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Disclaimer: The number of possible topics to discuss is very large, each of which could 
fill dedicated workshops (EFT & TGC/QGC, Higgs, HH, SUSY, ALPs, resonances,…). 
In the limited time of one talk, I chose to focus on searches connected to one particular 
topic only: searches for scalar singlets / ALPs.
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One of the most significant scientific 
discoveries in the last 20+ years, the 
Higgs discovery was an impressive 
achievement of LHC, ATLAS, and CMS. 

The diphoton channel, together with the 
4-lepton one, was instrumental to reach 
this goal.

We now have  

 consistent theory of elementary particles and their interactions
at the electroweak scale.

γγ - a discovery channel
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Figure 2: Weighted diphoton invariant mass spectrum in the tt̄H-sensitive BDT bins observed in 79.8 fb�1 of
13 TeV data. Events are weighted by ln(1 + S90/B90), where S90 (B90) for each BDT bin is the expected tt̄H signal
(background) in the smallest m�� window containing 90% of the expected signal. The error bars represent 68%
confidence intervals of the weighted sums. The solid red curve shows the fitted signal-plus-background model with
the Higgs boson mass constrained to 125.09 ± 0.24 GeV. The non-resonant and total background components
of the fit are shown with the dotted blue curve and dashed green curve. Both the signal-plus-background and
background-only curves shown here are obtained from the weighted sum of the individual curves in each BDT bin.

signal-plus-background and background-only curves shown here are obtained from the weighted sum of
the individual curves in each BDT bin. The expected and observed event yields are presented in Table 1
and shown in Figure 3. In Figure 3, a tt̄H signal strength µ = �/�SM of 1.4 is assumed. The total
number of fitted tt̄H signal events in the mass range 105 GeV < m�� < 160 GeV is 36+12

�11. For 13 TeV data
corresponding to an integrated luminosity of 79.8 fb�1, the expected significance of the tt̄H signal in the
H ! �� channel is 3.7 standard deviations. The significance of the observed tt̄H signal is 4.1 standard
deviations. The expected significance in the Had (Lep) region is 2.7 (2.5) standard deviations, while the
observed significance in the Had (Lep) region is 3.8 (1.9) standard deviations.

3 H ! ZZ
⇤ ! 4`

In the H ! Z Z
⇤ ! 4` analysis, using the same data as in the H ! �� analysis, events with at least

four isolated leptons (four electrons, four muons, or two electrons and two muons) corresponding to two
same-flavour opposite-charge pairs are selected. The four-lepton invariant mass is required to be in a
window of 115 GeV < m4` < 130 GeV. To search for tt̄H events, at least one jet is required, with
pT > 30 GeV and containing a b-hadron identified using a b-tagging algorithm with an e�ciency of
70%. The event selection is described in more detail in Ref. [5]. The current analysis improves the
expected tt̄H significance by defining two signal regions, and by applying a BDT in one of them. A ‘Had’
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h→γγ also crucial for the 
observation of tth production.

γγ - a precision channel!
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Figure 16: Summary plot of the measured simplified template cross sections times the Higgs to diphoton
branching ratio. For illustration purposes the central values have been divided by their SM expectations but no
additional theory uncertainties have been included in the uncertainty of the ratio due to this. The uncertainties
in the predicted SM cross sections are shown in gray in the plot. The definition of the measured regions
can be found in Table 1. The fitted value of �(top) corresponds to the sum of tt̄Hand tH production-mode
cross sections under the assumption that their relative ratios are as predicted by the SM. The �(VH, leptonic)
cross-section values are determined under the assumption that the ratio of the WH and ZH production mode
cross sections is as predicted by the SM and includes production from both the quark and gluon initial states.
The bb̄H contributions are merged with ggH.

The evaluated cross sections including their correlations are summarized in Figures 16 and 17. The
expected Standard Model correlations can be found in Appendix H. All observed cross sections are in
agreement with the Standard Model values. The Standard Model prediction is determined using the
generators in Section 4 and the theory uncertainties due to missing higher-order corrections and due to
the chosen PDF set are constructed as described in Section 7.3. The largest deviation (1.7 �) from the
SM prediction is found in the ggH, 0 jet bin. The di�erence of the cross sections for the pH

T > 200 GeV
ggH and pj

T > 200 GeV VBF regions is found to be 4.8+2.9
�2.7 fb.

48

STXS from 
h→γγ
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What next?
- What stabilises the EW scale from shot-distance dynamics? 
- What is the origin of the observed fermion masses and mixing? 
- What is the nature of dark matter? 
- What is the mechanism generating matter/antimatter asymm.? 
- Why is θ̅QCD so small? 
- Grand Unification of forces? 
- Dark Energy? Inflation? Quantum gravity?

Deep issues still remain open:
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What next?
- What stabilises the EW scale from shot-distance dynamics? 
- What is the origin of the observed fermion masses and mixing? 
- What is the nature of dark matter? 
- What is the mechanism generating matter/antimatter asymm.? 
- Why is θ̅QCD so small? 
- Grand Unification of forces? 
- Dark Energy? Inflation? Quantum gravity?

Deep issues still remain open:

LHC didn’t see any
New Physics

The most obvious theory expectations for solutions to the hierarchy 
problem did not pass the experimental tests as wished.

Absence of evidence is not evidence of absence

Some hints for possible New Physics at the TeV scale have been building up 
in B-meson physics. 
Final states with photons might still have something important to reveal.

… yet!
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Discovering a new
heavy Higgs using photons?
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Scalar Singlets with Higgs portal

The scalar singlet couples to SM states only via a mixing with the SM Higgs:

Mixing angle  γ

e.g. [Buttazzo, Sala, Tesi 1505.05488, also 1812.07831]

All the h and � couplings to SM fermions and vectors are fixed, due to the singlet nature
of S, only by the mixing angle �. They can be written in terms of the couplings of a standard
Higgs boson of the same mass as

ghff

g
SM
hff

=
ghV V

g
SM
hV V

= c� ,
g�ff

g
SM
hff

=
g�V V

g
SM
hV V

= �s� , (2.3)

where we introduce the notation s✓ ⌘ sin ✓, c✓ ⌘ cos ✓. Notice that the branching ratios of h
are not modified with respect to their SM values, since all the couplings are rescaled by the
same factor; the only observable deviation from the SM is therefore the reduced production
cross-section. Concerning �, its production cross-section �pp!� is simply the one of a standard
Higgs boson of mass m� rescaled by s

2
� . Its branching ratios are again those of a SM Higgs

boson of the same mass below the kinematic threshold m� = 2mh, where the width ��!hh

can in principle become sizeable. All these considerations can be modified by the presence of
operators of dimension greater than four in a strongly coupled theory, but in the following we
will consider only weakly coupled scenarios.

The phenomenology of the two scalars can then be summarised as

µh = c
2
� ⇥ µSM, (2.4)

µ�!V V,ff = s
2
� ⇥ µSM(m�)⇥ (1� BR�!hh) , (2.5)

µ�!hh = s
2
� ⇥ �SM(m�)⇥ BR�!hh , (2.6)

where µh,� are respectively the signal strengths of h and � in any SM channel (unless specified),
µSM is the signal strength of a SM Higgs boson, and �SM is its production cross-section. The
measurement of the h signal strengths, and hence of its couplings, puts a model independent
constraint on the mixing angle �. This in turn limits the magnitude of possible direct signals of
�, which for large enough m� decays mainly into a pair of vector bosons, W+

W
� and ZZ, and

into hh if the relative branching ratio is large enough. The only relevant fermionic decay mode
of � is a pair of top quarks, which is however subdominant with respect to the previous ones.

One reads in expressions (2.5) and (2.6) that the decays of both scalars are completely
determined by just three parameters:

⇧ the mass of the singlet-like scalar m�,

⇧ the mixing angle �,

⇧ the branching ratio BR�!hh.

We now discuss them in order to understand better and simplify the description of the phe-
nomenology, starting with BR�!hh.

For m� � mW , one knows that decays of � into vector bosons are determined by their
Goldstone nature, and that they dominate over all the other SM decay modes. This implies the
asymptotic relation

BR�!hh = BR�!ZZ =
1

2
BR�!WW =

1

4
, m� � mW . (2.7)

For large enough m� the number of free parameters drops then from three to two, further
simplifying the description of the model. It is natural to choose m� as one of them.

Concerning the other free parameter, notice that for any given scalar potential, the mixing
angle � between the two CP-even scalars can be expressed in the form

sin2 � =
M

2
hh

�m
2
h

m
2
�
�m

2
h

, (2.8)

3

sin γ
h φ

6.1.4 Heavy singlet scalars at HL- and HE-LHC
Contributors: D. Buttazzo, F. Sala, A. Tesi

The existence of extended Higgs sectors is predicted in several motivated extensions of the SM.
In particular, extra Higgses that are singlets under the SM gauge group arise in some of the most nat-
ural BSM constructions, like the next-to-MSSM (NMSSM, see Ref. [528] for a review), as well as in
Twin [529] and Composite [530, 531] Higgs models (TH and CH models). Independently of the hier-
archy problem of the Fermi scale, extra singlets constitute a minimal possibility to realise a first-order
EW phase transition [532–534], which is a necessary condition to achieve EW baryogenesis. These con-
siderations constitute a strong case for the experimental hunt of extra singlet-like scalar particles. It is
the purpose of this Section, which summarises and updates the work of Ref.s [535, 536], to review the
experimental status of the searches for such scalars, and to determine the reach of the HL- and HE-LHC.
To keep this contribution brief, we focus on the case where the extra singlet is heavier than the Higgs
boson.

Framework. We add to the SM a real scalar field �, so that the most general renormalisable
Lagrangian reads

L = LSM +
1

2
(@S)2 � µ2

SS
2
� aHS |H|

2S � �HS |H|
2S2

� aSS
3
� �SS

4 , (6.1.15)

where H is the SM Higgs doublet. Unless a Z2 symmetry is enforced (aHS = aS = 0), and is not
spontaneously broken, the singlet mixes with the SM Higgs as

� = �s� h0 + c� s0, h = s� s0 + c� h0 , (6.1.16)

where h0 and s0 are the neutral CP-even degrees of freedom contained in H and S, h and � are the
resulting mass eigenstates, and s� , c� are the sine and cosine of their mixing angle �. The signal strengths
µ of h and � into SM particles, defined as cross-section times BR, read

µh = c2� µSM, µ�!V V,ff = s2� µSM(m�) · (1� B(� ! hh)), µ�!hh = s2� �SM(m�) · B(� ! hh),
(6.1.17)

where �SM is the production cross-section of a SM Higgs boson, and µSM is its signal strength into the
pair of SM particles of interest.

Constraints from Higgs couplings. The couplings of the SM-like Higgs boson h to other SM par-
ticles are all reduced by the same amount c� , independently of m�. A combined ATLAS and CMS fit to
Higgs coupling measurements from 8 TeV data yields the 2� limit [537] s2� . 0.12, and the sensitivity
reached with 36 fb�1 of data at 13 TeV is comparable [538, 539]. The HL- and HE-LHC are expected
to probe values of s2� at, and possibly slightly below, the 5% level [32]. The current exclusion and fu-
ture reach from Higgs coupling measurements is shown in Fig. 6.1.8. Constraints on the mixing angle
from EW precision tests are subdominant with respect to those from Higgs coupling measurements, see
e.g. Ref. [540].

Constraints from Trilinear Higgs coupling. The trilinear Higgs coupling ghhh depends on �, m�,
and on the singlet VEV vs, while its dependence on all other parameters is very mild [535] (we fix for
definiteness �S = �HS = 0.5). We show its ratio with respect to its SM value in Fig. 6.1.8, for two
representative values of vs. The gray shaded region comes from a rough bound on ghhh that we extract
from Ref. [274], using the prediction of Ref. [541].9 Deviations of order one and larger are allowed by all
current and near-future constraints, motivating in particular the HE stage of the LHC, due to the increase
of the sensitivity to ghhh with energy [32].

9We assume that the only deviation in double Higgs production comes from deviations in ghhh, the contribution from
pp ! � ! hh is negligibly small due to the large m� in the excluded region.

169

SM + singlet scalar S
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ticles are all reduced by the same amount c� , independently of m�. A combined ATLAS and CMS fit to
Higgs coupling measurements from 8 TeV data yields the 2� limit [537] s2� . 0.12, and the sensitivity
reached with 36 fb�1 of data at 13 TeV is comparable [538, 539]. The HL- and HE-LHC are expected
to probe values of s2� at, and possibly slightly below, the 5% level [32]. The current exclusion and fu-
ture reach from Higgs coupling measurements is shown in Fig. 6.1.8. Constraints on the mixing angle
from EW precision tests are subdominant with respect to those from Higgs coupling measurements, see
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from Ref. [274], using the prediction of Ref. [541].9 Deviations of order one and larger are allowed by all
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9We assume that the only deviation in double Higgs production comes from deviations in ghhh, the contribution from
pp ! � ! hh is negligibly small due to the large m� in the excluded region.
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siderations constitute a strong case for the experimental hunt of extra singlet-like scalar particles. It is
the purpose of this Section, which summarises and updates the work of Ref.s [535, 536], to review the
experimental status of the searches for such scalars, and to determine the reach of the HL- and HE-LHC.
To keep this contribution brief, we focus on the case where the extra singlet is heavier than the Higgs
boson.

Framework. We add to the SM a real scalar field �, so that the most general renormalisable
Lagrangian reads

L = LSM +
1

2
(@S)2 � µ2

SS
2
� aHS |H|

2S � �HS |H|
2S2

� aSS
3
� �SS

4 , (6.1.15)

where H is the SM Higgs doublet. Unless a Z2 symmetry is enforced (aHS = aS = 0), and is not
spontaneously broken, the singlet mixes with the SM Higgs as

� = �s� h0 + c� s0, h = s� s0 + c� h0 , (6.1.16)

where h0 and s0 are the neutral CP-even degrees of freedom contained in H and S, h and � are the
resulting mass eigenstates, and s� , c� are the sine and cosine of their mixing angle �. The signal strengths
µ of h and � into SM particles, defined as cross-section times BR, read

µh = c2� µSM, µ�!V V,ff = s2� µSM(m�) · (1� B(� ! hh)), µ�!hh = s2� �SM(m�) · B(� ! hh),
(6.1.17)

where �SM is the production cross-section of a SM Higgs boson, and µSM is its signal strength into the
pair of SM particles of interest.

Constraints from Higgs couplings. The couplings of the SM-like Higgs boson h to other SM par-
ticles are all reduced by the same amount c� , independently of m�. A combined ATLAS and CMS fit to
Higgs coupling measurements from 8 TeV data yields the 2� limit [537] s2� . 0.12, and the sensitivity
reached with 36 fb�1 of data at 13 TeV is comparable [538, 539]. The HL- and HE-LHC are expected
to probe values of s2� at, and possibly slightly below, the 5% level [32]. The current exclusion and fu-
ture reach from Higgs coupling measurements is shown in Fig. 6.1.8. Constraints on the mixing angle
from EW precision tests are subdominant with respect to those from Higgs coupling measurements, see
e.g. Ref. [540].

Constraints from Trilinear Higgs coupling. The trilinear Higgs coupling ghhh depends on �, m�,
and on the singlet VEV vs, while its dependence on all other parameters is very mild [535] (we fix for
definiteness �S = �HS = 0.5). We show its ratio with respect to its SM value in Fig. 6.1.8, for two
representative values of vs. The gray shaded region comes from a rough bound on ghhh that we extract
from Ref. [274], using the prediction of Ref. [541].9 Deviations of order one and larger are allowed by all
current and near-future constraints, motivating in particular the HE stage of the LHC, due to the increase
of the sensitivity to ghhh with energy [32].

9We assume that the only deviation in double Higgs production comes from deviations in ghhh, the contribution from
pp ! � ! hh is negligibly small due to the large m� in the excluded region.
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The scalar singlet couples to SM states only via a mixing with the SM Higgs:

Mixing angle  γ

e.g. [Buttazzo, Sala, Tesi 1505.05488, also 1812.07831]

All the h and � couplings to SM fermions and vectors are fixed, due to the singlet nature
of S, only by the mixing angle �. They can be written in terms of the couplings of a standard
Higgs boson of the same mass as

ghff

g
SM
hff

=
ghV V

g
SM
hV V

= c� ,
g�ff

g
SM
hff

=
g�V V

g
SM
hV V

= �s� , (2.3)

where we introduce the notation s✓ ⌘ sin ✓, c✓ ⌘ cos ✓. Notice that the branching ratios of h
are not modified with respect to their SM values, since all the couplings are rescaled by the
same factor; the only observable deviation from the SM is therefore the reduced production
cross-section. Concerning �, its production cross-section �pp!� is simply the one of a standard
Higgs boson of mass m� rescaled by s

2
� . Its branching ratios are again those of a SM Higgs

boson of the same mass below the kinematic threshold m� = 2mh, where the width ��!hh

can in principle become sizeable. All these considerations can be modified by the presence of
operators of dimension greater than four in a strongly coupled theory, but in the following we
will consider only weakly coupled scenarios.

The phenomenology of the two scalars can then be summarised as

µh = c
2
� ⇥ µSM, (2.4)

µ�!V V,ff = s
2
� ⇥ µSM(m�)⇥ (1� BR�!hh) , (2.5)

µ�!hh = s
2
� ⇥ �SM(m�)⇥ BR�!hh , (2.6)

where µh,� are respectively the signal strengths of h and � in any SM channel (unless specified),
µSM is the signal strength of a SM Higgs boson, and �SM is its production cross-section. The
measurement of the h signal strengths, and hence of its couplings, puts a model independent
constraint on the mixing angle �. This in turn limits the magnitude of possible direct signals of
�, which for large enough m� decays mainly into a pair of vector bosons, W+

W
� and ZZ, and

into hh if the relative branching ratio is large enough. The only relevant fermionic decay mode
of � is a pair of top quarks, which is however subdominant with respect to the previous ones.

One reads in expressions (2.5) and (2.6) that the decays of both scalars are completely
determined by just three parameters:

⇧ the mass of the singlet-like scalar m�,

⇧ the mixing angle �,

⇧ the branching ratio BR�!hh.

We now discuss them in order to understand better and simplify the description of the phe-
nomenology, starting with BR�!hh.

For m� � mW , one knows that decays of � into vector bosons are determined by their
Goldstone nature, and that they dominate over all the other SM decay modes. This implies the
asymptotic relation

BR�!hh = BR�!ZZ =
1

2
BR�!WW =

1

4
, m� � mW . (2.7)

For large enough m� the number of free parameters drops then from three to two, further
simplifying the description of the model. It is natural to choose m� as one of them.

Concerning the other free parameter, notice that for any given scalar potential, the mixing
angle � between the two CP-even scalars can be expressed in the form

sin2 � =
M
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, (2.8)
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6.1.4 Heavy singlet scalars at HL- and HE-LHC
Contributors: D. Buttazzo, F. Sala, A. Tesi

The existence of extended Higgs sectors is predicted in several motivated extensions of the SM.
In particular, extra Higgses that are singlets under the SM gauge group arise in some of the most nat-
ural BSM constructions, like the next-to-MSSM (NMSSM, see Ref. [528] for a review), as well as in
Twin [529] and Composite [530, 531] Higgs models (TH and CH models). Independently of the hier-
archy problem of the Fermi scale, extra singlets constitute a minimal possibility to realise a first-order
EW phase transition [532–534], which is a necessary condition to achieve EW baryogenesis. These con-
siderations constitute a strong case for the experimental hunt of extra singlet-like scalar particles. It is
the purpose of this Section, which summarises and updates the work of Ref.s [535, 536], to review the
experimental status of the searches for such scalars, and to determine the reach of the HL- and HE-LHC.
To keep this contribution brief, we focus on the case where the extra singlet is heavier than the Higgs
boson.

Framework. We add to the SM a real scalar field �, so that the most general renormalisable
Lagrangian reads

L = LSM +
1

2
(@S)2 � µ2

SS
2
� aHS |H|

2S � �HS |H|
2S2

� aSS
3
� �SS

4 , (6.1.15)

where H is the SM Higgs doublet. Unless a Z2 symmetry is enforced (aHS = aS = 0), and is not
spontaneously broken, the singlet mixes with the SM Higgs as

� = �s� h0 + c� s0, h = s� s0 + c� h0 , (6.1.16)

where h0 and s0 are the neutral CP-even degrees of freedom contained in H and S, h and � are the
resulting mass eigenstates, and s� , c� are the sine and cosine of their mixing angle �. The signal strengths
µ of h and � into SM particles, defined as cross-section times BR, read

µh = c2� µSM, µ�!V V,ff = s2� µSM(m�) · (1� B(� ! hh)), µ�!hh = s2� �SM(m�) · B(� ! hh),
(6.1.17)

where �SM is the production cross-section of a SM Higgs boson, and µSM is its signal strength into the
pair of SM particles of interest.

Constraints from Higgs couplings. The couplings of the SM-like Higgs boson h to other SM par-
ticles are all reduced by the same amount c� , independently of m�. A combined ATLAS and CMS fit to
Higgs coupling measurements from 8 TeV data yields the 2� limit [537] s2� . 0.12, and the sensitivity
reached with 36 fb�1 of data at 13 TeV is comparable [538, 539]. The HL- and HE-LHC are expected
to probe values of s2� at, and possibly slightly below, the 5% level [32]. The current exclusion and fu-
ture reach from Higgs coupling measurements is shown in Fig. 6.1.8. Constraints on the mixing angle
from EW precision tests are subdominant with respect to those from Higgs coupling measurements, see
e.g. Ref. [540].

Constraints from Trilinear Higgs coupling. The trilinear Higgs coupling ghhh depends on �, m�,
and on the singlet VEV vs, while its dependence on all other parameters is very mild [535] (we fix for
definiteness �S = �HS = 0.5). We show its ratio with respect to its SM value in Fig. 6.1.8, for two
representative values of vs. The gray shaded region comes from a rough bound on ghhh that we extract
from Ref. [274], using the prediction of Ref. [541].9 Deviations of order one and larger are allowed by all
current and near-future constraints, motivating in particular the HE stage of the LHC, due to the increase
of the sensitivity to ghhh with energy [32].

