO(5). The custodial symmetry group is contained in the

unbroken group, SO(4) ⇠ SU(2)
L

⌦SU(2)
R

⇢ SO(5), and the NGBs transform as a

1The U(1)X factor is needed in order to correctly reproduce the SM fermion hypercharges.
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* For effects of non-linearities 
see previous talks by Brivio, 
Fraile, Kanshin and Rigolin

(SILH + η)

5

SM interactions break explicitly the symmetry,
generate a potential and give a mass to Higgs and η:

(model dependent)

A mass of 750GeV can be reproduced. [Urbano, D.M. 1404.7419]

[Frigerio, Pomarol, Riva, Urbano 1204.2808]
[Gripaios, Pomarol, Riva, Serra 0902.1483]

[Redi, Tesi  1205.0232]

4.1 Scalars and pseudo-scalars in strongly-coupled models

Strongly-coupled models at the TeV scale are mainly motivated by the hierarchy problem,
which is solved by assuming that the Higgs is a composite state. To account for the hierarchy,
the simplest picture is that above the weak scale the new dynamics flows to a fixed point,
which can be either free, like in QCD, or interacting. The second option seems more likely to
be the case in view of the need for operators with sizeable anomalous dimensions in order to
account for flavour, through partial compositeness. Partial compositeness may be dispensed
with for the light generations, but seems unavoidable to account for the sizeable top Yukawa.
One remarkable consequence of partial compositeness is that the new strong dynamics must
necessarily involve states charged under all of the SM gauge group factors: the coupling of
resonances to both gluons and photons is thus an unavoidable consequence of a plausible flavour
structure. It should be emphasised that minimal technicolour does not imply couplings to
gluons.

To get the simplest and roughest idea of the dynamics from the new sector, one can imagine
it to be broadly described by two parameters [34]: an overall mass scale m⇤ and a coupling
g⇤. For instance in large N gauge theories, m⇤ coincides with the hadron mass scale and g⇤ ⇠
4⇡/

p
N with the coupling among mesons, or the topological expansion parameter. The same

simple structure appears in holographic realisations of strongly-coupled theories where the two
parameters are simply given by the KK mass and coupling. In all cases N ⇠ (4⇡/g⇤)2 roughly
counts the number of degrees of freedom in the new dynamics. This perhaps oversimplified
picture will be the basis of our discussion.

The lightness of the Higgs boson with respect to the strong scalem⇤ ⇠ TeV is more naturally
explained if it emerges as a PNGB from the spontaneous breakdown of a global symmetry
G ! H. It is however often the case that extra PNGB scalars accompany the Higgs [35], with
their quantum numbers fixed by group theory. For example, in composite Higgs models based
on the coset SO(6)/ SO(5) [36], one obtains an extra singlet PNGB. Similarly to the Higgs
multiplet, these extra PNGB acquire a mass from the explicit breaking of G.

Two cases for the breaking can be envisaged: either the breaking comes from external
sources (normally associated with the SM fields), or it originates from the strong dynamics
itself as we explain below. In the first case the most generic expectation is that the PNGB
mass is dominated, as for the Higgs, by quantum corrections associated with the top quark
Yukawa coupling. In the absence of tuning, we thus expect

m
PNGB

⇠ mh ⇥ f

v
⇠ yt

4⇡
m⇤ , (33)

where f is the Higgs decay constant, which is parametrically related to the mass scale by
m⇤ ' g⇤f = 4⇡f/

p
N . The absence of observable deviations from the SM in both Higgs

couplings and electroweak data suggests f � v. Overall f ⇠> 3v seems like a fair lower bound
to meet to those constraints, while a larger separation of scales seems less plausible as v2/f 2

is a good measure of fine tuning. In view of all that, 750 GeV fits the mass of a new PNGB
dominated by top loops for v2/f 2 ⇠ 0.03, a slightly worse tuning than normally required by
precision physics.
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eg. [BGM 1512.04929; Franceschini et al. 1512.04933; Bellazzini et al.1512.05330; 
Shu et al. 1512.05759; Cacciapaglia et al. 1512.07242, …]

• In particular Higgs and S pseudo-NGB
• Non trivial G/H construction: UV realisation?

