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Results

Marco Delmastro Diphoton searches in ATLAS 10

2878 events (mγγ > 200 GeV)

SPIN-0 ANALYSIS SPIN-2 ANALYSIS

5066 events (mγγ > 200 GeV)

background-only fit background-only fit

First LHC 13TeV data exhibits an 
excess in the di-photon spectrum

Most likely just a statistical fluctuation...



What if?

Data compatible with spin = 0,2,.. resonance 
Promptly produced through gluon fusion or heavy flavor 
annihilation 
Sizable rate into di-photons σγγ ~ 5 fb suggests composite 
nature 
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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.
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Q-onia
• ‘Molecular’ bound states of massive particles (Q) 

charged under confining dynamics - TC                     
(can be QCD?) below ΛTC with  M > ΛTC 

• (Some) characteristics similar to QCD quarkonia or 
even positronium? 

• Naturally sizable couplings to pairs of SM gauge 
bosons 

•  Multiple low lying states can fake wide resonance?
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(3S1) color singlet ( 1
Q) and color octet ( 8

Q), couple in-
stead to pairs of SM fermions or 3 SM gauge bosons.

Other colored states could appear for example (8, 3)0
that would couple to W bosons and gluons. If other
fermions with mass above ⇤TC exist more Q-onium
bound states will be formed. One di↵erence with the TC
pion scenario (⇤TC > mQ) is that these states will not
significantly mix unless the masses are almost degenerate
so they will appear as separate resonances. Therefore we
can focus on irreducible SM reps in what follows.

The dynamical scale of the theory is given by,

⇤TC ⇠ M exp


� 6⇡

(11NTC � 2n)↵TC(M)

�
, (2)

where we have included n light flavors. For ↵TC > ↵s

the bound states are TC singlets formed due to the
new strong interactions [8]. Two regimes can be distin-
guished. If ↵TCM � ⇤TC confinement gives small cor-
rections and the system can be described in first approx-
imation as a positronium-like bound state with Coulomb
potential V = �CN↵TC/r. For fermions in the funda-
mental rep CN = (N2 � 1)/(2N). The binding energies
are given by,

�E(n,l)
Coul. = �C2

N↵
2
TC

8n2
M , (3)

where n = 1, 2, . . . are the radial excitation levels and
↵TC should be evaluated at the scale of the bound state
size

phr2i ⌧ 1/⇤TC. For this we need the informa-
tion on the radial wave-function R(r), normalized toR1
0

|R(r)|2r2dr = 1. In what follows we will be primar-
ily interested in its value at the origin (|R(0)|) . In the
Coulomb regime for the n�th radial excitation this is
given by,

✓ |R(n,l)(0)|2
M3

◆

Coul.

=
1

16n3
(CN↵TC)

3 . (4)

We note that such a weakly coupled picture fails if ap-
plied to the lowest lying states of charmonia and bot-
tomonia, and a recent numerical lattice QCD simulation
indicates deviations from the positronium-like behavior
even for QCD bound states with mass close to M [12],
even though ↵s(M)M � ⇤QCD.

In the opposite regime ↵TCM ⌧ ⇤TC the confinement
e↵ects modify significantly the bound state and splitting
of energies becomes larger. Moreover while |R(0)|2/M3

is constant in the Coulomb regime, |R(0)|2 becomes al-
most independent of M when confinement e↵ects domi-
nate. In Table I we report the masses and wave-function
values extracted for QCD ⌘ singlets. For both charmo-
nium and bottomonium, confinement e↵ects appear to
be dominant.

In the perturbative ↵TC regime the mass splitting be-
tween the 1S0 and 3S1 states can be estimated analo-
gously to the hyperfine structure of positronium or atoms
✓
�M

M

◆

HF

=
16⇡

3
CN↵TC

|R(0)|2
M3

Coul.
=

⇡

3n3
(CN↵TC)

4 .

(5)

⌘X m⌘X [GeV]
�(⌘X ! ��)

m⌘X

|R(0)|2

m3
⌘X

⌘0 0.958 5⇥ 10�6 –

⌘c(1S) 2.983 2⇥ 10�6 1.5⇥ 10�2

⌘c(2S) 3.639 10�6 6⇥ 10�3

⌘b(1S) 9.398 5⇥ 10�8 6⇥ 10�3

⌘b(2S) 10 2⇥ 10�8 2.5⇥ 10�3

Table I: ⌘1Q singlets in QCD [13]. Their widths into pho-
tons, are not measured directly, but are derived using the de-
cay of  into electrons through �( Q ! f̄f)/�(⌘Q ! ��) =
Q2

f/(3Q
2
Q). The value of the wave-function at the origin is ex-

tracted using the formula �(⌘Q ! ��) = 12↵2Q4
Q|R(0)|2/M2.

where the second equality is valid in the Coulomb-like
limit (when ↵TCM � ⇤TC). The mass splitting is thus
extremely sensitive to the precise value of ↵TC. This
could be expected, since in the chiral regime (mQ ⌧
⇤TC) 1S0 state becomes a Nambu-Goldstone boson of
the approximate chiral Q flavor symmetry, while in the
asymptoticly free mQ ! 1 limit (when TC interactions
are not strong enough to flip the spin of Q), spin be-
comes a globally conserved quantum number of the TC
sector. For the charmonium this splitting if 3.7%, and
for bottomonium 0.7% .
Within each Q-onium level SM interactions split the

multiplets. Assuming that the bound state is formed
due to the TC interactions this can be treated as a small
perturbation and implies that the splitting is linear in ↵s

(�M)QCD ⇠ C3↵s |R(0)| 23 . (6)

When ↵TC becomes comparable with ↵s ⇡ 0.1 it is im-
portant to include QCD e↵ects for the bound state. For
the singlet this provides an extra attractive force so that
in the Coulomb regime the e↵ective coupling that con-
trols the bound state is replaced by CN↵TC +C3↵s. We
note that recent calculations using potential models and
lattice simulations estimate the irreducible QCD contri-
bution to (|R1(0)|2/M3)QCD ⇠ (0.0002�0.0008) [12, 14].
For the color octet combination QCD is repulsive so that
this state is more loosely bound, the e↵ective becoming
CN↵TC+(C3� 3/2)↵s. For example for Q in the funda-
mental of both TC and QCD and NTC = 3 the e↵ective
coupling of the octet at ↵TC ⇡ ↵s is reduced by ⇡ 60%
compared to the singlet, leading to |R8(0)|/|R1(0)| ⇡ 0.3.
Finally, electro-weak interactions split the components

of Q SU(2) multiplets. For Q doublets for example
�mQ = ↵2Y mW s2W /cW ⇡ 0.7GeV ⇥ Y [15]. When
this is smaller then the width of the bound states (�),
Q-onium states will fill complete SU(2) multiplets with
little mixing between them. Only the SU(2) singlet
states can couple to gluons in this case and the rates
to electro-weak final states are identical to the analo-
gous TC pion scenario, see [4]. In the opposite regime
�mQ/� > 1, the Q-onium mass eigenstates will be
aligned with the fermion Q charge eigenstates, which
must thus be summed incoherently. In this regime, the
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When ↵TC becomes comparable with ↵s ⇡ 0.1 it is im-
portant to include QCD e↵ects for the bound state. For
the singlet this provides an extra attractive force so that
in the Coulomb regime the e↵ective coupling that con-
trols the bound state is replaced by CN↵TC +C3↵s. We
note that recent calculations using potential models and
lattice simulations estimate the irreducible QCD contri-
bution to (|R1(0)|2/M3)QCD ⇠ (0.0002�0.0008) [12, 14].
For the color octet combination QCD is repulsive so that
this state is more loosely bound, the e↵ective becoming
CN↵TC+(C3� 3/2)↵s. For example for Q in the funda-
mental of both TC and QCD and NTC = 3 the e↵ective
coupling of the octet at ↵TC ⇡ ↵s is reduced by ⇡ 60%
compared to the singlet, leading to |R8(0)|/|R1(0)| ⇡ 0.3.
Finally, electro-weak interactions split the components

of Q SU(2) multiplets. For Q doublets for example
�mQ = ↵2Y mW s2W /cW ⇡ 0.7GeV ⇥ Y [15]. When
this is smaller then the width of the bound states (�),
Q-onium states will fill complete SU(2) multiplets with
little mixing between them. Only the SU(2) singlet
states can couple to gluons in this case and the rates
to electro-weak final states are identical to the analo-
gous TC pion scenario, see [4]. In the opposite regime
�mQ/� > 1, the Q-onium mass eigenstates will be
aligned with the fermion Q charge eigenstates, which
must thus be summed incoherently. In this regime, the

↵TCM ⌧ ⇤TC

(depends on 
UV details)

case for QCD quarkonia

(topomonium in the middle)

(positronium)

Hagiwara et al. Nucl.Phys. B344 (1990) 



Production & Decays
• Close to threshold, QQ production dominated by 

prompt single Q-onium production 

• spin-0,2… Q-onia produced through gluon fusion 

• spin-1 states mix with SM gauge bosons - quark 
annihilation

3

relative decay rates into electro-weak final states do not
follow from SU(2) relation of the EFT [16]. In particu-
lar, the di-photon excess will be dominated by the bound
state made by the SU(2) component of Q with the high-
est electric charge. As we will see, the first regime is
relevant for the Q�onium system made of Q = (3, 2)1/6
while the latter holds for Y = (3, 2)�5/6 when ⌘1Q width
is dominated by decays to gluons.

III. Q�ONIUM PRODUCTION AND DECAYS
AT LHC

Since in the heavy Q limit 1S0 and 3S1 states are re-
lated by spin-symmetry, on can relate all their dominant
interactions purely in terms of SM gauge group invariants
and charges. We choose ⌘1Q ! gg decay as the reference
width. One finds,

�(⌘1Q ! gg)

M
= 32NTCd2

I23
d3
↵2
s
|R1(0)|2
M3

, (7)

where I3 = 1/2 for the fundamental representation. For
�mQ/� > 1 the formula above applies for each SU(2)
component with d2 = 1.