9We assume that the only deviation in double Higgs production comes from deviations in ghhh, the contribution from
pp ! � ! hh is negligibly small due to the large m� in the excluded region.
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The existence of extended Higgs sectors is predicted in several motivated extensions of the SM.
In particular, extra Higgses that are singlets under the SM gauge group arise in some of the most nat-
ural BSM constructions, like the next-to-MSSM (NMSSM, see Ref. [528] for a review), as well as in
Twin [529] and Composite [530, 531] Higgs models (TH and CH models). Independently of the hier-
archy problem of the Fermi scale, extra singlets constitute a minimal possibility to realise a first-order
EW phase transition [532–534], which is a necessary condition to achieve EW baryogenesis. These con-
siderations constitute a strong case for the experimental hunt of extra singlet-like scalar particles. It is
the purpose of this Section, which summarises and updates the work of Ref.s [535, 536], to review the
experimental status of the searches for such scalars, and to determine the reach of the HL- and HE-LHC.
To keep this contribution brief, we focus on the case where the extra singlet is heavier than the Higgs
boson.

Framework. We add to the SM a real scalar field �, so that the most general renormalisable
Lagrangian reads

L = LSM +
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where H is the SM Higgs doublet. Unless a Z2 symmetry is enforced (aHS = aS = 0), and is not
spontaneously broken, the singlet mixes with the SM Higgs as

� = �s� h0 + c� s0, h = s� s0 + c� h0 , (6.1.16)

where h0 and s0 are the neutral CP-even degrees of freedom contained in H and S, h and � are the
resulting mass eigenstates, and s� , c� are the sine and cosine of their mixing angle �. The signal strengths
µ of h and � into SM particles, defined as cross-section times BR, read

µh = c2� µSM, µ�!V V,ff = s2� µSM(m�) · (1� B(� ! hh)), µ�!hh = s2� �SM(m�) · B(� ! hh),
(6.1.17)

where �SM is the production cross-section of a SM Higgs boson, and µSM is its signal strength into the
pair of SM particles of interest.

Constraints from Higgs couplings. The couplings of the SM-like Higgs boson h to other SM par-
ticles are all reduced by the same amount c� , independently of m�. A combined ATLAS and CMS fit to
Higgs coupling measurements from 8 TeV data yields the 2� limit [537] s2� . 0.12, and the sensitivity
reached with 36 fb�1 of data at 13 TeV is comparable [538, 539]. The HL- and HE-LHC are expected
to probe values of s2� at, and possibly slightly below, the 5% level [32]. The current exclusion and fu-
ture reach from Higgs coupling measurements is shown in Fig. 6.1.8. Constraints on the mixing angle
from EW precision tests are subdominant with respect to those from Higgs coupling measurements, see
e.g. Ref. [540].

Constraints from Trilinear Higgs coupling. The trilinear Higgs coupling ghhh depends on �, m�,
and on the singlet VEV vs, while its dependence on all other parameters is very mild [535] (we fix for
definiteness �S = �HS = 0.5). We show its ratio with respect to its SM value in Fig. 6.1.8, for two
representative values of vs. The gray shaded region comes from a rough bound on ghhh that we extract
from Ref. [274], using the prediction of Ref. [541].9 Deviations of order one and larger are allowed by all
current and near-future constraints, motivating in particular the HE stage of the LHC, due to the increase
of the sensitivity to ghhh with energy [32].

9We assume that the only deviation in double Higgs production comes from deviations in ghhh, the contribution from
pp ! � ! hh is negligibly small due to the large m� in the excluded region.
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where H is the SM Higgs doublet. Unless a Z2 symmetry is enforced (aHS = aS = 0), and is not
spontaneously broken, the singlet mixes with the SM Higgs as

� = �s� h0 + c� s0, h = s� s0 + c� h0 , (6.1.16)

where h0 and s0 are the neutral CP-even degrees of freedom contained in H and S, h and � are the
resulting mass eigenstates, and s� , c� are the sine and cosine of their mixing angle �. The signal strengths
µ of h and � into SM particles, defined as cross-section times BR, read

µh = c2� µSM, µ�!V V,ff = s2� µSM(m�) · (1� B(� ! hh)), µ�!hh = s2� �SM(m�) · B(� ! hh),
(6.1.17)

where �SM is the production cross-section of a SM Higgs boson, and µSM is its signal strength into the
pair of SM particles of interest.

Constraints from Higgs couplings. The couplings of the SM-like Higgs boson h to other SM par-
ticles are all reduced by the same amount c� , independently of m�. A combined ATLAS and CMS fit to
Higgs coupling measurements from 8 TeV data yields the 2� limit [537] s2� . 0.12, and the sensitivity
reached with 36 fb�1 of data at 13 TeV is comparable [538, 539]. The HL- and HE-LHC are expected
to probe values of s2� at, and possibly slightly below, the 5% level [32]. The current exclusion and fu-
ture reach from Higgs coupling measurements is shown in Fig. 6.1.8. Constraints on the mixing angle
from EW precision tests are subdominant with respect to those from Higgs coupling measurements, see
e.g. Ref. [540].

Constraints from Trilinear Higgs coupling. The trilinear Higgs coupling ghhh depends on �, m�,
and on the singlet VEV vs, while its dependence on all other parameters is very mild [535] (we fix for
definiteness �S = �HS = 0.5). We show its ratio with respect to its SM value in Fig. 6.1.8, for two
representative values of vs. The gray shaded region comes from a rough bound on ghhh that we extract
from Ref. [274], using the prediction of Ref. [541].9 Deviations of order one and larger are allowed by all
current and near-future constraints, motivating in particular the HE stage of the LHC, due to the increase
of the sensitivity to ghhh with energy [32].

9We assume that the only deviation in double Higgs production comes from deviations in ghhh, the contribution from
pp ! � ! hh is negligibly small due to the large m� in the excluded region.
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where H is the SM Higgs doublet. Unless a Z2 symmetry is enforced (aHS = aS = 0), and is not
spontaneously broken, the singlet mixes with the SM Higgs as

� = �s� h0 + c� s0, h = s� s0 + c� h0 , (6.1.16)

where h0 and s0 are the neutral CP-even degrees of freedom contained in H and S, h and � are the
resulting mass eigenstates, and s� , c� are the sine and cosine of their mixing angle �. The signal strengths
µ of h and � into SM particles, defined as cross-section times BR, read

µh = c2� µSM, µ�!V V,ff = s2� µSM(m�) · (1� B(� ! hh)), µ�!hh = s2� �SM(m�) · B(� ! hh),
(6.1.17)

where �SM is the production cross-section of a SM Higgs boson, and µSM is its signal strength into the
pair of SM particles of interest.

Constraints from Higgs couplings. The couplings of the SM-like Higgs boson h to other SM par-
ticles are all reduced by the same amount c� , independently of m�. A combined ATLAS and CMS fit to
Higgs coupling measurements from 8 TeV data yields the 2� limit [537] s2� . 0.12, and the sensitivity
reached with 36 fb�1 of data at 13 TeV is comparable [538, 539]. The HL- and HE-LHC are expected
to probe values of s2� at, and possibly slightly below, the 5% level [32]. The current exclusion and fu-
ture reach from Higgs coupling measurements is shown in Fig. 6.1.8. Constraints on the mixing angle
from EW precision tests are subdominant with respect to those from Higgs coupling measurements, see
e.g. Ref. [540].

Constraints from Trilinear Higgs coupling. The trilinear Higgs coupling ghhh depends on �, m�,
and on the singlet VEV vs, while its dependence on all other parameters is very mild [535] (we fix for
definiteness �S = �HS = 0.5). We show its ratio with respect to its SM value in Fig. 6.1.8, for two
representative values of vs. The gray shaded region comes from a rough bound on ghhh that we extract
from Ref. [274], using the prediction of Ref. [541].9 Deviations of order one and larger are allowed by all
current and near-future constraints, motivating in particular the HE stage of the LHC, due to the increase
of the sensitivity to ghhh with energy [32].

9We assume that the only deviation in double Higgs production comes from deviations in ghhh, the contribution from
pp ! � ! hh is negligibly small due to the large m� in the excluded region.
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Fig. 6.1.8: Shaded: LHC exclusions from resonance searches (dark red), Higgs coupling measurements (light red)
and double Higgs production (gray). Dashed black lines are contours of constant ratio between the trilinear Higgs
coupling and its SM value, continuous red lines are expected sensitivities from resonance searches at the HL- and
HE-LHC. The singlet VEV vs is fixed to �300 GeV (left) and to 1000 GeV (right).

Constraints from direct searches of the extra singlet. The collider phenomenology of � is fully
controlled by only 3 parameters, m�, � and B(� ! hh). Analogously to the case of the triple
Higgs coupling ghhh, B(� ! hh) depends dominantly on the model parameters vs, �, and m� [535].
Moreover, because of the Goldstone boson equivalence theorem, it reaches the asymptotic value
B(� ! hh) = B(� ! ZZ) = 25% for m� � mh, further reducing the number of parameters rele-
vant for the phenomenology of �. Current resonance searches at the LHC exclude the red shaded area in
Fig. 6.1.8, and are dominated by the CMS combined ZZ search in Ref. [542] at 13 TeV with 36 fb�1

of data. We rescale the expected sensitivity at 13 TeV [542] at higher energies and luminosities using
quark parton luminosities, with a procedure analogous to the one presented in Ref. [535]. Our results
for the expected sensitivities at the HL (14 TeV, 3 ab�1) and HE (27 TeV, 15 ab�1) stages of the LHC
are also shown in Fig. 6.1.8. Direct searches for the new scalar constitute the strongest probe of the
parameter space of these models for m� below about a TeV, while larger masses are (and will be) probed
more efficiently by deviations in Higgs couplings, thus making these two strategies complementary in
the exploration of these models.

Implications for the NMSSM. The NMSSM adds to the MSSM particle content a singlet S, so
that the superpotential reads W = WMSSM+�SHuHd+f(S). The fine-tuning needed to reproduce the
EW scale is parametrically alleviated, with respect to the MSSM, and for a given value of the stop and
gluino masses, by a factor �/g, see e.g. Ref.s [543–546]. Naturalness arguments thus favour a large �,
that is however bounded from above by perturbativity. Assuming the masses of the extra Higgs bosons
in the TeV range, a model with � ' 2 becomes strongly coupled at scales of order 10 TeV, and to have
a perturbative coupling up to the GUT scale one needs � . 0.7 [547].10

Here we employ the economical parametrisation of the NMSSM scalar sector put forward in
Ref.s [548, 549]. We then assume the extra Higgs doublet to be (slightly) decoupled, and we study
the phenomenology of the Higgs-singlet scalar sector, which can be described by 4 free parameters

m�, �, t� , �hh, (6.1.18)

where t� is the ratio of the up and down Higgs VEVS , and �hh encodes the radiative contribution to the
SM-like Higgs mass m2

h . m2
Z c22� +�2 v2 s22�/2+�2

hh. The phenomenology discussed in the previous

10It is conceivable that a strong sector exists at the scale where � becomes non-perturbative, and without affecting the success
of GUT in the NMSSM, see e.g. the model in Ref. [548] and references therein.
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At large masses mφ ≫ mW , 
decays into WW, ZZ, hh dominate.  

γγ and γZ decays are
very suppressed in this setup.

To have a sizeable Brγγ, extra states are required 
to enhance the φγγ coupling at 1-loop, 
e.g. with vector-like fermions.
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HE-LHC. The singlet VEV vs is fixed to �300 GeV (left) and to 1000 GeV (right).
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Moreover, because of the Goldstone boson equivalence theorem, it reaches the asymptotic value
B(� ! hh) = B(� ! ZZ) = 25% for m� � mh, further reducing the number of parameters rele-
vant for the phenomenology of �. Current resonance searches at the LHC exclude the red shaded area in
Fig. 6.1.8, and are dominated by the CMS combined ZZ search in Ref. [542] at 13 TeV with 36 fb�1

of data. We rescale the expected sensitivity at 13 TeV [542] at higher energies and luminosities using
quark parton luminosities, with a procedure analogous to the one presented in Ref. [535]. Our results
for the expected sensitivities at the HL (14 TeV, 3 ab�1) and HE (27 TeV, 15 ab�1) stages of the LHC
are also shown in Fig. 6.1.8. Direct searches for the new scalar constitute the strongest probe of the
parameter space of these models for m� below about a TeV, while larger masses are (and will be) probed
more efficiently by deviations in Higgs couplings, thus making these two strategies complementary in
the exploration of these models.

Implications for the NMSSM. The NMSSM adds to the MSSM particle content a singlet S, so
that the superpotential reads W = WMSSM+�SHuHd+f(S). The fine-tuning needed to reproduce the
EW scale is parametrically alleviated, with respect to the MSSM, and for a given value of the stop and
gluino masses, by a factor �/g, see e.g. Ref.s [543–546]. Naturalness arguments thus favour a large �,
that is however bounded from above by perturbativity. Assuming the masses of the extra Higgs bosons
in the TeV range, a model with � ' 2 becomes strongly coupled at scales of order 10 TeV, and to have
a perturbative coupling up to the GUT scale one needs � . 0.7 [547].10

Here we employ the economical parametrisation of the NMSSM scalar sector put forward in
Ref.s [548, 549]. We then assume the extra Higgs doublet to be (slightly) decoupled, and we study
the phenomenology of the Higgs-singlet scalar sector, which can be described by 4 free parameters

m�, �, t� , �hh, (6.1.18)

where t� is the ratio of the up and down Higgs VEVS , and �hh encodes the radiative contribution to the
SM-like Higgs mass m2

h . m2
Z c22� +�2 v2 s22�/2+�2

hh. The phenomenology discussed in the previous

10It is conceivable that a strong sector exists at the scale where � becomes non-perturbative, and without affecting the success
of GUT in the NMSSM, see e.g. the model in Ref. [548] and references therein.
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Scalar Singlets with Higgs portal

At large masses mφ ≫ mW , 
decays into WW, ZZ, hh dominate.  

γγ and γZ decays are
very suppressed in this setup.

To have a sizeable Brγγ, extra states are required 
to enhance the φγγ coupling at 1-loop, 
e.g. with vector-like fermions.
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Fig. 6.1.8: Shaded: LHC exclusions from resonance searches (dark red), Higgs coupling measurements (light red)
and double Higgs production (gray). Dashed black lines are contours of constant ratio between the trilinear Higgs
coupling and its SM value, continuous red lines are expected sensitivities from resonance searches at the HL- and
HE-LHC. The singlet VEV vs is fixed to �300 GeV (left) and to 1000 GeV (right).

Constraints from direct searches of the extra singlet. The collider phenomenology of � is fully
controlled by only 3 parameters, m�, � and B(� ! hh). Analogously to the case of the triple
Higgs coupling ghhh, B(� ! hh) depends dominantly on the model parameters vs, �, and m� [535].
Moreover, because of the Goldstone boson equivalence theorem, it reaches the asymptotic value
B(� ! hh) = B(� ! ZZ) = 25% for m� � mh, further reducing the number of parameters rele-
vant for the phenomenology of �. Current resonance searches at the LHC exclude the red shaded area in
Fig. 6.1.8, and are dominated by the CMS combined ZZ search in Ref. [542] at 13 TeV with 36 fb�1

of data. We rescale the expected sensitivity at 13 TeV [542] at higher energies and luminosities using
quark parton luminosities, with a procedure analogous to the one presented in Ref. [535]. Our results
for the expected sensitivities at the HL (14 TeV, 3 ab�1) and HE (27 TeV, 15 ab�1) stages of the LHC
are also shown in Fig. 6.1.8. Direct searches for the new scalar constitute the strongest probe of the
parameter space of these models for m� below about a TeV, while larger masses are (and will be) probed
more efficiently by deviations in Higgs couplings, thus making these two strategies complementary in
the exploration of these models.
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that the superpotential reads W = WMSSM+�SHuHd+f(S). The fine-tuning needed to reproduce the
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gluino masses, by a factor �/g, see e.g. Ref.s [543–546]. Naturalness arguments thus favour a large �,
that is however bounded from above by perturbativity. Assuming the masses of the extra Higgs bosons
in the TeV range, a model with � ' 2 becomes strongly coupled at scales of order 10 TeV, and to have
a perturbative coupling up to the GUT scale one needs � . 0.7 [547].10

Here we employ the economical parametrisation of the NMSSM scalar sector put forward in
Ref.s [548, 549]. We then assume the extra Higgs doublet to be (slightly) decoupled, and we study
the phenomenology of the Higgs-singlet scalar sector, which can be described by 4 free parameters

m�, �, t� , �hh, (6.1.18)

where t� is the ratio of the up and down Higgs VEVS , and �hh encodes the radiative contribution to the
SM-like Higgs mass m2

h . m2
Z c22� +�2 v2 s22�/2+�2

hh. The phenomenology discussed in the previous

10It is conceivable that a strong sector exists at the scale where � becomes non-perturbative, and without affecting the success
of GUT in the NMSSM, see e.g. the model in Ref. [548] and references therein.
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Doing this, one can obtain larger Brγγ while having a scalar with sizeable total width. 
→ 90% of all models for the old 750 GeV diphoton excess

Somewhat similar conclusions apply for the neutral component of a second Higgs doublet.
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Scalar pNGB - ALPs

 The Goldstone theorem implies the presence of a 
massless scalar Nambu-Goldstone boson (NGB)   a

Consider a spontaneously broken global U(1) at a scale    fa 
(or a bigger group containing a U(1) factor which commutes with the SM)

naturally small mass  ma ≪ fa 
pseudo-NGB ≡ ALP

If the symmetry is approximate  
(all global symmetries are expected to be approximate)  
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2

width into gluons dominates over the one into photons
unless a non-generic hierarchy of couplings is assumed,
therefore strongly suppressing the signals expected in the
existing strategies.

The dominant di-jet final states are much more di�cult
to distinguish from the SM background than diphotons.1

As a way to overcome this issue, we show that the large
production rate in pp collisions induced by the non-zero
gluon coupling can be exploited at LHCb, which already
has a low mass diphoton trigger designed to look for the
rare decay Bs ! ��. To substantiate this point, we use
80 pb�1 of public LHCb diphoton data [38] around theBs

mass to derive a limit of O(100) pb on the signal strength
of new diphoton resonances. This limit already consti-
tutes the strongest existing probe for ALPs in the mass
range between 4.9 and 6.3 GeV and motivates a dedi-
cated LHCb search for diphoton resonances in a broader
mass range. We estimate the sensitivity of such a search
and show that decay constants at around the TeV scale
are within reach of the high-luminosity phase of LHCb.
This extends the coverage of low-mass resonance searches
down to masses as low as 2 GeV and constitutes a new
probe of multi-TeV scale NP which could be di�cult to
produce directly at the LHC. A similar point was made
in Ref. [1] with ATLAS, CMS, and Tevatron diphoton
searches, that are however limited by trigger issues to
masses roughly above 10 GeV.

We finally discuss bounds on light resonances produced
from SM meson decays. We estimate the BABAR con-
straint on ⌥(1, 2, 3S) ! �a(jj) and assess the future
Belle-II sensitivity. This production channel currently
constitutes the best probe of ALPs below ⇠ 3 GeV.

II. RESULTS

We consider a spontaneously broken approximate U(1)
symmetry in the UV. Integrating out the new physics
sector at the scale MNP, we write down the e↵ective in-
teractions between the pNGBs and the SM

Le↵ =
1

2
(@µa)

2
�

1

2
m

2
aa

2 +
a

f

3X

i=1

ci
↵i

4⇡
Fi,µ⌫ F̃

µ⌫
i , (1)

where i runs over the hypercharge, weak and strong gauge
groups, F̃µ⌫

i = ✏
µ⌫⇢�

Fi,⇢�/2, ↵i = g
2
i /4⇡ and ↵1 is GUT-

normalised (↵1 = 5↵y/3). The constants ci are anomaly
coe�cients which depend on the number of degrees of
freedom chiral under the U(1) symmetry and carrying a
non-zero charge under the SM gauge group.2

1 As an example the LEP limit on BR(Z ! �a) is 1.7 · 10�5 from
36.9 pb�1 of data if a is a diphoton resonance [36] and 4.7 ·10�4

from 5.5 pb�1 of data if a is a dijet resonance [37].
2 If the SM fermions and the Higgs doublet are uncharged under
the U(1) symmetry, the couplings of the pNGB to them arise
only from loops of SM gauge bosons and can safely be neglected.

FIG. 1: Limits (shaded regions) and sensitivities (colored
lines) on the ALP parameter space described in Eq. (1). The
bounds from Babar and LHCb are first derived here from
data in [31, 38], projections are given for Belle II and future
LHC stages. Details are given in Sec. IV. The other bounds
are derived from Z width measurements [29, 39], heavy ion
collisions [40, 41], Z ! �a(jj) decays at LEP I [30] and
diphoton cross section measurements at CDF (relevant only
for ma ' 10 GeV), CMS and ATLAS [1]. For the lat-
ter we also give sensitivities up to the HL stage as derived
in Ref. [1]. The thin dashed lines indicate theory bench-
marks motivated by heavy QCD axion models and by ALP-
portal Dark Matter described in Sec. III. New coloured and
EW states are expected to have masses of order g⇤f , where
g⇤ = 4⇡/

p
Nmess = 4⇡/

p
2 ci.

In the NP sector, the strength of the interaction g⇤
generically limits the maximal number of degrees of free-
dom to be below ⇡ (4⇡)2/g2⇤. Therefore, a lower g⇤ allows
for large couplings of the ALP to the SM but at the same
time it lowers the scale of new physics MNP ' g⇤f .
For ma . MZ , we can write the ALP couplings to pho-

tons and gluons below EWSB using the same notation of
the QCD axion

Le↵ �
N↵3

4⇡

a

f
Gµ⌫G̃

µ⌫ +
E↵em

4⇡

a

f
Fµ⌫ F̃

µ⌫
, (2)

where we have

N = c3 , E = c2 + 5c1/3 , ga�� =
↵em

⇡f
E , (3)

where ga�� agrees with the standard formula for the QCD
axion after normalizing the decay constant with respect
to the QCD coupling f = 2NfPQ. The relevant decay
widths of the pNGB are

��� =
↵
2
emE

2

64⇡3

m
3
a

f2
, �gg = Kgg

↵
2
sN

2

8⇡3

m
3
a

f2
, (4)

The leading operators in the low-energy Effective theory of pNGB are:

Axial coupling to SM gauge bosons given 
by the ABJ anomalies of the global U(1) 

with SM gauge group.

