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The basics
  

is there any X in pp → γγ X

which proton constituents are initials states? 
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Comparison with 8 TeV

J
H
E
P
0
3
(
2
0
1
6
)
1
4
4

at 13TeV. 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 → γγ where S is a new

uncoloured boson with mass M , spin J , and width Γ, coupled to partons in the proton.

The signal cross section at proton centre-of-mass energy
√
s (= 8 or 13TeV) is

σ(pp→ S → γγ) =
2J + 1

MΓs

[∑

℘

C℘℘̄Γ(S → ℘℘̄)

]
Γ(S → γγ) , (2.1)

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, γ}. The 2J +1 factor could be reabsorbed by redefining the

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. (2.1) is

concerned, without loss of generality, we can focus on a spin-0 resonance. The dimensionless

partonic integrals are

Cgg =
π2

8

∫ 1

M2/s

dx

x
g(x)g

(
M2

sx

)
, (2.2a)

Cγγ = 8π2
∫ 1

M2/s

dx

x
γ(x)γ

(
M2

sx

)
, (2.2b)

Cqq̄ =
4π2

9

∫ 1

M2/s

dx

x

[
q(x)q̄

(
M2

sx

)
+ q̄(x)q

(
M2

sx

)]
. (2.2c)

Their numerical values, computed for a resonance at M = 750GeV using the MSTW2008-

NLO [7] set of pdfs evaluated at the scale µ = M , are:

√
s Cbb̄ Ccc̄ Css̄ Cdd̄ Cuū Cgg Cγγ

8TeV 1.07 2.7 7.2 89 158 174 11

13TeV 15.3 36 83 627 1054 2137 54

, (2.3)

where Cγγ has a 100% uncertainty if extracted purely from data without relying on the-

ory. On the other hand, the values of Cγγ are reliably extracted from theory, assum-

ing that quark splittings into photons dominate the photon pdf. Thus, the gain factors

r = σ13TeV/σ8TeV = [C℘℘/s]13TeV/[C℘℘/s]8TeV from 8 to 13TeV are

rbb̄ rcc̄ rss̄ rdd̄ ruū rgg rγγ
5.4 5.1 4.3 2.7 2.5 4.7 1.9

. (2.4)

Higher order QCD corrections (not included here) can modify the numbers in eq. (2.3) by

K factors of order unity. Typical values at NLO are Kgg = 1.5 and Kqq̄ = 1.2 (cf. [8, 9]).

These corrections depend on the specific channel but negligibly depend on
√
s because we
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Figure 13: Distribution of the invariant mass of the two photons in the 8 TeV data: (a) for the selection optimized
for the search of a spin-0 particle, (b) for the selection optimized for the search of spin-2 particle. The data are
compared to the best background-only fit.

25

the Monte-Carlo extrapolation approach discussed in Section 6.1 and the uncertainty on the shape of the
background mass distribution is shown in Figure 4. The uncertainties on the normalization of the signal
yield, discussed in Section 4.4, a�ect only the limits on the production cross sections.

8.1 Results of the search for a spin-0 resonance
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Figure 5: Distribution of the invariant mass of the diphoton candidates for the selection used in the search for a
spin-0 resonance with the best background-only fit (top). The di�erence between the data and this fit is shown in
the bottom panel. The arrows indicate values outside the range shown in the bottom panel.

Figure 5 shows the diphoton invariant mass distribution for the selection optimized for the spin-0 resonance
search together with the best background-only fit (N

S

=0).

The compatibility with the background-only hypothesis, quantified with the local p0-value, is shown in
Figure 6 as a function of the hypothesized resonance mass and width for the spin-0 search. For small
assumed signal widths, the local significance is slightly overestimated because it does not include the
e�ective additional look-elsewhere e�ect induced by the resolution uncertainty. This uncertainty is taken
into account when estimating the global significance.

The largest deviation is observed near a mass of 750 GeV. It corresponds to a local excess over the
background-only hypothesis of 3.9 standard deviations, for a width of ⇡ 45 GeV. The global significance
evaluated using the search region of 200 � 2000 GeV in mass and 1% � 10% in �

X

/m
X

is 2.0 standard
deviations. The statistical uncertainty from the number of pseudo-experiments is ±0.1.

The local significance of the excess with floating width reported here, 3.9 standard deviations, is compatible
with that reported in Ref. [17], where also a narrow-width fit was performed. The global significance
of the floating-width excess reported here is lower than that reported in Ref. [17] due to an improved
estimation using pseudo-experiments.

17
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at 13TeV. 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 → γγ where S is a new

uncoloured boson with mass M , spin J , and width Γ, coupled to partons in the proton.
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NLO [7] set of pdfs evaluated at the scale µ = M , are:

√
s Cbb̄ Ccc̄ Css̄ Cdd̄ Cuū Cgg Cγγ

8TeV 1.07 2.7 7.2 89 158 174 11

13TeV 15.3 36 83 627 1054 2137 54

, (2.3)

where Cγγ has a 100% uncertainty if extracted purely from data without relying on the-

ory. On the other hand, the values of Cγγ are reliably extracted from theory, assum-

ing that quark splittings into photons dominate the photon pdf. Thus, the gain factors

r = σ13TeV/σ8TeV = [C℘℘/s]13TeV/[C℘℘/s]8TeV from 8 to 13TeV are

rbb̄ rcc̄ rss̄ rdd̄ ruū rgg rγγ
5.4 5.1 4.3 2.7 2.5 4.7 1.9

. (2.4)

Higher order QCD corrections (not included here) can modify the numbers in eq. (2.3) by

K factors of order unity. Typical values at NLO are Kgg = 1.5 and Kqq̄ = 1.2 (cf. [8, 9]).

These corrections depend on the specific channel but negligibly depend on
√
s because we
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that the resonant production is initiated by bb̄.

resonance. The dimensionless partonic integrals are

Cgg =
⇡2

8

Z
1

M2/s

dx

x
g(x)g(

M2

sx
), (3a)

Cqq̄ =
4⇡2

9

Z
1

M2/s

dx

x


q(x)q̄(

M2

sx
) + q̄(x)q(

M2

sx
)

�
. (3b)

Their numerical values, computed for a resonance atM = 750GeV using the MSTW2008NLO [4]
set of pdfs evaluated at the scale µ = M , are:
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8TeV 1.07 2.7 7.2 89 158 174
13TeV 15.3 36 83 627 1054 2137

(4)
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at 13TeV. 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 → γγ where S is a new

uncoloured boson with mass M , spin J , and width Γ, coupled to partons in the proton.
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]
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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, γ}. The 2J +1 factor could be reabsorbed by redefining the

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. (2.1) is

concerned, without loss of generality, we can focus on a spin-0 resonance. The dimensionless

partonic integrals are
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Their numerical values, computed for a resonance at M = 750GeV using the MSTW2008-

NLO [7] set of pdfs evaluated at the scale µ = M , are:

√
s Cbb̄ Ccc̄ Css̄ Cdd̄ Cuū Cgg Cγγ

8TeV 1.07 2.7 7.2 89 158 174 11

13TeV 15.3 36 83 627 1054 2137 54

, (2.3)

where Cγγ has a 100% uncertainty if extracted purely from data without relying on the-

ory. On the other hand, the values of Cγγ are reliably extracted from theory, assum-

ing that quark splittings into photons dominate the photon pdf. Thus, the gain factors

r = σ13TeV/σ8TeV = [C℘℘/s]13TeV/[C℘℘/s]8TeV from 8 to 13TeV are

rbb̄ rcc̄ rss̄ rdd̄ ruū rgg rγγ
5.4 5.1 4.3 2.7 2.5 4.7 1.9

. (2.4)

Higher order QCD corrections (not included here) can modify the numbers in eq. (2.3) by

K factors of order unity. Typical values at NLO are Kgg = 1.5 and Kqq̄ = 1.2 (cf. [8, 9]).

These corrections depend on the specific channel but negligibly depend on
√
s because we
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region is excluded by searches for dijet resonances at Run 1. The upper and right axes show
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Their numerical values, computed for a resonance atM = 750GeV using the MSTW2008NLO [4]
set of pdfs evaluated at the scale µ = M , are:
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particles, possibly related to dark matter, or to undetected soft radiation. Conclusions are

presented in section 7.
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We start by interpreting the excess as the resonant process pp→ S → γγ where S is a new

uncoloured boson with mass M , spin J , and width Γ, coupled to partons in the proton.
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]
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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, γ}. The 2J +1 factor could be reabsorbed by redefining the

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. (2.1) is

concerned, without loss of generality, we can focus on a spin-0 resonance. The dimensionless
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Their numerical values, computed for a resonance at M = 750GeV using the MSTW2008-

NLO [7] set of pdfs evaluated at the scale µ = M , are:

√
s Cbb̄ Ccc̄ Css̄ Cdd̄ Cuū Cgg Cγγ

8TeV 1.07 2.7 7.2 89 158 174 11

13TeV 15.3 36 83 627 1054 2137 54

, (2.3)

where Cγγ has a 100% uncertainty if extracted purely from data without relying on the-

ory. On the other hand, the values of Cγγ are reliably extracted from theory, assum-

ing that quark splittings into photons dominate the photon pdf. Thus, the gain factors

r = σ13TeV/σ8TeV = [C℘℘/s]13TeV/[C℘℘/s]8TeV from 8 to 13TeV are

rbb̄ rcc̄ rss̄ rdd̄ ruū rgg rγγ
5.4 5.1 4.3 2.7 2.5 4.7 1.9

. (2.4)

Higher order QCD corrections (not included here) can modify the numbers in eq. (2.3) by

K factors of order unity. Typical values at NLO are Kgg = 1.5 and Kqq̄ = 1.2 (cf. [8, 9]).

These corrections depend on the specific channel but negligibly depend on
√
s because we
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the values of the operator coe�cients defined in eq. (9). Right: The analogous plot, assuming

that the resonant production is initiated by bb̄.
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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

8TeV 1.07 2.7 7.2 89 158 174
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at 13TeV. 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 → γγ where S is a new

uncoloured boson with mass M , spin J , and width Γ, coupled to partons in the proton.

The signal cross section at proton centre-of-mass energy
√
s (= 8 or 13TeV) is

σ(pp→ S → γγ) =
2J + 1

MΓs

[∑

℘

C℘℘̄Γ(S → ℘℘̄)

]
Γ(S → γγ) , (2.1)

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, γ}. The 2J +1 factor could be reabsorbed by redefining the

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. (2.1) is

concerned, without loss of generality, we can focus on a spin-0 resonance. The dimensionless

partonic integrals are

Cgg =
π2
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Their numerical values, computed for a resonance at M = 750GeV using the MSTW2008-

NLO [7] set of pdfs evaluated at the scale µ = M , are:

√
s Cbb̄ Ccc̄ Css̄ Cdd̄ Cuū Cgg Cγγ

8TeV 1.07 2.7 7.2 89 158 174 11

13TeV 15.3 36 83 627 1054 2137 54

, (2.3)

where Cγγ has a 100% uncertainty if extracted purely from data without relying on the-

ory. On the other hand, the values of Cγγ are reliably extracted from theory, assum-

ing that quark splittings into photons dominate the photon pdf. Thus, the gain factors

r = σ13TeV/σ8TeV = [C℘℘/s]13TeV/[C℘℘/s]8TeV from 8 to 13TeV are

rbb̄ rcc̄ rss̄ rdd̄ ruū rgg rγγ
5.4 5.1 4.3 2.7 2.5 4.7 1.9

. (2.4)

Higher order QCD corrections (not included here) can modify the numbers in eq. (2.3) by

K factors of order unity. Typical values at NLO are Kgg = 1.5 and Kqq̄ = 1.2 (cf. [8, 9]).

These corrections depend on the specific channel but negligibly depend on
√
s because we
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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
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at 13TeV. 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 → γγ where S is a new

uncoloured boson with mass M , spin J , and width Γ, coupled to partons in the proton.