The ⌘Q decay to gluon or (only for ⌘1Q) photon pairs,
while  Q decay to pairs of fermions or three gauge
bosons. The prompt single production of ⌘1,8Q states at
the LHC then proceeds dominantly through gluon fu-
sion, while  1,8

Q are produced via qq̄ annihilation. For
�mQ/� > 1 the decay rates into SM states for the var-
ious components of a Q SU(2) multiplet are predicted
as,

�(⌘1Q ! ��)

�(⌘1Q ! gg)
=

d23
8

Q4
Q

I23

↵2

↵2
s

,

�(⌘1Q ! Z�)

�(⌘1Q ! gg)
=

d23
4s2W c2W

Q2
Q(T

3
Q � s2WQQ)2

I23

↵2

↵2
s

,

�(⌘1Q ! ZZ)

�(⌘1Q ! gg)
=

d23
8s4W c4W

(T 3
Q � s2WQQ)4

I23

↵2

↵2
s

,

�( 1
Q ! ff̄)

�(⌘1Q ! gg)
=

d23
48 s4W c4W

 
c2W T 3

QT
3
f + s2W YQYf

I3

!2
↵2

↵2
s

,

�(⌘8Q ! gg)

�(⌘1Q ! gg)
=

d3D3

1024 I33

|R8(0)|2
|R1(0)|2 ,

�(⌘8Q ! g�)

�(⌘1Q ! gg)
=

3d3D3

640 I33

|R8(0)|2
|R1(0)|2

↵Q2
Q

↵s
,

�( 8
Q ! qq̄)

�(⌘1Q ! gg)
=

d3
48I3

|R8(0)|2
|R1(0)|2 , (8)

where T 3
Q is the third component of the weak isospin,

Tr[T aT b] = I�ab and D =
P

abc d
2
abc with dabc =

2Tr[Ta{Tb, Tc}]. Furthermore for color triplets D3 =
40/3. The values of the wave-function at the origin for
singlet and octet combinations di↵er due to QCD e↵ects

so that |R8(0)| < |R1(0)| while we neglect the splitting
between spin-0 and spin-1 states due to TC interactions.
The  decay widths into 3 SM gauge bosons are also
predicted. For example the width of  1

Q into 3 gluons
reads,

�( 1
Q ! ggg)

�(⌘1Q ! gg)
=

D3

288 I23

⇡2 � 9

⇡
↵s . (9)

which is extremely small. Many other relations can be
found generalising the ones in [9].
The formulas above can be easily adapted to the degen-

erate SU(2) limit (�mQ/� < 1). The ones with electro-
weak gauge bosons final states can be read from [4], for
 1
Q ! ff̄ and ⌘8Q ! g� only the hypercharge contributes

in eq. (8), while the other ratios are not modified. Con-
sidering ⌘1Q ! ZZ,Z� decays and assuming a signal
cross-section �(pp ! ��) ⇡ 5 fb [16] at LHC 13, the
bounds from run 1 [18, 28] and recently run 2 [19] trans-
late into a constraint on the dimension of the SU(2) rep-
resentation (d2) and hypercharge (Y )

� 3.5 <
d22 � 1

Y 2
< 30 . (10)

Finally, we note in passing that forQ in non-trivial SU(2)
representations, charged ⌘ and  states will also be
formed. However, they are singly produced only through
weak interactions and thus less relevant for LHC phe-
nomenology.
In the narrow width approximation, the resonant pro-

duction cross-sections of ⌘Q and  Q are given by,

�(pp ! X) =
(2JX + 1)DX

Ms

X

P
CPPK

X
PP�(X ! PP) ,

(11)
where DX is the dimension of the representaton, JX the
spin and P is the parton producing the resonance at
the LHC: gluons for X = ⌘Q and quarks for X =  Q.
The parton luminosity coe�cients at LHC 13(8) for the
production of a 750 GeV resonance in the s-channel
are Cgg = 2137(174), Cuū = 1054(158) and Cdd̄ =
627(89) [2]. In our phenomenological analysis we also
include (approximately) known NLO QCD K�factors of

K⌘1
gg = 1.6 [20], K⌘1

qq̄ = 1.2 [21], K 1

qq̄ = 1.3 [22] and

K 8

qq̄ = 1.3 [23]. On the other hand, QCD corrections
to prompt production of a massive color octet scalar are
presently not known. In Table II we take K⌘8

gg = K⌘1
gg ,

consistent with results in [24] considering a somewhat
similar scenario, but our results can easily be rescaled
for di↵erent values.
The di-photon signal cross-section is reproduced for,

�(⌘1Q ! ��)

M

�(⌘1Q ! gg)

�
⇡ 0.7⇥ 10�6 , (12)

implying that �(⌘1Q ! ��)/M � 0.7 ⇥ 10�6 with the
equality saturated when the width is dominated by de-
cays into gluons.
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bosons. The prompt single production of ⌘1,8Q states at
the LHC then proceeds dominantly through gluon fu-
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Q are produced via qq̄ annihilation. For
�mQ/� > 1 the decay rates into SM states for the var-
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where T 3
Q is the third component of the weak isospin,

Tr[T aT b] = I�ab and D =
P

abc d
2
abc with dabc =

2Tr[Ta{Tb, Tc}]. Furthermore for color triplets D3 =
40/3. The values of the wave-function at the origin for
singlet and octet combinations di↵er due to QCD e↵ects

so that |R8(0)| < |R1(0)| while we neglect the splitting
between spin-0 and spin-1 states due to TC interactions.
The  decay widths into 3 SM gauge bosons are also
predicted. For example the width of  1

Q into 3 gluons
reads,
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which is extremely small. Many other relations can be
found generalising the ones in [9].
The formulas above can be easily adapted to the degen-

erate SU(2) limit (�mQ/� < 1). The ones with electro-
weak gauge bosons final states can be read from [4], for
 1
Q ! ff̄ and ⌘8Q ! g� only the hypercharge contributes

in eq. (8), while the other ratios are not modified. Con-
sidering ⌘1Q ! ZZ,Z� decays and assuming a signal
cross-section �(pp ! ��) ⇡ 5 fb [16] at LHC 13, the
bounds from run 1 [18, 28] and recently run 2 [19] trans-
late into a constraint on the dimension of the SU(2) rep-
resentation (d2) and hypercharge (Y )

� 3.5 <
d22 � 1

Y 2
< 30 . (10)

Finally, we note in passing that forQ in non-trivial SU(2)
representations, charged ⌘ and  states will also be
formed. However, they are singly produced only through
weak interactions and thus less relevant for LHC phe-
nomenology.
In the narrow width approximation, the resonant pro-

duction cross-sections of ⌘Q and  Q are given by,
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CPPK

X
PP�(X ! PP) ,

(11)
where DX is the dimension of the representaton, JX the
spin and P is the parton producing the resonance at
the LHC: gluons for X = ⌘Q and quarks for X =  Q.
The parton luminosity coe�cients at LHC 13(8) for the
production of a 750 GeV resonance in the s-channel
are Cgg = 2137(174), Cuū = 1054(158) and Cdd̄ =
627(89) [2]. In our phenomenological analysis we also
include (approximately) known NLO QCD K�factors of

K⌘1
gg = 1.6 [20], K⌘1

qq̄ = 1.2 [21], K 1

qq̄ = 1.3 [22] and

K 8

qq̄ = 1.3 [23]. On the other hand, QCD corrections
to prompt production of a massive color octet scalar are
presently not known. In Table II we take K⌘8

gg = K⌘1
gg ,

consistent with results in [24] considering a somewhat
similar scenario, but our results can easily be rescaled
for di↵erent values.
The di-photon signal cross-section is reproduced for,
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M

�(⌘1Q ! gg)

�
⇡ 0.7⇥ 10�6 , (12)

implying that �(⌘1Q ! ��)/M � 0.7 ⇥ 10�6 with the
equality saturated when the width is dominated by de-
cays into gluons.
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relative decay rates into electro-weak final states do not
follow from SU(2) relation of the EFT [16]. In particu-
lar, the di-photon excess will be dominated by the bound
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are Cgg = 2137(174), Cuū = 1054(158) and Cdd̄ =
627(89) [2]. In our phenomenological analysis we also
include (approximately) known NLO QCD K�factors of

K⌘1
gg = 1.6 [20], K⌘1

qq̄ = 1.2 [21], K 1

qq̄ = 1.3 [22] and

K 8

qq̄ = 1.3 [23]. On the other hand, QCD corrections
to prompt production of a massive color octet scalar are
presently not known. In Table II we take K⌘8

gg = K⌘1
gg ,

consistent with results in [24] considering a somewhat
similar scenario, but our results can easily be rescaled
for di↵erent values.
The di-photon signal cross-section is reproduced for,

�(⌘1Q ! ��)

M

�(⌘1Q ! gg)

�
⇡ 0.7⇥ 10�6 , (12)

implying that �(⌘1Q ! ��)/M � 0.7 ⇥ 10�6 with the
equality saturated when the width is dominated by de-
cays into gluons.

Relative rates to VV 
completely fixed by 

gauge numbers



Prelude: QCD bound states of new heavy Q

Long-lived colored particles will form QCD bound states 
close to threshold of pair production 
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Figure 2. Bound state diphoton signals at
p
s = 13 TeV for color triplets (top), sextets (bottom-

left) and octets (bottom-right) as a function of the bound state mass. Results are shown for
constituents with spin j = 0 (solid black), 1/2 (dashed blue) and 1 (dotted red), for the values of
electric charge Q indicated on each curve. Limits are from ATLAS [4] (thick pink) and CMS [5]
(thick blue). The green rectangle shows the signal size range that can be inferred from the excesses
observed in [4, 5] at M ⇡ 750 GeV.

Finally we have the option of

j = 0 , R = 6 , Q = �2

3
. (3.4)

The corresponding bound state has a �� branching fraction of 0.10%, resulting in a ��

signal of 3.9 fb.

Each of the above candidates could be part of an SU(2) multiplet, as long as it has

the largest electric charge and the mass splittings in the multiplet are too small to allow
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Figure 2: Invariant mass distributions for leading subprocesses: gg→ 1S [1,8]0 (blue and light
green, respectively) and qq̄→ 3S [8]1 (green). For each process the bands take into account scale
variation of the hard cross sections.

in e+e− collisions, consistent with the difference between solid and dash-dotted curves in Fig. 1
and thus not discussed in Fig. 2. This pattern is also evident from Fig. 3, where all production
channels as listed in Tab. 2 are included. The width of the bands is obtained from varying renor-
malization and factorization scales in the hard cross section as described above. The additional
uncertainty from the Green’s function, which we estimate 20% for the singlet and below 5% for
the octet case, is not included.