New colored and EW-charged 
states expected below Λ ~ 4π fa . 

→ fa cannot be too small.
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Scalar pNGB - ALPs

Some motivated BSM examples: 

• Singlet pNGB in Composite Higgs models, 
• ALP-mediated dark matter 
• pNGBs from SUSY - R-axion [e.g. 1702.02152] 
• QCD axions (but expected much larger fa), 
• String axions (but expected much larger fa), 

Real-life example: 

 π0 is one of the pNGBs of chiral symmetry breaking, and the 
U(1)A axial anomaly generates a π0γγ coupling: its main decay mode.

fa ~ 1 TeV          ma ~ 10GeV - 1TeV

fa ~ 1 TeV - ??   ma ~ MeV - TeV (?)

fa = 10~13 GeV   ma ~ µeV

fa ~ Mpl              ma ≪ µeV

fa ~ TeV             ma ~ 10GeV - 1TeV
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We derive a new bound on diphoton resonances using inclusive diphoton cross section measurements
at the LHC, in the so-far poorly constrained mass range between the ⌥ and the SM Higgs. This
bound sets the current best limit on axion-like particles that couple to gluons and photons, for masses
between 10 and 65 GeV. We also estimate indicative sensitivities of a dedicated diphoton LHC search
in the same mass region, at 7, 8 and 14 TeV. As a byproduct of our analysis, we comment on the
axion-like particle interpretation of the CMS excesses in low-mass dijet and diphoton searches.

PACS numbers: 14.80.Mz (Axions and other Nambu-Goldstone bosons)

I. INTRODUCTION

Searches for two body decays of heavy resonances
led to fundamental discoveries in the history of particle
physics such as the J/ [1, 2], the ⌥ [3] and the Z boson
[4]. An extensive program is currently looking for higher
mass resonances at the LHC in various final states (see
[5] for a complete list).

Despite the high background rates, advances in data-
driven background estimates guarantee good sensitivi-
ties to discover/exclude such peak signals. A marvellous
proof of the high performance of resonance searches at
the LHC is the recent discovery of the Standard Model
(SM) Higgs boson in the diphoton channel [6, 7].

As a matter of fact, the current LHC search program is
mostly tailored to probe new resonances of mass higher
than roughly 100 GeV. This is the result of a general
theoretical bias towards heavy new physics (NP) and of
the common belief that either previous collider experi-
ments (UA1, UA2, LEP and Tevatron) and/or Higgs cou-
pling fits (through the decay of the Higgs into two new
particles) put constraints on lighter resonances that are
stronger than the LHC capabilities. On the experimental
side, going to low masses poses the challenge of looking
for resonances with a mass below the sum of the cuts on
the transverse momentum (pT ) of the decay products.

The aim of this letter is to go beyond these common
beliefs and to motivate the LHC collaborations to look
for resonances down to the smallest possible mass. We
first derive a new bound (of 10 - 100 pb) on the diphoton
signal strength of a new resonance in the mass range
between the ⌥ and the SM Higgs. This new bound comes
from inclusive diphoton cross section measurements at
ATLAS [8, 9] and CMS [10]. Assuming zero knowledge
about the background, we simply impose that the NP

events are less than the total measured events plus twice
their uncertainty.
We show how this conservative procedure sets already

the strongest existing constraint on axion-like particles
(ALPs) with mass between 10 and 65 GeV. We finally
estimate the indicative reaches on the diphoton signal
strengths that could be attainable by proper searches at
the LHC, up to its high luminosity (HL) phase, and in-
terpret their impact on the ALP parameter space.

II. AXION-LIKE PARTICLES IN DIPHOTONS

When a U(1) global symmetry (which can be the sub-
group of some larger global symmetry G) is spontaneously
broken in the vacuum, then a massless Nambu-Goldstone
boson (NGB) arises in the low energy spectrum. If the
U(1) symmetry is only approximate, the NGB gets a
mass ma and it becomes a pseudo-Nambu-Goldstone bo-
son (pNGB), often called axion-like particle (ALP). The
mass ma of the pNGB is a technically natural parame-
ter which depends on the explicit breaking of the U(1)
global symmetry, and is smaller than the associated NP
scale MNP ⇠ 4⇡fa, where fa is the scale of spontaneous
breaking. In particular ma can be smaller than the SM
Higgs mass without any fine-tuning price.
The axial couplings of the pNGB to SM gauge bosons

can be written as

Lint =
a

4⇡fa

h
↵sc3GG̃+ ↵2c2WW̃ + ↵1c1BB̃

i
, (1)

where ↵1 = 5/3↵0 is the GUT normalized U(1)Y coupling
constant, a is the canonically normalized pNGB field, and
the coe�cients ci encode the Adler-Bell-Jackiw (ABJ)
anomalies of the global U(1) with SU(3) and SU(2) ⇥
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the HE-LHC. The effective Lagrangian for the KSVZ-ALP, below the Z mass, is

Lint =
a

4⇡fa

h
↵sc3G

aG̃a + ↵2c2W
iW̃ i + ↵1c1BB̃

i
, (6.1.27)

=
a

4⇡fa


↵sc3G

aG̃a+ ↵emc�FF̃+2↵2cWW�W̃++
2↵em
tw

cZ�ZF̃+ ↵2c
2
wcZZZ̃

�
, (6.1.28)

where F̃µ⌫ = (1/2) ✏µ⌫⇢�F⇢� for any field strength, ↵1 = ↵0 is the GUT-normalised U(1)Y coupling
constant, and tw = sw/cw where c2w = 1 � s2w = m2

W /m2
Z . The coefficients ci encode the Adler-

Bell-Jackiw (ABJ) anomalies of the global U(1) symmetry (of which the ALP is the pseudo-Goldstone
boson) with SU(3) and SU(2)⇥ U(1)Y . After EWSB, one can write

c� = c2 +
5

3
c1, cW = c2, cZ = c2 + t4w

5

3
c1, cZ� = c2 � t2w

5

3
c1. (6.1.29)

For ma . mZ , the relevant two-body decays of a are to two photons and to two jets, with widths

�gg =
Kg↵

2
sc

2
3

8⇡3

m3
a

f2
a

, ��� =
↵2

emc
2
�

64⇡3

m3
a

f2
a

, (6.1.30)

where Kg depends on the ALP mass and includes higher-order QCD corrections (see Appendix A in
Ref. [590]). The couplings in Eq. (6.1.27) can be generated by heavy vector-like fermions with a mass
at g⇤fa, where g⇤ can be as large as 4⇡. Explicit realisations include: i) KSVZ “heavy axion” models
where the axion potential is UV-dominated, the axion mass is heavier than expected from QCD contri-
butions alone, and the decay constant, fa, can be as low as a TeV solving the axion quality problem (see
Ref.s [595–599] for heavy axion models and Ref. [600] for a discussion of the axion quality problem);
ii) ALPs arising in standard paradigms addressing the EW hierarchy problem, such as supersymme-
try, where spontaneous SUSY-breaking below MPl predicts, on general grounds, the existence of an
R-axion [601, 602]. iii) Axion portal Dark Matter scenarios where the DM is freezing out through its
annihilation into gluons pairs [603, 604]. In Fig. 6.1.15 we show the expected decay constant for an
accidental Peccei-Quinn symmetry broken by dimension 6 operators at MGUT = 1015 GeV, and the one
for an axion portal which account for all of the DM relic abundance, see Ref. [590] for more details.

Barring a huge hierarchy among the anomaly coefficients, c1,2 & 102c3, the width into gluons
dominates over the one into photons, ��/�gg = ↵2

em/(8Kg↵
2
3) ⇠ 10�4. ALPs that couple to gluons de-

cay promptly in any kinematical configuration and mass range of interest for the LHC. When accounting
for the gluon coupling, searches based on rare decays of SM particles (Higgs, Z, ⌥, and B-mesons) into
ALPs have a weaker bound on fa because the dominant BR of the ALP is now into hadronic final states,
while the searches look for final states with muons or photons. The only two relevant decay processes
for our parameter space are Z ! �a and ⌥X ! �a, and the corresponding decay widths are given by

�(Z ! �a) =
↵2

emc
2
Z�

96⇡2t2w

m3
Z

f2
a

 
1�

m2
a

m2
Z

!3

, (6.1.31)

�(⌥X ! �a) =
↵emc

2
��

⇡

✓
m⌥X

4⇡fa

◆2
 
1�

m2
a

m2
⌥X

!3

�(⌥X ! ll) , (6.1.32)

where �(⌥X ! ll) = �⌥X
· B(⌥X ! ll), B(⌥2S,3S ! ll) ' 3.84 , 4.36% and �⌥2S,3S

' 20, 32 KeV.
These constraints, together with those from the LHC, are shown in Fig. 6.1.15.

The bound from Z decays, in Eq. (6.1.31), is based on the LEP search in Ref. [608] which has
sensitivity down to 12 GeV. In this range, this search is more powerful than the inclusive bound from
the total Z-width [283]. The bound from ⌥ decays, in Eq. (6.1.32), is based on BABAR data [605]

178

Total width is typically small. 
Leading decay channel in gluons, 
unless large hierarchy in anomaly coefficients.

2

U(1)Y . Further couplings of the pNGB with the SM
Higgs and/or with the SM fermions can be set to zero
if these fields are not charged (or very weakly charged)
under the global U(1).

As one can see from Eq. (1), the strength of the cou-
plings of the pNGB is controlled by its decay constant
fa. As we will show, the phenomenology of the pNGB
becomes of interest for this study, and more in general
for present colliders, for fa ⇠ 0.1 � 10 TeV. Decay con-
stants in this range are ubiquitous in popular theoretical
frameworks addressing the naturalness of the EW scale,
like low-scale Supersymmetry (SUSY) and Composite-
ness.1 Note that generically we expect that other fields
associated to the U(1) spontaneous breaking (e.g. the
radial mode) should have a mass . 4⇡fa. Hence in the
lower extreme of the range for fa other signatures as-
sociated to the BSM theory could be accessible at the
LHC.

Supersymmetry (SUSY) and its breaking predict on
general grounds the existence of an R-axion [20], pNGB
of the U(1)R symmetry, potentially accessible at the LHC
if the SUSY scale is su�ciently low [21]. In this context
the couplings to gauge bosons of Eq. (1) are realized nat-
urally from ABJ anomalies between U(1)R and the SM
gauge group, while the couplings to SM fermions and
Higgses can be set to zero with a well-defined R-charge
assignment (RH = 0 in the notation of [21]). In compos-
ite Higgs models, attempts of fermionic UV completions
point to the need of non-minimal cosets (see e.g. [22–
24]), which in turn imply the existence of pNGBs lighter
than the new confinement scale. See [25] for recent work
about these pNGBs, and [26] for a systematic classifica-
tion of the cosets structures that give rise to pNGBs that
couple to both gluons and EW gauge bosons.

A common feature of both SUSY and Composite Higgs
models is that the QCD anomaly receives an irreducible
contribution from loops of colored states, like gluinos
and/or tops, which are generically chiral under the spon-
taneously broken U(1). As a consequence one typically
expects c3 6= 0, unless model dependent cancellations oc-
cur. In conclusion, fa ⇠ 0.1 � 10 TeV and c3 6= 0 in
a broad class of SUSY and Composite Higgs models, so
that a is copiously produced in pp collisions at the LHC.
For this reason we believe that our study applies to a
wide range of theoretically motivated ALP models.

From a phenomenological point of view, ALPs of in-
terest for this study have received much attention as me-
diators of simplified Dark Matter models (see for exam-
ple the recent [27]). Finally, ALPs can exist if Strong

1 String theory constructions could provide an extra motivation
for ALPs. However, the expected values of fa in string mod-
els like [11–13] are order of magnitudes too high for being phe-
nomenologically interesting at colliders. Similarly, solutions of
the strong CP problem based on a QCD axion [14–17] with a
decay constant fa at the TeV scale are hard to conceive (see
however [18, 19]).

Dynamics is present at some scale [28]. In such a case,
having fa ⇠ 0.1 � 10 TeV would be a phenomenological
assumption not motivated by any naturalness considera-
tion.
For ma . mh, the relevant two body decays of a are

in diphotons and dijets, with widths

�gg = Kg

↵2
s
c2
3

8⇡3

m3
a

f2
a

, ��� =
↵2
em

c2
�

64⇡3

m3
a

f2
a

, (2)

where c� = c2 + 5c1/3, and where both ↵s and ↵em are
computed at the mass ofma. We encode the higher-order
QCD corrections in Kg = 2.1 [29]. Unless c1,2 & 102c3,
the width into gluons is the dominant one. The total
width �tot is typically very narrow, for example for fa &
100 GeV and ci ⇠ O(1) one obtains �tot/ma . 10�3.
For simplicity, we do not study the phenomenology

associated to the Z� decay channel, which is anyhow
open only for ma > mZ , and phenomenologically more
relevant than �� only for specific values of c1 and c2.

III. CURRENT SEARCHES

A new resonance decaying in two jets or two photons
is probed at colliders by looking at the related invariant
mass distributions, possibly in addition with extra ob-
jects, either SM or BSM (see e.g. [30, 31]) depending on
the production mechanism. We summarise and discuss
here the most relevant searches for light resonances at the
LHC, and refer to Appendix C for a more complete list
and a discussion of the existing searches and of diphoton
cross section measurements, at the LHC, Tevatron, LEP
and Spp̄S.

⇧ Dijet resonances down to 50 GeV have been re-
cently looked for by CMS [32]. In order to over-
come the trigger on the jet pT ’s, CMS has a strong
cut on the total hadronic activity HT . Recoiling
against the hard jet, the resonance is boosted and
its decay products collimated. For this reason ad-
vanced jet substructure techniques were essential to
reconstruct the dijet resonance inside a single “fat”
jet [33, 34].

The CMS low-mass dijet limits are given on the
inclusive dijet signal strength of a qq̄-initiated res-
onance �CMS

qq̄
. We recast them for a gluon initiated

resonance as

�our

gg
= �CMS

qq̄
·
✏qq̄
HT

✏gg
HT

, (3)

where ✏qq̄
HT

and ✏gg
HT

are the e�ciencies of the cut in
hadronic activity HT > 650 GeV.2 These are esti-

2 We thank Phil Harris for private communications on [32].
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We derive a new bound on diphoton resonances using inclusive diphoton cross section measurements
at the LHC, in the so-far poorly constrained mass range between the ⌥ and the SM Higgs. This
bound sets the current best limit on axion-like particles that couple to gluons and photons, for masses
between 10 and 65 GeV. We also estimate indicative sensitivities of a dedicated diphoton LHC search
in the same mass region, at 7, 8 and 14 TeV. As a byproduct of our analysis, we comment on the
axion-like particle interpretation of the CMS excesses in low-mass dijet and diphoton searches.

PACS numbers: 14.80.Mz (Axions and other Nambu-Goldstone bosons)

I. INTRODUCTION

Searches for two body decays of heavy resonances
led to fundamental discoveries in the history of particle
physics such as the J/ [1, 2], the ⌥ [3] and the Z boson
[4]. An extensive program is currently looking for higher
mass resonances at the LHC in various final states (see
[5] for a complete list).

Despite the high background rates, advances in data-
driven background estimates guarantee good sensitivi-
ties to discover/exclude such peak signals. A marvellous
proof of the high performance of resonance searches at
the LHC is the recent discovery of the Standard Model
(SM) Higgs boson in the diphoton channel [6, 7].

As a matter of fact, the current LHC search program is
mostly tailored to probe new resonances of mass higher
than roughly 100 GeV. This is the result of a general
theoretical bias towards heavy new physics (NP) and of
the common belief that either previous collider experi-
ments (UA1, UA2, LEP and Tevatron) and/or Higgs cou-
pling fits (through the decay of the Higgs into two new
particles) put constraints on lighter resonances that are
stronger than the LHC capabilities. On the experimental
side, going to low masses poses the challenge of looking
for resonances with a mass below the sum of the cuts on
the transverse momentum (pT ) of the decay products.

The aim of this letter is to go beyond these common
beliefs and to motivate the LHC collaborations to look
for resonances down to the smallest possible mass. We
first derive a new bound (of 10 - 100 pb) on the diphoton
signal strength of a new resonance in the mass range
between the ⌥ and the SM Higgs. This new bound comes
from inclusive diphoton cross section measurements at
ATLAS [8, 9] and CMS [10]. Assuming zero knowledge
about the background, we simply impose that the NP

events are less than the total measured events plus twice
their uncertainty.
We show how this conservative procedure sets already

the strongest existing constraint on axion-like particles
(ALPs) with mass between 10 and 65 GeV. We finally
estimate the indicative reaches on the diphoton signal
strengths that could be attainable by proper searches at
the LHC, up to its high luminosity (HL) phase, and in-
terpret their impact on the ALP parameter space.

II. AXION-LIKE PARTICLES IN DIPHOTONS

When a U(1) global symmetry (which can be the sub-
group of some larger global symmetry G) is spontaneously
broken in the vacuum, then a massless Nambu-Goldstone
boson (NGB) arises in the low energy spectrum. If the
U(1) symmetry is only approximate, the NGB gets a
mass ma and it becomes a pseudo-Nambu-Goldstone bo-
son (pNGB), often called axion-like particle (ALP). The
mass ma of the pNGB is a technically natural parame-
ter which depends on the explicit breaking of the U(1)
global symmetry, and is smaller than the associated NP
scale MNP ⇠ 4⇡fa, where fa is the scale of spontaneous
breaking. In particular ma can be smaller than the SM
Higgs mass without any fine-tuning price.
The axial couplings of the pNGB to SM gauge bosons

can be written as

Lint =
a

4⇡fa

h
↵sc3GG̃+ ↵2c2WW̃ + ↵1c1BB̃

i
, (1)

where ↵1 = 5/3↵0 is the GUT normalized U(1)Y coupling
constant, a is the canonically normalized pNGB field, and
the coe�cients ci encode the Adler-Bell-Jackiw (ABJ)
anomalies of the global U(1) with SU(3) and SU(2) ⇥
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the HE-LHC. The effective Lagrangian for the KSVZ-ALP, below the Z mass, is

Lint =
a

4⇡fa

h
↵sc3G

aG̃a + ↵2c2W
iW̃ i + ↵1c1BB̃

i
, (6.1.27)

=
a

4⇡fa


↵sc3G

aG̃a+ ↵emc�FF̃+2↵2cWW�W̃++
2↵em
tw

cZ�ZF̃+ ↵2c
2
wcZZZ̃

�
, (6.1.28)

where F̃µ⌫ = (1/2) ✏µ⌫⇢�F⇢� for any field strength, ↵1 = ↵0 is the GUT-normalised U(1)Y coupling
constant, and tw = sw/cw where c2w = 1 � s2w = m2

W /m2
Z . The coefficients ci encode the Adler-

Bell-Jackiw (ABJ) anomalies of the global U(1) symmetry (of which the ALP is the pseudo-Goldstone
boson) with SU(3) and SU(2)⇥ U(1)Y . After EWSB, one can write

c� = c2 +
5

3
c1, cW = c2, cZ = c2 + t4w

5

3
c1, cZ� = c2 � t2w

5

3
c1. (6.1.29)

For ma . mZ , the relevant two-body decays of a are to two photons and to two jets, with widths

�gg =
Kg↵

2
sc

2
3

8⇡3

m3
a

f2
a

, ��� =
↵2

emc
2
�

64⇡3

m3
a

f2
a

, (6.1.30)

where Kg depends on the ALP mass and includes higher-order QCD corrections (see Appendix A in
Ref. [590]). The couplings in Eq. (6.1.27) can be generated by heavy vector-like fermions with a mass
at g⇤fa, where g⇤ can be as large as 4⇡. Explicit realisations include: i) KSVZ “heavy axion” models
where the axion potential is UV-dominated, the axion mass is heavier than expected from QCD contri-
butions alone, and the decay constant, fa, can be as low as a TeV solving the axion quality problem (see
Ref.s [595–599] for heavy axion models and Ref. [600] for a discussion of the axion quality problem);
ii) ALPs arising in standard paradigms addressing the EW hierarchy problem, such as supersymme-
try, where spontaneous SUSY-breaking below MPl predicts, on general grounds, the existence of an
R-axion [601, 602]. iii) Axion portal Dark Matter scenarios where the DM is freezing out through its
annihilation into gluons pairs [603, 604]. In Fig. 6.1.15 we show the expected decay constant for an
accidental Peccei-Quinn symmetry broken by dimension 6 operators at MGUT = 1015 GeV, and the one
for an axion portal which account for all of the DM relic abundance, see Ref. [590] for more details.

Barring a huge hierarchy among the anomaly coefficients, c1,2 & 102c3, the width into gluons
dominates over the one into photons, ��/�gg = ↵2

em/(8Kg↵
2
3) ⇠ 10�4. ALPs that couple to gluons de-

cay promptly in any kinematical configuration and mass range of interest for the LHC. When accounting
for the gluon coupling, searches based on rare decays of SM particles (Higgs, Z, ⌥, and B-mesons) into
ALPs have a weaker bound on fa because the dominant BR of the ALP is now into hadronic final states,
while the searches look for final states with muons or photons. The only two relevant decay processes
for our parameter space are Z ! �a and ⌥X ! �a, and the corresponding decay widths are given by

�(Z ! �a) =
↵2

emc
2
Z�

96⇡2t2w

m3
Z

f2
a

 
1�

m2
a

m2
Z

!3

, (6.1.31)

�(⌥X ! �a) =
↵emc

2
��

⇡

✓
m⌥X

4⇡fa

◆2
 
1�

m2
a

m2
⌥X

!3

�(⌥X ! ll) , (6.1.32)

where �(⌥X ! ll) = �⌥X
· B(⌥X ! ll), B(⌥2S,3S ! ll) ' 3.84 , 4.36% and �⌥2S,3S

' 20, 32 KeV.
These constraints, together with those from the LHC, are shown in Fig. 6.1.15.