The signal cross section at proton centre-of-mass energy
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s (= 8 or 13TeV) is
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]
Γ(S → γγ) , (2.1)

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, γ}. The 2J +1 factor could be reabsorbed by redefining the

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. (2.1) is
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Their numerical values, computed for a resonance at M = 750GeV using the MSTW2008-

NLO [7] set of pdfs evaluated at the scale µ = M , are:

√
s Cbb̄ Ccc̄ Css̄ Cdd̄ Cuū Cgg Cγγ

8TeV 1.07 2.7 7.2 89 158 174 11

13TeV 15.3 36 83 627 1054 2137 54

, (2.3)

where Cγγ has a 100% uncertainty if extracted purely from data without relying on the-

ory. On the other hand, the values of Cγγ are reliably extracted from theory, assum-

ing that quark splittings into photons dominate the photon pdf. Thus, the gain factors

r = σ13TeV/σ8TeV = [C℘℘/s]13TeV/[C℘℘/s]8TeV from 8 to 13TeV are
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. (2.4)

Higher order QCD corrections (not included here) can modify the numbers in eq. (2.3) by

K factors of order unity. Typical values at NLO are Kgg = 1.5 and Kqq̄ = 1.2 (cf. [8, 9]).

These corrections depend on the specific channel but negligibly depend on
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13TeV 15.3 36 83 627 1054 2137

(4)

Thus, the gain factors r = �
13TeV

/�
8TeV

= [Cgg/s]13TeV/[Cgg/s]8TeV from 8 to 13 TeV are

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

(5)
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Figure 1. Left (a): the yellow region describes the range of Γ(S → gg)/M and Γ(S → γγ)/M in
which the diphoton rate can be fitted as gg → S → γγ. Its upper boundary is the green band (at
1σ and 2σ) in which the total width is Γ/M ≈ 0.06, as suggested by data. Its lower boundary is
the blue band, which assumes a minimal total width Γ = Γ(S → gg)+Γ(S → γγ). The grey region
is excluded by searches for dijet resonances at Run 1 and is conservatively computed assuming
Γ = Γgg + Γγγ . The upper and right axes show the values of the operator coefficients defined in
eq. (2.9). 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.

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

γγ and gg. Table 1 summarises the upper bounds on cross sections at 8TeV 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 8TeV 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 = σ13TeV/σ8TeV is about 5 for resonances produced from gluons

(as well as bottom quarks), see eq. (2.4). The first entry in the table shows that rescaling

the 8TeV 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 Γ/M ≈ 0.06 cannot be reproduced without

entering in conflict also with eq. (2.7). On the other hand, the weakest bound corresponds

to a peak in the dijet distribution. As long as the simplest decay channels are considered,
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Figure 1: Maximal ��� generated by a fermionic loop compatible with perturbativity considering

a 750GeV scalar (dashed curves) or pseudo-scalar (continuous curves) with a CP-conserving

Yukawa coupling. The green band shows the value of ��� favored by the 750GeV excess, as-

suming that S has a narrow (lower) or broad (upper) width.

(pseudo-scalar). y and ỹ have the same RGE, and ỹ contributes more to S ! �� than y (see
e.g. [2]). If S is a pseudo-scalar the loop function is maximal at M = MS/2, giving

���
M

⇡ 0.6 10�6N2ỹ2Y 4. (2)

Allowing SU(N) to become a gauge symmetry with gauge constant g, the relevant RGE are

(4⇡)2�gY = g3Y (
41

6
+

4N

3
Y 2) (3a)

(4⇡)2�g = �bg3 b =
11

3
N � 2

3
� · · · (3b)

(4⇡)2�y = (2N + 3)y3 � y(6g2Y Y
2 + 3

N2 � 1

N
g2) (3c)

(4⇡)2��S = 72�2
S + 2Ny2(4�S � y2) (3d)

where �✓ ⌘ d✓/d lnµ and · · · denotes the contribution of extra possible particles charged under
SU(N). For simplicity, we assumed a vanishing quartic coupling |S|2|H|2.1

1This coupling was considered in [8] and helps in stabilising the electroweak vacuum [9].
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Figure 1. Left (a): the yellow region describes the range of Γ(S → gg)/M and Γ(S → γγ)/M in
which the diphoton rate can be fitted as gg → S → γγ. Its upper boundary is the green band (at
1σ and 2σ) in which the total width is Γ/M ≈ 0.06, as suggested by data. Its lower boundary is
the blue band, which assumes a minimal total width Γ = Γ(S → gg)+Γ(S → γγ). The grey region
is excluded by searches for dijet resonances at Run 1 and is conservatively computed assuming
Γ = Γgg + Γγγ . The upper and right axes show the values of the operator coefficients defined in
eq. (2.9). 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.

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

γγ and gg. Table 1 summarises the upper bounds on cross sections at 8TeV 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 8TeV 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 = σ13TeV/σ8TeV is about 5 for resonances produced from gluons

(as well as bottom quarks), see eq. (2.4). The first entry in the table shows that rescaling

the 8TeV 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 Γ/M ≈ 0.06 cannot be reproduced without

entering in conflict also with eq. (2.7). On the other hand, the weakest bound corresponds

to a peak in the dijet distribution. As long as the simplest decay channels are considered,
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Figure 1: Maximal ��� generated by a fermionic loop compatible with perturbativity considering

a 750GeV scalar (dashed curves) or pseudo-scalar (continuous curves) with a CP-conserving

Yukawa coupling. The green band shows the value of ��� favored by the 750GeV excess, as-

suming that S has a narrow (lower) or broad (upper) width.

(pseudo-scalar). y and ỹ have the same RGE, and ỹ contributes more to S ! �� than y (see
e.g. [2]). If S is a pseudo-scalar the loop function is maximal at M = MS/2, giving

���
M

⇡ 0.6 10�6N2ỹ2Y 4. (2)

Allowing SU(N) to become a gauge symmetry with gauge constant g, the relevant RGE are

(4⇡)2�gY = g3Y (
41

6
+

4N

3
Y 2) (3a)

(4⇡)2�g = �bg3 b =
11
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(4⇡)2��S = 72�2
S + 2Ny2(4�S � y2) (3d)

where �✓ ⌘ d✓/d lnµ and · · · denotes the contribution of extra possible particles charged under
SU(N). For simplicity, we assumed a vanishing quartic coupling |S|2|H|2.1

1This coupling was considered in [8] and helps in stabilising the electroweak vacuum [9].

3

1512.08307

1602.01460

ỹ

1512.08500



Spin-0
focus on a weak singlet for simplicity 

Figure 1: Maximal ��� generated by a fermionic loop compatible with perturbativity considering

a 750GeV scalar (dashed curves) or pseudo-scalar (continuous curves) with a CP-conserving

Yukawa coupling. The green band shows the value of ��� favored by the 750GeV excess, as-

suming that S has a narrow (lower) or broad (upper) width.

(pseudo-scalar). y and ỹ have the same RGE, and ỹ contributes more to S ! �� than y (see
e.g. [2]). If S is a pseudo-scalar the loop function is maximal at M = MS/2, giving
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where �✓ ⌘ d✓/d lnµ and · · · denotes the contribution of extra possible particles charged under
SU(N). For simplicity, we assumed a vanishing quartic coupling |S|2|H|2.1

1This coupling was considered in [8] and helps in stabilising the electroweak vacuum [9].
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Figure 1. Left (a): the yellow region describes the range of Γ(S → gg)/M and Γ(S → γγ)/M in
which the diphoton rate can be fitted as gg → S → γγ. Its upper boundary is the green band (at
1σ and 2σ) in which the total width is Γ/M ≈ 0.06, as suggested by data. Its lower boundary is
the blue band, which assumes a minimal total width Γ = Γ(S → gg)+Γ(S → γγ). The grey region
is excluded by searches for dijet resonances at Run 1 and is conservatively computed assuming
Γ = Γgg + Γγγ . The upper and right axes show the values of the operator coefficients defined in
eq. (2.9). 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.

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

γγ and gg. Table 1 summarises the upper bounds on cross sections at 8TeV 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 8TeV 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 = σ13TeV/σ8TeV is about 5 for resonances produced from gluons

(as well as bottom quarks), see eq. (2.4). The first entry in the table shows that rescaling

the 8TeV 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 Γ/M ≈ 0.06 cannot be reproduced without

entering in conflict also with eq. (2.7). On the other hand, the weakest bound corresponds

to a peak in the dijet distribution. As long as the simplest decay channels are considered,
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Figure 1: Maximal ��� generated by a fermionic loop compatible with perturbativity considering

a 750GeV scalar (dashed curves) or pseudo-scalar (continuous curves) with a CP-conserving

Yukawa coupling. The green band shows the value of ��� favored by the 750GeV excess, as-

suming that S has a narrow (lower) or broad (upper) width.

(pseudo-scalar). y and ỹ have the same RGE, and ỹ contributes more to S ! �� than y (see
e.g. [2]). If S is a pseudo-scalar the loop function is maximal at M = MS/2, giving
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⇡ 0.6 10�6N2ỹ2Y 4. (2)

Allowing SU(N) to become a gauge symmetry with gauge constant g, the relevant RGE are
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where �✓ ⌘ d✓/d lnµ and · · · denotes the contribution of extra possible particles charged under
SU(N). For simplicity, we assumed a vanishing quartic coupling |S|2|H|2.1

1This coupling was considered in [8] and helps in stabilising the electroweak vacuum [9].
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Figure 4: Maximal ��� generated by a scalar loop compatibly with vacuum stability (dashed

curves) or by meta-stability (continuous curves) as function of the scale at which the theory

becomes non-perturbative. The upper curves in black refer to a generic set of scalars; the lower

curves to some special case: a single scalar (N = 1) with unity hypercharge (Y = 1), multiple

fields (blue, N = 3), bigger hypercharge (green, Y = 3) and both (magenta, N = Y = 3).
The maximal ��� is obtained for MX = MS/2 (left panel); in the right panel we consider

MX = 1TeV, which is allowed by LHC data if the scalar fields are colored.
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Figure 1: Maximal ��� generated by a fermionic loop compatible with perturbativity considering

a 750GeV scalar (dashed curves) or pseudo-scalar (continuous curves) with a CP-conserving

Yukawa coupling. The green band shows the value of ��� favored by the 750GeV excess, as-

suming that S has a narrow (lower) or broad (upper) width.
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e.g. [2]). If S is a pseudo-scalar the loop function is maximal at M = MS/2, giving
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where �✓ ⌘ d✓/d lnµ and · · · denotes the contribution of extra possible particles charged under
SU(N). For simplicity, we assumed a vanishing quartic coupling |S|2|H|2.1

1This coupling was considered in [8] and helps in stabilising the electroweak vacuum [9].
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Figure 1. Left (a): the yellow region describes the range of Γ(S → gg)/M and Γ(S → γγ)/M in
which the diphoton rate can be fitted as gg → S → γγ. Its upper boundary is the green band (at
1σ and 2σ) in which the total width is Γ/M ≈ 0.06, as suggested by data. Its lower boundary is
the blue band, which assumes a minimal total width Γ = Γ(S → gg)+Γ(S → γγ). The grey region
is excluded by searches for dijet resonances at Run 1 and is conservatively computed assuming
Γ = Γgg + Γγγ . The upper and right axes show the values of the operator coefficients defined in
eq. (2.9). 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.

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

γγ and gg. Table 1 summarises the upper bounds on cross sections at 8TeV 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 8TeV 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 = σ13TeV/σ8TeV is about 5 for resonances produced from gluons

(as well as bottom quarks), see eq. (2.4). The first entry in the table shows that rescaling

the 8TeV 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 Γ/M ≈ 0.06 cannot be reproduced without

entering in conflict also with eq. (2.7). On the other hand, the weakest bound corresponds

to a peak in the dijet distribution. As long as the simplest decay channels are considered,
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Figure 1: Maximal ��� generated by a fermionic loop compatible with perturbativity considering

a 750GeV scalar (dashed curves) or pseudo-scalar (continuous curves) with a CP-conserving

Yukawa coupling. The green band shows the value of ��� favored by the 750GeV excess, as-

suming that S has a narrow (lower) or broad (upper) width.