As expected, for M < 2mt the production of tt̄ pairs is dominated by the singlet contribution.
However, for M > 2mt one observes a strong raise of the octet contributions, in particular of
gluon induced subprocess which for M ∼> 2mt+5 GeV becomes even larger than the correspond-
ing singlet contribution. For the color-octet case the scale dependence of the hard scattering
amounts to ±7%. Considering the threshold behavior as shown in Figs. 2 and 3 it is clear, that
the location of the threshold is entirely governed by the behavior of the color singlet (S -wave)
contribution. Thus, as a matter of principle, determining the location of this step experimen-
tally would allow for a top quark mass measurement, which is conceptually very different from
the one based on the reconstruction of a (colored) single quark in the decay chain t→Wb. In
fact, much of the detailed investigations of tt̄ threshold production at a linear collider were per-
formed for this particular relations between the location of the color singlet quasi-boundstate

16
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Figure 5. Limits on pair-produced particles decaying to two, three or four jets, or top+jet,
overlaid with their leading-order cross sections (see appendix C of [3]) at

p
s = 7 TeV (top) and

8 TeV (bottom), for particles with spin j = 0 (solid black), 1/2 (dashed blue) and 1 (dotted red),
in color representations R = 3,6,8, as indicated next to each curve. The limits on jj decays
are from refs. [28, 29] (7 TeV, ATLAS), [30] (7 TeV, CMS, stop scenario) and [31] (8 TeV, CMS,
stop scenario). The limits on jjj decays are from [79] (7 TeV, ATLAS), [80, 81] (7 TeV, CMS),
[82] (8 TeV, ATLAS) and [83] (8 TeV, CMS). An example limit on jjjj decays (see text for details)
is from [84] (7 TeV, CMS). For tj decays, the limit in brown is from [85] and in orange is from [86]
(both are 8 TeV, CMS). The green vertical line indicates m = 750 GeV/2.
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Q-onium
In models of vector-like (TC) confinement with VL masses 
MQ comparable to confinement scale ΛTC 
Lightest scalars can be bound QQ states (& TC glueballs) 

For Q in SM rep. 

expect resonances in   

⇒ colored spin=0,1,… states 
almost degenerate with S 

⇒ absent in models with uncolored Q

...
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We show that the 750 GeV di-photon excess could be explained by the Q�onium system of a
new QCD-like theory with fermions vectorial under the SM. Beside the spin-0 di-photon singlet this
scenario predicts almost degenerate colored scalars and spin-1 resonances analogous to the J/⇤ in
QCD. All these states are within the reach of the LHC. An apparent large width can be explained
as due to production of excited states with splitting ⇥m ⇥ �.

I. INTRODUCTION

A very plausible explanation of the di-photon excess
at M ⇧ 750 GeV recently reported at the LHC [1] is pro-
vided by new confining gauge dynamics, dubbed techni-
color (TC), with fermions Q that are vectorial under the
SM [2–5]. Most theoretical speculations have focused on
the regime where the Q are lighter than the confinement
scale. The di-photon resonance is then identified with
a TC pion SM singlet that couples to SM gauge bosons
through anomalies.

In this letter we study the regime where the Q are
heavier than the confinemant scale ⇥TC, see [2, 5] for
early work. The system so obtained is entirely analo-
gous to quarkonium in QCD, bound states of cc̄ or bb̄,
see [6–8] for a review. The di-photon resonance is identi-
fied with ⇥1Q, the lightest spin-0 color singlet (1S0) bound
state. The analogous resonance in QCD, ⇥c has a rate
�(⇥c ⌅ ��)/m�c ⇤ 2 ⇥ 10�6 which is almost exactly
what is required to reproduce the di-photon excess [2]. A
model independent prediction is the existence of a scalar
color octet (⇥8Q), almost degenerate in mass and coupled
to pairs of gluons [5] as well as spin-1 excitations similar
to the J/⇤.

It is not too surprising that ⇥1Q is the first resonance
discovered at LHC. Indeed it is the lightest resonance
that couples to gluons and photons. The almost degen-
erate ⇥8Q is also copiously produced but it can only decay
to jets and should be discovered in the next run of the
LHC. If the interpretation given in this letter is correct,
various resonances of the Q�onium will be within the
reach of the LHC.

II. SPECTROSCOPY OF �Q AND ⇥Q

For concreteness we consider SU(NTC) gauge theories
with fermions Q in the fundamental representation. Un-
der the SM they form a vectorial representation R (in

�
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†
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Figure 1: Sketch of the Q-onium system. The spectrum re-
sembles the one of charmonium and bottomonium in QCD.
The di-photon resonance is interpreted as the lightest singlet
1S0. Resonances of di�erent spin are predicted and higher
level excitations could account for an apparent large width of
the resonance.

general reducible) of the SM. The strong dynamics con-
fines at the scale ⇥TC < mQ producingQQ̄ bounds states
analogous to the charmonium with mass M ⇤ 2mQ. The
expected spectrum is sketched in Fig. 1. For each strong
dynamics level we obtain a fine structure of SM multi-
plets. In order for the resonances to couple to gluons and
photons the new fermions should carry color and electric
charge. A SM rep R = (r3, r2)Y will then produce Q-
onium states as,

R⇥ R̄ = (1, 1)0 + (8, 1)0 + . . . , (1)

where the elipses denote possible further representations,
depending on R. The presence of the di-photon singlet
coupling to photons and gluons is always accompanied
by a scalar color octet. The ground state spin-zero (1S0)
color singlet (⇥1Q) decays to gluons and photons and will
be identified with the di-photon resonance while the spin-
0 color octet (⇥8Q) couples only to gluons. Spin-1 states,

...
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new QCD-like theory with fermions vectorial under the SM. Beside the spin-0 di-photon singlet this
scenario predicts almost degenerate colored scalars and spin-1 resonances analogous to the J/⇤ in
QCD. All these states are within the reach of the LHC. An apparent large width can be explained
as due to production of excited states with splitting ⇥m ⇥ �.

I. INTRODUCTION

A very plausible explanation of the di-photon excess
at M ⇧ 750 GeV recently reported at the LHC [1] is pro-
vided by new confining gauge dynamics, dubbed techni-
color (TC), with fermions Q that are vectorial under the
SM [2–5]. Most theoretical speculations have focused on
the regime where the Q are lighter than the confinement
scale. The di-photon resonance is then identified with
a TC pion SM singlet that couples to SM gauge bosons
through anomalies.

In this letter we study the regime where the Q are
heavier than the confinemant scale ⇥TC, see [2, 5] for
early work. The system so obtained is entirely analo-
gous to quarkonium in QCD, bound states of cc̄ or bb̄,
see [6–8] for a review. The di-photon resonance is identi-
fied with ⇥1Q, the lightest spin-0 color singlet (1S0) bound
state. The analogous resonance in QCD, ⇥c has a rate
�(⇥c ⌅ ��)/m�c ⇤ 2 ⇥ 10�6 which is almost exactly
what is required to reproduce the di-photon excess [2]. A
model independent prediction is the existence of a scalar
color octet (⇥8Q), almost degenerate in mass and coupled
to pairs of gluons [5] as well as spin-1 excitations similar
to the J/⇤.

It is not too surprising that ⇥1Q is the first resonance
discovered at LHC. Indeed it is the lightest resonance
that couples to gluons and photons. The almost degen-
erate ⇥8Q is also copiously produced but it can only decay
to jets and should be discovered in the next run of the
LHC. If the interpretation given in this letter is correct,
various resonances of the Q�onium will be within the
reach of the LHC.

II. SPECTROSCOPY OF �Q AND ⇥Q

For concreteness we consider SU(NTC) gauge theories
with fermions Q in the fundamental representation. Un-
der the SM they form a vectorial representation R (in
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Figure 1: Sketch of the Q-onium system. The spectrum re-
sembles the one of charmonium and bottomonium in QCD.
The di-photon resonance is interpreted as the lightest singlet
1S0. Resonances of di�erent spin are predicted and higher
level excitations could account for an apparent large width of
the resonance.

general reducible) of the SM. The strong dynamics con-
fines at the scale ⇥TC < mQ producingQQ̄ bounds states
analogous to the charmonium with mass M ⇤ 2mQ. The
expected spectrum is sketched in Fig. 1. For each strong
dynamics level we obtain a fine structure of SM multi-
plets. In order for the resonances to couple to gluons and
photons the new fermions should carry color and electric
charge. A SM rep R = (r3, r2)Y will then produce Q-
onium states as,

R⇥ R̄ = (1, 1)0 + (8, 1)0 + . . . , (1)

where the elipses denote possible further representations,
depending on R. The presence of the di-photon singlet
coupling to photons and gluons is always accompanied
by a scalar color octet. The ground state spin-zero (1S0)
color singlet (⇥1Q) decays to gluons and photons and will
be identified with the di-photon resonance while the spin-
0 color octet (⇥8Q) couples only to gluons. Spin-1 states,
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�U [fb] �X [fb] �Q[fb] �Y [fb] �[fb]

pp ! ⌘1 ! gg 200 12 500 25 <2500

pp ! ⌘1 ! �Z 0.6 0.6 5 0.4 < 11

pp ! ⌘1 ! ZZ 0.1 0.1 9 1.2 < 12

pp !  1 ! eē 0.3 0.07 0.05 0.1 <1.2

pp ! ⌘8 ! gg 500 30 1250 60 <2500

pp ! ⌘8 ! g� 80 20 13 20 < 30

pp !  8 ! jj 600 35 1450 70 <2500

pp !  8 ! tt̄ 110 7 290 15 <600

Table II: Cross-sections for the Q-onium system made of the
U = (3, 1)2/3, X = (3, 1)4/3, Q = (3, 2)1/6 and Y = (3, 2)�5/6

fermions at the 8TeV LHC. We assume �(pp ! ⌘1 ! ��) = 5
fb at the 13TeV LHC and no invisible decays. The experi-
mental constraints on di-jet, �+jet, di-lepton, ZZ, Z� and tt̄
resonances are taken from [25–30].The rates at LHC13 can be

obtained multiplying by r13/8gg ⇡ 4.7 and r13/8qq̄ ⇡ 2.5 the rates
at LHC8 of ⌘1,8 and  1,8 respectively.