The bound from Z decays, in Eq. (6.1.31), is based on the LEP search in Ref. [608] which has
sensitivity down to 12 GeV. In this range, this search is more powerful than the inclusive bound from
the total Z-width [283]. The bound from ⌥ decays, in Eq. (6.1.32), is based on BABAR data [605]
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Total width is typically small. 
Leading decay channel in gluons, 
unless large hierarchy in anomaly coefficients.

Signals at LHC in diboson resonant searches:
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Decay of massive vectors:

ALP searches with photons in final state
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ALP pair production 
via res. s-channel mediator, 
decay to photons or gluons:

LHC can be relevant for 
fa ≲ 100 TeV. 

ma ~ 10 GeV - few TeV.

2

U(1)Y . Further couplings of the pNGB with the SM
Higgs and/or with the SM fermions can be set to zero
if these fields are not charged (or very weakly charged)
under the global U(1).

As one can see from Eq. (1), the strength of the cou-
plings of the pNGB is controlled by its decay constant
fa. As we will show, the phenomenology of the pNGB
becomes of interest for this study, and more in general
for present colliders, for fa ⇠ 0.1 � 10 TeV. Decay con-
stants in this range are ubiquitous in popular theoretical
frameworks addressing the naturalness of the EW scale,
like low-scale Supersymmetry (SUSY) and Composite-
ness.1 Note that generically we expect that other fields
associated to the U(1) spontaneous breaking (e.g. the
radial mode) should have a mass . 4⇡fa. Hence in the
lower extreme of the range for fa other signatures as-
sociated to the BSM theory could be accessible at the
LHC.

Supersymmetry (SUSY) and its breaking predict on
general grounds the existence of an R-axion [20], pNGB
of the U(1)R symmetry, potentially accessible at the LHC
if the SUSY scale is su�ciently low [21]. In this context
the couplings to gauge bosons of Eq. (1) are realized nat-
urally from ABJ anomalies between U(1)R and the SM
gauge group, while the couplings to SM fermions and
Higgses can be set to zero with a well-defined R-charge
assignment (RH = 0 in the notation of [21]). In compos-
ite Higgs models, attempts of fermionic UV completions
point to the need of non-minimal cosets (see e.g. [22–
24]), which in turn imply the existence of pNGBs lighter
than the new confinement scale. See [25] for recent work
about these pNGBs, and [26] for a systematic classifica-
tion of the cosets structures that give rise to pNGBs that
couple to both gluons and EW gauge bosons.

A common feature of both SUSY and Composite Higgs
models is that the QCD anomaly receives an irreducible
contribution from loops of colored states, like gluinos
and/or tops, which are generically chiral under the spon-
taneously broken U(1). As a consequence one typically
expects c3 6= 0, unless model dependent cancellations oc-
cur. In conclusion, fa ⇠ 0.1 � 10 TeV and c3 6= 0 in
a broad class of SUSY and Composite Higgs models, so
that a is copiously produced in pp collisions at the LHC.
For this reason we believe that our study applies to a
wide range of theoretically motivated ALP models.

From a phenomenological point of view, ALPs of in-
terest for this study have received much attention as me-
diators of simplified Dark Matter models (see for exam-
ple the recent [27]). Finally, ALPs can exist if Strong

1 String theory constructions could provide an extra motivation
for ALPs. However, the expected values of fa in string mod-
els like [11–13] are order of magnitudes too high for being phe-
nomenologically interesting at colliders. Similarly, solutions of
the strong CP problem based on a QCD axion [14–17] with a
decay constant fa at the TeV scale are hard to conceive (see
however [18, 19]).

Dynamics is present at some scale [28]. In such a case,
having fa ⇠ 0.1 � 10 TeV would be a phenomenological
assumption not motivated by any naturalness considera-
tion.
For ma . mh, the relevant two body decays of a are

in diphotons and dijets, with widths

�gg = Kg

↵2
s
c2
3

8⇡3

m3
a

f2
a

, ��� =
↵2
em

c2
�

64⇡3

m3
a

f2
a

, (2)

where c� = c2 + 5c1/3, and where both ↵s and ↵em are
computed at the mass ofma. We encode the higher-order
QCD corrections in Kg = 2.1 [29]. Unless c1,2 & 102c3,
the width into gluons is the dominant one. The total
width �tot is typically very narrow, for example for fa &
100 GeV and ci ⇠ O(1) one obtains �tot/ma . 10�3.
For simplicity, we do not study the phenomenology

associated to the Z� decay channel, which is anyhow
open only for ma > mZ , and phenomenologically more
relevant than �� only for specific values of c1 and c2.

III. CURRENT SEARCHES

A new resonance decaying in two jets or two photons
is probed at colliders by looking at the related invariant
mass distributions, possibly in addition with extra ob-
jects, either SM or BSM (see e.g. [30, 31]) depending on
the production mechanism. We summarise and discuss
here the most relevant searches for light resonances at the
LHC, and refer to Appendix C for a more complete list
and a discussion of the existing searches and of diphoton
cross section measurements, at the LHC, Tevatron, LEP
and Spp̄S.

⇧ Dijet resonances down to 50 GeV have been re-
cently looked for by CMS [32]. In order to over-
come the trigger on the jet pT ’s, CMS has a strong
cut on the total hadronic activity HT . Recoiling
against the hard jet, the resonance is boosted and
its decay products collimated. For this reason ad-
vanced jet substructure techniques were essential to
reconstruct the dijet resonance inside a single “fat”
jet [33, 34].

The CMS low-mass dijet limits are given on the
inclusive dijet signal strength of a qq̄-initiated res-
onance �CMS

qq̄
. We recast them for a gluon initiated

resonance as

�our

gg
= �CMS

qq̄
·
✏qq̄
HT

✏gg
HT

, (3)

where ✏qq̄
HT

and ✏gg
HT

are the e�ciencies of the cut in
hadronic activity HT > 650 GeV.2 These are esti-

2 We thank Phil Harris for private communications on [32].
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ALP to γγ / Zγ
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γγ and Zγ channels - ma ≫ mh
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Figure 3: Expected and observed 95% CL upper limits on the production cross section for RS
gravitons of mass mG and three values of k̃ (left) and for spin-0 resonances of mass mS produced
via gluon fusion for the three width hypotheses (right). The shaded bands represent the 1 and
2 standard deviation uncertainty in the expected limit.

by selecting events in which both photons have generator-level pT > 75 GeV, to match the
selection applied in the event reconstruction and selection. Generator-level photons are also
required to have an isolation energy of less than 10 GeV in a cone of radius 0.4 around the
photon direction. The isolation energy is defined as the pT sum of all final state particles except
neutrinos and the signal photon itself.

The fit is performed independently in the EBEB and EBEE categories for each of the following
width hypotheses: GX/mX = 1.4 ⇥ 10�4, 1.4 ⇥ 10�2, and 5.6 ⇥ 10�2. The results for the median
expected exclusion limits on the fiducial cross sections are presented in Fig. 4 for each width
hypothesis.
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Figure 4: (a) Upper limits on the fiducial cross section times branching ratio to two photons at
p

s = 13 TeV of
a narrow-width (�X = 4 MeV) spin-0 resonance as a function of its mass mX . (b) Upper limits on the production
cross section times branching ratio to two photons at

p
s = 13 TeV of the lightest KK graviton as a function of its

mass mG⇤ for k/MPl = 0.1. For mG⇤ > 2500 GeV, the observed and expected limits are determined with pseudo-
experiments shown by the blue solid and dashed lines, respectively. Predictions are shown for the RS1 model,
where the grey shaded band represents the PDF uncertainty.

ADD formalism GRW Hewett HLZ
Parameter positive n = 3 n = 4 n = 5 n = 6

Without K-factor MS observed limit [TeV] 6.8 6.1 8.1 6.8 6.1 5.7
With K-factor MS observed limit [TeV] 7.2 6.5 8.6 7.2 6.5 6.1

Table 3: Observed 95% CL lower limits on the ADD model parameter MS for the GRW, the Hewett (with positive
interference) and the HLZ formalisms. For the HLZ formalism, the number of extra dimensions (n) is varied
between 3 and 6. The second row shows results based on MC samples generated at LO by Sherpa 2.2.1. A K-factor
was computed using ADD samples generated at LO and NLO using MadGraph5_aMC@NLO, and is included in
the results shown in the third row to indicate the potential impact from the higher-order calculation.

9 Conclusion

Searches for new phenomena in high-mass diphoton final states with the ATLAS experiment at the LHC
are presented. The proton–proton collision data corresponding to an integrated luminosity of 36.7 fb�1

were recorded in 2015 and 2016 at a centre-of-mass energy of
p

s = 13 TeV. Analyses optimized for the
search for spin-0 resonances with masses above 200 GeV, for spin-2 resonances predicted by the Randall–
Sundrum model with masses above 500 GeV, and for non-resonant Kaluza–Klein graviton signals in the
Arkani-Hamed–Dimopoulos–Dvali scenario are performed.

The data are consistent with the Standard Model background expectation. At a mass around 750 GeV,
where the largest deviation from the background hypothesis was previously observed, no excess is seen in
the 2016 data. In the combined dataset, the largest local deviation from the background-only hypothesis
for the spin-0 (spin-2) resonance search is 2.6� (3.0�) for a mass near 730 GeV and narrow width (mass
near 708 GeV and k/MPl = 0.30). The global significance of this excess is null (0.8�) for the spin-0
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Figure 7: Observed and expected limits on the product of the production cross section and
branching fraction B(X ! Zg), as a function of signal mass mX, for (left) narrow and (right)
broad spin-0 resonances, obtained from the combination of the leptonic and hadronic decay
channels.

decay modes of the Z boson are investigated. In the leptonic channels, the Z boson candidates
are reconstructed using electron or muon pairs. In the hadronic channels, they are identified
using a large-radius jet, containing either light-quark or b quark decay products of the Z bo-
son, via jet substructure and advanced b tagging techniques. The results from these channels
are combined and interpreted in terms of upper limits on the product of the production cross
section and the branching fraction to Zg for narrow (broad) spin-0 resonances with masses be-
tween 0.35 and 4.0 TeV, ranging from 50 (100) to 0.3 (1.5) fb. These are the most stringent limits
on such resonances to date.
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Figure 3: Background model fits using the chosen “best-fit” parametrization to data in the
three event classes at

p
s = 13 TeV. The corresponding signal model for each class for mH =

90 GeV, multiplied by 10, is also shown. The one- and two-s bands reflect the uncertainty in the
background model normalization associated with the statistical uncertainties of the fits, and are
shown for illustration purposes only. The difference between the data and the best-fit model is
shown in the lower panels.

ploiting Z ! e+e� events as described in Section 4 and [40, 41], are calculated in the same
bins as the corrections themselves. Uncertainties arising from modeling of the material bud-
get and of nonuniformity of light collection (the fraction of crystal scintillation light detected
as a function of its longitudinal depth when emitted), nonlinearity in the photon energy scale
between data and simulation, imperfect electromagnetic shower simulation, and vertex find-
ing [40, 41], are propagated to the parametric signal model, where they result in uncertainties
in the diphoton efficiency, mass scale, and resolution.
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Figure 3: Background model fits using the chosen “best-fit” parametrization to data in the
three event classes at

p
s = 13 TeV. The corresponding signal model for each class for mH =

90 GeV, multiplied by 10, is also shown. The one- and two-s bands reflect the uncertainty in the
background model normalization associated with the statistical uncertainties of the fits, and are
shown for illustration purposes only. The difference between the data and the best-fit model is
shown in the lower panels.

ploiting Z ! e+e� events as described in Section 4 and [40, 41], are calculated in the same
bins as the corrections themselves. Uncertainties arising from modeling of the material bud-
get and of nonuniformity of light collection (the fraction of crystal scintillation light detected
as a function of its longitudinal depth when emitted), nonlinearity in the photon energy scale
between data and simulation, imperfect electromagnetic shower simulation, and vertex find-
ing [40, 41], are propagated to the parametric signal model, where they result in uncertainties
in the diphoton efficiency, mass scale, and resolution.
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Figure 5: Expected and observed exclusion limits (95% CL, in the asymptotic approximation)
on the product of the production cross section and branching fraction into two photons for an
additional SM-like Higgs boson, for the ggH plus ttH (left) and VBF plus VH (right) processes,
from the analysis of the 8 (top) and 13 (bottom) TeV data. The inner and outer bands indicate
the regions containing the distribution of limits located within ±1 and 2s, respectively, of the
expectation under the background-only hypothesis.

and 13 TeV data, and from their combination. The most significant expected sensitivity occurs
at the highest explored mass hypothesis of 110 GeV with a local expected significance close to
3s (>6s) for the 8 (13) TeV data, while the worst expected significance occurs in the neighbor-
hood of 90 GeV, where it is approximately 0.4s (slightly above 2s). For the combination, the
most (least) significant expected sensitivity occurs at a mass hypothesis of 110 (90) GeV with a
local expected significance of approximately 6.8s (slightly above 2.0s). In the case of the 8 TeV
data, one excess with approximately 2.0s local significance is observed for a mass hypothesis
of 97.7 GeV. For the 13 TeV data, one excess with approximately 2.90s local (1.47s global) sig-
nificance is observed for a mass hypothesis of 95.3 GeV, where the global significance has been
calculated using the method of [77]. In the combination, an excess with approximately 2.8s
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on the product of the production cross section and branching fraction into two photons for an
additional SM-like Higgs boson, for the ggH plus ttH (left) and VBF plus VH (right) processes,
from the analysis of the 8 (top) and 13 (bottom) TeV data. The inner and outer bands indicate
the regions containing the distribution of limits located within ±1 and 2s, respectively, of the
expectation under the background-only hypothesis.

and 13 TeV data, and from their combination. The most significant expected sensitivity occurs
at the highest explored mass hypothesis of 110 GeV with a local expected significance close to
3s (>6s) for the 8 (13) TeV data, while the worst expected significance occurs in the neighbor-
hood of 90 GeV, where it is approximately 0.4s (slightly above 2s). For the combination, the
most (least) significant expected sensitivity occurs at a mass hypothesis of 110 (90) GeV with a
local expected significance of approximately 6.8s (slightly above 2.0s). In the case of the 8 TeV
data, one excess with approximately 2.0s local significance is observed for a mass hypothesis
of 97.7 GeV. For the 13 TeV data, one excess with approximately 2.90s local (1.47s global) sig-
nificance is observed for a mass hypothesis of 95.3 GeV, where the global significance has been
calculated using the method of [77]. In the combination, an excess with approximately 2.8s
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2.8σ local (1.3σ global)

1811.08459



10

CMS_hgg_mass
70 80 90 100 110 120

Ev
en

ts
 / 

G
eV

1000

2000

3000

4000

5000

6000

7000

8000

9000

Data

Bkg fit

σ1 ±

σ2 ±

 10× = 90 GeV) 
H

 (mγγ →H 

CMS TeV)  (13-1  35.9 fb

γγ →H 

Class 0

 (GeV)γγm
70 80 90 100 110 120D

at
a 

- b
es

t-f
it 

m
od

el

200−

100−

0

100
CMS_hgg_mass

70 80 90 100 110 120

Ev
en

ts
 / 

G
eV

2000
4000
6000
8000

10000
12000
14000
16000
18000
20000
22000

Data

Bkg fit

σ1 ±

σ2 ±

 10× = 90 GeV) 
H

 (mγγ →H 

CMS TeV)  (13-1  35.9 fb

γγ →H 

Class 1

 (GeV)γγm
70 80 90 100 110 120D

at
a 

- b
es

t-f
it 

m
od

el

200−

0

200

400

CMS_hgg_mass
70 80 90 100 110 120

Ev
en

ts
 / 

G
eV

5000

10000

15000

20000

25000

30000

35000

Data

Bkg fit

σ1 ±

σ2 ±

 10× = 90 GeV) 
H

 (mγγ →H 

CMS TeV)  (13-1  35.9 fb

γγ →H 

Class 2

 (GeV)γγm
70 80 90 100 110 120D

at
a 

- b
es

t-f
it 

m
od

el

400−

200−

0

200

Figure 3: Background model fits using the chosen “best-fit” parametrization to data in the
three event classes at

p
s = 13 TeV. The corresponding signal model for each class for mH =

90 GeV, multiplied by 10, is also shown. The one- and two-s bands reflect the uncertainty in the
background model normalization associated with the statistical uncertainties of the fits, and are
shown for illustration purposes only. The difference between the data and the best-fit model is
shown in the lower panels.

ploiting Z ! e+e� events as described in Section 4 and [40, 41], are calculated in the same
bins as the corrections themselves. Uncertainties arising from modeling of the material bud-
get and of nonuniformity of light collection (the fraction of crystal scintillation light detected
as a function of its longitudinal depth when emitted), nonlinearity in the photon energy scale
between data and simulation, imperfect electromagnetic shower simulation, and vertex find-
ing [40, 41], are propagated to the parametric signal model, where they result in uncertainties
in the diphoton efficiency, mass scale, and resolution.
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Figure 3: Background model fits using the chosen “best-fit” parametrization to data in the
three event classes at

p
s = 13 TeV. The corresponding signal model for each class for mH =

90 GeV, multiplied by 10, is also shown. The one- and two-s bands reflect the uncertainty in the
background model normalization associated with the statistical uncertainties of the fits, and are
shown for illustration purposes only. The difference between the data and the best-fit model is
shown in the lower panels.

ploiting Z ! e+e� events as described in Section 4 and [40, 41], are calculated in the same
bins as the corrections themselves. Uncertainties arising from modeling of the material bud-
get and of nonuniformity of light collection (the fraction of crystal scintillation light detected
as a function of its longitudinal depth when emitted), nonlinearity in the photon energy scale
between data and simulation, imperfect electromagnetic shower simulation, and vertex find-
ing [40, 41], are propagated to the parametric signal model, where they result in uncertainties
in the diphoton efficiency, mass scale, and resolution.
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Figure 5: Expected and observed exclusion limits (95% CL, in the asymptotic approximation)
on the product of the production cross section and branching fraction into two photons for an
additional SM-like Higgs boson, for the ggH plus ttH (left) and VBF plus VH (right) processes,
from the analysis of the 8 (top) and 13 (bottom) TeV data. The inner and outer bands indicate
the regions containing the distribution of limits located within ±1 and 2s, respectively, of the
expectation under the background-only hypothesis.

and 13 TeV data, and from their combination. The most significant expected sensitivity occurs
at the highest explored mass hypothesis of 110 GeV with a local expected significance close to
3s (>6s) for the 8 (13) TeV data, while the worst expected significance occurs in the neighbor-
hood of 90 GeV, where it is approximately 0.4s (slightly above 2s). For the combination, the
most (least) significant expected sensitivity occurs at a mass hypothesis of 110 (90) GeV with a
local expected significance of approximately 6.8s (slightly above 2.0s). In the case of the 8 TeV
data, one excess with approximately 2.0s local significance is observed for a mass hypothesis
of 97.7 GeV. For the 13 TeV data, one excess with approximately 2.90s local (1.47s global) sig-
nificance is observed for a mass hypothesis of 95.3 GeV, where the global significance has been
calculated using the method of [77]. In the combination, an excess with approximately 2.8s
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additional SM-like Higgs boson, for the ggH plus ttH (left) and VBF plus VH (right) processes,
from the analysis of the 8 (top) and 13 (bottom) TeV data. The inner and outer bands indicate
the regions containing the distribution of limits located within ±1 and 2s, respectively, of the
expectation under the background-only hypothesis.

and 13 TeV data, and from their combination. The most significant expected sensitivity occurs
at the highest explored mass hypothesis of 110 GeV with a local expected significance close to
3s (>6s) for the 8 (13) TeV data, while the worst expected significance occurs in the neighbor-
hood of 90 GeV, where it is approximately 0.4s (slightly above 2s). For the combination, the
most (least) significant expected sensitivity occurs at a mass hypothesis of 110 (90) GeV with a
local expected significance of approximately 6.8s (slightly above 2.0s). In the case of the 8 TeV
data, one excess with approximately 2.0s local significance is observed for a mass hypothesis
of 97.7 GeV. For the 13 TeV data, one excess with approximately 2.90s local (1.47s global) sig-
nificance is observed for a mass hypothesis of 95.3 GeV, where the global significance has been
calculated using the method of [77]. In the combination, an excess with approximately 2.8s
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σ13TeV(pp → a (93TeV) → γγ) ≲ 0.13 pb 

The ATLAS limit, taking into account the 
acceptance in the fiducial volume, is:

ATLAS-CONF-2018-025

InconclusiveWith AX ~ 45% @ 93GeV
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Figure 3: Background model fits using the chosen “best-fit” parametrization to data in the
three event classes at

p
s = 13 TeV. The corresponding signal model for each class for mH =

90 GeV, multiplied by 10, is also shown. The one- and two-s bands reflect the uncertainty in the
background model normalization associated with the statistical uncertainties of the fits, and are
shown for illustration purposes only. The difference between the data and the best-fit model is
shown in the lower panels.

ploiting Z ! e+e� events as described in Section 4 and [40, 41], are calculated in the same
bins as the corrections themselves. Uncertainties arising from modeling of the material bud-
get and of nonuniformity of light collection (the fraction of crystal scintillation light detected
as a function of its longitudinal depth when emitted), nonlinearity in the photon energy scale
between data and simulation, imperfect electromagnetic shower simulation, and vertex find-
ing [40, 41], are propagated to the parametric signal model, where they result in uncertainties
in the diphoton efficiency, mass scale, and resolution.
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Figure 3: Background model fits using the chosen “best-fit” parametrization to data in the
three event classes at

p
s = 13 TeV. The corresponding signal model for each class for mH =

90 GeV, multiplied by 10, is also shown. The one- and two-s bands reflect the uncertainty in the
background model normalization associated with the statistical uncertainties of the fits, and are
shown for illustration purposes only. The difference between the data and the best-fit model is
shown in the lower panels.

ploiting Z ! e+e� events as described in Section 4 and [40, 41], are calculated in the same
bins as the corrections themselves. Uncertainties arising from modeling of the material bud-
get and of nonuniformity of light collection (the fraction of crystal scintillation light detected
as a function of its longitudinal depth when emitted), nonlinearity in the photon energy scale
between data and simulation, imperfect electromagnetic shower simulation, and vertex find-
ing [40, 41], are propagated to the parametric signal model, where they result in uncertainties
in the diphoton efficiency, mass scale, and resolution.
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on the product of the production cross section and branching fraction into two photons for an
additional SM-like Higgs boson, for the ggH plus ttH (left) and VBF plus VH (right) processes,
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and 13 TeV data, and from their combination. The most significant expected sensitivity occurs
at the highest explored mass hypothesis of 110 GeV with a local expected significance close to
3s (>6s) for the 8 (13) TeV data, while the worst expected significance occurs in the neighbor-
hood of 90 GeV, where it is approximately 0.4s (slightly above 2s). For the combination, the
most (least) significant expected sensitivity occurs at a mass hypothesis of 110 (90) GeV with a
local expected significance of approximately 6.8s (slightly above 2.0s). In the case of the 8 TeV
data, one excess with approximately 2.0s local significance is observed for a mass hypothesis
of 97.7 GeV. For the 13 TeV data, one excess with approximately 2.90s local (1.47s global) sig-
nificance is observed for a mass hypothesis of 95.3 GeV, where the global significance has been
calculated using the method of [77]. In the combination, an excess with approximately 2.8s
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a combined significance of 
2.8σ local (1.3σ global)
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σ13TeV(pp → a (93TeV) → γγ) ≲ 0.13 pb 

The ATLAS limit, taking into account the 
acceptance in the fiducial volume, is:

ATLAS-CONF-2018-025

InconclusiveWith AX ~ 45% @ 93GeV

Could be interpreted as: Mariotti et al. 1710.01743

6

FIG. 2: Shaded: constraints on the ALP parameter space
from existing collider searches at LEP [64] and the LHC [32,
43, 44, 46] (see text for our rescaling of the CMS dijet
bound [32]), and from the bound derived in this work us-
ing the data in [8–10]. Lines: our LHC sensitivities at 8 and
14 TeV.

the other LEP limits in [65–67] are not relevant for our
choice of the anomalies. The limit from the boosted di-
jet search of CMS [32] is the strongest one between 50
and 65 GeV, while above 65 GeV the ATLAS [43] and
CMS [46] diphoton searches take over.