(pseudo-scalar). y and ỹ have the same RGE, and ỹ contributes more to S ! �� than y (see
e.g. [2]). If S is a pseudo-scalar the loop function is maximal at M = MS/2, giving

���
M

⇡ 0.6 10�6N2ỹ2Y 4. (2)

Allowing SU(N) to become a gauge symmetry with gauge constant g, the relevant RGE are
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where �✓ ⌘ d✓/d lnµ and · · · denotes the contribution of extra possible particles charged under
SU(N). For simplicity, we assumed a vanishing quartic coupling |S|2|H|2.1

1This coupling was considered in [8] and helps in stabilising the electroweak vacuum [9].
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a 750GeV scalar (dashed curves) or pseudo-scalar (continuous curves) with a CP-conserving

Yukawa coupling. The green band shows the value of ��� favored by the 750GeV excess, as-

suming that S has a narrow (lower) or broad (upper) width.
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e.g. [2]). If S is a pseudo-scalar the loop function is maximal at M = MS/2, giving
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SU(N). For simplicity, we assumed a vanishing quartic coupling |S|2|H|2.1

1This coupling was considered in [8] and helps in stabilising the electroweak vacuum [9].
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Figure 4: Maximal ��� generated by a scalar loop compatibly with vacuum stability (dashed

curves) or by meta-stability (continuous curves) as function of the scale at which the theory

becomes non-perturbative. The upper curves in black refer to a generic set of scalars; the lower

curves to some special case: a single scalar (N = 1) with unity hypercharge (Y = 1), multiple

fields (blue, N = 3), bigger hypercharge (green, Y = 3) and both (magenta, N = Y = 3).
The maximal ��� is obtained for MX = MS/2 (left panel); in the right panel we consider

MX = 1TeV, which is allowed by LHC data if the scalar fields are colored.

following RGEs:

(4⇡)2��HX
= �HX
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4(1 +N)�X � (36Y 2 + 9)g21
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� 9g22
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25
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(4⇡)2�yt = yt

✓
9

2
y2t �

17g21
20

� 8g23 �
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Figure 7. Contour plot of the scale ΛCUT where a model with a scalar S coupled to Nf fermions
Qf of mass Mf in the color representation df , becomes non-perturbative. Upper plots assume
Γ/M = 0.06 and display the effect of fermions in the fundamental (left) and adjoint (right) color
representation. Shaded bands correspond to the constraints from pp → S → invisible (pp → S →
jj) assuming the width is reproduced by invisible decays (light) or decays into jets (dark) and to
constraints from the EW Y-parameter (dark). The coupling that becomes non-perturbative is g3 for
large Nf , g′ for large Y , and the Yukawa for small NfY 2. Lower-left: smaller width Γ/M = 0.01.
Lower-right: S couples to Nl light colourless fermions and gives a partial width compatible with
data if the total width is accounted for by invisible decays.

for the quantum numbers and the Yukawa coupling renormalized at the scale M . Here we

considered a scalar S with τf = 4M2
f /M

2 and S(τf ) defined before (for a pseudo-scalar

see below eq. (3.4b)). Fixing yf with the first of eq. (3.9), the second equation as well as

the demand of perturbativity from the RG equations can be conveniently represented as

constraints in the (N ′
f , Y ) plane, with N ′

f ≡ Nfdf the total number of degrees of freedom.

In the upper-left panel of figure 7 we present the results for the simplest case where f is

a colour triplet (df = 3), showing that in the bulk of parameter space the UV cut-off is

below a few TeV. Notice in particular that the second eq. (3.9) can be written as a lower

bound on Y/
√

Cf (light-shaded region in the plots). Starting from this case one can see

how things scale for a general colour representations df . By inspecting the RG equation

and using eq. (3.9) to solve for yf , the constraints from the absence of Landau poles have
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Other resonance channels
�(pp ! ��)

p
s = 8TeV

p
s = 13TeV

narrow broad narrow broad
CMS 0.63± 0.31 fb 0.99± 1.05 fb 4.8± 2.1 fb 7.7± 4.8 fb

ATLAS 0.21± 0.22 fb 0.88± 0.46 fb 5.5± 1.5 fb 7.6± 1.9 fb

final � at
p
s = 8TeV � at

p
s = 13TeV

state f observed expected ref. observed expected ref.

e+e�, µ+µ� < 1.2 fb < 1.2 fb [3] < 5 fb < 5 fb [78]
⌧+⌧� < 12 fb < 15 fb [3] < 60 fb < 67 fb [79]
Z� < 11 fb < 11 fb [3] < 28 fb < 40 fb [80]
ZZ < 12 fb < 20 fb [3] < 200 fb < 220 fb [81]
Zh < 19 fb < 28 fb [3] < 116 fb < 116 fb [82]
hh < 39 fb < 42 fb [3] < 120 fb < 110 fb [83]

W+W� < 40 fb < 70 fb [3] < 300 fb < 300 fb [84]
tt̄ < 450 fb < 600 fb [3]

invisible < 0.8 pb - [3]
bb̄ <⇠ 1 pb <⇠ 1 pb [3]
jj <⇠ 2.5 pb - [3]

Table 2: Upper box: signal rates. Lower box: bounds at 95% confidence level on pp cross sections

for various final states produced through a resonance with Mz = 750GeV and �/Mz ⇡ 0.06.

Here we extend the list of parton luminosity factors C} given in [3] by including massive SM
vectors, which can be either T ransverse or Longitudinal4

p
s Cb¯b Ccc̄ Css̄ Cd ¯d Cuū Cgg C�� CZLZL CZTZT CZT � CWLWL CWTWT

8TeV 1.07 2.7 7.2 89 158 174 11(8) 0.01 0.3 3.1 0.03 0.8
13TeV 15.3 36 83 627 1054 2137 54(64) 0.14 2.8 27 0.4 8

The gauge boson parton luminosity functions in the table are obtained convoluting the WL,T ,
ZL,T , and photon leading order splitting functions with the quark pdfs (“NNPDF30_lo_as_0118”
set [92]), evaluated at factorisation scale µW = MW , µZ = MZ and µ� = 10 GeV. The
two numbers for the C�� correspond to the photon luminosities obtained using the photon
pdfs in the “NNPDF30_lo_as_0118” set (outside parentheses) and the number obtained with
the aforementioned procedure (inside parentheses). These numbers come with a significant
uncertainty, due to the sensitivity on the aforementioned choice of renormalisation scale. We
have checked that they are able to reproduce, within a factor of two, the relevant processes
computed with MadGraph5 [93]. We consider this precision su�cient for our study, but we
stress that going to higher order splitting functions for the gauge bosons can make this error
smaller, which may be needed in the future. From the Table above we see that the C-factors
for longitudinal vector bosons are highly suppressed. Longitudinal vector boson fusion (VBF)

4We omit mixed LT contributions since they are suppressed by an additional power of M2
W,Z/M2

z, see
eq. (B.10).
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µγγ
13 (fb) m (GeV) Γ (GeV)

7 750 ≤ 45

Table 1. Signal strength in diphotons, mass and width suggested by the ATLAS and CMS analyses.

σ13TeV
σ8TeV

102× rγWW rγZZ rγZγ rγhh rγtt̄ rγτ τ̄ rγ
ℓℓ̄

rγgg

ATLAS 2.9 [5]∗ 3.0 [7] 13 [9]∗ 19 [10]∗ 4.1 [11]∗ 0.22 [13] 15 [15] 124 [17]∗ 0.14 [19]

CMS 4.0 [6] 0.5 [8] 4.6 [8] — 2.8 [12]∗ 0.33 [14] 7.4 [16] 114 [18]∗ 0.083 [20]∗

Table 2. Experimental lower bounds on the ratio of production cross sections at 13 and 8TeV,
and on 102 × rγXY from the 8TeV run of LHC, where rγXY ≡ Γγγ/ΓXY . We dub with a star *
the bounds where the width assumed in the corresponding experimental analysis is smaller than
45GeV.

the observed width-over-mass ratio Γ/m ≈ 6% would indicate that some of the effective

couplings gΦ of Φ to lighter states, either in the SM or beyond, should be somewhat sizeable,

ΓΦ

mΦ
∼
(
gΦ
4π

)2

πN ∼ 6%

(
gΦ
1

)2(N

3

)
, (1.1)

where N is the multiplicity factor of the final state, including polarizations. We are defining

the effective coupling gΦ in a loose sense through the decay amplitude M1→2 ∼ gΦmΦ. For

instance, the effective coupling of Φ in a derivative interaction such as cHΦ/f |DµH|2 is set

by the energy squared as gΦ ∼ cHE2/(fmΦ) = cHmΦ/f .1 The observed signal strength at

LHC Run-2, along with the exclusion bound on diphotons at LHC Run-1, are reported in

table 2. They place a lower bound on the ratio of production cross sections σ13TeV/σ8TeV !
4.0, that indicates that the dominant production mode of the new resonance could be

gluon fusion gg → Φ, for which (σ13TeV/σ8TeV)gg→Φ ≈ 4.7 [4]. Hereafter we will consider

resonances produced in this channel (and comment shortly on photon fusion). We will also

restrict the discussion to the case of Φ being a spin-0 resonance, and assume invariance

under CP (motivated by the nonobservation of CP violation beyond the SM); we refer in

the following to Φ = σ and Φ = η for a CP-even and CP-odd scalar boson, respectively.

In table 2 we also show the lower bounds on the ratios of decay rates, rγXY ≡ Γγγ/ΓXY ,

set by null searches at LHC Run-1 in the various channels other than the decay into

diphotons. In deriving those constraints, we assumed that the production cross section

scales with the gg parton luminosity, using the MSTW2008 parton distribution functions [4]

for definiteness. Strong bounds come from 8TeV resonance searches in leptons, τ pairs,

and dijets. However, from a theoretical point of view, these constraints are not very severe

or difficult to evade, as chiral symmetry controls the size of the Yukawa couplings of Φ

through the fermion masses.

With this theoretical prior, we assume the following structure for the effective phe-

nomenological lagrangian of Φ:

L = LSM +
1

2
(∂µΦ)

2 − 1

2
m2

ΦΦ
2 + LΦ

I , Φ = σ , η , (1.2)

1Notice that the conclusion extracted from eq. (1.1) relies on the assumption that a single resonance

contributes to the excess.
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pseudo-Nambu-Goldstone bosons of: 
A. internal symmetries  

B. “susy” 

C. conformal  

Quarkonium (and quirks) 

…



Goldstone bosons
π⁰ in QCD is an inspiring template

π⁰→ γγ

1. the large absolute width Γ(Ϝ → γγ) suggest 
lots of states (Γ(Ϝ → γγ)/M ≳ 10-6, 10-4 in most scenarios, vs Γ(π⁰ → γγ)/mπ ~ 10-7) 

2. for a generic scalar expect a proportionally 
large contribution to the mass of Ϝ 

unlike the QCD pion

shift symmetry protection to the mass of the GB! 
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Goldstone bosons
1. the large absolute width Γ(Ϝ → γγ) suggest 

lots of states (Γ(Ϝ → γγ)/M ≳ 10-6, 10-4 in most scenarios, vs Γ(π⁰ → γγ)/mπ ~ 10-7) 

2. for a generic scalar expect a proportionally 
large contribution to the mass of Ϝ 

shift symmetry protection to the mass of the GB! 

coupling to all gauge bosons (can) naturally arise at the same order

couplings to fermions protected by chiral symmetry
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where

LΦ=σ
I =

σ

f

(
ch∂µh∂

µh+ cZm
2
ZZµZ

µ + 2cWm2
WWµW

µ
)

(1.3)

− σ

f

(
ctmtt̄t+ cbmbb̄b+ cτmτ τ̄ τ

)

+
σ

f

(
cgg

α3

8π
G2

µν + cγγ
αe

8π
F 2
µν

)

+
σ

f

(
cWW

α2

4π
W+

µνW
−µν + cZZ

α2 cos2 θW
8π

Z2
µν + cZγ

αe

4π tan θW
ZµνF

µν

)