Let us consider models with an SU(2) singlet Q in
detail. The width into photons reads

�(⌘1Q ! ��)

M
= 12NTC↵

2Q4 |R1(0)|2
M3

. (13)

Reproducing the di-photon signal assuming that the total
with is dominated by decays to gluons then requires,

|R1(0)|2
M3

⇡ 10�3 1

NTC Q4
. (14)

or larger if extra decay channels exist. Given the irre-
ducible QCD contribution to R1(0) [14], eq. (14) can
only be satisfied for Q . 0.5(3/NTC)1/4 in the ↵TC . ↵s

limit, suggesting the necessity of extra decay channels.
These are naturally provided by TC glueballs and lighter
TC pions. For example in QCD Br(⌘c ! ��) ⇠ 10�4

due to decays into hadrons.
Given that ⌘Q/ Q are almost degenerate, all other

cross-sections are predicted in this model up to the di↵er-
ence between wave-function of singlets and octets. Using
gluon and quark lumininosities at 13 TeV we find,

�(pp ! ⌘8Q ! gg)

�(pp ! ⌘1Q ! gg)
⇡ 4

�(pp !  8
Q ! jj)

�(pp ! ⌘1Q ! gg)
⇡ 2.5

|R8(0)|2
|R1(0)|2 ,

(15)
where jets from  8

Q include b-quarks. Consequently, for
↵TC � ↵s, ⌘8Q gives the dominant contribution to the
resonant di-jet cross-section at LHC 13. At LHC 8 in-
stead ⌘8Q and  8

Q give comparable di-jet signals. Es-
timates for various representations are given in Table
II assuming no extra decay channels and equal wave-
functions for singlet and octets. Note that in this regime
�(pp ! ⌘8Q ! g�) typically provides the strongest exper-
imental constraint [26]. For all color octet rates however
these estimates should be taken as a conservative upper
bound given that the QCD e↵ects make the octets more
weakly bound. A comparison with bounds at the 8 TeV

Figure 2: Prompt ⌘1Q vs. continuum QQ̄ production at 13
TeV centre of mass energy. Vertical lines (orange dashed)
are contours of constant �(pp ! QQ̄) computed at NNLO
in QCD [31] and normalized to NTC while blue full contours
correspond to the ratio �(pp ! ⌘1Q)/�(pp ! QQ̄) as a func-
tion of �E/M and |R1(0)|2/3/M . Black dots correspond to
the values of |R1(0)| and �E for ⌘c and ⌘b in QCD. The
horizontal contours correspond to the values of |R1(0)| repro-
ducing the LHC di-photon excess for the cases of U = (3, 1)2/3
(shaded in green), Q = (3, 2)1/6 (shaded in red) and overlap-
ping X = (3, 1)4/3, Y = (3, 2)�5/6 (shaded in blue), taking for
concreteness NTC = 3 and assuming predominantly prompt
⌘Q production and no additional significant decay modes (in
full lines) or saturating their total decay width of ⇠ 45 GeV
with hidden decay channels (in dot-dashed lines). For illustra-
tion we also report the values predicted in the Coulomb regime
for various choices of ↵TC for NTC = 3 (marked in purple
points and connected with a dotted purple line), as well as an
estimate [14] of the irreducible QCD contribution to |R1(0)|
(upper edge of the black hashed region) .

LHC [25, 26] including contributions from ⌘1Q,  
1
Q (and

⌘8Q,  
8
Q with R8(0) ' R1(0)) for the SU(2) singlet Q

implies,

Q > 0.3(1.0) , (16)

for the case |R8(0)| ⌧ |R1(0)| (|R8(0)| ' |R1(0)|) , re-
spectively. Thus Q with the SM quantum numbers of
the right-handed down quarks (D) and up-quarks (U) are
disfavored only in the deeply bound regime where QCD
e↵ects are negligible. In the weakly bound regime where
color octet e↵ects are subleading, D is only marginally
compatible with existing di-jet bounds.
In addition to single prompt production, the lowest

lying ⌘Q and  Q states will also be produced in fragmen-
tation of high pT QCD produced QQ̄ pairs (inclusive
continuum production). In these processes, the confining
TC dynamics forces formation of heavy highly excited
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pp !  1 ! eē 0.3 0.07 0.05 0.1 <1.2

pp ! ⌘8 ! gg 500 30 1250 60 <2500

pp ! ⌘8 ! g� 80 20 13 20 < 30

pp !  8 ! jj 600 35 1450 70 <2500

pp !  8 ! tt̄ 110 7 290 15 <600

Table II: Cross-sections for the Q-onium system made of the
U = (3, 1)2/3, X = (3, 1)4/3, Q = (3, 2)1/6 and Y = (3, 2)�5/6

fermions at the 8TeV LHC. We assume �(pp ! ⌘1 ! ��) = 5
fb at the 13TeV LHC and no invisible decays. The experi-
mental constraints on di-jet, �+jet, di-lepton, ZZ, Z� and tt̄
resonances are taken from [25–30].The rates at LHC13 can be

obtained multiplying by r13/8gg ⇡ 4.7 and r13/8qq̄ ⇡ 2.5 the rates
at LHC8 of ⌘1,8 and  1,8 respectively.

Let us consider models with an SU(2) singlet Q in
detail. The width into photons reads

�(⌘1Q ! ��)

M
= 12NTC↵

2Q4 |R1(0)|2
M3

. (13)

Reproducing the di-photon signal assuming that the total
with is dominated by decays to gluons then requires,

|R1(0)|2
M3

⇡ 10�3 1

NTC Q4
. (14)

or larger if extra decay channels exist. Given the irre-
ducible QCD contribution to R1(0) [14], eq. (14) can
only be satisfied for Q . 0.5(3/NTC)1/4 in the ↵TC . ↵s

limit, suggesting the necessity of extra decay channels.
These are naturally provided by TC glueballs and lighter
TC pions. For example in QCD Br(⌘c ! ��) ⇠ 10�4

due to decays into hadrons.
Given that ⌘Q/ Q are almost degenerate, all other

cross-sections are predicted in this model up to the di↵er-
ence between wave-function of singlets and octets. Using
gluon and quark lumininosities at 13 TeV we find,

�(pp ! ⌘8Q ! gg)

�(pp ! ⌘1Q ! gg)
⇡ 4

�(pp !  8
Q ! jj)

�(pp ! ⌘1Q ! gg)
⇡ 2.5

|R8(0)|2
|R1(0)|2 ,

(15)
where jets from  8

Q include b-quarks. Consequently, for
↵TC � ↵s, ⌘8Q gives the dominant contribution to the
resonant di-jet cross-section at LHC 13. At LHC 8 in-
stead ⌘8Q and  8

Q give comparable di-jet signals. Es-
timates for various representations are given in Table
II assuming no extra decay channels and equal wave-
functions for singlet and octets. Note that in this regime
�(pp ! ⌘8Q ! g�) typically provides the strongest exper-
imental constraint [26]. For all color octet rates however
these estimates should be taken as a conservative upper
bound given that the QCD e↵ects make the octets more
weakly bound. A comparison with bounds at the 8 TeV

Figure 2: Prompt ⌘1Q vs. continuum QQ̄ production at 13
TeV centre of mass energy. Vertical lines (orange dashed)
are contours of constant �(pp ! QQ̄) computed at NNLO
in QCD [31] and normalized to NTC while blue full contours
correspond to the ratio �(pp ! ⌘1Q)/�(pp ! QQ̄) as a func-
tion of �E/M and |R1(0)|2/3/M . Black dots correspond to
the values of |R1(0)| and �E for ⌘c and ⌘b in QCD. The
horizontal contours correspond to the values of |R1(0)| repro-
ducing the LHC di-photon excess for the cases of U = (3, 1)2/3
(shaded in green), Q = (3, 2)1/6 (shaded in red) and overlap-
ping X = (3, 1)4/3, Y = (3, 2)�5/6 (shaded in blue), taking for
concreteness NTC = 3 and assuming predominantly prompt
⌘Q production and no additional significant decay modes (in
full lines) or saturating their total decay width of ⇠ 45 GeV
with hidden decay channels (in dot-dashed lines). For illustra-
tion we also report the values predicted in the Coulomb regime
for various choices of ↵TC for NTC = 3 (marked in purple
points and connected with a dotted purple line), as well as an
estimate [14] of the irreducible QCD contribution to |R1(0)|
(upper edge of the black hashed region) .

LHC [25, 26] including contributions from ⌘1Q,  
1
Q (and

⌘8Q,  
8
Q with R8(0) ' R1(0)) for the SU(2) singlet Q

implies,

Q > 0.3(1.0) , (16)

for the case |R8(0)| ⌧ |R1(0)| (|R8(0)| ' |R1(0)|) , re-
spectively. Thus Q with the SM quantum numbers of
the right-handed down quarks (D) and up-quarks (U) are
disfavored only in the deeply bound regime where QCD
e↵ects are negligible. In the weakly bound regime where
color octet e↵ects are subleading, D is only marginally
compatible with existing di-jet bounds.
In addition to single prompt production, the lowest

lying ⌘Q and  Q states will also be produced in fragmen-
tation of high pT QCD produced QQ̄ pairs (inclusive
continuum production). In these processes, the confining
TC dynamics forces formation of heavy highly excited

4

�U [fb] �X [fb] �Q[fb] �Y [fb] �[fb]

pp ! ⌘1 ! gg 200 12 500 25 <2500

pp ! ⌘1 ! �Z 0.6 0.6 5 0.4 < 11

pp ! ⌘1 ! ZZ 0.1 0.1 9 1.2 < 12
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obtained multiplying by r13/8gg ⇡ 4.7 and r13/8qq̄ ⇡ 2.5 the rates
at LHC8 of ⌘1,8 and  1,8 respectively.