The LHC has the potential to probe values of fa much
larger than 1 TeV, as shown by the sensitivities lines in
Fig. 2. The solid line is obtained from Eq. (6) combin-
ing both 8 TeV and 7 TeV data with the finer possible
binning. The dashed and dotted lines are the projected
sensitivities respectively at LHC14 and HL-LHC, from 8
TeV and 7 TeV data, based on Eq. (7). Notice that the
HL-LHC projection is stronger than the future ILC [68]
and FCC-ee [69] reaches. The latter is expected to probe
BR(Z ! � + jj) . 1 � 5 · 10�7, which correspond to
fa ⇠ 1� 3 TeV if O(1012) Z’s will be produced.

The relative importance of low-mass diphoton bounds
and sensitivities with respect to the other existing
searches is robust with respect to choosing di↵erent val-
ues of the anomalies c1,2,3, as long as c3 6= 0. For
c1,2 & 4c3, our conservative low-mass diphoton limit even
overcomes the dijet exclusions between 50 and 65 GeV,
while still doing largely better than LEP.

Other processes that could be relevant for an ALP
with couplings as in Eq. (1) and mass above 10 GeV,
like Z ! 3� at LEP (see e.g. [56, 70] for recent stud-
ies of this and other signatures), set limits that are too
weak to even appear on the parameter space presented
in Fig. 2. Analogously, the sensitivity of ALP searches in
heavy ion collisions estimated in [71] is sizeably weaker

than our conservative bounds. The obvious reason is the
generic suppression of the photon width compared to the
gluon one by (↵em/↵s)2. If Higgs decays to ALP pairs
were allowed by the UV charge assignments, then the
related constraints [72–74] would apply. Their relative
importance would be model dependent but in any case
they would typically not probe fa values beyond a TeV,
see [21] for more details.
As an exercise to conclude this section, we comment

on the ALP interpretation of the excesses recently re-
ported (both at 2.9� local) by CMS in diphoton [46] and
dijet [32] searches, at invariant masses of 95 and 115 GeV
respectively. The ALP parameters that would fit each of
them are

fa
c�

' 470 GeV

s
50 fb

�sign
��

, c3 . 2 · c� , (9)

for the 95 GeV �� excess, and

fa
c3

' 310 GeV

s
300 pb

�sign
gg

, c� . 0.8 · c3 , (10)

for the 115 GeV jj one. �sign
��,gg

are the theoretical sig-
nal cross sections of the excesses, whose normalization is
chosen as follows. For the 95 GeV �� excess we use the
expected sensitivity at that mass as reported in Ref. [46],
for the 115 GeV jj we use the analogous sensitivity re-
ported in [32] for a Z 0, and rescale it to an ALP produced
in gluon fusion using Eq. (3). Dijet bounds [32] on the
95 GeV �� excess [46], and diphoton bounds [43] on the
115 GeV jj excess [32], give the second inequalities in
Eqs. (9) and (10) respectively.
Eqs. (9) and (10) allow to conclude that either of the

two excesses, if coming from an ALP, could be interpreted
in terms of reasonable values of fa and of the ABJ anoma-
lies. Such an ALP could be the first sign of a NP scale
not too far from a TeV, still allowing the rest of the new
states to be at MNP ⇠ 4⇡fa and hence out of the current
LHC reach.

VII. CONCLUSIONS

Theoretical frameworks such as Supersymmetry and
Compositeness predict, on general grounds, the existence
of pNGBs (ALPs) with couplings of relevance for collid-
ers. Similar ALPs have also received much attention as
mediators of Dark Matter interactions with the SM. The
current experimental searches for these particles, how-
ever, still contain holes. In particular huge (> 104 pb)
gluon fusion cross sections at the LHC, for ALP masses
below 65 GeV, are allowed by all existing constraints.
In this paper, we used public data from inclusive dipho-

ton cross section measurements at the LHC [8–10] to put
a new bound on diphoton resonances between 10 and 65
GeV. We showed how this bound sets the by-far strongest
existing constraint on the parameter space of ALPs that

Very reasonable values, worth keeping an eye on.
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γγ channel - 10-65 GeV
The low-mass resonance regime is challenging for ATLAS and CMS due to pT cuts.
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A limit in this mass range can be obtained by using 
published inclusive differential diphoton cross sections 
and imposing this very conservative bound:

NNP < Ndata (1+ 2 Δ)
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Figure 4: Di↵erential cross sections as functions of the various observables compared to the predictions from Diphox
and Resbos. At the bottom of each plot, the ratio of the prediction to the data is shown. The bars and bands around
the data and theoretical predictions represent the statistical and systematic uncertainties, estimated as described in
the text. Only the central values are shown for Resbos. Negative cross-section values are obtained with Diphox in
the first (last) bin of aT and �⇤⌘ (����) and therefore are not shown (see text).
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Figure 6: The comparisons of the differential cross section between data and the SHERPA,
DIPHOX + GAMMA2MC, RESBOS, and 2gNNLO predictions for mgg. Black dots correspond to
data with error bars including all statistical and systematic uncertainties. Only the scale uncer-
tainty is included for the SHERPA prediction. Scale, PDF and aS uncertainties are included for
DIPHOX + GAMMA2MC and RESBOS. Only statistical and scale uncertainties are included for
the 2gNNLO prediction.
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V. DISCUSSION

Our sensitivities assume the uncertainties from MC
modelling to be subdominant with respect to the ones
associated to the measurement. However, this might not
be the case in the entire mass range (see e.g. [8–10]) and
a better control on the MC modelling might be necessary.
The current MC uncertainty can be read o↵ e.g. [9], and
can be as large as 40% form�� below the minimal pT cuts
of the photons (see also [53] for a discussion of the chal-
lenges of background modelling in the context of high
mass diphoton resonances). While the relatively good
agreement of the MC modelling with the observed data
would in principle make a discovery possible for large
enough signal cross sections, the large MC uncertainties
are a limiting factor to the discovery potential of a reso-
nance search below the minimal pT cuts for the photons.

On the theory side this motivates an improvement in
the diphoton MC’s, while on the analysis side it pushes
to extend the data-driven estimates of the background to
lower m�� , reducing further the associated uncertainties
and thus improving the limits. Data-driven estimates
of the SM background were indeed used in the ATLAS
8 TeV analysis [43], and we believe their e↵ectiveness
is at the origin of the discrepancy between our 8 TeV
sensitivities and the actual ATLAS limits. As shown in
Fig. (1) the discrepancy amounts to a factor of ⇠ 5.6

The experimental challenge of going to lower invariant
masses is ultimately related to lowering the minimal cuts
pmin

T1,2
on the two photon pT ’s and/or relax the photon iso-

lation requirement�R & 0.4, where�R ⌘
p

��2 +�⌘2

is the photon separation. Indeed by simple kinematics we
get the strict lower bound on m��

m�� > �R ·

q
pmin

T1
pmin

T2
, (8)

where we usedm2
��

= 2pT1pT2(cosh�⌘�cos��) that for
small �� and �⌘ is m2

��
' �R2

· pT1pT2. This absolute
lower bound on m�� explains why in Fig. 1 the 8 TeV
reach derived from ATLAS7, which has the lowest pmin

T1,2
,

can reach lower m�� than the ones derived from ATLAS8
measurements.

From Eq. (8) we conclude that in order to extend the
diphoton resonant searches to lower invariant masses one
would have to lower either pmin

T1,2
or �R. Both these pos-

sibilities deserve further experimental study.
A first possible strategy would be to require a hard

ISR jet in the diphoton analysis, along the way of what
was done in the recent CMS search for low-mass dijet
resonances [32]. The hard jet requirement would raise the
pT of the resonance recoiling against it, collimating the

6 We checked further di↵erences between Ref. [43] and the pro-
cedure used here, such as a finer categorisation of the diphoton
final states as in [6], and a fully unbinned analysis. We find that
they can a↵ect the sensitivity at most by 20 - 40%.

two photons and hence posing the challenge of going to
smaller �R. In this kinematical regime, the two photons
would look like a single photon-jet [54, 55] and it would
be interesting to study if substructure techniques similar
to those used in [32] for a dijet resonances can be applied
to such an object.
A second strategy would be to lower the photon pmin

T1,2
.

This, however, poses well-known problems with the SM
background, like the larger backgrounds from QCD pro-
cesses (see e.g. [56]) and the challenge of recording, stor-
ing, and processing so many events.7 One might handle
the high data-rate and long-term storage challenge with
the data scouting/Trigger-object Level Analysis meth-
ods [57–61] where, rather than storing the full detector
data for a given event, one stores only a necessary subset.
Alternatively, one could accomodate lower trigger thresh-
olds by recording full events for only a fixed fraction of
the data [61, 62], with prescaled triggers, and/or setting
aside these data for processing and analysis later [57, 63]
(data parking/delayed stream). Such techniques have al-
ready been used in searches for dijet signals [58–60, 63],
where one is similarly interested in localized deviations
from smooth, data-driven background estimates.
The quantitative comparison of the reach of these dif-

ferent possibilities for low-mass diphoton resonances goes
beyond the scope of this paper, but we do encourage the
ATLAS and CMS collaborations to take steps in these
directions.

VI. IMPACT ON ALP PARAMETER SPACE

To determine the diphoton signal strength �th
��

that
enters the bound in Eq. (4) and that should be compared
with the sensitivities in Eqs. (6) and (7), we multiply
the tree level pp cross section by a constant K-factor
K� = 3.7 (see Appendix A for more details) and we use
the widths of Eq. (2).
In Fig. 2 we show how the di↵erent searches at the

LHC, at Tevatron and at LEP constrain the ALP decay
constant fa for a given value of the ALP mass ma. We fix
for reference the anomalies to their GUT inspired value
c1 = c2 = c3 = 10. On the right y-axes, we write the
pNGB coupling to photons in a notation inspired by the
QCD axion, as ga�� = ↵em

⇡fa

c�

c3
.

Our conservative bound extracted from Eq. (4) by
combining 8 TeV and 7 TeV LHC data together with
Tevatron data sets the strongest existing limit on ALPs
between 10 and 50 GeV: fa & 500 GeV, corresponding to
ga�� . 10�5 GeV. This is a major improvement with re-
spect to the strongest existing bound in that range, which
comes from measurements of Z ! �a(jj) at LEP I [64]
giving BR(Z ! � + jj) < 1� 5 · 10�4. We checked that

7 We thank Antonio Boveia and Caterina Doglioni for many clar-
ifications on these matters.

Lower bound on accessible 
mγγ from kinematics:
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A limit in this mass range can be obtained by using 
published inclusive differential diphoton cross sections 
and imposing this very conservative bound:

NNP < Ndata (1+ 2 Δ)
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the text. Only the central values are shown for Resbos. Negative cross-section values are obtained with Diphox in
the first (last) bin of aT and �⇤⌘ (����) and therefore are not shown (see text).
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Figure 6: The comparisons of the differential cross section between data and the SHERPA,
DIPHOX + GAMMA2MC, RESBOS, and 2gNNLO predictions for mgg. Black dots correspond to
data with error bars including all statistical and systematic uncertainties. Only the scale uncer-
tainty is included for the SHERPA prediction. Scale, PDF and aS uncertainties are included for
DIPHOX + GAMMA2MC and RESBOS. Only statistical and scale uncertainties are included for
the 2gNNLO prediction.
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Our sensitivities assume the uncertainties from MC
modelling to be subdominant with respect to the ones
associated to the measurement. However, this might not
be the case in the entire mass range (see e.g. [8–10]) and
a better control on the MC modelling might be necessary.
The current MC uncertainty can be read o↵ e.g. [9], and
can be as large as 40% form�� below the minimal pT cuts
of the photons (see also [53] for a discussion of the chal-
lenges of background modelling in the context of high
mass diphoton resonances). While the relatively good
agreement of the MC modelling with the observed data
would in principle make a discovery possible for large
enough signal cross sections, the large MC uncertainties
are a limiting factor to the discovery potential of a reso-
nance search below the minimal pT cuts for the photons.

On the theory side this motivates an improvement in
the diphoton MC’s, while on the analysis side it pushes
to extend the data-driven estimates of the background to
lower m�� , reducing further the associated uncertainties
and thus improving the limits. Data-driven estimates
of the SM background were indeed used in the ATLAS
8 TeV analysis [43], and we believe their e↵ectiveness
is at the origin of the discrepancy between our 8 TeV
sensitivities and the actual ATLAS limits. As shown in
Fig. (1) the discrepancy amounts to a factor of ⇠ 5.6

The experimental challenge of going to lower invariant
masses is ultimately related to lowering the minimal cuts
pmin

T1,2
on the two photon pT ’s and/or relax the photon iso-

lation requirement�R & 0.4, where�R ⌘
p

��2 +�⌘2

is the photon separation. Indeed by simple kinematics we
get the strict lower bound on m��

m�� > �R ·

q
pmin

T1
pmin

T2
, (8)

where we usedm2
��

= 2pT1pT2(cosh�⌘�cos��) that for
small �� and �⌘ is m2

��
' �R2

· pT1pT2. This absolute
lower bound on m�� explains why in Fig. 1 the 8 TeV
reach derived from ATLAS7, which has the lowest pmin

T1,2
,

can reach lower m�� than the ones derived from ATLAS8
measurements.

From Eq. (8) we conclude that in order to extend the
diphoton resonant searches to lower invariant masses one
would have to lower either pmin

T1,2
or �R. Both these pos-

sibilities deserve further experimental study.
A first possible strategy would be to require a hard

ISR jet in the diphoton analysis, along the way of what
was done in the recent CMS search for low-mass dijet
resonances [32]. The hard jet requirement would raise the
pT of the resonance recoiling against it, collimating the

6 We checked further di↵erences between Ref. [43] and the pro-
cedure used here, such as a finer categorisation of the diphoton
final states as in [6], and a fully unbinned analysis. We find that
they can a↵ect the sensitivity at most by 20 - 40%.

two photons and hence posing the challenge of going to
smaller �R. In this kinematical regime, the two photons
would look like a single photon-jet [54, 55] and it would
be interesting to study if substructure techniques similar
to those used in [32] for a dijet resonances can be applied
to such an object.
A second strategy would be to lower the photon pmin

T1,2
.

This, however, poses well-known problems with the SM
background, like the larger backgrounds from QCD pro-
cesses (see e.g. [56]) and the challenge of recording, stor-
ing, and processing so many events.7 One might handle
the high data-rate and long-term storage challenge with
the data scouting/Trigger-object Level Analysis meth-
ods [57–61] where, rather than storing the full detector
data for a given event, one stores only a necessary subset.
Alternatively, one could accomodate lower trigger thresh-
olds by recording full events for only a fixed fraction of
the data [61, 62], with prescaled triggers, and/or setting
aside these data for processing and analysis later [57, 63]
(data parking/delayed stream). Such techniques have al-
ready been used in searches for dijet signals [58–60, 63],
where one is similarly interested in localized deviations
from smooth, data-driven background estimates.
The quantitative comparison of the reach of these dif-

ferent possibilities for low-mass diphoton resonances goes
beyond the scope of this paper, but we do encourage the
ATLAS and CMS collaborations to take steps in these
directions.

VI. IMPACT ON ALP PARAMETER SPACE

To determine the diphoton signal strength �th
��

that
enters the bound in Eq. (4) and that should be compared
with the sensitivities in Eqs. (6) and (7), we multiply
the tree level pp cross section by a constant K-factor
K� = 3.7 (see Appendix A for more details) and we use
the widths of Eq. (2).
In Fig. 2 we show how the di↵erent searches at the

LHC, at Tevatron and at LEP constrain the ALP decay
constant fa for a given value of the ALP mass ma. We fix
for reference the anomalies to their GUT inspired value
c1 = c2 = c3 = 10. On the right y-axes, we write the
pNGB coupling to photons in a notation inspired by the
QCD axion, as ga�� = ↵em

⇡fa

c�

c3
.

Our conservative bound extracted from Eq. (4) by
combining 8 TeV and 7 TeV LHC data together with
Tevatron data sets the strongest existing limit on ALPs
between 10 and 50 GeV: fa & 500 GeV, corresponding to
ga�� . 10�5 GeV. This is a major improvement with re-
spect to the strongest existing bound in that range, which
comes from measurements of Z ! �a(jj) at LEP I [64]
giving BR(Z ! � + jj) < 1� 5 · 10�4. We checked that

7 We thank Antonio Boveia and Caterina Doglioni for many clar-
ifications on these matters.

Lower bound on accessible 
mγγ from kinematics:

4

ma in GeV 10 20 30 40 50 60 70 80 90 100 110 120
✏S for �7TeV ATLAS [8] 0 0.008 0.022 0.040 0.137 0.293 0.409 0.465 0.486 0.533 0.619 0.637
✏S for �7TeV CMS [10] 0 0.002 0.010 0.020 0.030 0.058 0.156 0.319 0.424 0.499 0.532 0.570
✏S for �8TeV ATLAS [9] 0 0.0007 0.008 0.014 0.024 0.037 0.071 0.233 0.347 0.419 0.452 0.484
✏S for �2TeV CDF [48, 49] 0.001 0.007 0.026 0.143 0.212 0.241 0.276 0.275 0.283 0.3 0.319 0.327

✏S for �2TeV D0 [50] 0 0.002 0.008 0.018 0.114 0.169 0.208 0.21 0.217 0.234 0.244 0.252

TABLE I: Signal e�ciencies for the 7 TeV and 8 TeV cross-section measurements at the LHC [8–10] and at the Tevatron [8, 9]
for a resonance produced in gluon fusion.
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FIG. 1: Bounds (shaded) and expected sensitivities (lines) on
the diphoton signal strength of a resonance produced in gluon
fusion, at 8 TeV. More details in the text.

mBin
��

, and both correspond to 8 TeV data with integrated
luminosity 20.2 fb�1 [9].

The most conservative sensitivity between the two cor-
responds to the binning given directly in the ATLAS 8
TeV cross section measurement [9], where the mass bins
have a size of 30 to 10 GeV in the region of our inter-
est. A better sensitivity is obtained by reducing the bin
size mBin

��
down to the invariant mass resolution obtained

from the ATLAS and CMS ECAL energy resolution on
a single photon, that we extract from [52] and [40], and
which leads to mass bins of size ' 3 GeV for values of
ma below the sum of the minimal pT cuts of the photons
(see Appendix B for more details). Since the signal is
narrow, the number of signal events in the bin is not af-
fected. The number of background Nbkg events is instead
reduced and the sensitivity increased assuming that the
errors scale as

p
Nbkg.5 This scaling holds for statystical

errors and we assume the same scaling for systematical

5 The CMS sensitivities using di↵erent binning in Fig. 1 are very

ones. The assumption is motivated by the scaling of some
of the systematics (e.g. those associated to poor statis-
tics in control regions) and by the fact that the CMS
cross section measurements [10] do not separate statisti-
cal from systematical uncertainties.

c. Sensitivities adding MC input, up to 14 TeV.