• Flavour through partial compositeness

Di-photon resonances in composite models

Light (pseudo)scalars (including Higgs) arise as PNGBs of 
approximate internal global symmetries

⇒ Non minimal cosets can accommodate additional light 
neutral states (i.e.                     )

Partial compositeness to accommodate top yukawa

⇒ Presence of new states charged under all SM group 
factors

PNGB mass can arise either from SM: 

or composite dynamics, i.e.: 

4.1 Scalars and pseudo-scalars in strongly-coupled models

Strongly-coupled models at the TeV scale are mainly motivated by the hierarchy problem,
which is solved by assuming that the Higgs is a composite state. To account for the hierarchy,
the simplest picture is that above the weak scale the new dynamics flows to a fixed point,
which can be either free, like in QCD, or interacting. The second option seems more likely to
be the case in view of the need for operators with sizeable anomalous dimensions in order to
account for flavour, through partial compositeness. Partial compositeness may be dispensed
with for the light generations, but seems unavoidable to account for the sizeable top Yukawa.
One remarkable consequence of partial compositeness is that the new strong dynamics must
necessarily involve states charged under all of the SM gauge group factors: the coupling of
resonances to both gluons and photons is thus an unavoidable consequence of a plausible flavour
structure. It should be emphasised that minimal technicolour does not imply couplings to
gluons.

To get the simplest and roughest idea of the dynamics from the new sector, one can imagine
it to be broadly described by two parameters [38]: an overall mass scale m� and a coupling
g�. For instance in large N gauge theories, m� coincides with the hadron mass scale and g� ⇥
4�/

⌃
N with the coupling among mesons, or the topological expansion parameter. The same

simple structure appears in holographic realisations of strongly-coupled theories where the two
parameters are simply given by the KK mass and coupling. In all cases N ⇥ (4�/g�)2 roughly
counts the number of degrees of freedom in the new dynamics. This perhaps oversimplified
picture will be the basis of our discussion.

The lightness of the Higgs boson with respect to the strong scalem� ⇥ TeV is more naturally
explained if it emerges as a PNGB from the spontaneous breakdown of a global symmetry
G ⌅ H. It is however often the case that extra PNGB scalars accompany the Higgs [39], with
their quantum numbers fixed by group theory. For example, in composite Higgs models based
on the coset SO(6)/ SO(5) [40], one obtains an extra singlet PNGB. Similarly to the Higgs
multiplet, these extra PNGB acquire a mass from the explicit breaking of G.

Two cases for the breaking can be envisaged: either the breaking comes from external
sources (normally associated with the SM fields), or it originates from the strong dynamics
itself as we explain below. In the first case the most generic expectation is that the PNGB
mass is dominated, as for the Higgs, by quantum corrections associated with the top quark
Yukawa coupling. In the absence of tuning, we thus expect

mPNGB ⇥ mh �
f

v
⇥ yt

4�
m� , (33)

where f is the Higgs decay constant, which is parametrically related to the mass scale by
m� ⇧ g�f = 4�f/

⌃
N . The absence of observable deviations from the SM in both Higgs

couplings and electroweak data suggests f ⇤ v. Overall f ⇥> 3v seems like a fair lower bound
to meet to those constraints, while a larger separation of scales seems less plausible as v2/f 2

is a good measure of fine tuning. In view of all that, 750 GeV fits the mass of a new PNGB
dominated by top loops for v2/f 2 ⇥ 0.03, a slightly worse tuning than normally required by
precision physics.
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MPNGB ⇠ yt
4�

m⇤

MPNGB ⇠
r

Nf

Nc
m⇤

of the strong sector, according to

Lmix = �iLf̄
i
L�

i
R + �iRf̄

i
R�

i
L ⇤ �iLOi

L + �iROi
R . (37)