− σ

f
c3m

2
hh

2 ,

and

LΦ=η
I = − i

η

f

(
Ctmtt̄γ

5t+ Cbmbb̄γ
5b+ Cτmτ τ̄ γ

5τ
)

(1.4)

− η

f

(
Cgg

α3

8π
Ga

µνG̃
aµν + Cγγ

αe

8π
FµνF̃µν

)

− η

f

(
CWW

α2

4π
W+

µνW̃
−µν + CZZ

α2 cos2 θW
8π

ZµνZ̃
µν + CZγ

αe

4π tan θW
ZµνF̃

µν

)
,

where F̃µν ≡ ϵµνρσFρσ for any of the field strengths, and θW is the weak angle. We did not

include terms with more than one Φ-leg, given they are irrelevant for the phenomenology

we discuss in this paper. In full analogy with the electroweak vacuum expectation value

v ≃ 246GeV or the pion decay constant in QCD fπ, the scale f appearing in the effective

lagrangians above does not represent in general a physical mass threshold. Instead the mass

of the heavy BSM states associated with the scale f are controlled by that scale times a

coupling m∗ = g∗f , like mW = gv/2 or mρ ≈ gρfπ. We did not introduce flavor indices,

and we will be assuming no flavor violating couplings for Φ. Notice that we parametrize the

couplings to the gauge field strengths following the generic expectation in weakly coupled

theories of a loop suppression α/4π. However this expectation is challenged by the signal

excess, which neglecting K factors we find to be well approximated by

µγγ
13,σ ≃ 7 fb

(
|ceffgg ||ceffγγ |

500

)2(
500GeV

f

)4(45GeV

Γσ

)
, (1.5)

µγγ
13, η = µγγ

13,σ(c
eff
gg,γγ → 2Ceff

gg,γγ) , (1.6)

where |ceffgg,γγ | and |Ceff
gg,γγ | parametrize the effective coupling to gg and γγ from the contact

terms cgg,γγ , and Cgg,γγ respectively, as well as from loops of the SM fermions and W ’s.

See eqs. (2.7) and (4.4) for the impact of the loops in |Ceff
gg,γγ | and |ceffgg,γγ | respectively.

We advance that the requirement of large |ceffγγ | or |Ceff
γγ |, combined with the experimental

constrains from tt̄ and V V , V = {W, Z}, discussed below, implies that if no new physics

contributions to the effective couplings of Φ to photons are present (cγγ = Cγγ = 0), the

excess cannot be reproduced.

Let us remark at this point our interpretation of the resonance Φ as a pseudo-Goldstone

boson (pGB) of some kind, to be expanded in the sections below. The required sizable
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Higgs + Ϝ as Goldstone (η)
global symmetry breaking G→ H (e.g. SU(3)2 → SU(2)) 

Higgs is light 
compared to the 

scale of symmetry 
breaking 

Ϝ is (less) light 
compared to the 

scale of symmetry 
breaking 

Mass

z

H 125  GeV

 750  GeV
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in composite Higgs models where the pattern of global symmetry breaking G/H gives rise

to the Higgs and the singlet as GBs,2 and it is such that it admits a Wess-Zumino-Witten

term (see e.g. the discussion in [21]). Examples can be found in models based on the

coset SU(3) × U(1)/SU(2) × U(1) [22–24], SU(4)/Sp(4) [21, 25–29], SU(5)/SO(5) [30–32],

SU(3)2/SU(3) [33, 34] like in QCD (for which the pion has an electromagnetic anomaly),

and their extensions to higher-rank groups (see [35] for a review).3 In these examples,

for which SU(3)C is factorized from the coset structure, there are no colour anomalies for

the GBs. These could arise however in more involved models where the colour symmetry

group is embedded in a non-trivial way. Besides, we show below that a colour anomaly, in

contrast to the electromagnetic one, is not strictly required to reproduce the excess.

The linear coupling of η are given by the effective lagrangian

Lη
I =− η

f

(
iCt

√
2mt

v
q̄LH̃tR + h.c.+ . . .

)
(2.1)

− η

f

(
CG

α3

8π
Ga

µνG̃
aµν + CW

α2

8π
W i

µνW̃
i µν + CB

α1

8π
BµνB̃

µν

)
. (2.2)

which reduces to the parametrization of eq. (1.4) putting the Higgs to its VEV, keeping

in mind the relations given in eq. (1.12) and Cgg = CG. The top Yukawa-like coupling Ct

in eq. (2.1) (and likewise the couplings to other SM fermions) breaks the shift symmetry

η → η + c, and so do the anomalous terms CG,W,B in eq. (2.2). Therefore such terms

generically contribute to the mass of the GB, see the discussion at the end of the section.

Notice that another term can be added to the lagrangian of η, the standard coupling of

the GB to the matter part of the broken current:

1

f
∂µηJ

µ
matter =

∂µη

f

[
cqL q̄Lγ

µqL + ctR t̄Rγ
µtR + . . .+ cH

(
iH†(DµH) + h.c.

)]
. (2.3)

The effects of such terms on the phenomenology of η can be derived by the field redefinition

qL → eicqLη/fqL , tR → eictRη/f tR , H → eicHη/fH , . . . (2.4)

which changes the action as

S → S +

∫
d4x

η

f
∂µJ

µ , ∂µJ
µ = ∂µJ

µ
matter +Aηab αV

16π
V a
µνV

b
ρσϵ

µνρσ , (2.5)

where Aηab = Tr[T a{T b, Qη}], and Qη = cqL ,−ctR , . . . are the charges associated with the

transformation (2.4) expressed for left-handed chiral fermions, and Tr[T aT b] = δab/2 in the

fundamental representation. The coupling to the current thus contributes to the Yukawas

and to the anomalies in eqs. (2.1) and (2.2).4

2Generic composite Higgs models also predict the existence of extra scalar resonances, whose mass

however is expected to be m∗ = g∗f and thus above the TeV, along with most of the strongly coupled

resonances.
3Notice that some of these cosets are not endowed with a custodial symmetry, like SU(3)×U(1)/SU(2)×

U(1) or SU(3)2/SU(3). Besides, in some of the models and depending on the specific realization, the singlet

does not have an electromagnetic anomaly, like in [21].
4The specific contributions are ∆Ct = −cqL + ctR − cH , ∆CG = − 1

2 (2cqL − ctR), ∆CW = − 3
2 cqL , and

∆CB = −( 16 cqL − 4
3 ctR).
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Figure 1. Pseudo-GB parameter space, where we have fixed mη = 750GeV and µγγ
13 = 7 fb.

Shaded regions are excluded by dijet (blue) and tt̄ (orange) searches at 8TeV. We have also shaded
in grey the region where production via photon fusion dominates over gluon fusion (bottom-left
corner). Left: the solid red line gives the expected width of the minimal GB model, the dashed
black line the coupling to photons normalized to f = 500GeV Cγγ (500GeV/f). Right: ratio of
signals in tt̄ (solid orange) and gg (dotted blue) with respect to the signal in γγ.

Invariance under CP forbids the tree-level coupling to the longitudinal massive gauge

bosons. Hence, the pseudo-scalar GB couples to the gauge bosons, both massless and

massive, at one-loop. The decay rates to photons and gluons are given by

Γγγ =

(
αe

8πf

)2 m3
η

π

∣∣∣Ceff
γγ

∣∣∣
2
, Γgg = 8

(
α3

8πf

)2 m3
η

π

∣∣∣Ceff
gg

∣∣∣
2
, (2.6)

Ceff
γγ = Cγγ +

1

2
CtN

(t)
c Q2

t A1/2(xt) , Ceff
gg = Cgg +

1

4
CtA1/2(xt) , (2.7)

where N (t)
c Q2

t = 3 × (2/3)2, xt = 4m2
t /m

2
η, and A1/2(x) = 2xf(x) with f(x) =

−1
4

(
log 1+

√
1−x

1−
√
1−x

− iπ
)2

for x < 1 and f(x) = arcsin2(1/
√
x) for x > 1. Notice we have

only included the loop contribution from the top, which is linked to the decay rate of η to

top pairs,

Γtt̄ ≃ 3
C2
t

8π

m2
tmη

f2
≈ (40GeV)

(
Ct

2

)2(500GeV

f

)2( mη

750GeV

)
. (2.8)

This decay channel dominates the total width of η if the coupling to tops is sizable, and

a large decay rate Γη ≈ 45GeV can be reproduced. This requires a large UV coefficient

Cγγ ! 50 for f = 500GeV in order to be compatible with tt̄ searches eq. (1.10), and to

reproduced the signal strength µγγ
13 ≈ 7 fb, where it is important to recall that both the

signal strength and the width scale with 1/f2. For values of Cγγ close to the lower bound,

a non-vanishing UV coupling to gluons Cgg ≈ 3 is required. However, for larger couplings

to photons, Cγγ ≈ 110 (f/500GeV), the signal strength and width can be reproduced with
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Figure 1. Pseudo-GB parameter space, where we have fixed mη = 750GeV and µγγ
13 = 7 fb.

Shaded regions are excluded by dijet (blue) and tt̄ (orange) searches at 8TeV. We have also shaded
in grey the region where production via photon fusion dominates over gluon fusion (bottom-left
corner). Left: the solid red line gives the expected width of the minimal GB model, the dashed
black line the coupling to photons normalized to f = 500GeV Cγγ (500GeV/f). Right: ratio of
signals in tt̄ (solid orange) and gg (dotted blue) with respect to the signal in γγ.

Invariance under CP forbids the tree-level coupling to the longitudinal massive gauge

bosons. Hence, the pseudo-scalar GB couples to the gauge bosons, both massless and

massive, at one-loop. The decay rates to photons and gluons are given by

Γγγ =

(
αe

8πf

)2 m3
η

π

∣∣∣Ceff
γγ

∣∣∣
2
, Γgg = 8

(
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8πf

)2 m3
η

π

∣∣∣Ceff
gg

∣∣∣
2
, (2.6)

Ceff
γγ = Cγγ +

1

2
CtN

(t)
c Q2

t A1/2(xt) , Ceff
gg = Cgg +

1

4
CtA1/2(xt) , (2.7)

where N (t)
c Q2

t = 3 × (2/3)2, xt = 4m2
t /m

2
η, and A1/2(x) = 2xf(x) with f(x) =

−1
4

(
log 1+

√
1−x

1−
√
1−x

− iπ
)2

for x < 1 and f(x) = arcsin2(1/
√
x) for x > 1. Notice we have

only included the loop contribution from the top, which is linked to the decay rate of η to

top pairs,

Γtt̄ ≃ 3
C2
t

8π

m2
tmη

f2
≈ (40GeV)

(
Ct

2

)2(500GeV

f

)2( mη

750GeV

)
. (2.8)

This decay channel dominates the total width of η if the coupling to tops is sizable, and

a large decay rate Γη ≈ 45GeV can be reproduced. This requires a large UV coefficient

Cγγ ! 50 for f = 500GeV in order to be compatible with tt̄ searches eq. (1.10), and to

reproduced the signal strength µγγ
13 ≈ 7 fb, where it is important to recall that both the

signal strength and the width scale with 1/f2. For values of Cγγ close to the lower bound,

a non-vanishing UV coupling to gluons Cgg ≈ 3 is required. However, for larger couplings

to photons, Cγγ ≈ 110 (f/500GeV), the signal strength and width can be reproduced with
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Figure 1. Pseudo-GB parameter space, where we have fixed mη = 750GeV and µγγ
13 = 7 fb.