Now we discuss how to rescale the sensitivities from lower
energies

p
s
low

to higher energies
p
s
high

. To rescale the
diphoton background we first obtain, from MC simula-
tions, �MC

low
and �MC

high
. These are the SM diphoton cross

sections at
p
s
low

and
p
s
high

after the cuts of the cross
section measurements at

p
s
low

are imposed. We then

take �bkg

��,high
= �bkg

��,low
�MC

high
/�MC

low
, where �bkg

��,low
is ex-

tracted from the experimental measurements. The total
relative uncertainties for the background are rescaled as
the squared root of the total number of events so that

�high =
p

Llow/Lhigh

q
�MC

low
/�MC

high
�low. Finally we also

account for the di↵erent e�ciencies for the signal going
from

p
s
low

to
p
s
high

. All in all, starting from Eq. (6)
we get

�sens

��,high
(ma) =

s
Llow

Lhigh

·
�MC

high

�MC

low

·
✏low
S

✏high
S

·�sens

��,low
(ma) . (7)

We show it in Fig. 1 for the extrapolation of the AT-
LAS reach from

p
s
low

= 7 TeV and 4.9 fb�1 of data to
p
s
high

= 8 TeV and 20.2 fb�1 of data (thus with the
cuts of the ATLAS7 measurement [8]). The overlap (in
the region where the di↵erence in the cuts matters less)
between the 8 TeV sensitivities and the rescaled ones
from 7 TeV is a nice consistency check of our procedure.
We find an analogous agreement between the two 14 TeV
sensitivities derived from 7 and 8 TeV data, as shown in
Appendix D.

close in the 75-100 GeV range. This is because in this mass range
CMS reports its measurement in 5 GeV bins, comparable to the
ECAL mass resolution of ⇠ 2.5 GeV, while in other mass ranges
(and in the ATLAS measurements) the bin sizes vary between
10 and 40 GeV.

NNP = Ndata 2 
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γγ channel - 10-65 GeV
The low-mass resonance regime is challenging for ATLAS and CMS due to pT cuts.
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FIG. 2: Shaded: constraints on the ALP parameter space
from existing collider searches at LEP [64] and the LHC [32,
43, 44, 46] (see text for our rescaling of the CMS dijet
bound [32]), and from the bound derived in this work us-
ing the data in [8–10]. Lines: our LHC sensitivities at 8 and
14 TeV.

the other LEP limits in [65–67] are not relevant for our
choice of the anomalies. The limit from the boosted di-
jet search of CMS [32] is the strongest one between 50
and 65 GeV, while above 65 GeV the ATLAS [43] and
CMS [46] diphoton searches take over.

The LHC has the potential to probe values of fa much
larger than 1 TeV, as shown by the sensitivities lines in
Fig. 2. The solid line is obtained from Eq. (6) combin-
ing both 8 TeV and 7 TeV data with the finer possible
binning. The dashed and dotted lines are the projected
sensitivities respectively at LHC14 and HL-LHC, from 8
TeV and 7 TeV data, based on Eq. (7). Notice that the
HL-LHC projection is stronger than the future ILC [68]
and FCC-ee [69] reaches. The latter is expected to probe
BR(Z ! � + jj) . 1 � 5 · 10�7, which correspond to
fa ⇠ 1� 3 TeV if O(1012) Z’s will be produced.

The relative importance of low-mass diphoton bounds
and sensitivities with respect to the other existing
searches is robust with respect to choosing di↵erent val-
ues of the anomalies c1,2,3, as long as c3 6= 0. For
c1,2 & 4c3, our conservative low-mass diphoton limit even
overcomes the dijet exclusions between 50 and 65 GeV,
while still doing largely better than LEP.

Other processes that could be relevant for an ALP
with couplings as in Eq. (1) and mass above 10 GeV,
like Z ! 3� at LEP (see e.g. [56, 70] for recent stud-
ies of this and other signatures), set limits that are too
weak to even appear on the parameter space presented
in Fig. 2. Analogously, the sensitivity of ALP searches in
heavy ion collisions estimated in [71] is sizeably weaker

than our conservative bounds. The obvious reason is the
generic suppression of the photon width compared to the
gluon one by (↵em/↵s)2. If Higgs decays to ALP pairs
were allowed by the UV charge assignments, then the
related constraints [72–74] would apply. Their relative
importance would be model dependent but in any case
they would typically not probe fa values beyond a TeV,
see [21] for more details.
As an exercise to conclude this section, we comment

on the ALP interpretation of the excesses recently re-
ported (both at 2.9� local) by CMS in diphoton [46] and
dijet [32] searches, at invariant masses of 95 and 115 GeV
respectively. The ALP parameters that would fit each of
them are

fa
c�

' 470 GeV

s
50 fb

�sign
��

, c3 . 2 · c� , (9)

for the 95 GeV �� excess, and

fa
c3

' 310 GeV

s
300 pb

�sign
gg

, c� . 0.8 · c3 , (10)

for the 115 GeV jj one. �sign
��,gg

are the theoretical sig-
nal cross sections of the excesses, whose normalization is
chosen as follows. For the 95 GeV �� excess we use the
expected sensitivity at that mass as reported in Ref. [46],
for the 115 GeV jj we use the analogous sensitivity re-
ported in [32] for a Z 0, and rescale it to an ALP produced
in gluon fusion using Eq. (3). Dijet bounds [32] on the
95 GeV �� excess [46], and diphoton bounds [43] on the
115 GeV jj excess [32], give the second inequalities in
Eqs. (9) and (10) respectively.
Eqs. (9) and (10) allow to conclude that either of the

two excesses, if coming from an ALP, could be interpreted
in terms of reasonable values of fa and of the ABJ anoma-
lies. Such an ALP could be the first sign of a NP scale
not too far from a TeV, still allowing the rest of the new
states to be at MNP ⇠ 4⇡fa and hence out of the current
LHC reach.

VII. CONCLUSIONS

Theoretical frameworks such as Supersymmetry and
Compositeness predict, on general grounds, the existence
of pNGBs (ALPs) with couplings of relevance for collid-
ers. Similar ALPs have also received much attention as
mediators of Dark Matter interactions with the SM. The
current experimental searches for these particles, how-
ever, still contain holes. In particular huge (> 104 pb)
gluon fusion cross sections at the LHC, for ALP masses
below 65 GeV, are allowed by all existing constraints.
In this paper, we used public data from inclusive dipho-

ton cross section measurements at the LHC [8–10] to put
a new bound on diphoton resonances between 10 and 65
GeV. We showed how this bound sets the by-far strongest
existing constraint on the parameter space of ALPs that
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We derive a new bound on diphoton resonances using inclusive diphoton cross section measurements
at the LHC, in the so-far poorly constrained mass range between the ⌥ and the SM Higgs. This
bound sets the current best limit on axion-like particles that couple to gluons and photons, for masses
between 10 and 65 GeV. We also estimate indicative sensitivities of a dedicated diphoton LHC search
in the same mass region, at 7, 8 and 14 TeV. As a byproduct of our analysis, we comment on the
axion-like particle interpretation of the CMS excesses in low-mass dijet and diphoton searches.

PACS numbers: 14.80.Mz (Axions and other Nambu-Goldstone bosons)

I. INTRODUCTION

Searches for two body decays of heavy resonances
led to fundamental discoveries in the history of particle
physics such as the J/ [1, 2], the ⌥ [3] and the Z boson
[4]. An extensive program is currently looking for higher
mass resonances at the LHC in various final states (see
[5] for a complete list).

Despite the high background rates, advances in data-
driven background estimates guarantee good sensitivi-
ties to discover/exclude such peak signals. A marvellous
proof of the high performance of resonance searches at
the LHC is the recent discovery of the Standard Model
(SM) Higgs boson in the diphoton channel [6, 7].

As a matter of fact, the current LHC search program is
mostly tailored to probe new resonances of mass higher
than roughly 100 GeV. This is the result of a general
theoretical bias towards heavy new physics (NP) and of
the common belief that either previous collider experi-
ments (UA1, UA2, LEP and Tevatron) and/or Higgs cou-
pling fits (through the decay of the Higgs into two new
particles) put constraints on lighter resonances that are
stronger than the LHC capabilities. On the experimental
side, going to low masses poses the challenge of looking
for resonances with a mass below the sum of the cuts on
the transverse momentum (pT ) of the decay products.

The aim of this letter is to go beyond these common
beliefs and to motivate the LHC collaborations to look
for resonances down to the smallest possible mass. We
first derive a new bound (of 10 - 100 pb) on the diphoton
signal strength of a new resonance in the mass range
between the ⌥ and the SM Higgs. This new bound comes
from inclusive diphoton cross section measurements at
ATLAS [8, 9] and CMS [10]. Assuming zero knowledge
about the background, we simply impose that the NP

events are less than the total measured events plus twice
their uncertainty.
We show how this conservative procedure sets already

the strongest existing constraint on axion-like particles
(ALPs) with mass between 10 and 65 GeV. We finally
estimate the indicative reaches on the diphoton signal
strengths that could be attainable by proper searches at
the LHC, up to its high luminosity (HL) phase, and in-
terpret their impact on the ALP parameter space.

II. AXION-LIKE PARTICLES IN DIPHOTONS

When a U(1) global symmetry (which can be the sub-
group of some larger global symmetry G) is spontaneously
broken in the vacuum, then a massless Nambu-Goldstone
boson (NGB) arises in the low energy spectrum. If the
U(1) symmetry is only approximate, the NGB gets a
mass ma and it becomes a pseudo-Nambu-Goldstone bo-
son (pNGB), often called axion-like particle (ALP). The
mass ma of the pNGB is a technically natural parame-
ter which depends on the explicit breaking of the U(1)
global symmetry, and is smaller than the associated NP
scale MNP ⇠ 4⇡fa, where fa is the scale of spontaneous
breaking. In particular ma can be smaller than the SM
Higgs mass without any fine-tuning price.
The axial couplings of the pNGB to SM gauge bosons

can be written as

Lint =
a

4⇡fa

h
↵sc3GG̃+ ↵2c2WW̃ + ↵1c1BB̃

i
, (1)

where ↵1 = 5/3↵0 is the GUT normalized U(1)Y coupling
constant, a is the canonically normalized pNGB field, and
the coe�cients ci encode the Adler-Bell-Jackiw (ABJ)
anomalies of the global U(1) with SU(3) and SU(2) ⇥

ar
X

iv
:1

71
0.

01
74

3v
3 

 [h
ep

-p
h]

  1
0 

Se
p 

20
18

Exclusion potential:

1710.01743

Mariotti, Redigolo, Sala, Tobioka 1710.01743, 1812.07831

A limit in this mass range can be obtained by using 
published inclusive differential diphoton cross sections 
and imposing this very conservative bound:

NNP < Ndata (1+ 2 Δ)

4

ma in GeV 10 20 30 40 50 60 70 80 90 100 110 120
✏S for �7TeV ATLAS [8] 0 0.008 0.022 0.040 0.137 0.293 0.409 0.465 0.486 0.533 0.619 0.637
✏S for �7TeV CMS [10] 0 0.002 0.010 0.020 0.030 0.058 0.156 0.319 0.424 0.499 0.532 0.570
✏S for �8TeV ATLAS [9] 0 0.0007 0.008 0.014 0.024 0.037 0.071 0.233 0.347 0.419 0.452 0.484
✏S for �2TeV CDF [48, 49] 0.001 0.007 0.026 0.143 0.212 0.241 0.276 0.275 0.283 0.3 0.319 0.327

✏S for �2TeV D0 [50] 0 0.002 0.008 0.018 0.114 0.169 0.208 0.21 0.217 0.234 0.244 0.252

TABLE I: Signal e�ciencies for the 7 TeV and 8 TeV cross-section measurements at the LHC [8–10] and at the Tevatron [8, 9]
for a resonance produced in gluon fusion.
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FIG. 1: Bounds (shaded) and expected sensitivities (lines) on
the diphoton signal strength of a resonance produced in gluon
fusion, at 8 TeV. More details in the text.

mBin
��

, and both correspond to 8 TeV data with integrated
luminosity 20.2 fb�1 [9].

The most conservative sensitivity between the two cor-
responds to the binning given directly in the ATLAS 8
TeV cross section measurement [9], where the mass bins
have a size of 30 to 10 GeV in the region of our inter-
est. A better sensitivity is obtained by reducing the bin
size mBin

��
down to the invariant mass resolution obtained

from the ATLAS and CMS ECAL energy resolution on
a single photon, that we extract from [52] and [40], and
which leads to mass bins of size ' 3 GeV for values of
ma below the sum of the minimal pT cuts of the photons
(see Appendix B for more details). Since the signal is
narrow, the number of signal events in the bin is not af-
fected. The number of background Nbkg events is instead
reduced and the sensitivity increased assuming that the
errors scale as

p
Nbkg.5 This scaling holds for statystical

errors and we assume the same scaling for systematical

5 The CMS sensitivities using di↵erent binning in Fig. 1 are very

ones. The assumption is motivated by the scaling of some
of the systematics (e.g. those associated to poor statis-
tics in control regions) and by the fact that the CMS
cross section measurements [10] do not separate statisti-
cal from systematical uncertainties.

c. Sensitivities adding MC input, up to 14 TeV.

Now we discuss how to rescale the sensitivities from lower
energies

p
s
low

to higher energies
p
s
high

. To rescale the
diphoton background we first obtain, from MC simula-
tions, �MC

low
and �MC

high
. These are the SM diphoton cross

sections at
p
s
low

and
p
s
high

after the cuts of the cross
section measurements at

p
s
low

are imposed. We then

take �bkg

��,high
= �bkg

��,low
�MC

high
/�MC

low
, where �bkg

��,low
is ex-

tracted from the experimental measurements. The total
relative uncertainties for the background are rescaled as
the squared root of the total number of events so that

�high =
p

Llow/Lhigh

q
�MC

low
/�MC

high
�low. Finally we also

account for the di↵erent e�ciencies for the signal going
from

p
s
low

to
p
s
high

. All in all, starting from Eq. (6)
we get

�sens

��,high
(ma) =

s
Llow

Lhigh

·
�MC

high

�MC

low

·
✏low
S

✏high
S

·�sens

��,low
(ma) . (7)

We show it in Fig. 1 for the extrapolation of the AT-
LAS reach from

p
s
low

= 7 TeV and 4.9 fb�1 of data to
p
s
high

= 8 TeV and 20.2 fb�1 of data (thus with the
cuts of the ATLAS7 measurement [8]). The overlap (in
the region where the di↵erence in the cuts matters less)
between the 8 TeV sensitivities and the rescaled ones
from 7 TeV is a nice consistency check of our procedure.
We find an analogous agreement between the two 14 TeV
sensitivities derived from 7 and 8 TeV data, as shown in
Appendix D.

close in the 75-100 GeV range. This is because in this mass range
CMS reports its measurement in 5 GeV bins, comparable to the
ECAL mass resolution of ⇠ 2.5 GeV, while in other mass ranges
(and in the ATLAS measurements) the bin sizes vary between
10 and 40 GeV.

NNP = Ndata 2 
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LHCb potentially strong sensitivity 
to small ALP mass, 

thanks to low-mass diphoton trigger, 
necessary for Bs → γγ.

From recast around Bs mass with 80pb-1

2

width into gluons dominates over the one into photons
unless a non-generic hierarchy of couplings is assumed,
therefore strongly suppressing the signals expected in the
existing strategies.

The dominant di-jet final states are much more di�cult
to distinguish from the SM background than diphotons.1

As a way to overcome this issue, we show that the large
production rate in pp collisions induced by the non-zero
gluon coupling can be exploited at LHCb, which already
has a low mass diphoton trigger designed to look for the
rare decay Bs ! ��. To substantiate this point, we use
80 pb�1 of public LHCb diphoton data [38] around theBs

mass to derive a limit of O(100) pb on the signal strength
of new diphoton resonances. This limit already consti-
tutes the strongest existing probe for ALPs in the mass
range between 4.9 and 6.3 GeV and motivates a dedi-
cated LHCb search for diphoton resonances in a broader
mass range. We estimate the sensitivity of such a search
and show that decay constants at around the TeV scale
are within reach of the high-luminosity phase of LHCb.
This extends the coverage of low-mass resonance searches
down to masses as low as 2 GeV and constitutes a new
probe of multi-TeV scale NP which could be di�cult to
produce directly at the LHC. A similar point was made
in Ref. [1] with ATLAS, CMS, and Tevatron diphoton
searches, that are however limited by trigger issues to
masses roughly above 10 GeV.

We finally discuss bounds on light resonances produced
from SM meson decays. We estimate the BABAR con-
straint on ⌥(1, 2, 3S) ! �a(jj) and assess the future
Belle-II sensitivity. This production channel currently
constitutes the best probe of ALPs below ⇠ 3 GeV.

II. RESULTS

We consider a spontaneously broken approximate U(1)
symmetry in the UV. Integrating out the new physics
sector at the scale MNP, we write down the e↵ective in-
teractions between the pNGBs and the SM
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groups, F̃µ⌫
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Fi,⇢�/2, ↵i = g
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i /4⇡ and ↵1 is GUT-

normalised (↵1 = 5↵y/3). The constants ci are anomaly
coe�cients which depend on the number of degrees of
freedom chiral under the U(1) symmetry and carrying a
non-zero charge under the SM gauge group.2

1 As an example the LEP limit on BR(Z ! �a) is 1.7 · 10�5 from
36.9 pb�1 of data if a is a diphoton resonance [36] and 4.7 ·10�4

from 5.5 pb�1 of data if a is a dijet resonance [37].
2 If the SM fermions and the Higgs doublet are uncharged under
the U(1) symmetry, the couplings of the pNGB to them arise
only from loops of SM gauge bosons and can safely be neglected.
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FIG. 1: Limits (shaded regions) and sensitivities (colored
lines) on the ALP parameter space described in Eq. (1). The
bounds from Babar and LHCb are first derived here from
data in [31, 38], projections are given for Belle II and future
LHC stages. Details are given in Sec. IV. The other bounds
are derived from Z width measurements [29, 39], heavy ion
collisions [40, 41], Z ! �a(jj) decays at LEP I [30] and
diphoton cross section measurements at CDF (relevant only
for ma ' 10 GeV), CMS and ATLAS [1]. For the lat-
ter we also give sensitivities up to the HL stage as derived
in Ref. [1]. The thin dashed lines indicate theory bench-
marks motivated by heavy QCD axion models and by ALP-
portal Dark Matter described in Sec. III. New coloured and
EW states are expected to have masses of order g⇤f , where
g⇤ = 4⇡/

p
Nmess = 4⇡/

p
2 ci.

In the NP sector, the strength of the interaction g⇤
generically limits the maximal number of degrees of free-
dom to be below ⇡ (4⇡)2/g2⇤. Therefore, a lower g⇤ allows
for large couplings of the ALP to the SM but at the same
time it lowers the scale of new physics MNP ' g⇤f .
For ma . MZ , we can write the ALP couplings to pho-

tons and gluons below EWSB using the same notation of
the QCD axion
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where we have

N = c3 , E = c2 + 5c1/3 , ga�� =
↵em
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E , (3)

where ga�� agrees with the standard formula for the QCD
axion after normalizing the decay constant with respect
to the QCD coupling f = 2NfPQ. The relevant decay
widths of the pNGB are
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Vector decays into ALP + γ
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Vector decays into ALP + γ
See e.g. Vidal et al. 1810.09452, 1812.07831 sec. 6.1.7

For ma < mV
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Z → γa(gg/γγ) search (LEP,ATLAS), 

    → γa(gg) (Babar)

2

width into gluons dominates over the one into photons
unless a non-generic hierarchy of couplings is assumed,
therefore strongly suppressing the signals expected in the
existing strategies.

The dominant di-jet final states are much more di�cult
to distinguish from the SM background than diphotons.1

As a way to overcome this issue, we show that the large
production rate in pp collisions induced by the non-zero
gluon coupling can be exploited at LHCb, which already
has a low mass diphoton trigger designed to look for the
rare decay Bs ! ��. To substantiate this point, we use
80 pb�1 of public LHCb diphoton data [38] around theBs

mass to derive a limit of O(100) pb on the signal strength
of new diphoton resonances. This limit already consti-
tutes the strongest existing probe for ALPs in the mass
range between 4.9 and 6.3 GeV and motivates a dedi-
cated LHCb search for diphoton resonances in a broader
mass range. We estimate the sensitivity of such a search
and show that decay constants at around the TeV scale
are within reach of the high-luminosity phase of LHCb.
This extends the coverage of low-mass resonance searches
down to masses as low as 2 GeV and constitutes a new
probe of multi-TeV scale NP which could be di�cult to
produce directly at the LHC. A similar point was made
in Ref. [1] with ATLAS, CMS, and Tevatron diphoton
searches, that are however limited by trigger issues to
masses roughly above 10 GeV.

We finally discuss bounds on light resonances produced
from SM meson decays. We estimate the BABAR con-
straint on ⌥(1, 2, 3S) ! �a(jj) and assess the future
Belle-II sensitivity. This production channel currently
constitutes the best probe of ALPs below ⇠ 3 GeV.