�i
L,R are composite operators of dimension 3

2 < diL,R ⌅ 5
2 , while �i parametrize their mixing

with the SM fermions. As already mentioned, a first important implication of such structure is
that the strong sector must contain states that are charged under all the SM gauge interactions.
Secondly, the above mixing leads to a SM Yukawa structure given by

yijSM ⇧ �iL�
j
Rg� . (38)

This also determines the coupling the SM fermions with any state of the strong sector, our
light scalar in particular. For example in the SO(6)/ SO(5) model [40], the singlet PNGB (the
⇥ state) couples to fermions as

g�ff ⇧ mf

f
cot ⇤ , (39)

where the angle ⇤ depends on the embedding of the SM singlets in the 6 of SO(5).
In what follows we shall consider in turn the two options where S is either a scalar or

a pseudo-scalar. The absence of new physics in CP violation, in particular electric dipole
moments, makes it rather plausible that the strong sector respects CP to a good degree. Because
of this, our classification in terms of scalar and pseudo-scalar seems well motivated.

4.1.1 Scalar resonances

Consider first the case of a scalar resonance. Notice that if S is a PNGB of an internal
symmetry, that very same symmetry will protect both its mass (mS ⌃ m�) and its couplings
to gluons and photons. Indeed, as S is colour and charge neutral, the spontaneously broken
global symmetry generator associated with S must commute with SU(3)c⇥ U(1)em. Therefore
the gauging of colour and electric charge does not disrupt the Goldstone nature of S. Under
these circumstances the coupling to gluons and photons will feature an additional suppression,
given respectively by y2t /g

2
� and g2�/16⌅

2 for the cases discussed in eq. (33) and eq. (35). The
same suppression for the case of the PNG Higgs was discussed in ref. [38]. On the other hand, if
S is the dilaton associated with scale invariance (a space-time symmetry) the above conclusion
does not apply. We shall devote a specific subsection to the case of the dilaton, just in view of
its peculiarity and popularity. In this section we shall instead consider the situation where S
is an ordinary scalar resonance which happens to be accidentally lighter than the others. The
e⇥ective Lagrangian of eq. (13) is conveniently written as

LS = � 1

16⌅2

S

f

�
bG g23Gµ⇥G

µ⇥ + bW g22Wµ⇥W
µ⇥ + bB g21Bµ⇥B

µ⇥
⇥
+

+cH
S

f
|DµH|2 + cSm

2
h

S

f
|H|2 + cfyf

S

f
Hf̄LfR + h.c. . (40)

According to standard power counting [38], the coe⇤cients cH , cS and cf are expected to be
⇧ 1, while the b’s are expected to be ⇧ (4⌅/g�)2 ⇧ N , where N roughly counts the number

23

of the strong sector, according to

Lmix = �iLf̄
i
L�

i
R + �iRf̄

i
R�

i
L ⇤ �iLOi

L + �iROi
R . (37)

�i
L,R are composite operators of dimension 3

2 < diL,R ⌅ 5
2 , while �i parametrize their mixing

with the SM fermions. As already mentioned, a first important implication of such structure is
that the strong sector must contain states that are charged under all the SM gauge interactions.
Secondly, the above mixing leads to a SM Yukawa structure given by

yijSM ⇧ �iL�
j
Rg� . (38)

This also determines the coupling the SM fermions with any state of the strong sector, our
light scalar in particular. For example in the SO(6)/ SO(5) model [40], the singlet PNGB (the
⇥ state) couples to fermions as

g�ff ⇧ mf

f
cot ⇤ , (39)

where the angle ⇤ depends on the embedding of the SM singlets in the 6 of SO(5).
In what follows we shall consider in turn the two options where S is either a scalar or

a pseudo-scalar. The absence of new physics in CP violation, in particular electric dipole
moments, makes it rather plausible that the strong sector respects CP to a good degree. Because
of this, our classification in terms of scalar and pseudo-scalar seems well motivated.