Shaded regions are excluded by dijet (blue) and tt̄ (orange) searches at 8TeV. We have also shaded
in grey the region where production via photon fusion dominates over gluon fusion (bottom-left
corner). Left: the solid red line gives the expected width of the minimal GB model, the dashed
black line the coupling to photons normalized to f = 500GeV Cγγ (500GeV/f). Right: ratio of
signals in tt̄ (solid orange) and gg (dotted blue) with respect to the signal in γγ.
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This decay channel dominates the total width of η if the coupling to tops is sizable, and

a large decay rate Γη ≈ 45GeV can be reproduced. This requires a large UV coefficient

Cγγ ! 50 for f = 500GeV in order to be compatible with tt̄ searches eq. (1.10), and to

reproduced the signal strength µγγ
13 ≈ 7 fb, where it is important to recall that both the

signal strength and the width scale with 1/f2. For values of Cγγ close to the lower bound,

a non-vanishing UV coupling to gluons Cgg ≈ 3 is required. However, for larger couplings

to photons, Cγγ ≈ 110 (f/500GeV), the signal strength and width can be reproduced with
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in composite Higgs models where the pattern of global symmetry breaking G/H gives rise

to the Higgs and the singlet as GBs,2 and it is such that it admits a Wess-Zumino-Witten

term (see e.g. the discussion in [21]). Examples can be found in models based on the

coset SU(3) × U(1)/SU(2) × U(1) [22–24], SU(4)/Sp(4) [21, 25–29], SU(5)/SO(5) [30–32],

SU(3)2/SU(3) [33, 34] like in QCD (for which the pion has an electromagnetic anomaly),

and their extensions to higher-rank groups (see [35] for a review).3 In these examples,

for which SU(3)C is factorized from the coset structure, there are no colour anomalies for

the GBs. These could arise however in more involved models where the colour symmetry

group is embedded in a non-trivial way. Besides, we show below that a colour anomaly, in

contrast to the electromagnetic one, is not strictly required to reproduce the excess.

The linear coupling of η are given by the effective lagrangian

Lη
I =− η

f

(
iCt

√
2mt

v
q̄LH̃tR + h.c.+ . . .

)
(2.1)

− η

f

(
CG

α3

8π
Ga

µνG̃
aµν + CW

α2

8π
W i

µνW̃
i µν + CB

α1

8π
BµνB̃

µν

)
. (2.2)

which reduces to the parametrization of eq. (1.4) putting the Higgs to its VEV, keeping

in mind the relations given in eq. (1.12) and Cgg = CG. The top Yukawa-like coupling Ct

in eq. (2.1) (and likewise the couplings to other SM fermions) breaks the shift symmetry

η → η + c, and so do the anomalous terms CG,W,B in eq. (2.2). Therefore such terms

generically contribute to the mass of the GB, see the discussion at the end of the section.

Notice that another term can be added to the lagrangian of η, the standard coupling of

the GB to the matter part of the broken current:

1

f
∂µηJ

µ
matter =

∂µη

f

[
cqL q̄Lγ

µqL + ctR t̄Rγ
µtR + . . .+ cH

(
iH†(DµH) + h.c.

)]
. (2.3)

The effects of such terms on the phenomenology of η can be derived by the field redefinition

qL → eicqLη/fqL , tR → eictRη/f tR , H → eicHη/fH , . . . (2.4)

which changes the action as

S → S +

∫
d4x

η

f
∂µJ

µ , ∂µJ
µ = ∂µJ

µ
matter +Aηab αV

16π
V a
µνV

b
ρσϵ

µνρσ , (2.5)

where Aηab = Tr[T a{T b, Qη}], and Qη = cqL ,−ctR , . . . are the charges associated with the

transformation (2.4) expressed for left-handed chiral fermions, and Tr[T aT b] = δab/2 in the

fundamental representation. The coupling to the current thus contributes to the Yukawas

and to the anomalies in eqs. (2.1) and (2.2).4

2Generic composite Higgs models also predict the existence of extra scalar resonances, whose mass

however is expected to be m∗ = g∗f and thus above the TeV, along with most of the strongly coupled

resonances.
3Notice that some of these cosets are not endowed with a custodial symmetry, like SU(3)×U(1)/SU(2)×

U(1) or SU(3)2/SU(3). Besides, in some of the models and depending on the specific realization, the singlet

does not have an electromagnetic anomaly, like in [21].
4The specific contributions are ∆Ct = −cqL + ctR − cH , ∆CG = − 1

2 (2cqL − ctR), ∆CW = − 3
2 cqL , and

∆CB = −( 16 cqL − 4
3 ctR).

– 6 –

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

0.02

0.1

1

10 45

5

10

20

50
100

��­� ��­� ���
��­�

��­�

���

1

��/�γγ

� �
�/
� γ

γ

Γη/��� �γγ (��� ���/�)

��
��

��
�
��
�
��

��
σ
γγ

→
η
>
σ
��

→
η

Figure 1. Pseudo-GB parameter space, where we have fixed mη = 750GeV and µγγ
13 = 7 fb.

Shaded regions are excluded by dijet (blue) and tt̄ (orange) searches at 8TeV. We have also shaded
in grey the region where production via photon fusion dominates over gluon fusion (bottom-left
corner). Left: the solid red line gives the expected width of the minimal GB model, the dashed
black line the coupling to photons normalized to f = 500GeV Cγγ (500GeV/f). Right: ratio of
signals in tt̄ (solid orange) and gg (dotted blue) with respect to the signal in γγ.

Invariance under CP forbids the tree-level coupling to the longitudinal massive gauge

bosons. Hence, the pseudo-scalar GB couples to the gauge bosons, both massless and

massive, at one-loop. The decay rates to photons and gluons are given by

Γγγ =

(
αe

8πf

)2 m3
η

π

∣∣∣Ceff
γγ

∣∣∣
2
, Γgg = 8

(
α3

8πf

)2 m3
η

π

∣∣∣Ceff
gg

∣∣∣
2
, (2.6)

Ceff
γγ = Cγγ +

1

2
CtN

(t)
c Q2

t A1/2(xt) , Ceff
gg = Cgg +

1

4
CtA1/2(xt) , (2.7)

where N (t)
c Q2

t = 3 × (2/3)2, xt = 4m2
t /m

2
η, and A1/2(x) = 2xf(x) with f(x) =

−1
4

(
log 1+

√
1−x

1−
√
1−x

− iπ
)2

for x < 1 and f(x) = arcsin2(1/
√
x) for x > 1. Notice we have

only included the loop contribution from the top, which is linked to the decay rate of η to

top pairs,

Γtt̄ ≃ 3
C2
t

8π

m2
tmη

f2
≈ (40GeV)

(
Ct

2

)2(500GeV

f

)2( mη

750GeV

)
. (2.8)

This decay channel dominates the total width of η if the coupling to tops is sizable, and

a large decay rate Γη ≈ 45GeV can be reproduced. This requires a large UV coefficient

Cγγ ! 50 for f = 500GeV in order to be compatible with tt̄ searches eq. (1.10), and to

reproduced the signal strength µγγ
13 ≈ 7 fb, where it is important to recall that both the

signal strength and the width scale with 1/f2. For values of Cγγ close to the lower bound,

a non-vanishing UV coupling to gluons Cgg ≈ 3 is required. However, for larger couplings

to photons, Cγγ ≈ 110 (f/500GeV), the signal strength and width can be reproduced with
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spontaneous breaking of N = 1 SUSY. For earlier studies of sgoldstino phenomenology

see e.g. [45–52] and references therein. The sgoldstino and the goldstino live in a chiral

superfield X = Φ+
√
2θG+ θ2FX , which is a gauge singlet that gets VEV in the auxiliary

field component ⟨FX⟩ = F . Φ = (σ + iη)/
√
2 has a CP-even and a CP-odd component,

σ and η respectively. We assume low-scale SUSY breaking,
√
F ≪ MPl (and in fact√

F in the TeV range), such that the transverse gravitino components decouple and we

can treat SUSY as a global symmetry in accordance to the supersymmetric equivalence

theorem [53–57]. The sgoldstino is not protected by the Goldstone shift symmetry and gets

a mass ∼ F/M where M is the characteristic scale of the heavy states that mediate SUSY

breaking. However, the overall size of the coefficient is model dependent and it can arise

either at loop- or tree-level (the difference being blurred in strongly coupled models). As for

every Goldstone multiplet, the interactions originate from the coupling to the conserved

(super)current. Equivalently, the couplings can be read off the soft breaking terms of

SUSY, which are compensated by the would-be spurion X which has been promoted to a

dynamical field. For example, the gaugino masses mi as well as the sgoldstino couplings

to gauge bosons come from

− 1

2F

∫
d2θX (m1W

αWα +m2W
α a2W a2

α +m3W
α a3W a3

α ) + h.c. . (3.1)

Analogously, the top A-term gives the stop mixing mass and a Yukawa coupling to Φ:

− At

F

∫
d2θXQLHutR + h.c. . (3.2)

With the A-terms proportional to the Higgs Yukawa couplings, only At is potentially

relevant. For concreteness, we focus hereafter on the phenomenology of the CP-even com-

ponent of the sgoldstino, Φ = σ. Picking then the σ component of X, we generate possibly

large couplings to the transverse gauge bosons which, in terms of the parametrization of

eq. (1.3), read

cgg
f

=
2
√
2πm3

α3F
,

cγγ
f

=
2
√
2πmσγγ

αeF
, (3.3)

cWW

f
=

2
√
2πm2

α2F
,

cZZ

f
=

2
√
2πmσZZ

α2 cos2 θWF ,
cZγ

f
=

2
√
2π tan θWmσZγ

αeF
, (3.4)

where mσγγ = m1 cos2 θW + m2 sin2 θW , mσZZ = m1 sin2 θW + m2 cos2 θW , and mσZγ =

(m2 − m1) sin θW cos θW . Notice that all these effective couplings scale with the ratios

mi/F . The partial widths into gauge bosons, at leading order in mV /mσ, then read

Γgg =
(m3

2F

)2 m3
σ

π
, Γγγ =

1

2

(mσγγ

4F

)2 m3
σ

π
, (3.5)

ΓZZ ≃ 1

2

(mσZZ

4F

)2 m3
σ

π
, ΓWW ≃

(m2

4F

)2 m3
σ

π
, ΓZγ ≃

(mσZγ

4F

)2 m3
σ

π
. (3.6)

Other subleading contributions come from the coupling to longitudinal vector bosons,

σVµV µ, see for instance [45, 49]. A contribution to such interactions comes from a mixing
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spontaneous breaking of N = 1 SUSY. For earlier studies of sgoldstino phenomenology

see e.g. [45–52] and references therein. The sgoldstino and the goldstino live in a chiral

superfield X = Φ+
√
2θG+ θ2FX , which is a gauge singlet that gets VEV in the auxiliary

field component ⟨FX⟩ = F . Φ = (σ + iη)/
√
2 has a CP-even and a CP-odd component,

σ and η respectively. We assume low-scale SUSY breaking,
√
F ≪ MPl (and in fact√

F in the TeV range), such that the transverse gravitino components decouple and we

can treat SUSY as a global symmetry in accordance to the supersymmetric equivalence

theorem [53–57]. The sgoldstino is not protected by the Goldstone shift symmetry and gets

a mass ∼ F/M where M is the characteristic scale of the heavy states that mediate SUSY

breaking. However, the overall size of the coefficient is model dependent and it can arise

either at loop- or tree-level (the difference being blurred in strongly coupled models). As for

every Goldstone multiplet, the interactions originate from the coupling to the conserved

(super)current. Equivalently, the couplings can be read off the soft breaking terms of

SUSY, which are compensated by the would-be spurion X which has been promoted to a

dynamical field. For example, the gaugino masses mi as well as the sgoldstino couplings

to gauge bosons come from

− 1

2F

∫
d2θX (m1W

αWα +m2W
α a2W a2

α +m3W
α a3W a3

α ) + h.c. . (3.1)

Analogously, the top A-term gives the stop mixing mass and a Yukawa coupling to Φ:

− At

F

∫
d2θXQLHutR + h.c. . (3.2)