II. RESULTS

We consider a spontaneously broken approximate U(1)
symmetry in the UV. Integrating out the new physics
sector at the scale MNP, we write down the e↵ective in-
teractions between the pNGBs and the SM
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Fi,⇢�/2, ↵i = g
2
i /4⇡ and ↵1 is GUT-

normalised (↵1 = 5↵y/3). The constants ci are anomaly
coe�cients which depend on the number of degrees of
freedom chiral under the U(1) symmetry and carrying a
non-zero charge under the SM gauge group.2

1 As an example the LEP limit on BR(Z ! �a) is 1.7 · 10�5 from
36.9 pb�1 of data if a is a diphoton resonance [36] and 4.7 ·10�4

from 5.5 pb�1 of data if a is a dijet resonance [37].
2 If the SM fermions and the Higgs doublet are uncharged under
the U(1) symmetry, the couplings of the pNGB to them arise
only from loops of SM gauge bosons and can safely be neglected.
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lines) on the ALP parameter space described in Eq. (1). The
bounds from Babar and LHCb are first derived here from
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diphoton cross section measurements at CDF (relevant only
for ma ' 10 GeV), CMS and ATLAS [1]. For the lat-
ter we also give sensitivities up to the HL stage as derived
in Ref. [1]. The thin dashed lines indicate theory bench-
marks motivated by heavy QCD axion models and by ALP-
portal Dark Matter described in Sec. III. New coloured and
EW states are expected to have masses of order g⇤f , where
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for large couplings of the ALP to the SM but at the same
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tutes the strongest existing probe for ALPs in the mass
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are within reach of the high-luminosity phase of LHCb.
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produce directly at the LHC. A similar point was made
in Ref. [1] with ATLAS, CMS, and Tevatron diphoton
searches, that are however limited by trigger issues to
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from SM meson decays. We estimate the BABAR con-
straint on ⌥(1, 2, 3S) ! �a(jj) and assess the future
Belle-II sensitivity. This production channel currently
constitutes the best probe of ALPs below ⇠ 3 GeV.
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the HE-LHC. The effective Lagrangian for the KSVZ-ALP, below the Z mass, is

Lint =
a

4⇡fa

h
↵sc3G

aG̃a + ↵2c2W
iW̃ i + ↵1c1BB̃

i
, (6.1.27)

=
a

4⇡fa


↵sc3G

aG̃a+ ↵emc�FF̃+2↵2cWW�W̃++
2↵em
tw

cZ�ZF̃+ ↵2c
2
wcZZZ̃

�
, (6.1.28)

where F̃µ⌫ = (1/2) ✏µ⌫⇢�F⇢� for any field strength, ↵1 = ↵0 is the GUT-normalised U(1)Y coupling
constant, and tw = sw/cw where c2w = 1 � s2w = m2

W /m2
Z . The coefficients ci encode the Adler-

Bell-Jackiw (ABJ) anomalies of the global U(1) symmetry (of which the ALP is the pseudo-Goldstone
boson) with SU(3) and SU(2)⇥ U(1)Y . After EWSB, one can write

c� = c2 +
5

3
c1, cW = c2, cZ = c2 + t4w

5

3
c1, cZ� = c2 � t2w

5

3
c1. (6.1.29)

For ma . mZ , the relevant two-body decays of a are to two photons and to two jets, with widths
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, (6.1.30)

where Kg depends on the ALP mass and includes higher-order QCD corrections (see Appendix A in
Ref. [590]). The couplings in Eq. (6.1.27) can be generated by heavy vector-like fermions with a mass
at g⇤fa, where g⇤ can be as large as 4⇡. Explicit realisations include: i) KSVZ “heavy axion” models
where the axion potential is UV-dominated, the axion mass is heavier than expected from QCD contri-
butions alone, and the decay constant, fa, can be as low as a TeV solving the axion quality problem (see
Ref.s [595–599] for heavy axion models and Ref. [600] for a discussion of the axion quality problem);
ii) ALPs arising in standard paradigms addressing the EW hierarchy problem, such as supersymme-
try, where spontaneous SUSY-breaking below MPl predicts, on general grounds, the existence of an
R-axion [601, 602]. iii) Axion portal Dark Matter scenarios where the DM is freezing out through its
annihilation into gluons pairs [603, 604]. In Fig. 6.1.15 we show the expected decay constant for an
accidental Peccei-Quinn symmetry broken by dimension 6 operators at MGUT = 1015 GeV, and the one
for an axion portal which account for all of the DM relic abundance, see Ref. [590] for more details.

Barring a huge hierarchy among the anomaly coefficients, c1,2 & 102c3, the width into gluons
dominates over the one into photons, ��/�gg = ↵2

em/(8Kg↵
2
3) ⇠ 10�4. ALPs that couple to gluons de-

cay promptly in any kinematical configuration and mass range of interest for the LHC. When accounting
for the gluon coupling, searches based on rare decays of SM particles (Higgs, Z, ⌥, and B-mesons) into
ALPs have a weaker bound on fa because the dominant BR of the ALP is now into hadronic final states,
while the searches look for final states with muons or photons. The only two relevant decay processes
for our parameter space are Z ! �a and ⌥X ! �a, and the corresponding decay widths are given by

�(Z ! �a) =
↵2

emc
2
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, (6.1.31)
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↵emc

2
��

⇡

✓
m⌥X

4⇡fa

◆2
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m2
a

m2
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�(⌥X ! ll) , (6.1.32)

where �(⌥X ! ll) = �⌥X
· B(⌥X ! ll), B(⌥2S,3S ! ll) ' 3.84 , 4.36% and �⌥2S,3S

' 20, 32 KeV.
These constraints, together with those from the LHC, are shown in Fig. 6.1.15.

The bound from Z decays, in Eq. (6.1.31), is based on the LEP search in Ref. [608] which has
sensitivity down to 12 GeV. In this range, this search is more powerful than the inclusive bound from
the total Z-width [283]. The bound from ⌥ decays, in Eq. (6.1.32), is based on BABAR data [605]
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Vector decays into ALP + γ
See e.g. Vidal et al. 1810.09452, 1812.07831 sec. 6.1.7

For ma < mV
3

where we include NNLO corrections to the gluon
width [42] in Kgg (see Appendix A for more details).
Note that (0.1 mm)�1

⌧ �tot = �gg + ��� ⌧ m
bin
�� over

the mass range of our interest. The new resonance de-
cays promptly and has a very narrow width compared to
its mass.

The LHCb constraint and sensitivities derived in Sec-
tion IV are displayed on the ALP parameter space in
Figure 1, for the benchmark c1 = c2 = c3 = 10.
We compute �(pp ! a) with ggHiggs v4 [43–46] us-
ing the mstw2008nnlo pdf set. We compare it with
that obtained by the use of di↵erent pdf sets and of
MadgraphLO v2 6 [47, 48] upon implementing the ALP
model in FeynRules [49], finding di↵erences from 20% at
ma = 20 GeV to a factor of 2 or larger for ma < 5 GeV.
As detailed in Appendix A, a more precise determination
of the signal would be needed, especially forma . 5 GeV.

In Figure 1 we also show

i) the 2� constraint �Z � �SM
Z < 5.8 MeV [29, 39];

ii) the LEP limit BR(Z ! �a(jj)) < 1�5⇥10�4 [30];

iii) the constraint derived in [1] from the ATLAS [50,
51], CMS [52], and CDF[53] inclusive dipho-
ton cross section measurements, corresponding to
�(pp/pp̄ ! X a(��)) < 10� 100 pb;

iv) the sensitivities derived in [1] from inclusive dipho-
ton cross section measurements at ATLAS and
CMS. The HL-LHC reach assumes minimal photon
pT cuts of 25 and 22 GeV and minimal photon sep-
aration of �R = 0.4. These numbers correspond to
the 7 TeV measurement in Ref. [50]. Higher pT cuts
would increase the minimal value of the invariant
mass within the reach of HL-LHC.

v) the BABAR constraint BR
�
⌥2S,3S ! �a(jj)

�
<

10�4
� 10�6 [31], where we compute

BR
�
⌥ ! �a

�

BR
�
⌥ ! µµ̄

� ' 2E2↵em

4⇡

⇣
m⌥

4⇡f

⌘2⇣
1�

m
2
a

m2
⌥

⌘3
, (5)

where BR
�
⌥2S,3S ! µµ̄

�
= 1.92%, 2.18%. The

above expression agrees with the one of Ref. [54].

vi) the Belle-II sensitivity in the same channel, that we
determine simply by rescaling the expected sensi-
tivities in [31] by a factor of 10. This assumes that
the Belle-II reach will be statistics-dominated, and
that it will be based on a factor of 100 more ⌥(3S)
than the BABAR one (i.e. on ' 1.2 ⇥ 1010 ⌥(3S)
in total). The current Belle-II run plan for the first
years assumes only a factor of 10 for the above ra-
tio [55, 56], corresponding to a few weeks of ded-
icated run at the ⌥(3S) threshold. An extra fac-
tor of 10 could be obtained in a comparable time
with dedicated later runs, because a higher instan-
taneous luminosity is foreseen [56]. An analogous
search could be e↵ectively performed, at Belle-II,
also analysing the decays of ⌥(1S, 2S).

vii) limits from the diphoton final state from heavy ion
collisions are extracted from the recent CMS anal-
ysis in Ref. [41] and the reinterpretation of the AT-
LAS light by light scattering data [40] of Ref. [57].
The lower reach of these measurements is set to
ma & 5 GeV as a consequence of the minimal cuts
on the two photons transverse momenta.

ATLAS limits from Z ! �a(��) [58] are not displayed
in Fig 1. They imply BR(Z ! �a(��)) < 2.2 · 10�6

and turn out to be comparable to the heavy ions bound
for our benchmark in Fig. 1. Similar constraints can
be derived from the ATLAS inclusive search in pp !

�a(��) [58]. The lower invariant mass reach of these
ATLAS searches is set by the diphoton isolation require-
ment of [58], �R�� = 0.15. This corresponds to an ALP
mass of 4 GeV as discussed in Ref. [59]. Notice that LEP
searches for Z ! �a(��) [32] are weaker than the ATLAS
bound. Future sensitivities from e

+
e
�
! �a(��) [34, 35]

do not reach values of f larger than ' 50 GeV and
are not shown. Finally, the proposed search in B !

K
(⇤)

a(��)) [34] at Belle-II has some sensitivity in a very
limited portion of our mass range and it is not shown to
avoid clutter.
In Fig. 2 we fix the ALP masses to two representa-

tive values ma = 5, 15 GeV and show the impact of the
various searches in the plane (N/f,E/f) which control
the ALP’s gluon and photon coupling respectively. As
one can see from Fig. 2, diphoton searches for a ALP
produced in gluon fusion both at ATLAS/CMS (see Ref.
[1]) and at LHCb (see Sec. IV) can be sensitive to N/f

as small as 10�4 GeV�1 as long as the coupling to the
photons is large enough. Moreover they can cover signif-
icant portion of the parameter space where the couplings
are of their natural size.

Searches taking advantage of uniquely the photon cou-
pling such as the ones in Refs. [33, 35, 58] become rel-
evant only in the upper left corner of the plane where
E/N & 50. Such a hierarchy can be realized in clock-
work constructions where the photon coupling is en-
hanced with respect to the gluon one (see for example
Ref. [60]).

The ATLAS, CMS and LHCb limits and sensitivites
shown in Fig. 2 are derived assuming gluon fusion as the
ALP production process, so they sharply stop at a given
small gluon coupling. If other production processes like
vector-boson-fusion are taken into account, the limits and
sensitivities would be slightly improved in the upper left
corner of Fig. 2. Practically, the Heavy Ion results that
we are including will always lead to stronger constraint
because of the enhanced photon-fusion production and
the loop suppressed background from light-by-light scat-
tering.

The bottom right corner where the new resonance
mostly couples to gluons is challenging to constrain in
this mass range, even though boosted dijet searches at
the LHC were recently able to go down to invariant
masses of 50 GeV (see Refs. [1, 61, 62]). Of course for
N/f & (100GeV)�1 one expects color states generating
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As detailed in Appendix A, a more precise determination
of the signal would be needed, especially forma . 5 GeV.

In Figure 1 we also show

i) the 2� constraint �Z � �SM
Z < 5.8 MeV [29, 39];

ii) the LEP limit BR(Z ! �a(jj)) < 1�5⇥10�4 [30];

iii) the constraint derived in [1] from the ATLAS [50,
51], CMS [52], and CDF[53] inclusive dipho-
ton cross section measurements, corresponding to
�(pp/pp̄ ! X a(��)) < 10� 100 pb;

iv) the sensitivities derived in [1] from inclusive dipho-
ton cross section measurements at ATLAS and
CMS. The HL-LHC reach assumes minimal photon
pT cuts of 25 and 22 GeV and minimal photon sep-
aration of �R = 0.4. These numbers correspond to
the 7 TeV measurement in Ref. [50]. Higher pT cuts
would increase the minimal value of the invariant
mass within the reach of HL-LHC.

v) the BABAR constraint BR
�
⌥2S,3S ! �a(jj)

�
<

10�4
� 10�6 [31], where we compute
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where BR
�
⌥2S,3S ! µµ̄

�
= 1.92%, 2.18%. The

above expression agrees with the one of Ref. [54].

vi) the Belle-II sensitivity in the same channel, that we
determine simply by rescaling the expected sensi-
tivities in [31] by a factor of 10. This assumes that
the Belle-II reach will be statistics-dominated, and
that it will be based on a factor of 100 more ⌥(3S)
than the BABAR one (i.e. on ' 1.2 ⇥ 1010 ⌥(3S)
in total). The current Belle-II run plan for the first
years assumes only a factor of 10 for the above ra-
tio [55, 56], corresponding to a few weeks of ded-
icated run at the ⌥(3S) threshold. An extra fac-
tor of 10 could be obtained in a comparable time
with dedicated later runs, because a higher instan-
taneous luminosity is foreseen [56]. An analogous
search could be e↵ectively performed, at Belle-II,
also analysing the decays of ⌥(1S, 2S).

vii) limits from the diphoton final state from heavy ion
collisions are extracted from the recent CMS anal-
ysis in Ref. [41] and the reinterpretation of the AT-
LAS light by light scattering data [40] of Ref. [57].
The lower reach of these measurements is set to
ma & 5 GeV as a consequence of the minimal cuts
on the two photons transverse momenta.

ATLAS limits from Z ! �a(��) [58] are not displayed
in Fig 1. They imply BR(Z ! �a(��)) < 2.2 · 10�6

and turn out to be comparable to the heavy ions bound
for our benchmark in Fig. 1. Similar constraints can
be derived from the ATLAS inclusive search in pp !

�a(��) [58]. The lower invariant mass reach of these
ATLAS searches is set by the diphoton isolation require-
ment of [58], �R�� = 0.15. This corresponds to an ALP
mass of 4 GeV as discussed in Ref. [59]. Notice that LEP
searches for Z ! �a(��) [32] are weaker than the ATLAS
bound. Future sensitivities from e

+
e
�
! �a(��) [34, 35]

do not reach values of f larger than ' 50 GeV and
are not shown. Finally, the proposed search in B !

K
(⇤)

a(��)) [34] at Belle-II has some sensitivity in a very
limited portion of our mass range and it is not shown to
avoid clutter.
In Fig. 2 we fix the ALP masses to two representa-

tive values ma = 5, 15 GeV and show the impact of the
various searches in the plane (N/f,E/f) which control
the ALP’s gluon and photon coupling respectively. As
one can see from Fig. 2, diphoton searches for a ALP
produced in gluon fusion both at ATLAS/CMS (see Ref.
[1]) and at LHCb (see Sec. IV) can be sensitive to N/f

as small as 10�4 GeV�1 as long as the coupling to the
photons is large enough. Moreover they can cover signif-
icant portion of the parameter space where the couplings
are of their natural size.

Searches taking advantage of uniquely the photon cou-
pling such as the ones in Refs. [33, 35, 58] become rel-
evant only in the upper left corner of the plane where
E/N & 50. Such a hierarchy can be realized in clock-
work constructions where the photon coupling is en-
hanced with respect to the gluon one (see for example
Ref. [60]).

The ATLAS, CMS and LHCb limits and sensitivites
shown in Fig. 2 are derived assuming gluon fusion as the
ALP production process, so they sharply stop at a given
small gluon coupling. If other production processes like
vector-boson-fusion are taken into account, the limits and
sensitivities would be slightly improved in the upper left
corner of Fig. 2. Practically, the Heavy Ion results that
we are including will always lead to stronger constraint
because of the enhanced photon-fusion production and
the loop suppressed background from light-by-light scat-
tering.

The bottom right corner where the new resonance
mostly couples to gluons is challenging to constrain in
this mass range, even though boosted dijet searches at
the LHC were recently able to go down to invariant
masses of 50 GeV (see Refs. [1, 61, 62]). Of course for
N/f & (100GeV)�1 one expects color states generating
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width into gluons dominates over the one into photons
unless a non-generic hierarchy of couplings is assumed,
therefore strongly suppressing the signals expected in the
existing strategies.

The dominant di-jet final states are much more di�cult
to distinguish from the SM background than diphotons.1

As a way to overcome this issue, we show that the large
production rate in pp collisions induced by the non-zero
gluon coupling can be exploited at LHCb, which already
has a low mass diphoton trigger designed to look for the
rare decay Bs ! ��. To substantiate this point, we use
80 pb�1 of public LHCb diphoton data [38] around theBs

mass to derive a limit of O(100) pb on the signal strength
of new diphoton resonances. This limit already consti-
tutes the strongest existing probe for ALPs in the mass
range between 4.9 and 6.3 GeV and motivates a dedi-
cated LHCb search for diphoton resonances in a broader
mass range. We estimate the sensitivity of such a search
and show that decay constants at around the TeV scale
are within reach of the high-luminosity phase of LHCb.
This extends the coverage of low-mass resonance searches
down to masses as low as 2 GeV and constitutes a new
probe of multi-TeV scale NP which could be di�cult to
produce directly at the LHC. A similar point was made
in Ref. [1] with ATLAS, CMS, and Tevatron diphoton
searches, that are however limited by trigger issues to
masses roughly above 10 GeV.

We finally discuss bounds on light resonances produced
from SM meson decays. We estimate the BABAR con-
straint on ⌥(1, 2, 3S) ! �a(jj) and assess the future
Belle-II sensitivity. This production channel currently
constitutes the best probe of ALPs below ⇠ 3 GeV.

II. RESULTS

We consider a spontaneously broken approximate U(1)
symmetry in the UV. Integrating out the new physics
sector at the scale MNP, we write down the e↵ective in-
teractions between the pNGBs and the SM

Le↵ =
1

2
(@µa)

2
�

1

2
m

2
aa

2 +
a

f

3X

i=1

ci
↵i

4⇡
Fi,µ⌫ F̃

µ⌫
i , (1)

where i runs over the hypercharge, weak and strong gauge
groups, F̃µ⌫

i = ✏
µ⌫⇢�

Fi,⇢�/2, ↵i = g
2
i /4⇡ and ↵1 is GUT-

normalised (↵1 = 5↵y/3). The constants ci are anomaly
coe�cients which depend on the number of degrees of
freedom chiral under the U(1) symmetry and carrying a
non-zero charge under the SM gauge group.2

1 As an example the LEP limit on BR(Z ! �a) is 1.7 · 10�5 from
36.9 pb�1 of data if a is a diphoton resonance [36] and 4.7 ·10�4

from 5.5 pb�1 of data if a is a dijet resonance [37].
2 If the SM fermions and the Higgs doublet are uncharged under
the U(1) symmetry, the couplings of the pNGB to them arise
only from loops of SM gauge bosons and can safely be neglected.

FIG. 1: Limits (shaded regions) and sensitivities (colored
lines) on the ALP parameter space described in Eq. (1). The
bounds from Babar and LHCb are first derived here from
data in [31, 38], projections are given for Belle II and future
LHC stages. Details are given in Sec. IV. The other bounds
are derived from Z width measurements [29, 39], heavy ion
collisions [40, 41], Z ! �a(jj) decays at LEP I [30] and
diphoton cross section measurements at CDF (relevant only
for ma ' 10 GeV), CMS and ATLAS [1]. For the lat-
ter we also give sensitivities up to the HL stage as derived
in Ref. [1]. The thin dashed lines indicate theory bench-
marks motivated by heavy QCD axion models and by ALP-
portal Dark Matter described in Sec. III. New coloured and
EW states are expected to have masses of order g⇤f , where
g⇤ = 4⇡/

p
Nmess = 4⇡/

p
2 ci.

In the NP sector, the strength of the interaction g⇤
generically limits the maximal number of degrees of free-
dom to be below ⇡ (4⇡)2/g2⇤. Therefore, a lower g⇤ allows
for large couplings of the ALP to the SM but at the same
time it lowers the scale of new physics MNP ' g⇤f .
For ma . MZ , we can write the ALP couplings to pho-

tons and gluons below EWSB using the same notation of
the QCD axion
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where we have

N = c3 , E = c2 + 5c1/3 , ga�� =
↵em
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E , (3)

where ga�� agrees with the standard formula for the QCD
axion after normalizing the decay constant with respect
to the QCD coupling f = 2NfPQ. The relevant decay
widths of the pNGB are
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width into gluons dominates over the one into photons
unless a non-generic hierarchy of couplings is assumed,
therefore strongly suppressing the signals expected in the
existing strategies.

The dominant di-jet final states are much more di�cult
to distinguish from the SM background than diphotons.1

As a way to overcome this issue, we show that the large
production rate in pp collisions induced by the non-zero
gluon coupling can be exploited at LHCb, which already
has a low mass diphoton trigger designed to look for the
rare decay Bs ! ��. To substantiate this point, we use
80 pb�1 of public LHCb diphoton data [38] around theBs

mass to derive a limit of O(100) pb on the signal strength
of new diphoton resonances. This limit already consti-
tutes the strongest existing probe for ALPs in the mass
range between 4.9 and 6.3 GeV and motivates a dedi-
cated LHCb search for diphoton resonances in a broader
mass range. We estimate the sensitivity of such a search
and show that decay constants at around the TeV scale
are within reach of the high-luminosity phase of LHCb.
This extends the coverage of low-mass resonance searches
down to masses as low as 2 GeV and constitutes a new
probe of multi-TeV scale NP which could be di�cult to
produce directly at the LHC. A similar point was made
in Ref. [1] with ATLAS, CMS, and Tevatron diphoton
searches, that are however limited by trigger issues to
masses roughly above 10 GeV.

We finally discuss bounds on light resonances produced
from SM meson decays. We estimate the BABAR con-
straint on ⌥(1, 2, 3S) ! �a(jj) and assess the future
Belle-II sensitivity. This production channel currently
constitutes the best probe of ALPs below ⇠ 3 GeV.
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normalised (↵1 = 5↵y/3). The constants ci are anomaly
coe�cients which depend on the number of degrees of
freedom chiral under the U(1) symmetry and carrying a
non-zero charge under the SM gauge group.2

1 As an example the LEP limit on BR(Z ! �a) is 1.7 · 10�5 from
36.9 pb�1 of data if a is a diphoton resonance [36] and 4.7 ·10�4

from 5.5 pb�1 of data if a is a dijet resonance [37].
2 If the SM fermions and the Higgs doublet are uncharged under
the U(1) symmetry, the couplings of the pNGB to them arise
only from loops of SM gauge bosons and can safely be neglected.