4.1.1 Scalar resonances

Consider first the case of a scalar resonance. Notice that if S is a PNGB of an internal
symmetry, that very same symmetry will protect both its mass (mS ⌃ m�) and its couplings
to gluons and photons. Indeed, as S is colour and charge neutral, the spontaneously broken
global symmetry generator associated with S must commute with SU(3)c⇥ U(1)em. Therefore
the gauging of colour and electric charge does not disrupt the Goldstone nature of S. Under
these circumstances the coupling to gluons and photons will feature an additional suppression,
given respectively by y2t /g

2
� and g2�/16⌅

2 for the cases discussed in eq. (33) and eq. (35). The
same suppression for the case of the PNG Higgs was discussed in ref. [38]. On the other hand, if
S is the dilaton associated with scale invariance (a space-time symmetry) the above conclusion
does not apply. We shall devote a specific subsection to the case of the dilaton, just in view of
its peculiarity and popularity. In this section we shall instead consider the situation where S
is an ordinary scalar resonance which happens to be accidentally lighter than the others. The
e⇥ective Lagrangian of eq. (13) is conveniently written as

LS = � 1

16⌅2

S

f

�
bG g23Gµ⇥G

µ⇥ + bW g22Wµ⇥W
µ⇥ + bB g21Bµ⇥B

µ⇥
⇥
+

+cH
S

f
|DµH|2 + cSm

2
h

S

f
|H|2 + cfyf

S

f
Hf̄LfR + h.c. . (40)

According to standard power counting [38], the coe⇤cients cH , cS and cf are expected to be
⇧ 1, while the b’s are expected to be ⇧ (4⌅/g�)2 ⇧ N , where N roughly counts the number

23

⇒

[1512.04929, 1512.04933 ,1512.05330,1512.07242,…]

• Large width S ! tt

m⇡

m⌘0

S



Spin 2
• A motived candidate: KK graviton from a warped extra-dimension
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The coupling of the KK states is given by the left–hand side of Einstein’s equations which enters the Lagrangian
just as for the large extra dimensions. We have to distinguish between the flat zero mode with un-suppressed wave
function overlap and the KK modes with the wave function normalization ∼ 1/

√
kz + 1:

L ∼ 1

MPlanck
T µνh(0)

µν +
1

MPlancke−kb
T µν

∑
h(m)

µν (112)

This means that the Randall–Sundrum–KK gravitons indeed couple with TeV scale gravitational strength and can be
produced at colliders in sufficient numbers, provided they are not too heavy. Similarly to the flat extra dimensions,
the couplings of the different KK excitations are (approximately) universal.

V. ULTRAVIOLET COMPLETIONS

In this addendum I will briefly describe the problem how to formulate an ultraviolet completion of extra–dimensional
models. For example in ADD models the LHC can explicitely probe energy ranges above MPlanck, either in real
graviton emission or in virtual graviton exchange. As we saw in the last sections, real graviton emission as well as
virtual graviton exchange is only suppressed by powers of M⋆, after we integrate over the entire KK tower.
Strictly speaking, this statement is not correct. When we for example write down the higher–dimensional operator
arising from s–channel graviton exchange, it will come with powers of MPlanck in the denominator, due to the graviton
couplings. In addition, it will have powers of the ultraviolet cutoff Λ of the KK integration in the numerator, and
the two of them only cancel if we assume Λ = MPlanck. This is motivated by the conservative estimate that for
energies above MPlanck our KK effective theory does not describe the graviton exchange correctly and that setting all
contributions arising from the ultraviolet completion of our theory to zero will be on the safe side for LHC predictions.
If we knew the structure of the ultraviolet completion of the KK effective theory, which would need to be something
like a quantum theory of gravity, we could compute these contributions and take them into account for the LHC cross
section prediction.