With the A-terms proportional to the Higgs Yukawa couplings, only At is potentially

relevant. For concreteness, we focus hereafter on the phenomenology of the CP-even com-

ponent of the sgoldstino, Φ = σ. Picking then the σ component of X, we generate possibly

large couplings to the transverse gauge bosons which, in terms of the parametrization of

eq. (1.3), read

cgg
f

=
2
√
2πm3

α3F
,

cγγ
f

=
2
√
2πmσγγ

αeF
, (3.3)

cWW

f
=

2
√
2πm2

α2F
,

cZZ

f
=

2
√
2πmσZZ

α2 cos2 θWF ,
cZγ

f
=

2
√
2π tan θWmσZγ

αeF
, (3.4)

where mσγγ = m1 cos2 θW + m2 sin2 θW , mσZZ = m1 sin2 θW + m2 cos2 θW , and mσZγ =

(m2 − m1) sin θW cos θW . Notice that all these effective couplings scale with the ratios

mi/F . The partial widths into gauge bosons, at leading order in mV /mσ, then read

Γgg =
(m3

2F

)2 m3
σ

π
, Γγγ =

1

2

(mσγγ

4F

)2 m3
σ

π
, (3.5)

ΓZZ ≃ 1

2

(mσZZ

4F

)2 m3
σ

π
, ΓWW ≃

(m2

4F

)2 m3
σ

π
, ΓZγ ≃

(mσZγ

4F

)2 m3
σ

π
. (3.6)

Other subleading contributions come from the coupling to longitudinal vector bosons,

σVµV µ, see for instance [45, 49]. A contribution to such interactions comes from a mixing
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spontaneous breaking of N = 1 SUSY. For earlier studies of sgoldstino phenomenology

see e.g. [45–52] and references therein. The sgoldstino and the goldstino live in a chiral

superfield X = Φ+
√
2θG+ θ2FX , which is a gauge singlet that gets VEV in the auxiliary

field component ⟨FX⟩ = F . Φ = (σ + iη)/
√
2 has a CP-even and a CP-odd component,

σ and η respectively. We assume low-scale SUSY breaking,
√
F ≪ MPl (and in fact√

F in the TeV range), such that the transverse gravitino components decouple and we

can treat SUSY as a global symmetry in accordance to the supersymmetric equivalence

theorem [53–57]. The sgoldstino is not protected by the Goldstone shift symmetry and gets

a mass ∼ F/M where M is the characteristic scale of the heavy states that mediate SUSY

breaking. However, the overall size of the coefficient is model dependent and it can arise

either at loop- or tree-level (the difference being blurred in strongly coupled models). As for

every Goldstone multiplet, the interactions originate from the coupling to the conserved

(super)current. Equivalently, the couplings can be read off the soft breaking terms of

SUSY, which are compensated by the would-be spurion X which has been promoted to a

dynamical field. For example, the gaugino masses mi as well as the sgoldstino couplings

to gauge bosons come from

− 1
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∫
d2θX (m1W

αWα +m2W
α a2W a2

α +m3W
α a3W a3

α ) + h.c. . (3.1)

Analogously, the top A-term gives the stop mixing mass and a Yukawa coupling to Φ:

− At

F

∫
d2θXQLHutR + h.c. . (3.2)

With the A-terms proportional to the Higgs Yukawa couplings, only At is potentially

relevant. For concreteness, we focus hereafter on the phenomenology of the CP-even com-

ponent of the sgoldstino, Φ = σ. Picking then the σ component of X, we generate possibly

large couplings to the transverse gauge bosons which, in terms of the parametrization of

eq. (1.3), read

cgg
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=
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,
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=
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, (3.3)
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=
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, (3.4)

where mσγγ = m1 cos2 θW + m2 sin2 θW , mσZZ = m1 sin2 θW + m2 cos2 θW , and mσZγ =

(m2 − m1) sin θW cos θW . Notice that all these effective couplings scale with the ratios

mi/F . The partial widths into gauge bosons, at leading order in mV /mσ, then read

Γgg =
(m3
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, Γγγ =
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Other subleading contributions come from the coupling to longitudinal vector bosons,
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spontaneous breaking of N = 1 SUSY. For earlier studies of sgoldstino phenomenology

see e.g. [45–52] and references therein. The sgoldstino and the goldstino live in a chiral

superfield X = Φ+
√
2θG+ θ2FX , which is a gauge singlet that gets VEV in the auxiliary

field component ⟨FX⟩ = F . Φ = (σ + iη)/
√
2 has a CP-even and a CP-odd component,

σ and η respectively. We assume low-scale SUSY breaking,
√
F ≪ MPl (and in fact√

F in the TeV range), such that the transverse gravitino components decouple and we

can treat SUSY as a global symmetry in accordance to the supersymmetric equivalence

theorem [53–57]. The sgoldstino is not protected by the Goldstone shift symmetry and gets

a mass ∼ F/M where M is the characteristic scale of the heavy states that mediate SUSY

breaking. However, the overall size of the coefficient is model dependent and it can arise

either at loop- or tree-level (the difference being blurred in strongly coupled models). As for

every Goldstone multiplet, the interactions originate from the coupling to the conserved

(super)current. Equivalently, the couplings can be read off the soft breaking terms of

SUSY, which are compensated by the would-be spurion X which has been promoted to a

dynamical field. For example, the gaugino masses mi as well as the sgoldstino couplings

to gauge bosons come from
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Analogously, the top A-term gives the stop mixing mass and a Yukawa coupling to Φ:
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With the A-terms proportional to the Higgs Yukawa couplings, only At is potentially
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ponent of the sgoldstino, Φ = σ. Picking then the σ component of X, we generate possibly

large couplings to the transverse gauge bosons which, in terms of the parametrization of

eq. (1.3), read

cgg
f

=
2
√
2πm3

α3F
,

cγγ
f

=
2
√
2πmσγγ

αeF
, (3.3)
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=
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=
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=
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Other subleading contributions come from the coupling to longitudinal vector bosons,

σVµV µ, see for instance [45, 49]. A contribution to such interactions comes from a mixing
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spontaneous breaking of N = 1 SUSY. For earlier studies of sgoldstino phenomenology

see e.g. [45–52] and references therein. The sgoldstino and the goldstino live in a chiral

superfield X = Φ+
√
2θG+ θ2FX , which is a gauge singlet that gets VEV in the auxiliary

field component ⟨FX⟩ = F . Φ = (σ + iη)/
√
2 has a CP-even and a CP-odd component,

σ and η respectively. We assume low-scale SUSY breaking,
√
F ≪ MPl (and in fact√

F in the TeV range), such that the transverse gravitino components decouple and we

can treat SUSY as a global symmetry in accordance to the supersymmetric equivalence

theorem [53–57]. The sgoldstino is not protected by the Goldstone shift symmetry and gets

a mass ∼ F/M where M is the characteristic scale of the heavy states that mediate SUSY

breaking. However, the overall size of the coefficient is model dependent and it can arise

either at loop- or tree-level (the difference being blurred in strongly coupled models). As for

every Goldstone multiplet, the interactions originate from the coupling to the conserved

(super)current. Equivalently, the couplings can be read off the soft breaking terms of

SUSY, which are compensated by the would-be spurion X which has been promoted to a

dynamical field. For example, the gaugino masses mi as well as the sgoldstino couplings

to gauge bosons come from
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2F
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Figure 2. Sgoldstino parameter space, where we have fixed mσ = 750GeV and µγγ
13 = 7 fb. Shaded

regions are excluded by dijet (blue), ZZ (red) and Zγ (green) searches at 8TeV. We have also
shaded in grey the region where production via photon fusion dominates over gluon fusion (bottom-
right corner). Left: the solid red line gives the expected width of the minimal sgoldstino model,
the dashed black line the scale F/( TeV ·m3). Right: ratio of signals in ZZ (dashed red), Zγ (solid
green) and gg (dotted blue) with respect to the signal in γγ.

so that the generic expectation is that the minimal sgolstino appears as a narrow resonance.

Contours of fixed widths, again with the assumption of negligible invisible width, are shown

as thick red lines in the left-hand plot of figure 2. These values are too small compared with

the preferred width determination by ATLAS. However, given the little amount of data

currently available, we do not consider this as a major drawback of the sgoldstino model,

and we postpone a more careful analysis of the total width to when more data is available

(including an error for the measurement of the width). Likewise, we leave for future work

the exploration of the parameter regions of the scalar potential and/or non-minimal models

with an extended Higgs sector beyond the MSSM, where it could be possible to generate a

larger width in invisible or other channels, resulting in a broader resonance. Finally, in the

right-hand plot of figure 2, we show the signal expected in the most promising channels

to confirm the hypothesis of the sgoldstino, if this is indeed responsible for the 750GeV

diphoton excess. This plot can provide a useful guidance to experimental collaborations,

providing sensitivity targets for dijet, ZZ and Zγ resonance searches. For example, a

sensitivity to cross sections in Zγ below ∼ 20 fb (assuming µγγ
13 = 7 fb) would probe regions

of parameter space that are still unexplored, and constrain the gaugino spectrum.

While we focussed on the CP-scalar σ in X, its CP-odd component η has very similar

coupling structures, dictated as well by the soft SUSY breaking terms. The phenomenology

of such pseudo-scalar is fully analogous to the analysis we presented above for σ.
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4 Dilaton

In the presence of large diphoton rates, the dilaton, i.e. the GB of spontaneously broken

conformal symmetry, is perhaps one of the first scalar resonances that comes to mind in the

context of strongly coupled models.7 Indeed, the dilaton has potentially sizeable couplings

to massless gauge bosons, controlled by the β-function contributions from the states of the

conformal field theory (CFT), see e.g. [59–67]. We consider a strongly coupled CFT with

a global SU(3)C × SU(2)L ×U(1)Y symmetry, whose associated conserved currents weakly

couple to gluons and electroweak gauge bosons. The current central charges κJ control the

β-functions contributions

⟨Ja
µ(p)J

b
ν(−p)⟩CFT = δab

(
ηµνp

2 − pµpν
) κJ
16π2

log p2 + . . . , βCFT
J = κJ

g3J
16π2

, (4.1)

where gJ is the relevant gauge coupling between the gauge field and its current Jµ. The

central charge roughly counts how many degrees of freedom in the CFT are charged under

the symmetry. Spontaneous breaking of conformality generates a light dilaton σ with

its decay constant f . The compensator σ/f must match in the IR the trace anomaly

contribution from the CFT triggered by weak gauging in the UV

σ

f
TµCFT
µ =

σ

f

(
α3

8π
κ3G

2
µν+κe

αe

8π
F 2
µν−yt(1+ϵt)q̄LH̃tR+h.c.+2(1+ϵH)|DµH|2+. . .

)
. (4.2)

We have also included in the trace the contributions coming from the terms responsible for

generating the masses of matter fields and electroweak gauge boson, where the electroweak

symmetry is spontaneously broken by a Higgs operator H, which should be part of the

CFT in order not to introduce a hierarchy problem. Within partial compositeness [39],

elementary fermions ψL,R probe the CFT by mixing in the UV with some fermionic oper-

ators ΨCFT
R,L of scaling dimension ∆L,R = 5/2 + γL,R, with the strength of the interaction

set by the proto-Yukawas yL,R. The resulting IR Yukawa coupling for the massless SM

fermion emerging from the mixing scales as yf ∼ yLyR. Dilaton insertions e∆fσ/f must

then compensate in the IR a dimension ∆f = 1+ϵf , where ϵf = γL+γR. We will assume in

the following that for the case of the top quark ϵt = 0, although this is not an essential (nor

very relevant) feature of the model.8 Analogously, one must insert e2σ/f to compensate

for the gauge bosons mass terms, of conformal weight equal to two, with possible depar-

tures parametrized by ϵH . We have further assumed that electroweak symmetry breaking

proceeds while respecting custodial symmetry, which enforces cW = cZ = ch in eq. (1.3).

Moreover, in composite Higgs models where H arises as a pseudo-Goldstone boson of the

strong dynamics one obtains ϵH ≃ 0, since such a Higgs is fully composite and a possible

Higgs-dilaton kinetic mixing is suppressed by the Higgs’ shift symmetry [69, 70] (we come

back to this point below). All in all, for the minimal and natural dilaton model we get

cgg = κ3 , cγγ = κe , cW = cZ = ch ≃ ct ≃ 1 , (4.3)

7We should remark that explicit constructions of spontaneous breaking of conformality, without SUSY,

require strong dynamical assumptions [64, 65, 68], see [71–75] for explicit realizations.
8The fermionic anomalous dimensions γL,R depend on the particular model of flavour, and special cases

such as ϵt ≃ −1 could also be realized.