Let us consider models with an SU(2) singlet Q in
detail. The width into photons reads

�(⌘1Q ! ��)

M
= 12NTC↵

2Q4 |R1(0)|2
M3

. (13)

Reproducing the di-photon signal assuming that the total
with is dominated by decays to gluons then requires,

|R1(0)|2
M3

⇡ 10�3 1

NTC Q4
. (14)

or larger if extra decay channels exist. Given the irre-
ducible QCD contribution to R1(0) [14], eq. (14) can
only be satisfied for Q . 0.5(3/NTC)1/4 in the ↵TC . ↵s

limit, suggesting the necessity of extra decay channels.
These are naturally provided by TC glueballs and lighter
TC pions. For example in QCD Br(⌘c ! ��) ⇠ 10�4

due to decays into hadrons.
Given that ⌘Q/ Q are almost degenerate, all other

cross-sections are predicted in this model up to the di↵er-
ence between wave-function of singlets and octets. Using
gluon and quark lumininosities at 13 TeV we find,

�(pp ! ⌘8Q ! gg)

�(pp ! ⌘1Q ! gg)
⇡ 4

�(pp !  8
Q ! jj)

�(pp ! ⌘1Q ! gg)
⇡ 2.5

|R8(0)|2
|R1(0)|2 ,

(15)
where jets from  8

Q include b-quarks. Consequently, for
↵TC � ↵s, ⌘8Q gives the dominant contribution to the
resonant di-jet cross-section at LHC 13. At LHC 8 in-
stead ⌘8Q and  8

Q give comparable di-jet signals. Es-
timates for various representations are given in Table
II assuming no extra decay channels and equal wave-
functions for singlet and octets. Note that in this regime
�(pp ! ⌘8Q ! g�) typically provides the strongest exper-
imental constraint [26]. For all color octet rates however
these estimates should be taken as a conservative upper
bound given that the QCD e↵ects make the octets more
weakly bound. A comparison with bounds at the 8 TeV

Figure 2: Prompt ⌘1Q vs. continuum QQ̄ production at 13
TeV centre of mass energy. Vertical lines (orange dashed)
are contours of constant �(pp ! QQ̄) computed at NNLO
in QCD [31] and normalized to NTC while blue full contours
correspond to the ratio �(pp ! ⌘1Q)/�(pp ! QQ̄) as a func-
tion of �E/M and |R1(0)|2/3/M . Black dots correspond to
the values of |R1(0)| and �E for ⌘c and ⌘b in QCD. The
horizontal contours correspond to the values of |R1(0)| repro-
ducing the LHC di-photon excess for the cases of U = (3, 1)2/3
(shaded in green), Q = (3, 2)1/6 (shaded in red) and overlap-
ping X = (3, 1)4/3, Y = (3, 2)�5/6 (shaded in blue), taking for
concreteness NTC = 3 and assuming predominantly prompt
⌘Q production and no additional significant decay modes (in
full lines) or saturating their total decay width of ⇠ 45 GeV
with hidden decay channels (in dot-dashed lines). For illustra-
tion we also report the values predicted in the Coulomb regime
for various choices of ↵TC for NTC = 3 (marked in purple
points and connected with a dotted purple line), as well as an
estimate [14] of the irreducible QCD contribution to |R1(0)|
(upper edge of the black hashed region) .

LHC [25, 26] including contributions from ⌘1Q,  
1
Q (and

⌘8Q,  
8
Q with R8(0) ' R1(0)) for the SU(2) singlet Q

implies,

Q > 0.3(1.0) , (16)

for the case |R8(0)| ⌧ |R1(0)| (|R8(0)| ' |R1(0)|) , re-
spectively. Thus Q with the SM quantum numbers of
the right-handed down quarks (D) and up-quarks (U) are
disfavored only in the deeply bound regime where QCD
e↵ects are negligible. In the weakly bound regime where
color octet e↵ects are subleading, D is only marginally
compatible with existing di-jet bounds.
In addition to single prompt production, the lowest

lying ⌘Q and  Q states will also be produced in fragmen-
tation of high pT QCD produced QQ̄ pairs (inclusive
continuum production). In these processes, the confining
TC dynamics forces formation of heavy highly excited

Depend on spin & color: 
⇒ spin-0 color-1 

decays to EW gauge bosons 

⇒ spin-0 color-8: γ-j resonances 

⇒ spin-1 color-1: di-leptons 

⇒ spin-1 color-8: di-jets 

⇒ Benchmarks:

3

relative decay rates into electro-weak final states do not
follow from SU(2) relation of the EFT [16]. In particu-
lar, the di-photon excess will be dominated by the bound
state made by the SU(2) component of Q with the high-
est electric charge. As we will see, the first regime is
relevant for the Q�onium system made of Q = (3, 2)1/6
while the latter holds for Y = (3, 2)�5/6 when ⌘1Q width
is dominated by decays to gluons.

III. Q�ONIUM PRODUCTION AND DECAYS
AT LHC

Since in the heavy Q limit 1S0 and 3S1 states are re-
lated by spin-symmetry, on can relate all their dominant
interactions purely in terms of SM gauge group invariants
and charges. We choose ⌘1Q ! gg decay as the reference
width. One finds,

�(⌘1Q ! gg)

M
= 32NTCd2

I23
d3
↵2
s
|R1(0)|2
M3

, (7)

where I3 = 1/2 for the fundamental representation. For
�mQ/� > 1 the formula above applies for each SU(2)
component with d2 = 1.

The ⌘Q decay to gluon or (only for ⌘1Q) photon pairs,
while  Q decay to pairs of fermions or three gauge
bosons. The prompt single production of ⌘1,8Q states at
the LHC then proceeds dominantly through gluon fu-
sion, while  1,8

Q are produced via qq̄ annihilation. For
�mQ/� > 1 the decay rates into SM states for the var-
ious components of a Q SU(2) multiplet are predicted
as,

�(⌘1Q ! ��)

�(⌘1Q ! gg)
=

d23
8

Q4
Q

I23

↵2

↵2
s

,

�(⌘1Q ! Z�)

�(⌘1Q ! gg)
=

d23
4s2W c2W

Q2
Q(T

3
Q � s2WQQ)2

I23

↵2

↵2
s

,

�(⌘1Q ! ZZ)

�(⌘1Q ! gg)
=

d23
8s4W c4W

(T 3
Q � s2WQQ)4

I23

↵2

↵2
s

,

�( 1
Q ! ff̄)

�(⌘1Q ! gg)
=

d23
48 s4W c4W

 
c2W T 3

QT
3
f + s2W YQYf

I3

!2
↵2

↵2
s

,

�(⌘8Q ! gg)

�(⌘1Q ! gg)
=

d3D3

1024 I33

|R8(0)|2
|R1(0)|2 ,

�(⌘8Q ! g�)

�(⌘1Q ! gg)
=

3d3D3

640 I33

|R8(0)|2
|R1(0)|2

↵Q2
Q

↵s
,

�( 8
Q ! qq̄)

�(⌘1Q ! gg)
=

d3
48I3

|R8(0)|2
|R1(0)|2 , (8)

where T 3
Q is the third component of the weak isospin,

Tr[T aT b] = I�ab and D =
P

abc d
2
abc with dabc =

2Tr[Ta{Tb, Tc}]. Furthermore for color triplets D3 =
40/3. The values of the wave-function at the origin for
singlet and octet combinations di↵er due to QCD e↵ects

so that |R8(0)| < |R1(0)| while we neglect the splitting
between spin-0 and spin-1 states due to TC interactions.
The  decay widths into 3 SM gauge bosons are also
predicted. For example the width of  1

Q into 3 gluons
reads,

�( 1
Q ! ggg)

�(⌘1Q ! gg)
=

D3

288 I23

⇡2 � 9

⇡
↵s . (9)

which is extremely small. Many other relations can be
found generalising the ones in [9].
The formulas above can be easily adapted to the degen-

erate SU(2) limit (�mQ/� < 1). The ones with electro-
weak gauge bosons final states can be read from [4], for
 1
Q ! ff̄ and ⌘8Q ! g� only the hypercharge contributes

in eq. (8), while the other ratios are not modified. Con-
sidering ⌘1Q ! ZZ,Z� decays and assuming a signal
cross-section �(pp ! ��) ⇡ 5 fb [16] at LHC 13, the
bounds from run 1 [18, 28] and recently run 2 [19] trans-
late into a constraint on the dimension of the SU(2) rep-
resentation (d2) and hypercharge (Y )

� 3.5 <
d22 � 1

Y 2
< 30 . (10)

Finally, we note in passing that forQ in non-trivial SU(2)
representations, charged ⌘ and  states will also be
formed. However, they are singly produced only through
weak interactions and thus less relevant for LHC phe-
nomenology.
In the narrow width approximation, the resonant pro-

duction cross-sections of ⌘Q and  Q are given by,

�(pp ! X) =
(2JX + 1)DX

Ms

X

P
CPPK

X
PP�(X ! PP) ,

(11)
where DX is the dimension of the representaton, JX the
spin and P is the parton producing the resonance at
the LHC: gluons for X = ⌘Q and quarks for X =  Q.
The parton luminosity coe�cients at LHC 13(8) for the
production of a 750 GeV resonance in the s-channel
are Cgg = 2137(174), Cuū = 1054(158) and Cdd̄ =
627(89) [2]. In our phenomenological analysis we also
include (approximately) known NLO QCD K�factors of

K⌘1
gg = 1.6 [20], K⌘1

qq̄ = 1.2 [21], K 1

qq̄ = 1.3 [22] and

K 8

qq̄ = 1.3 [23]. On the other hand, QCD corrections
to prompt production of a massive color octet scalar are
presently not known. In Table II we take K⌘8

gg = K⌘1
gg ,

consistent with results in [24] considering a somewhat
similar scenario, but our results can easily be rescaled
for di↵erent values.
The di-photon signal cross-section is reproduced for,

�(⌘1Q ! ��)

M

�(⌘1Q ! gg)

�
⇡ 0.7⇥ 10�6 , (12)

implying that �(⌘1Q ! ��)/M � 0.7 ⇥ 10�6 with the
equality saturated when the width is dominated by de-
cays into gluons.