A. String theory

One possible ultraviolet completion of gravity could be string theory. The effects of such a hypothetical UV completion
are nicely computed in a classical paper by Maxim Perelstein and others (hep-ph/0001166): in general, we can compute
for example the scattering qq̄ → µ+µ− without using Feynman rules, but will nevertheless arrive at the Standard–
Model result as the leading term. In addition, string theory predicts a common form factor for all different helicity
amplitudes contributing to this process. This form factor is essentially the Veneziano amplitude and includes the
inverse string scale α′ = 1/M2

S. While we do not exactly know the size of this scale, for extra–dimensional models
it has to be between the well–tested weak scale v = 246 GeV and M⋆. Perelstein and collaborators compute this
Veneziano form factor for the process e+e− → γγ, which is equivalent to gg → µ+µ−, and expand it in powers of α′:

Γ(1 − α′s) Γ(1 − α′t)

Γ(1 − α′(s + t))
=

Γ(1 − s/M2
S) Γ(1 − t/M2

S)

Γ(1 − (s + t)/M 2
S)

= 1 − π2

6

st

M4
S

+ O
(
M−6

S

)
(113)

The parameters s and t are the usual Mandelstam variables in the (2 → 2) process. This form of the string corrections
corresponds to our KK effective field theory, modulo a normalization factor which relates the two mass scales MS and
MPlanck. Hence, this series in MS is not what we are interested as the UV completion of our theory.
The string theory approach becomes more interesting at higher energies. The Veneziano form factor we gave above
is proportional to Γ(1− s/M 2

S), which has poles for negative integer arguments 1− s/M 2
S = −(n + 1) for n = 1, 2, ....

These poles lie at s = nM 2
S , which tells us that the string resonances in the s channels have to appear as 1/(1−nM 2

S)
in the transition amplitude. Starting from the energy threshold MS our UV completion consists of real particles of
mass

√
nMS appearing in our amplitude. This is the kind of UV completion we are looking for and which we can

base cross–section calculations on.
Note that scattering partons with energies above the fundamental Planck scale probes the trans–Planckian regime of
our theory of gravity without necessarily producing black–hole solutions. Black holes can occur in colliders, but they
require the two partons to scatter at very high energies while at the same time getting closer than the Schwarzschild
radius. The Schwarzschild radius rh depends on the collider energy, and the production cross section of a black
hole is essentially the geometric factor πr2

h, provided the two beam collide with a small enough impact parameter.
The question how these black holes can then be detected depends largely on the question is we actually produce
a thermalized black hole, which would just decay to may particles via Hawking radiation, whereas otherwise the
signature would look very similar to an old–fashioned contact–interaction.

• Massless graviton is Plank suppressed, while the KK modes can have a TeV strength

• Couplings are universal, in particular  

• Diphoton anomaly can be reproduced but now we have also another prediction

�(h(1)
µ⌫ ! ��) =

1
8
�(h(1)

µ⌫ ! gg)

�(h(1)
µ⌫ ! ��) = 2�(h(1)

µ⌫ ! `+`�)

• At the moment, absence of peaks in di-leptons in Run 2 data

�(pp! S ! `+`�) < 5 fb
�(pp! S ! `+`�) . 3 fb

[ATLAS-CONF-2015-081]

[CMS-EXO-15-004]

• Another candidate: a resonance from a strongly interacting theory, however difficult to 
motivate the absence of detection of states with lower spin

• Also, away from the energy-tensor limit, scatterings have very bad UV behaviour

[1602.02793]



Conclusions
• Experimental situation needs to be clarified, we need more data 

• Information on the width is crucial for model building 

• We expect to see more decays channels at the LHC, in particular decays into EW gauge 
bosons 

• It is very plausible to have more states at or below the TeV  

• Who ordered that? Which is the role of S in connection with other open issues of the SM? 
(Naturalness problem and origin of the EW scale, DM, flavour, ….)