– 13 –

spontaneous symmetry breaking of conformal symmetry
1512.05330

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

for the parameters in the effective lagrangian in eq. (1.3). The effective couplings to photons

and gluons are then given by

ceffγγ = cγγ + ctN
(t)
c Q2

tF1/2(xt)− cWF1(xW ) , ceffgg = cgg + ct
1

2
F1/2(xt) (4.4)

where N (t)
c Q2

t = 3 × (2/3)2, xi = 4m2
i /m

2
σ, and F1/2(x) = 2x[1 + (1 − x)g(x)], F1(x) =

2 + 3x + 3x(2 − x)g(x) with g(x) = [sin−1(1/
√
x)]2. The coefficients in eq. (4.4) set the

decay rates for σ → γγ and σ → gg as in the pGB case, eq. (2.6), with mη → mσ and

Ceff
gg,γγ → ceffgg,γγ/2. The unknown UV contributions to ceffgg,γγ , parametrized by κ3 and κe,

allow us to treat these coefficients as free parameters in this model. Actually, the large rates

in diphotons needed to reproduce the supposed excess, consistently with 8TeV searches,

call for values of κe,3 that dominate the expressions for ceffγγ,gg. Hence in the following we

will focus on the implications of the diphoton signal for the β-function coefficients defined

in eq. (4.1).

A significant challenge for the dilaton scenario of eq. (4.3) is posed by the predicted

large rate in ZZ, W+W− and hh,

ΓZZ ≃ ΓWW /2 ≃ Γhh ≃ m3
σ

32πf2
, (4.5)

given that the corresponding couplings are generated at tree-level, while the coupling to

photons is a priori of loop-size. This implies, for the most sensitive channel at the LHC

Run-1,

rγZZ ≈ 0.05
( κe
240

)2
. (4.6)

Therefore, in order to satisfy the bounds from ZZ final state searches in table 2, the

contribution from the UV d.o.f.’s of the CFT to κe needs to roughly compensate for the

smallness of αe = e2/(4π). Considering interference effects, which could be non-negligible

given the width of Φ that is suggested by the recent Run-2 diphoton data, the limit from

ZZ searches could not apply or be considerably loosen, hence opening the possibility to

fit the diphoton excess with smaller values of κe. However, even in that case the combined

limits from ZZ + W+W− searches, which cover the case of new physics resonances with

a large width, would apply and the lower bound on κe would be reduced only by a factor

less than half, leaving unchanged the conclusion that a very large electromagnetic trace

anomaly is needed to attain the needed signal rates without clashing with Run-1 searches.

Such a large electromagnetic β-function is the signal of a substantial breaking of the

conformal symmetry. This feeds back into the dilaton mass, which is expected to scale

as [64, 71]
m2

σ

Λ2
∼ αeκe (4.7)

where Λ is the scale associated with the heavy resonances of the strongly coupled CFT.

For large κe ! 1/αe as those needed to reproduce the diphoton excess, the dilaton is then

expected to be as heavy as a generic composite resonance. The calculability and selec-

tion rules associated with scale invariance, whose corrections scale precisely as (mσ/Λ)2,
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Figure 6: Upper row: Normalised ��jj distributions in pp ! ��jj events for the CP-even

(blue) and CP-odd (yellow) hypothesis as well as for the irreducible SM background ��jj (green).

In the left panel we impose only the minimal selection to have z ! �� and two jets, while in the

right panel we impose the extra requirements in eq. (28) to enhance the di↵erence between the

two CP hypothesis. Middle row: distribution of the test-statistics in absence of background.

Bottom row: distribution of the test statistics for a total background rate twice the signal rate,

as indicated by eq. (27).

these cuts. Including the background in the same way as for the study of ��jj we expect the
exclusion to drop at 65% C.L. and around 75% C.L. for the two cut options, respectively.

The combination of the results from ��jj and the thrust is meaningful once one takes into
account their correlation. For illustration we show the doubly di↵erential distribution in the
plane (T,��jj) for the CP-even and CP-odd hypotheses as well as for the background.

If z couples to quarks, rather than to gluons, the di↵erence between CP-odd and CP-even
distributions gets suppressed by small quarks masses, and is not observable.
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Figure 7: Upper row: Normalised thrust distributions in pp ! ��jj events for the CP-even

(blue) and CP-odd (yellow) hypothesis as well as for the irreducible SM background ��jj (green).

The inset in each panel shows the cumulative distribution, which highlights the di↵erences be-

tween the shapes of the distributions. In the left panel we impose only the minimal selection

to have z ! �� and two jets, while in the right panel we impose the extra requirements in

eq. (28) to enhance the di↵erence between the two CP hypothesis. Middle row: distribution

of the test-statistics in absence of background. Bottom row: distribution of the test statistics

for a total background rate twice the signal rate, as indicated by eq. (27).

5 pp ! zV,zh: EW associated production

Production of z in association with EW bosons provides an additional handle to distinguish
di↵erent initial states and the structure of their couplings to z. The cross sections �(pp !
zV ) ⌘ �zV for producing z together with an SM vector (see also [110]) or with the Higgs
boson, receive contributions from diagrams such as those in fig. 9. At the 13 TeV LHC, for the
CP-even case, we find

�(pp ! z�) =
TeV2

⇤2

[0.12 c2u + 1.9⇥ 10�2 c2d + 1.6⇥ 10�3 c2s + 4.4⇥ 10�3 c2c + (29a)

21

1604.06446

1604.02029

|Δηjj|>2.5 mjj>500 GeV 

are implicitly assuming that higher order terms in the EFT expansion are under control also
for processes that can potentially probe the high-energy region, such as zj or zjj associated
production. We shall discuss this in more detail in section 5.2, but here we mention that these
e↵ects are associated with operators of dimension-7 or higher that can be in the form of direct
contact contributions, such as zGa

µ⌫G
b ⌫
⇢ Gc ⇢µ✏abc (in a microscopic model with loops of heavy

coloured states Q, this corresponds to emission of the jet directly from Q), or higher derivative
terms; in both cases they are suppressed by two powers of the large scale ⇤.

4.1 CP of z from pp ! zjj

The di↵erential distribution of the zj and zb cross sections does not allow us to discriminate
a scalar z from a pseudo-scalar z. For example the gluonic and quark operators contribute as

d�

dt
(gg ! zg) =

3g6
3

128⇡s2⇤2

(c2gg + c̃2gg)
M8

z + s4 + t4 + u4

stu
(22)

d�

dt
(qq̄ ! zg) =

g2
3

36⇡s2⇤2


(c2gg + c̃2gg)

g4
3

(t2 + u2)

s
+
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with s + t + u = M2

z (see also the analogous Higgs cross sections [103]). On the other hand,
production of z in association with two jets provides kinematic distributions that are sensitive
to the CP nature of z. A well known variable that is sensitive to the CP nature of z is
the azimuthal angle between the two jets ��jj [104–106]. In principle other jet distributions
are also sensitive to the CP nature of z. For instance, [107] has examined a set of jet shape
variables for the determination of the CP nature of a SM-like Higgs boson, which are potentially
interesting for z as well. In the following we will examine the sensitivity to the CP nature of
z of the thrust of the hard jets in the event

T = max
n

P
i2 jets

|n · pi|P
i2 jets

|pi| .

This variable, unlike ��jj, exploits both transverse and longitudinal momentum of the jets,
hence carries independent information on the CP nature ofz which can be in principle combined
with that carried by the ��jj distribution. Furthermore ��jj and the thrust are expected to
have di↵erent sensitivities to QCD aspects such as hadronization or soft and collinear emissions,
so that it is useful to cross-check the impact of these e↵ects. Similar considerations apply to
di↵erent experimental e↵ects.

Given the di↵erences between the SM Higgs boson and z, it is worth reassessing the validity
of the choices that are standard for studies of the SM Higgs boson, keeping in mind that z is
significantly heavier than the Higgs boson. Hence, all e↵ects related to the velocity of z or the
recoil of the two jets against the scalar are less useful. Another important di↵erence is that for
the case of the Higgs boson two contributions, one from gluon fusion and one from vector boson
fusion, are normally considered and often selection cuts are imposed to reduce the former and
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Figure 6: Upper row: Normalised ��jj distributions in pp ! ��jj events for the CP-even

(blue) and CP-odd (yellow) hypothesis as well as for the irreducible SM background ��jj (green).

In the left panel we impose only the minimal selection to have z ! �� and two jets, while in the

right panel we impose the extra requirements in eq. (28) to enhance the di↵erence between the

two CP hypothesis. Middle row: distribution of the test-statistics in absence of background.

Bottom row: distribution of the test statistics for a total background rate twice the signal rate,

as indicated by eq. (27).

these cuts. Including the background in the same way as for the study of ��jj we expect the
exclusion to drop at 65% C.L. and around 75% C.L. for the two cut options, respectively.

The combination of the results from ��jj and the thrust is meaningful once one takes into
account their correlation. For illustration we show the doubly di↵erential distribution in the
plane (T,��jj) for the CP-even and CP-odd hypotheses as well as for the background.

If z couples to quarks, rather than to gluons, the di↵erence between CP-odd and CP-even
distributions gets suppressed by small quarks masses, and is not observable.
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Figure 7: Upper row: Normalised thrust distributions in pp ! ��jj events for the CP-even

(blue) and CP-odd (yellow) hypothesis as well as for the irreducible SM background ��jj (green).

The inset in each panel shows the cumulative distribution, which highlights the di↵erences be-

tween the shapes of the distributions. In the left panel we impose only the minimal selection

to have z ! �� and two jets, while in the right panel we impose the extra requirements in

eq. (28) to enhance the di↵erence between the two CP hypothesis. Middle row: distribution

of the test-statistics in absence of background. Bottom row: distribution of the test statistics

for a total background rate twice the signal rate, as indicated by eq. (27).

5 pp ! zV,zh: EW associated production

Production of z in association with EW bosons provides an additional handle to distinguish
di↵erent initial states and the structure of their couplings to z. The cross sections �(pp !
zV ) ⌘ �zV for producing z together with an SM vector (see also [110]) or with the Higgs
boson, receive contributions from diagrams such as those in fig. 9. At the 13 TeV LHC, for the
CP-even case, we find

�(pp ! z�) =
TeV2

⇤2

[0.12 c2u + 1.9⇥ 10�2 c2d + 1.6⇥ 10�3 c2s + 4.4⇥ 10�3 c2c + (29a)
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these cuts. Including the background in the same way as for the study of ��jj we expect the
exclusion to drop at 65% C.L. and around 75% C.L. for the two cut options, respectively.

The combination of the results from ��jj and the thrust is meaningful once one takes into
account their correlation. For illustration we show the doubly di↵erential distribution in the
plane (T,��jj) for the CP-even and CP-odd hypotheses as well as for the background.

If z couples to quarks, rather than to gluons, the di↵erence between CP-odd and CP-even
distributions gets suppressed by small quarks masses, and is not observable.
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cc̄ 0.021% (TeV/⇤)2 (c(6)c /cc)2 2.1⇥ 10�6 ( TeV/⇤)2 (c(6)c /cc)2

ss̄ 0.023% (TeV/⇤)2 (c(6)s /cs)2 1.5⇥ 10�6 ( TeV/⇤)2 (c(6)s /cs)2

uū 0.058% (TeV/⇤)2 (c(6)u /cu)2 0.23⇥ 10�6 ( TeV/⇤)2 (c(6)u /cu)2

dd̄ 0.050% (TeV/⇤)2 (c(6)d /cd)2 0.31⇥ 10�6 ( TeV/⇤)2 (c(6)d /cd)2

GG 0.13% (TeV/⇤)2 (c(6)gg /cgg)2 0.006⇥ 10�6 ( TeV/⇤)2 (c(6)gg /cgg)2

�� 1.9% (TeV/⇤)2 (c(6)�� /c��)2 2.9⇥ 10�3 ( TeV/⇤)2 (c(6)�� /c��)2

Table 5: Predictions for leading order contributions to pair production of the resonance z atp
s = 13TeV.