} QCD contributions  
suppress R8(0) } suppressed 

for spin-0 QCN↵TC ! CN↵TC + (C3 � 3/2)↵s

(p-wave)



Benchmarks
Basic parameters: 
⇒ binding energy (ΔE) 

⇒ size of bound state (∼R(0)) 

⇒ Good fit to data possible even 
close to Coulomb limit. 

⇒ Room for additional decays     
(to TC glueballs, TC pions). 
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Mass spectra
Higher n-states split by few % 

⇒ can fake a broad S peak 
(requires departures from Coulomb limit) 

⇒ should be discernible with 
more data in di-photon mass
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Comparison with ATLAS di-photon results

2

(3S1) color singlet (⌅1
Q) and color octet (⌅8

Q), couple in-
stead to pairs of SM fermions or 3 SM gauge bosons.

Other colored states could appear for example (8, 3)0
that would couple to W bosons and gluons. If other
fermions with mass above ⇤TC exist more Q-onium
bound states will be formed. One di⌅erence with the TC
pion scenario (⇤TC > mQ) is that these states will not
significantly mix unless the masses are almost degenerate
so they will appear as separate resonances. Therefore we
can focus on irreducible reps in what follows.

The dynamical scale of the theory is given by,

⇤TC ⇤ M exp

⇤
� 6⇤

(11NTC � 2n)�TC(M)

⌅
, (2)

where we have included n light flavors. We assume �̄TC ⇥
�TC(M) > �s so that the bound states are TC singlets
formed due to the new strong interactions. Two regimes
can be distinguished. If �̄TCM ⇧ ⇤TC confinement gives
small corrections and the system can be described in first
approximation as a positronium-like bound state with
Coulomb potential V = �CN�TC/r. For fermions in
the fundamental rep CN = (N2 � 1)/(2N). The binding
energies are given by,

⇥E(n,l)
Coul. = �C2

N�2
TC

8n2
M , (3)

where n = 1, 2, . . . are the radial excitation levels and
�TC should be evaluated at the scale of the bound state
size

⌃
 r2⌦ ⌅ 1/⇤TC. For this we need the informa-

tion on the radial wave-function R(r), normalized to⇧�
0 |R(r)|2r2dr = 1. In what follows we will be primar-
ily interested in its value at the origin (|R(0)|) . In the
Coulomb regime for the n�th radial excitation this is
given by,

�
|R(n,l)(0)|2

M3

⇥

Coul.

=
1

16n3
(CN�TC)

3 . (4)

We note that such a weakly coupled picture fails if ap-
plied to the lowest lying states of charmonia and bot-
tomonia, and a recent numerical lattice QCD simulation
indicates deviations from the positronium-like behavior
even for QCD bound states with mass close to M [9],
even though �s(M)M ⇧ ⇤QCD.

In the opposite regime �̄TCM ⌅ ⇤TC the confinement
e⌅ects modify significantly the bound state and splitting
of energies becomes larger. Moreover while |R(0)|2/M3

is constant in the Coulomb regime, |R(0)|2 becomes al-
most independent of M when confinement e⌅ects domi-
nate. In Table I we report the masses and wave-function
values extracted for QCD ⇥ singlets. For both charmo-
nium and bottomonium, confinement e⌅ects appear to
be dominant.

Within each Q-onium level SM interactions split the
multplets. Assuming that the bound state is formed due
to the TC interactions this can treated as a small per-
turbation and implies that the splitting is linear in �s

(⇥M)QCD ⇤ C3�s |R(0)| 23 . (5)

⇤X m�X [GeV]
�(⇤X ⇥ ⇥⇥)

m�X

|R(0)|2

m3
�X

⇤⇥ 0.958 5� 10�6 –

⇤c(1S) 2.983 2� 10�6 1.5� 10�2

⇤c(2S) 3.639 10�6 6� 10�3

⇤b(1S) 9.398 5� 10�8 6� 10�3

⇤b(2S) 10 2� 10�8 2.5� 10�3

Table I: ⇤1
Q singlets in QCD [10]. Their widths into pho-

tons, are not measured directly, but are derived using the de-
cay of ⌅ into electrons through �(⌅Q ⇥ f̄f)/�(⇤Q ⇥ ⇥⇥) =
Q2

f/(3Q
2
Q). The value of the wave-function at the origin is ex-

tracted using the formula �(⇤Q ⇥ ⇥⇥) = 12�2Q4
Q|R(0)|2/M2.

Finally, in the perturbative �̄TC regime the mass split-
ting between the 1S0 and 3S1 states can be estimated
analogously to the hyperfine structure of positronium or
atoms

�
⇥M

M

⇥

HF

=
16⇤

3
CN�TC

|R(0)|2

M3

Coul.
=

⇤

3n3
(CN�TC)

4 .

(6)
where the second equality is valid in the Coulomb-like
limit (when �̄TCM ⇧ ⇤TC). The mass splitting is thus
extremely sensitive to the precise value of �̄TC. This
could be expected, since in the chiral regime (mQ ⌅
⇤TC) 1S0 state becomes a Nambu-Goldstone boson of
the approximate chiral Q taste symmetry, while in the
asymptoticly free mQ ⌃ ⌥ limit (when TC interactions
are not strong enough to flip the spin of Q), spin be-
comes a globally conserved quantum number of the TC
sector. For the charmonium this splitting if 3.7%, and
for bottomonium 0.7% .

III. Q-ONIUM PRODUCTION AND DECAYS
AT LHC

Since in the heavy Q limit 1S0 and 3S1 states are re-
lated by spin-symmetry, on can relate all their dominant
interactions purely in terms of SM gauge group invariants
and charges. We choose ⇥1Q ⌃ gg decay as the reference
width,

�(⇥1Q ⌃ gg)

M
= 32NTCd2

I23
d3

�2
s
|R(0)|2

M3
, (7)

where I3 = 1/2 for the fundamental representation.

The ⇥Q decay to gluon or (only for ⇥1Q) photon pairs,
while ⌅Q decay to pairs of fermions or three gauge
bosons. The prompt single production of ⇥1,8Q states at
the LHC then proceeds dominantly through gluon fusion,
while ⌅1,8

Q are produced via qq̄ annihilation. Assuming
equal value for the wave-function at the origin the decay
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�U [fb] �X [fb] �Q[fb] �Y [fb] �[fb]

pp ! ⌘1 ! gg 200 12 500 25 <2500

pp ! ⌘1 ! �Z 0.6 0.6 5 0.4 < 11

pp ! ⌘1 ! ZZ 0.1 0.1 9 1.2 < 12

pp !  1 ! eē 0.3 0.07 0.05 0.1 <1.2

pp ! ⌘8 ! gg 500 30 1250 60 <2500

pp ! ⌘8 ! g� 80 20 13 20 < 30

pp !  8 ! jj 600 35 1450 70 <2500

pp !  8 ! tt̄ 110 7 290 15 <600

Table II: Cross-sections for the Q-onium system made of the
U = (3, 1)2/3, X = (3, 1)4/3, Q = (3, 2)1/6 and Y = (3, 2)�5/6

fermions at the 8TeV LHC. We assume �(pp ! ⌘1 ! ��) = 5
fb at the 13TeV LHC and no invisible decays. The experi-
mental constraints on di-jet, �+jet, di-lepton, ZZ, Z� and tt̄
resonances are taken from [25–30].The rates at LHC13 can be

obtained multiplying by r13/8gg ⇡ 4.7 and r13/8qq̄ ⇡ 2.5 the rates
at LHC8 of ⌘1,8 and  1,8 respectively.

Let us consider models with an SU(2) singlet Q in
detail. The width into photons reads

�(⌘1Q ! ��)

M
= 12NTC↵

2Q4 |R1(0)|2
M3

. (13)

Reproducing the di-photon signal assuming that the total
with is dominated by decays to gluons then requires,

|R1(0)|2
M3

⇡ 10�3 1

NTC Q4
. (14)

or larger if extra decay channels exist. Given the irre-
ducible QCD contribution to R1(0) [14], eq. (14) can
only be satisfied for Q . 0.5(3/NTC)1/4 in the ↵TC . ↵s

limit, suggesting the necessity of extra decay channels.
These are naturally provided by TC glueballs and lighter
TC pions. For example in QCD Br(⌘c ! ��) ⇠ 10�4

due to decays into hadrons.
Given that ⌘Q/ Q are almost degenerate, all other

cross-sections are predicted in this model up to the di↵er-
ence between wave-function of singlets and octets. Using
gluon and quark lumininosities at 13 TeV we find,

�(pp ! ⌘8Q ! gg)

�(pp ! ⌘1Q ! gg)
⇡ 4

�(pp !  8
Q ! jj)

�(pp ! ⌘1Q ! gg)
⇡ 2.5

|R8(0)|2
|R1(0)|2 ,

(15)
where jets from  8

Q include b-quarks. Consequently, for
↵TC � ↵s, ⌘8Q gives the dominant contribution to the
resonant di-jet cross-section at LHC 13. At LHC 8 in-
stead ⌘8Q and  8

Q give comparable di-jet signals. Es-
timates for various representations are given in Table
II assuming no extra decay channels and equal wave-
functions for singlet and octets. Note that in this regime
�(pp ! ⌘8Q ! g�) typically provides the strongest exper-
imental constraint [26]. For all color octet rates however
these estimates should be taken as a conservative upper
bound given that the QCD e↵ects make the octets more
weakly bound. A comparison with bounds at the 8 TeV
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Figure 2: Prompt ⌘1Q vs. continuum QQ̄ production at 13
TeV centre of mass energy. Vertical lines (orange dashed)
are contours of constant �(pp ! QQ̄) computed at NNLO
in QCD [31] and normalized to NTC while blue full contours
correspond to the ratio �(pp ! ⌘1Q)/�(pp ! QQ̄) as a func-
tion of �E/M and |R1(0)|2/3/M . Black dots correspond to
the values of |R1(0)| and �E for ⌘c and ⌘b in QCD. The
horizontal contours correspond to the values of |R1(0)| repro-
ducing the LHC di-photon excess for the cases of U = (3, 1)2/3
(shaded in green), Q = (3, 2)1/6 (shaded in red) and overlap-
ping X = (3, 1)4/3, Y = (3, 2)�5/6 (shaded in blue), taking for
concreteness NTC = 3 and assuming predominantly prompt
⌘Q production and no additional significant decay modes (in
full lines) or saturating their total decay width of ⇠ 45 GeV
with hidden decay channels (in dot-dashed lines). For illustra-
tion we also report the values predicted in the Coulomb regime
for various choices of ↵TC for NTC = 3 (marked in purple
points and connected with a dotted purple line), as well as an
estimate [14] of the irreducible QCD contribution to |R1(0)|
(upper edge of the black hashed region) .

LHC [25, 26] including contributions from ⌘1Q,  
1
Q (and

⌘8Q,  
8
Q with R8(0) ' R1(0)) for the SU(2) singlet Q

implies,

Q > 0.3(1.0) , (16)

for the case |R8(0)| ⌧ |R1(0)| (|R8(0)| ' |R1(0)|) , re-
spectively. Thus Q with the SM quantum numbers of
the right-handed down quarks (D) and up-quarks (U) are
disfavored only in the deeply bound regime where QCD
e↵ects are negligible. In the weakly bound regime where
color octet e↵ects are subleading, D is only marginally
compatible with existing di-jet bounds.
In addition to single prompt production, the lowest

lying ⌘Q and  Q states will also be produced in fragmen-
tation of high pT QCD produced QQ̄ pairs (inclusive
continuum production). In these processes, the confining
TC dynamics forces formation of heavy highly excited

QCD dominates

Prompt production can 
dominate in deeply bound 
regime 

⇒ Requires additional Q-onium decay 
modes (to TC glueballs, TC pions)

6

G2
TCF

2
SM generated by loops of heavy fermions. The fi-

nal state with 4 SM gauge bosons is a generic feature
also of models with fermions in the confined regime that
could be searched for at the LHC.

The scenario can be simply generalized by adding
fermions with mass smaller than M/2, either lighter or
heavier than ⇤TC. By far the safest possibility is that
these are singlets. For m < ⇤TC and n � 2 the light-
est particles are TC pions. The ones made of di↵erent
species are stable and they constitute viable Dark Matter
candidates whose relic abundance could also be thermally
produced [4].

The di-photon resonance can decay to such TC pions.
The decay into TC hadrons can be estimated in pertur-
bation theory as the decay into TC gluons that will even-
tually hadronize,

�(⌘1Q ! GG)

�(⌘1Q ! gg)
⇡ 9

32I23

N2
TC � 1

N2
TC

↵2
TC

↵2
s

. (19)

One also finds,

�( 1
Q ! GGG)

�( 1
Q ! ggg)

⇡ d23
N2

TC

DN

D3

↵3
TC

↵3
s

. (20)

For ↵TC > ↵s the decay into TC hadrons could be dom-
inant. The final states are mostly TC pions. Including
this invisible decay from eq. (12) the di-photon excess is
reproduced for,

�(⌘1Q ! ��)

M
⇡ 10�6 ⇥

✓
1 +

�GG

�gg

◆
. (21)

Note that only ⌘1Q can decay to TC hadrons. Such in-
visible decays of ⌘1Q thus e↵ectively imply a larger pro-
duction cross-section of ⌘8Q. Consequently it not possible
to achieve a genuine large width in these models if color
octet states are unsupressed, due to indirect constraints,
particularly di-jets and photon-jet resonance searches.

The lightest TC baryons are stable so they are also
good dark matter candidates [32]. Their cosmological
stability is robustly guaranteed by the fact that the TC
baryon number is broken by dimension 6 operators while
stability of TC pions could be violated by dimension 5
operators. Interactions with the SM will be mediated
by the Q-onium. Such interactions are however strongly
suppressed. For example in QCD ⌘c decays into pp̄ with a
branching ⇠ 10�3. TC baryons couple strongly to TC pi-
ons so they will be in thermal equilibrium with them. As
a consequence if these are in thermal equilibrium with
the SM the thermal relic abundance will be too small.
Dark Matter as thermal relic could be reproduced in re-
gion of parameters where the annihilation cross-section
of TC baryons is suppressed, for example when fermion
masses are above ⇤TC.

VI. SUMMARY

To conclude we can compare the Q-onium system with
other composite di-photon scenarios discussed in the lit-
erature. When the fermions are lighter than ⇤TC the
lightest states are TC pions. For an irreducible SM rep-
resentation the quantum numbers of the TC pions are
identical to the ones of ⌘Q studied here and the singlet
state (the ⌘0) will couple to gluons and photons if the
constituents carry color and electric charge, providing a
perfect candidate for the di-photon excess with identical
branching fractions into SM gauge bosons as ⌘1Q. More-
over the heavier spin-1 resonances ⇢ will have the same
quantum numbers as the  states. For the Q-onium spin-
0 and spin-1 particles are almost degenerate leading to
stronger constraints from di-jets.
Even without new strong interactions a bound state

would form just because of QCD interactions [33–35].
The main di↵erence in this case is that the value of
the wave-function that controls the decay rates is set by
↵s without non-perturbative enhancements, leading to
smaller cross-sections. Obtaining the required di-photon
rate requires Q = 4/3 or larger. Since the color octet
state is not bound under QCD, this scenario can avoid
the strongest constraints from dijet and jet-photon res-
onance searches discussed here. Note however that such
QCD e↵ects can be relevant in certain region of parame-
ters also in our setup, enhancing in particular the singlet
signal and weakening or eliminating the color octets.
The main prediction of the Q�onium scenario is the

presence of other resonances with the pattern sketched
in Fig. 1. Color octet resonances with spin-0 and spin-
1 can be copiously produced at the LHC and could be
visible in the di-jet or jet-photon invariant mass distri-
butions. Singlet spin-1 resonances could produce signals
in di-leptons. Interestingly the large width suggested by
ATLAS data can most easily be reproduced by the pro-
duction of nearby radial excitations. Detecting such a
pattern would be a clear smoking gun of Q-onium. On
the other hand, due to poorer di-jet invariant mass res-
olution, ⌘1Q, ⌘

8
Q  8

Q will likely not appear as individual
resonances in di-jet searches.
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Conclusions
• BSM Q-onium like states could explain 750GeV diGamma  

• Pure QCD bound states marginally viable for large Q-charges 

• Extra TC dynamics has richer phenomenology  
• (degenerate) colored resonances,  

• possibly suppressed continuum production,  

• decays to (hidden) lighter TC hadrons,  

• apparent large width to be resolved into several peaks 

• Most severe constraints from presence of spin-1 partners                 
⇒ suppressed in case of scalar Q; in deeply bound regime 

• More quantitative predictions with (BSM) Lattice inputs?
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What if?

Di-photon peak over monotonously varying (falling) 
background - theoretically clean, experimentally simple 
The background composition of γγ and γj events 

high (mostly >90%) γγ purity 

good agreement with NNLO QCD predictions 
Events in excess region do not exhibit unusual 
characteristics (MET, hadronic activity, angular distributions) 
In the following consider 750GeV di-photon excess 
assuming real NP (new particle ‘S’) effect

Campbell et al.,  
1603.02663

ATLAS-CONF-2015-081

http://arXiv.org/abs/arXiv:1603.02663


Diagnosing a di-photon 
resonance at LHC

see also 
1512.05751 
1601.00638 
1601.01712 
1601.03772 
1603.04874 
1601.07187 

...

Main production issue: compatibility with 8TeV data 

indicates large 
singles out preferred production modes 
• heavy flavor annihilation / gluon fusion with                     
σγγ = (3 - 10)fb @13TeV (depending on width/spin
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Figure 2: The compatibility between the 8TeV and the 13TeV data sets as a function of the ratio

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

CMS, only ATLAS and combined fit. The vertical lines indicate di�erent production mechanisms

(computed using NLO NNPDF 2.3 [30] pdf set). Left: for narrow width hypothesis; Right: for

wide width hypothesis.

II. FIT TO THE CURRENT DATA

We start our discussion of the diphoton excess by performing a ⇥2 analysis of the current

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

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

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

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

production cross-section, ��� � �(pp ⇥ X)13BR��, at 13 TeV?

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

already now, though, by comparing the LHC data collected at the 8TeV and 13TeV center

of mass energies. For this purpose, we examine the dependence of the current experimental

results on the ratio between the 8TeV and the 13TeV S production rates

R13/8 �
�(pp ⇥ S)13
�(pp ⇥ S)8

. (1)

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

mation on the production mechanism because di�erent parton luminosities scale di�erently

with collider energy.

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

EW 2016 updates, by ATLAS [2] and CMS [4, 5] and distinguish between the narrow and
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We start our discussion of the diphoton excess by performing a ⇥2 analysis of the current

publicly available ATLAS and CMS data. Our analysis addresses the following questions:
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and CMS data? (ii) What is the preferred production channel for S? (iii) What is the
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of mass energies. For this purpose, we examine the dependence of the current experimental
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Diagnosing a di-photon 
resonance at LHC

ATLAS data prefers sizable width:  
CMS excesses in both 8TeV and 13TeV data more 
significant if narrow - currently no preference for S width 

CMS cuts more inclusive (pTγ>75GeV) 

ATLAS excess slightly more significant for harder 
(pTγ1(2)>0.4(0.3)mγγ) cuts - currently no preference of spin 
0,2

�/M ' 0.06
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Figure 1: The significance of the diphoton excess as a function of R13/8, the ratio of the 13TeV and

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

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

fit, respectively. The vertical lines indicate di�erent production mechanisms computed using the

NLO NNPDF 2.3 [30] pdf set.

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

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

distinguish between di�erent production channels and help resolve whether hidden decays

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

VBF cuts is an e⇤cient discriminator between gluon fusion and heavy quark production.