Interference in the quark diagrams is suppressed by the small quark masses and we have ne-
glected for clarity the interference between these e↵ects and those of eq.s (33), (34), assuming
that either an approximate symmetry or a coupling hierarchy can account for a small z. In
the limit where one production mode dominates we get the results shown in table 5 using

�(pp ! zz ! ��z) = 2�(pp ! z ! ��)
�(pp ! zz)

�(pp ! z)
(37)

and

�(pp ! zz ! 4�) = �(pp ! zz)

✓
�(pp ! z ! ��)

�(pp ! z)

◆
2

(38)

and having fixed �(pp ! z ! ��) = 3 fb, which is the experimentally favoured value as ex-
tracted from a fit to the preferred cross sections of table. 2, under the assumption of production
from gluon fusion.

The present experimental bounds on pp ! zz pair production at
p
s = 8TeV are listed in

table 6. Using present data, the 4� limit can easily be improved down to 0.1 fb or better with
a dedicated search. The 4j bound implies

�(pp ! zz ! jj��) <
���

�jj

⇥ 0.2 pb, �(pp ! zz ! ����) <

✓
���

�jj

◆
2

⇥ 0.1 pb. (39)

We see that, unless z is produced from �� partons, detectable cross sections for zz production
need c

(6)

} � c} and a not too large ⇤. Large c(6)} are in some cases rather plausible, in particular
for initial-state quarks } = q where these couplings can be generated at tree level in a UV-
complete underlying model. An explicit realization of this is a model with additional heavy
vector-like quarks Q with couplings yzzQ̄q and y0zzQ̄Q larger than the Yukawa couplings

yHHQ̄q. In such theories the ratio of Wilson coe�cients c
(6)

q /c
(5)

q ⇠ y0z (neglecting a small
contribution proportional to the SM Yukawa ySMq ), can be large.
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complete underlying model. An explicit realization of this is a model with additional heavy
vector-like quarks Q with couplings yzzQ̄q and y0zzQ̄Q larger than the Yukawa couplings

yHHQ̄q. In such theories the ratio of Wilson coe�cients c
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Expanding the logarithm provides the low energy theorem (LET) description of multiple scalar
production from gluon or photon fusion.12 In fact, we can see that in the absence of a scalar self
coupling the pair production amplitude is related to the single production amplitude simply by
a factor of 1/vr.

To make our expressions more transparent, we limit our discussion to the case of NQ copies
of identical electrically-neutral coloured fermions with Casimir IQ and NL copies of colourless
fermions with charge qL. We also take masses and couplings universal in the two sectors, which
are then described by the two scales vQ ⌘ MQ/yQ and vL ⌘ ML/yL. The extension to general
fermion representations is completely straightforward and can be expressed in terms of e↵ective
vQ and vL. In particular, heavy fermions with both colour and electric charge simultaneously
contribute to both vQ and vL.

Using this description the decay widths of the particle z into gluon and photon pairs are

�gg =
↵2

3

N2

QI
2

Q M3

z

18⇡3 v2Q
, ��� =

↵2 q4LN
2

L M
3

z
144⇡3 v2L

. (43)

The corresponding single production cross section �(pp ! z), initiated by gluon and photon
annihilations, is

�(pp ! z) =
1

sMz


�gg Cgg

✓
M2

z
s

◆
+ ��� C��

✓
M2

z
s

◆�
, (44)

where, as defined in [3],
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✓
ŝ
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◆
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⇡2

8

Z
1
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dx

x
g(x)g

✓
ŝ
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◆
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✓
ŝ
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◆
= 8⇡2

Z
1

ŝ/s

dx

x
�(x)�

✓
ŝ

sx

◆
, (45)

and s (ŝ) is the proton (parton) squared centre-of-mass energy.13

The pair-production cross section pp ! zz also depends on the value of the possible
cubic interaction, FMzz3 in the potential of eq. (4). It is convenient here to rewrite it as
F = Mz/2vQ.

Higher order terms, such as the quartic coupling, are not relevant for this study. In the
LET limit, after partonic integration, the colour and spin averaged total pair production cross
section at the LHC is

�(pp ! zz) =
1

8⇡2 Mz

"
�gg

v2Q
C 0

gg

✓
M2

z
s

◆
+

���

v2L
C 0

��

✓
M2

z
s

◆#
, (46)

where the weighted partonic luminosities, including the kinematic dependence from the two
interfering diagrams and the phase space factors, are

C 0
gg(z) =

Z
1

4z

dy Cgg(y)
y

4z

r
1� 4z

y


1� 

3z

y � z

�
2

, (47a)

12A translation to the operators in eq.s (5) and (9) is cgg/⇤ = IrNr/(12⇡2vr), and c
(6)
gg /⇤2 = IrNr/(24⇡2v2r).

13The parton distribution functions also depend on the factorisation scale, however we have suppressed this
variable in the equations above and taken the factorisation scale as µ =

p
ŝ throughout.
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cubic interaction, FMzz3 in the potential of eq. (4). It is convenient here to rewrite it as
F = Mz/2vQ.

Higher order terms, such as the quartic coupling, are not relevant for this study. In the
LET limit, after partonic integration, the colour and spin averaged total pair production cross
section at the LHC is
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where the weighted partonic luminosities, including the kinematic dependence from the two
interfering diagrams and the phase space factors, are
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variable in the equations above and taken the factorisation scale as µ =

p
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ŝ

sx

◆
, (45)
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Higher order terms, such as the quartic coupling, are not relevant for this study. In the
LET limit, after partonic integration, the colour and spin averaged total pair production cross
section at the LHC is

�(pp ! zz) =
1

8⇡2 Mz

"
�gg

v2Q
C 0

gg

✓
M2

z
s

◆
+

���

v2L
C 0

��

✓
M2

z
s

◆#
, (46)

where the weighted partonic luminosities, including the kinematic dependence from the two
interfering diagrams and the phase space factors, are

C 0
gg(z) =

Z
1

4z

dy Cgg(y)
y

4z

r
1� 4z

y


1� 

3z

y � z

�
2

, (47a)
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Figure 16: Within the green region one can reproduce the di-photon excess �(pp ! ��) ⇡ 3 fb
at the 13TeV LHC. Contours of constant �(pp ! zz) are shown as solid lines, �(pp ! zz !
4g) as dashed, �(pp ! zz ! ��gg) as dotdashed, and �(pp ! zz ! 4�) as dotted. These

cross sections are computed using LET with two triplets of coloured fermions and three leptons

with unit charge, and the z3 coupling is set to zero. The required scales vQ = MQ/yQ and

vL = ML/yL are also shown.

�/M = 0.06 assumption. This is not, however, physical. It is rather signalling the breakdown
of perturbation theory since the value of ��� required to explain the excess is becoming so large
that for the benchmark parameters chosen and for fixed vL the implied Yukawa coupling to
charged fermions are becoming too large. Thus in the region where pair production is com-
parable or larger than single production the predicted rates for either should not be trusted.
More specifically, the ratio of pair to single production cross sections scales approximately as

�zz/�z / (yMz/4⇡MQ)
2. (54)

For the LET description to remain valid we require MQ & Mz: in the strongly coupled limit,
y � 1, it is possible to have vz . Mz while the LET description remains valid, at the cost of
approaching the non-perturbativity limit, as can be seen in fig. 17.

Finally we note that in regions of parameter space where gluon fusion dominates the pro-
duction by far the largest observable final state is pp ! zz ! 4g. The cross section for
pp ! zz ! ��gg stays approximately in the region 10�3 ! 10�1 fb.

In summary, pair-production is experimentally interesting. For the benchmark scenario
considered here we find that �(pp ! zz ! 4g) & 1 fb provided that �gg/M & 9.5 ⇥ 10�5

(vQ . 290GeV), and for �(pp ! zz ! 2g2�) & 0.1 fb provided that �gg/M & 7 ⇥ 10�4

(vQ . 100GeV). For other representations these numbers will be di↵erent, however it is
clear that for O(1) Yukawa couplings the model may accommodate the observed excess while
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Figure 16: Within the green region one can reproduce the di-photon excess �(pp ! ��) ⇡ 3 fb
at the 13TeV LHC. Contours of constant �(pp ! zz) are shown as solid lines, �(pp ! zz !
4g) as dashed, �(pp ! zz ! ��gg) as dotdashed, and �(pp ! zz ! 4�) as dotted. These

cross sections are computed using LET with two triplets of coloured fermions and three leptons

with unit charge, and the z3 coupling is set to zero. The required scales vQ = MQ/yQ and

vL = ML/yL are also shown.

�/M = 0.06 assumption. This is not, however, physical. It is rather signalling the breakdown
of perturbation theory since the value of ��� required to explain the excess is becoming so large
that for the benchmark parameters chosen and for fixed vL the implied Yukawa coupling to
charged fermions are becoming too large. Thus in the region where pair production is com-
parable or larger than single production the predicted rates for either should not be trusted.
More specifically, the ratio of pair to single production cross sections scales approximately as

�zz/�z / (yMz/4⇡MQ)
2. (54)

For the LET description to remain valid we require MQ & Mz: in the strongly coupled limit,
y � 1, it is possible to have vz . Mz while the LET description remains valid, at the cost of
approaching the non-perturbativity limit, as can be seen in fig. 17.

Finally we note that in regions of parameter space where gluon fusion dominates the pro-
duction by far the largest observable final state is pp ! zz ! 4g. The cross section for
pp ! zz ! ��gg stays approximately in the region 10�3 ! 10�1 fb.

In summary, pair-production is experimentally interesting. For the benchmark scenario
considered here we find that �(pp ! zz ! 4g) & 1 fb provided that �gg/M & 9.5 ⇥ 10�5

(vQ . 290GeV), and for �(pp ! zz ! 2g2�) & 0.1 fb provided that �gg/M & 7 ⇥ 10�4

(vQ . 100GeV). For other representations these numbers will be di↵erent, however it is
clear that for O(1) Yukawa couplings the model may accommodate the observed excess while
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Large 4γ, probes γγ initial state 

Large 4j and 4t final states2γ2j or ttγγ ???

pp→ F→ 4j 4γ 4t

LHC8 <100 fb <26 fb <70 fb



Conclusions
• gg → Ϝ → γ γ   is the most compelling 
• heavy quark initial state is also possible(b,c,s) 
• light, coupling to gauge bosons → Goldstone boson 

GB of internal symmetry linked to strong EWSB 
SUSY partner of GB of SUSY 
GB of conformal invariance 

• CP of F is one of the most pressing questions 
• F pair production is worth searching, great reward 
• Outlook: 

more decay channels F→ jj, tt, Zγ, ZZ, WW, HH, invisible, 3&4-body 
direct search of states in the loop 
other companions from the new theory of TeV physics
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z (750000) I(JP ) =?(0?)
J needs confirmation

OMITTED FROM SUMMARY TABLE
Needs confirmation.

z MASS
VALUE (GeV) EVTS DOCUMENT ID TECN COMMENT

750 ± 30 OUR AVERAGE ATLAS, CMS pp ! z
• • • We do not use the following data for average, fits, limits, etc. • • •

z WIDTH
VALUE (GeV) CL% DOCUMENT ID TECN COMMENT

<100 95 ATLAS, CMS pp ! z
• • • We do not use the following data for average, fits, limits, etc. • • •

z DECAY MODES
Mode Fraction (�i/�)

�1 �� seen(?)
�2 �Z,ZZ,WW, jj expected
�3 tt̄, bb̄, invisible possible
�4 3-body, 4-body predicted

1



Thank you!



Quarkonium and Quirks
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Pair production mechanism



QCD Goldstone bosons and 
Quarkonium