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

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

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

The paper is organized as follows. In Section II we present an updated fit of the resonance

to the most recent ATLAS and CMS 13TeV and 8TeV analyses. In Sec. III we introduce

the EFT interactions of S to the SM particles, assuming S is either spin-0 and spin-2. In

Sec. IV we derive the correlations between branching ratios of S to di�erent EW gauge boson

pairs. Section V discusses the importance of searching for the potential VBF production

of S, while Sec. VI considers the implications of simultaneous measurements of the VBF

production rate and the total width. We conclude in Sec. VII.
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Improving 8TeV vs. 13TeV 
compatibility

Ratio of production cross sections increases with inv. 
mass
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Figure 10: Ratio of pp cross sections at
⇤
s = 13TeV and 8TeV for producing a narrow

resonance S with mass M computed for di�erent initial partons, compared to the inverse ratio
of luminosities accumulated by CMS (upper) and ATLAS (lower). This reflects the relationship
of the total number of events observed between 8 and 13TeV, but does not reflect the significance,
which depends additionally on the background at the two energies.

the signal/background ratio is obtained if the 750 GeV diphoton resonance originates from the
decay of a heavier resonance, according to the process depicted in fig. 11. This scenario could
arise in both perturbative or strongly coupled models. Here we will just consider the generic
predictions.

6.1 General framework

The basic framework is that a heavy “parent” resonance P is produced at the LHC, pp ⇥ P .
Then P decays to a 750 GeV resonance S and another state R. Finally R decays to final
state particles which evade detection. If they are dark matter particles we will denote them
by �. Alternatively, R may also cascade through hidden sector states terminating in a large
multiplicity of soft hadrons, as may occur in ‘Hidden Valley’ scenarios [53]. As these additional
states evade detection the only observed end product is S, which decays to two photons. Let
us first consider the case that � is a stable dark matter particle.

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

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

36



If S only couples to production channel & photons, the 
system completely constrained 

⇒ Room for additional decay modes
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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). 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

⌃
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
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 �.
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Possible decay channels of 
S

Many existing 8TeV (and some 13TeV) searches for (spin 
0/2 narrow/wide) 750GeV resonances in SM final states

1512.04933

final ⇤ at
⇧
s = 8TeV implied bound on

state f observed expected ref. �(S ⌅ f)/�(S ⌅ ��)obs
�� < 1.5 fb < 1.1 fb [6, 7] < 0.8 (r/5)

e+e�, µ+µ� < 1.2 fb < 1.2 fb [8] < 0.6 (r/5)
⌅+⌅� < 12 fb < 15 fb [9] < 6 (r/5)
Z� < 11 fb < 11 fb [10] < 6 (r/5)
ZZ < 12 fb < 20 fb [11] < 6 (r/5)
Zh < 19 fb < 28 fb [12] < 10 (r/5)
hh < 39 fb < 42 fb [13] < 20 (r/5)

W+W� < 40 fb < 70 fb [14,15] < 20 (r/5)
tt̄ < 450 fb < 600 fb [16] < 300 (r/5)

invisible < 0.8 pb - [17] < 400 (r/5)
bb̄ <� 1 pb <� 1 pb [18] < 500 (r/5)
jj <� 2.5 pb - [5] < 1300 (r/5)

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

final states produced through a resonance with M = 750GeV and �/M ⇥ 0.06. Assuming that
the production cross section grows as r = ⇤13TeV/⇤8TeV ⇥ 5, and that S ⌅ �� fits the central
value of the �� anomaly, we show in the last column the upper bounds on the partial widths in
di�erent channels. Similar analyses claim a bound on the jj cross section which is weaker by
a factor of few, and with a surprisingly large dependence on the assumed width and shape.

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

and at

�(S ⌅ ��)

M
= 0.008

�
�

M
⇥ 0.002 i.e. BR(S ⌅ ��) ⇥ 0.008

�
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

⇧
s = 8 TeV [5] rule

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

In order to relax this constraint, it is useful to consider extra decay channels beyond ��
and gg. Table 1 summarises the upper bounds on cross sections at 8 TeV due to an s-channel
narrow resonance at 750GeV, decaying into various final states. In the last column of the table,
the limit on the 8 TeV cross section is translated into a limit on the partial decay width, in
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Implications of weak isospin 
invariance

SU(2)L invariance correlates different EW final states 

More generally can write decay amplitude sum rules

be equally or more important, provided there exists a mechanism of protection for the Higgs
potential, as it happens in any natural scenario of electroweak symmetry breaking.

In the limit MW,Z,h ⇤ M one can neglect the small mixing between S and h, with angle
tan 2⇤ =

⌃
2/⌅Mh⇥S/(M2

S �M2
h), finding 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
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+
cot2 ⇤W

⇥̃W

⇥2
⌅

+
M

128⇧

�
M

⇥H
+

2⇥S

M

⇥2

,

�(S ⌅ W+W�) ⇥ 2⇧�2M

sin4 ⇤W

�
M2

⇥2
W

+
M2

⇥̃2
W

⇥
+

M

64⇧

�
M

⇥H
+

2⇥S

M

⇥2

,

�(S ⌅ hh) ⇥ M

128⇧

�
M

⇥H
+

2⇥S

M

⇥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
Z⇥, ZZ,WW rates induced by SW 2

µ⇥ exceed the bounds in table 1 by a factor of few. In the

presence of both operators, the bounds are satisfied for �0.2 < ⇥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⇥
⇧

p

T (p)
µ⇥

⇥p
, (17)
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In case that S is a pseudo-scalar there is a smaller number dimension 5 operators that

we can write

L(5),PS
int =⌅̃g

�s

4⇧mS
SGa

µ⇤G̃
aµ⇤ + ⌅̃B

�

4⇧c2WmS
SBµ⇤B̃

µ⇤ + ⌅̃W
�

4⇧s2WmS
SW a

µ⇤W̃
aµ⇤+

� ⌅̃d

mS
SQ̄L⇥5dRH � ⌅̃u

mS
SQ̄L⇥5uRH

c � ⌅̃�

mS
SL̄L⇥5⇣RH + h.c..

(10)

III. CORRELATIONS BETWEEN DI-BOSON FINAL STATES

The correlations between the branching ratios of S to the pairs of gauge fields was dis-

cussed by several authors with focusing on dimension-5 operators which are loop induced []

or in a context of a specific model []. Here we consider the general case under the assumption

that the EFT described in section II is valid.

In absence of S couplings to the Higgs, i.e. ⇤ = 0, one can rewrite the equalities of

Eqs. (5)–(7) purely in terms of observables - decay amplitude moduli. We start by defining

the dimensionless normalized amplitude moduli (up to a sign) (JFK: CP even phases?)

Af ⇤ ±4

�
⇧�f

mS⇤f
. (11)

Here ⇤f encode the small kinematical (phase space) corrections for massive final state par-

ticles in f = ⇥Z, ZZ and WW . In particular ⇤�Z:ZZ:WW = 0.99 : 0.89 : 0.91. One can now

identify three amplitude sum rules relating A�� to A�Z , AZZ and AWW independent of the

underlying parameters (⌅f ) of the theory

AZZc
2
W +A��s

2
W =

c2W � s2W⌃
2

AWW , (12)

AWW +
⌃
2A�� =

cW
sW

A�Z , (13)

AZZ +A�� =
c2W � s2W⌃
2sW cW

A�Z , (14)

AWW � 1⌃
2
AZZ =

sW
cW

A�Z . (15)

It is now obvious that a non-vanishing A�� implies that decays to at least two other final

states should occur. Also, in case one additional Af is measured or severely constrained,

the remaining rates could be accurately predicted .

Next, we move our discussion to the level ratios of branching ratios. The rates for two
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Figure 4: RZZ (red) and RWW (blue) as function of RZ� for � = 0. Left: linear scale, Right:

log-log scale. The horizontal dashed lines are the current upper bounds on RWW,ZZ � 6.5, 22, the

vertical dashed line is the upper bound RZ� < 3.5, while the ticks on the solid lines denote the

corresponding values of rBW . For each RZ� there are two solutions for RZZ,WW , shown by the

lower and upper curves. We denote the lower (upper) curves as branch 1 (branch 2).

S ⇤ Z�, RZ� = 0, one has RZZ = 1 and RWW = 2. If RZZ = 0, then RZ� ⇥ 1.2 and

RWW ⇥ 0.37 or RWW ⇥ 12. For RWW = 0, one has RZ� ⇥ 0.6 with either RZZ ⇥ 0.09

or RZZ ⇥ 2.9 . We conclude that in the limit of ⇥ = 0 at least two of the ratios should

deviate from zero, in accordance with amplitude sum rules in (49)–(52). For RZ� ⌅ 1 the

two remaining ratios, RZZ and RWW , are suppressed, see Fig. 4 right. Nevertheless, the

RZZ and RWW are never zero simultaneously. Finally, note that establishing upper bounds

RZZ,WW � 0.4 and RZ� � 0.2, (61)

would exclude the ⇥ = 0 case.

Next, we discuss the general case keeping ⇥ ⇧= 0. In Fig. 5 we show contours of RWW

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

of RZ� � RZZ . The two panels in Fig. 5 show the two solutions for RWW , which we call

branch 1 and branch 2. We see that when RZ� = 0 both RZZ and RWW need to be nonzero.

Similar conclusions apply if RZZ = 0 or RWW = 0. This means that even for ⇥ ⇧= 0 at least

two of the ratios, RZ�, RZZ , and RWW , need to be nonzero.
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Figure 5: Contours of RWW in the RZ� � RZZ plane, with theoretically allowed region shaded

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

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

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

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

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

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

mediated by a dimension 9 operator,

L9 ⇥
1

m5
S

S(gBµ⇤H
†H � g�W i

µ⇤H
†⇤iH)2 . (62)

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

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

with no indication of decays to other di-boson states, this would signal a breakdown of EFT.

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

interaction with the SM gauge field are given in Eq. (23). The di�erent ratios, RZ�,ZZ,WW

are all controlled by one ratio of parameters, ⇥̃B/⇥̃W . The discussion is thus the same as in

the case of a scalar S, but with � = 0. Therefore, the correlations shown in Fig. 4 also hold

for the pseudoscalar case.

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

a SU(2)L singlet S can be invalidated if S is part of a larger weak multiplet. If S is one of the
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SU(2)L invariance correlates different EW final states 

⇒ At least two additional EW modes non-vanishing

1603.06566
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Candidates in strongly coupled models

Scalar resonances 

pseudo-Goldstones 

Dilaton 

Techni-eta’s 

Q-onium 

Can also be (re)interpreted in models with extra dimensions: 
e.g. Dilaton = radion; special role: spin-2 (KK graviton)

}
} Composite Higgs models 

(addressing EW hierarchy)

Vector-like Confinement 
(not directly related to EW scale)
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