FIG. 1: Limits (shaded regions) and sensitivities (colored
lines) on the ALP parameter space described in Eq. (1). The
bounds from Babar and LHCb are first derived here from
data in [31, 38], projections are given for Belle II and future
LHC stages. Details are given in Sec. IV. The other bounds
are derived from Z width measurements [29, 39], heavy ion
collisions [40, 41], Z ! �a(jj) decays at LEP I [30] and
diphoton cross section measurements at CDF (relevant only
for ma ' 10 GeV), CMS and ATLAS [1]. For the lat-
ter we also give sensitivities up to the HL stage as derived
in Ref. [1]. The thin dashed lines indicate theory bench-
marks motivated by heavy QCD axion models and by ALP-
portal Dark Matter described in Sec. III. New coloured and
EW states are expected to have masses of order g⇤f , where
g⇤ = 4⇡/
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Nmess = 4⇡/

p
2 ci.

In the NP sector, the strength of the interaction g⇤
generically limits the maximal number of degrees of free-
dom to be below ⇡ (4⇡)2/g2⇤. Therefore, a lower g⇤ allows
for large couplings of the ALP to the SM but at the same
time it lowers the scale of new physics MNP ' g⇤f .
For ma . MZ , we can write the ALP couplings to pho-

tons and gluons below EWSB using the same notation of
the QCD axion
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where ga�� agrees with the standard formula for the QCD
axion after normalizing the decay constant with respect
to the QCD coupling f = 2NfPQ. The relevant decay
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the HE-LHC. The effective Lagrangian for the KSVZ-ALP, below the Z mass, is

Lint =
a

4⇡fa

h
↵sc3G

aG̃a + ↵2c2W
iW̃ i + ↵1c1BB̃

i
, (6.1.27)

=
a

4⇡fa


↵sc3G

aG̃a+ ↵emc�FF̃+2↵2cWW�W̃++
2↵em
tw

cZ�ZF̃+ ↵2c
2
wcZZZ̃

�
, (6.1.28)

where F̃µ⌫ = (1/2) ✏µ⌫⇢�F⇢� for any field strength, ↵1 = ↵0 is the GUT-normalised U(1)Y coupling
constant, and tw = sw/cw where c2w = 1 � s2w = m2

W /m2
Z . The coefficients ci encode the Adler-

Bell-Jackiw (ABJ) anomalies of the global U(1) symmetry (of which the ALP is the pseudo-Goldstone
boson) with SU(3) and SU(2)⇥ U(1)Y . After EWSB, one can write

c� = c2 +
5

3
c1, cW = c2, cZ = c2 + t4w

5

3
c1, cZ� = c2 � t2w

5

3
c1. (6.1.29)

For ma . mZ , the relevant two-body decays of a are to two photons and to two jets, with widths
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where Kg depends on the ALP mass and includes higher-order QCD corrections (see Appendix A in
Ref. [590]). The couplings in Eq. (6.1.27) can be generated by heavy vector-like fermions with a mass
at g⇤fa, where g⇤ can be as large as 4⇡. Explicit realisations include: i) KSVZ “heavy axion” models
where the axion potential is UV-dominated, the axion mass is heavier than expected from QCD contri-
butions alone, and the decay constant, fa, can be as low as a TeV solving the axion quality problem (see
Ref.s [595–599] for heavy axion models and Ref. [600] for a discussion of the axion quality problem);
ii) ALPs arising in standard paradigms addressing the EW hierarchy problem, such as supersymme-
try, where spontaneous SUSY-breaking below MPl predicts, on general grounds, the existence of an
R-axion [601, 602]. iii) Axion portal Dark Matter scenarios where the DM is freezing out through its
annihilation into gluons pairs [603, 604]. In Fig. 6.1.15 we show the expected decay constant for an
accidental Peccei-Quinn symmetry broken by dimension 6 operators at MGUT = 1015 GeV, and the one
for an axion portal which account for all of the DM relic abundance, see Ref. [590] for more details.

Barring a huge hierarchy among the anomaly coefficients, c1,2 & 102c3, the width into gluons
dominates over the one into photons, ��/�gg = ↵2

em/(8Kg↵
2
3) ⇠ 10�4. ALPs that couple to gluons de-

cay promptly in any kinematical configuration and mass range of interest for the LHC. When accounting
for the gluon coupling, searches based on rare decays of SM particles (Higgs, Z, ⌥, and B-mesons) into
ALPs have a weaker bound on fa because the dominant BR of the ALP is now into hadronic final states,
while the searches look for final states with muons or photons. The only two relevant decay processes
for our parameter space are Z ! �a and ⌥X ! �a, and the corresponding decay widths are given by
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�(⌥X ! ll) , (6.1.32)

where �(⌥X ! ll) = �⌥X
· B(⌥X ! ll), B(⌥2S,3S ! ll) ' 3.84 , 4.36% and �⌥2S,3S

' 20, 32 KeV.
These constraints, together with those from the LHC, are shown in Fig. 6.1.15.

The bound from Z decays, in Eq. (6.1.31), is based on the LEP search in Ref. [608] which has
sensitivity down to 12 GeV. In this range, this search is more powerful than the inclusive bound from
the total Z-width [283]. The bound from ⌥ decays, in Eq. (6.1.32), is based on BABAR data [605]
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Vector decays into ALP + γ
See e.g. Vidal et al. 1810.09452, 1812.07831 sec. 6.1.7

For ma < mV
3

where we include NNLO corrections to the gluon
width [42] in Kgg (see Appendix A for more details).
Note that (0.1 mm)�1

⌧ �tot = �gg + ��� ⌧ m
bin
�� over

the mass range of our interest. The new resonance de-
cays promptly and has a very narrow width compared to
its mass.

The LHCb constraint and sensitivities derived in Sec-
tion IV are displayed on the ALP parameter space in
Figure 1, for the benchmark c1 = c2 = c3 = 10.
We compute �(pp ! a) with ggHiggs v4 [43–46] us-
ing the mstw2008nnlo pdf set. We compare it with
that obtained by the use of di↵erent pdf sets and of
MadgraphLO v2 6 [47, 48] upon implementing the ALP
model in FeynRules [49], finding di↵erences from 20% at
ma = 20 GeV to a factor of 2 or larger for ma < 5 GeV.
As detailed in Appendix A, a more precise determination
of the signal would be needed, especially forma . 5 GeV.

In Figure 1 we also show

i) the 2� constraint �Z � �SM
Z < 5.8 MeV [29, 39];

ii) the LEP limit BR(Z ! �a(jj)) < 1�5⇥10�4 [30];

iii) the constraint derived in [1] from the ATLAS [50,
51], CMS [52], and CDF[53] inclusive dipho-
ton cross section measurements, corresponding to
�(pp/pp̄ ! X a(��)) < 10� 100 pb;

iv) the sensitivities derived in [1] from inclusive dipho-
ton cross section measurements at ATLAS and
CMS. The HL-LHC reach assumes minimal photon
pT cuts of 25 and 22 GeV and minimal photon sep-
aration of �R = 0.4. These numbers correspond to
the 7 TeV measurement in Ref. [50]. Higher pT cuts
would increase the minimal value of the invariant
mass within the reach of HL-LHC.

v) the BABAR constraint BR
�
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where BR
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⌥2S,3S ! µµ̄
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= 1.92%, 2.18%. The

above expression agrees with the one of Ref. [54].

vi) the Belle-II sensitivity in the same channel, that we
determine simply by rescaling the expected sensi-
tivities in [31] by a factor of 10. This assumes that
the Belle-II reach will be statistics-dominated, and
that it will be based on a factor of 100 more ⌥(3S)
than the BABAR one (i.e. on ' 1.2 ⇥ 1010 ⌥(3S)
in total). The current Belle-II run plan for the first
years assumes only a factor of 10 for the above ra-
tio [55, 56], corresponding to a few weeks of ded-
icated run at the ⌥(3S) threshold. An extra fac-
tor of 10 could be obtained in a comparable time
with dedicated later runs, because a higher instan-
taneous luminosity is foreseen [56]. An analogous
search could be e↵ectively performed, at Belle-II,
also analysing the decays of ⌥(1S, 2S).

vii) limits from the diphoton final state from heavy ion
collisions are extracted from the recent CMS anal-
ysis in Ref. [41] and the reinterpretation of the AT-
LAS light by light scattering data [40] of Ref. [57].
The lower reach of these measurements is set to
ma & 5 GeV as a consequence of the minimal cuts
on the two photons transverse momenta.

ATLAS limits from Z ! �a(��) [58] are not displayed
in Fig 1. They imply BR(Z ! �a(��)) < 2.2 · 10�6

and turn out to be comparable to the heavy ions bound
for our benchmark in Fig. 1. Similar constraints can
be derived from the ATLAS inclusive search in pp !

�a(��) [58]. The lower invariant mass reach of these
ATLAS searches is set by the diphoton isolation require-
ment of [58], �R�� = 0.15. This corresponds to an ALP
mass of 4 GeV as discussed in Ref. [59]. Notice that LEP
searches for Z ! �a(��) [32] are weaker than the ATLAS
bound. Future sensitivities from e
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do not reach values of f larger than ' 50 GeV and
are not shown. Finally, the proposed search in B !

K
(⇤)

a(��)) [34] at Belle-II has some sensitivity in a very
limited portion of our mass range and it is not shown to
avoid clutter.
In Fig. 2 we fix the ALP masses to two representa-

tive values ma = 5, 15 GeV and show the impact of the
various searches in the plane (N/f,E/f) which control
the ALP’s gluon and photon coupling respectively. As
one can see from Fig. 2, diphoton searches for a ALP
produced in gluon fusion both at ATLAS/CMS (see Ref.
[1]) and at LHCb (see Sec. IV) can be sensitive to N/f

as small as 10�4 GeV�1 as long as the coupling to the
photons is large enough. Moreover they can cover signif-
icant portion of the parameter space where the couplings
are of their natural size.

Searches taking advantage of uniquely the photon cou-
pling such as the ones in Refs. [33, 35, 58] become rel-
evant only in the upper left corner of the plane where
E/N & 50. Such a hierarchy can be realized in clock-
work constructions where the photon coupling is en-
hanced with respect to the gluon one (see for example
Ref. [60]).

The ATLAS, CMS and LHCb limits and sensitivites
shown in Fig. 2 are derived assuming gluon fusion as the
ALP production process, so they sharply stop at a given
small gluon coupling. If other production processes like
vector-boson-fusion are taken into account, the limits and
sensitivities would be slightly improved in the upper left
corner of Fig. 2. Practically, the Heavy Ion results that
we are including will always lead to stronger constraint
because of the enhanced photon-fusion production and
the loop suppressed background from light-by-light scat-
tering.

The bottom right corner where the new resonance
mostly couples to gluons is challenging to constrain in
this mass range, even though boosted dijet searches at
the LHC were recently able to go down to invariant
masses of 50 GeV (see Refs. [1, 61, 62]). Of course for
N/f & (100GeV)�1 one expects color states generating
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the mass range of our interest. The new resonance de-
cays promptly and has a very narrow width compared to
its mass.

The LHCb constraint and sensitivities derived in Sec-
tion IV are displayed on the ALP parameter space in
Figure 1, for the benchmark c1 = c2 = c3 = 10.
We compute �(pp ! a) with ggHiggs v4 [43–46] us-
ing the mstw2008nnlo pdf set. We compare it with
that obtained by the use of di↵erent pdf sets and of
MadgraphLO v2 6 [47, 48] upon implementing the ALP
model in FeynRules [49], finding di↵erences from 20% at
ma = 20 GeV to a factor of 2 or larger for ma < 5 GeV.
As detailed in Appendix A, a more precise determination
of the signal would be needed, especially forma . 5 GeV.

In Figure 1 we also show

i) the 2� constraint �Z � �SM
Z < 5.8 MeV [29, 39];

ii) the LEP limit BR(Z ! �a(jj)) < 1�5⇥10�4 [30];

iii) the constraint derived in [1] from the ATLAS [50,
51], CMS [52], and CDF[53] inclusive dipho-
ton cross section measurements, corresponding to
�(pp/pp̄ ! X a(��)) < 10� 100 pb;

iv) the sensitivities derived in [1] from inclusive dipho-
ton cross section measurements at ATLAS and
CMS. The HL-LHC reach assumes minimal photon
pT cuts of 25 and 22 GeV and minimal photon sep-
aration of �R = 0.4. These numbers correspond to
the 7 TeV measurement in Ref. [50]. Higher pT cuts
would increase the minimal value of the invariant
mass within the reach of HL-LHC.

v) the BABAR constraint BR
�
⌥2S,3S ! �a(jj)

�
<

10�4
� 10�6 [31], where we compute

BR
�
⌥ ! �a

�
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�
⌥ ! µµ̄

� ' 2E2↵em

4⇡

⇣
m⌥

4⇡f

⌘2⇣
1�

m
2
a

m2
⌥

⌘3
, (5)

where BR
�
⌥2S,3S ! µµ̄

�
= 1.92%, 2.18%. The

above expression agrees with the one of Ref. [54].

vi) the Belle-II sensitivity in the same channel, that we
determine simply by rescaling the expected sensi-
tivities in [31] by a factor of 10. This assumes that
the Belle-II reach will be statistics-dominated, and
that it will be based on a factor of 100 more ⌥(3S)
than the BABAR one (i.e. on ' 1.2 ⇥ 1010 ⌥(3S)
in total). The current Belle-II run plan for the first
years assumes only a factor of 10 for the above ra-
tio [55, 56], corresponding to a few weeks of ded-
icated run at the ⌥(3S) threshold. An extra fac-
tor of 10 could be obtained in a comparable time
with dedicated later runs, because a higher instan-
taneous luminosity is foreseen [56]. An analogous
search could be e↵ectively performed, at Belle-II,
also analysing the decays of ⌥(1S, 2S).

vii) limits from the diphoton final state from heavy ion
collisions are extracted from the recent CMS anal-
ysis in Ref. [41] and the reinterpretation of the AT-
LAS light by light scattering data [40] of Ref. [57].
The lower reach of these measurements is set to
ma & 5 GeV as a consequence of the minimal cuts
on the two photons transverse momenta.

ATLAS limits from Z ! �a(��) [58] are not displayed
in Fig 1. They imply BR(Z ! �a(��)) < 2.2 · 10�6

and turn out to be comparable to the heavy ions bound
for our benchmark in Fig. 1. Similar constraints can
be derived from the ATLAS inclusive search in pp !

�a(��) [58]. The lower invariant mass reach of these
ATLAS searches is set by the diphoton isolation require-
ment of [58], �R�� = 0.15. This corresponds to an ALP
mass of 4 GeV as discussed in Ref. [59]. Notice that LEP
searches for Z ! �a(��) [32] are weaker than the ATLAS
bound. Future sensitivities from e

+
e
�
! �a(��) [34, 35]

do not reach values of f larger than ' 50 GeV and
are not shown. Finally, the proposed search in B !

K
(⇤)

a(��)) [34] at Belle-II has some sensitivity in a very
limited portion of our mass range and it is not shown to
avoid clutter.
In Fig. 2 we fix the ALP masses to two representa-

tive values ma = 5, 15 GeV and show the impact of the
various searches in the plane (N/f,E/f) which control
the ALP’s gluon and photon coupling respectively. As
one can see from Fig. 2, diphoton searches for a ALP
produced in gluon fusion both at ATLAS/CMS (see Ref.
[1]) and at LHCb (see Sec. IV) can be sensitive to N/f

as small as 10�4 GeV�1 as long as the coupling to the
photons is large enough. Moreover they can cover signif-
icant portion of the parameter space where the couplings
are of their natural size.

Searches taking advantage of uniquely the photon cou-
pling such as the ones in Refs. [33, 35, 58] become rel-
evant only in the upper left corner of the plane where
E/N & 50. Such a hierarchy can be realized in clock-
work constructions where the photon coupling is en-
hanced with respect to the gluon one (see for example
Ref. [60]).

The ATLAS, CMS and LHCb limits and sensitivites
shown in Fig. 2 are derived assuming gluon fusion as the
ALP production process, so they sharply stop at a given
small gluon coupling. If other production processes like
vector-boson-fusion are taken into account, the limits and
sensitivities would be slightly improved in the upper left
corner of Fig. 2. Practically, the Heavy Ion results that
we are including will always lead to stronger constraint
because of the enhanced photon-fusion production and
the loop suppressed background from light-by-light scat-
tering.

The bottom right corner where the new resonance
mostly couples to gluons is challenging to constrain in
this mass range, even though boosted dijet searches at
the LHC were recently able to go down to invariant
masses of 50 GeV (see Refs. [1, 61, 62]). Of course for
N/f & (100GeV)�1 one expects color states generating
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width into gluons dominates over the one into photons
unless a non-generic hierarchy of couplings is assumed,
therefore strongly suppressing the signals expected in the
existing strategies.

The dominant di-jet final states are much more di�cult
to distinguish from the SM background than diphotons.1

As a way to overcome this issue, we show that the large
production rate in pp collisions induced by the non-zero
gluon coupling can be exploited at LHCb, which already
has a low mass diphoton trigger designed to look for the
rare decay Bs ! ��. To substantiate this point, we use
80 pb�1 of public LHCb diphoton data [38] around theBs

mass to derive a limit of O(100) pb on the signal strength
of new diphoton resonances. This limit already consti-
tutes the strongest existing probe for ALPs in the mass
range between 4.9 and 6.3 GeV and motivates a dedi-
cated LHCb search for diphoton resonances in a broader
mass range. We estimate the sensitivity of such a search
and show that decay constants at around the TeV scale
are within reach of the high-luminosity phase of LHCb.
This extends the coverage of low-mass resonance searches
down to masses as low as 2 GeV and constitutes a new
probe of multi-TeV scale NP which could be di�cult to
produce directly at the LHC. A similar point was made
in Ref. [1] with ATLAS, CMS, and Tevatron diphoton
searches, that are however limited by trigger issues to
masses roughly above 10 GeV.

We finally discuss bounds on light resonances produced
from SM meson decays. We estimate the BABAR con-
straint on ⌥(1, 2, 3S) ! �a(jj) and assess the future
Belle-II sensitivity. This production channel currently
constitutes the best probe of ALPs below ⇠ 3 GeV.

II. RESULTS

We consider a spontaneously broken approximate U(1)
symmetry in the UV. Integrating out the new physics
sector at the scale MNP, we write down the e↵ective in-
teractions between the pNGBs and the SM

Le↵ =
1

2
(@µa)

2
�

1

2
m

2
aa

2 +
a

f

3X

i=1

ci
↵i

4⇡
Fi,µ⌫ F̃

µ⌫
i , (1)

where i runs over the hypercharge, weak and strong gauge
groups, F̃µ⌫

i = ✏
µ⌫⇢�

Fi,⇢�/2, ↵i = g
2
i /4⇡ and ↵1 is GUT-

normalised (↵1 = 5↵y/3). The constants ci are anomaly
coe�cients which depend on the number of degrees of
freedom chiral under the U(1) symmetry and carrying a
non-zero charge under the SM gauge group.2

1 As an example the LEP limit on BR(Z ! �a) is 1.7 · 10�5 from
36.9 pb�1 of data if a is a diphoton resonance [36] and 4.7 ·10�4

from 5.5 pb�1 of data if a is a dijet resonance [37].
2 If the SM fermions and the Higgs doublet are uncharged under
the U(1) symmetry, the couplings of the pNGB to them arise
only from loops of SM gauge bosons and can safely be neglected.

FIG. 1: Limits (shaded regions) and sensitivities (colored
lines) on the ALP parameter space described in Eq. (1). The
bounds from Babar and LHCb are first derived here from
data in [31, 38], projections are given for Belle II and future
LHC stages. Details are given in Sec. IV. The other bounds
are derived from Z width measurements [29, 39], heavy ion
collisions [40, 41], Z ! �a(jj) decays at LEP I [30] and
diphoton cross section measurements at CDF (relevant only
for ma ' 10 GeV), CMS and ATLAS [1]. For the lat-
ter we also give sensitivities up to the HL stage as derived
in Ref. [1]. The thin dashed lines indicate theory bench-
marks motivated by heavy QCD axion models and by ALP-
portal Dark Matter described in Sec. III. New coloured and
EW states are expected to have masses of order g⇤f , where
g⇤ = 4⇡/

p
Nmess = 4⇡/

p
2 ci.

In the NP sector, the strength of the interaction g⇤
generically limits the maximal number of degrees of free-
dom to be below ⇡ (4⇡)2/g2⇤. Therefore, a lower g⇤ allows
for large couplings of the ALP to the SM but at the same
time it lowers the scale of new physics MNP ' g⇤f .
For ma . MZ , we can write the ALP couplings to pho-

tons and gluons below EWSB using the same notation of
the QCD axion

Le↵ �
N↵3

4⇡
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f
Gµ⌫G̃

µ⌫ +
E↵em
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f
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, (2)

where we have

N = c3 , E = c2 + 5c1/3 , ga�� =
↵em

⇡f
E , (3)

where ga�� agrees with the standard formula for the QCD
axion after normalizing the decay constant with respect
to the QCD coupling f = 2NfPQ. The relevant decay
widths of the pNGB are
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Via    mixing with the photon.
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width into gluons dominates over the one into photons
unless a non-generic hierarchy of couplings is assumed,
therefore strongly suppressing the signals expected in the
existing strategies.

The dominant di-jet final states are much more di�cult
to distinguish from the SM background than diphotons.1

As a way to overcome this issue, we show that the large
production rate in pp collisions induced by the non-zero
gluon coupling can be exploited at LHCb, which already
has a low mass diphoton trigger designed to look for the
rare decay Bs ! ��. To substantiate this point, we use
80 pb�1 of public LHCb diphoton data [38] around theBs

mass to derive a limit of O(100) pb on the signal strength
of new diphoton resonances. This limit already consti-
tutes the strongest existing probe for ALPs in the mass
range between 4.9 and 6.3 GeV and motivates a dedi-
cated LHCb search for diphoton resonances in a broader
mass range. We estimate the sensitivity of such a search
and show that decay constants at around the TeV scale
are within reach of the high-luminosity phase of LHCb.
This extends the coverage of low-mass resonance searches
down to masses as low as 2 GeV and constitutes a new
probe of multi-TeV scale NP which could be di�cult to
produce directly at the LHC. A similar point was made
in Ref. [1] with ATLAS, CMS, and Tevatron diphoton
searches, that are however limited by trigger issues to
masses roughly above 10 GeV.

We finally discuss bounds on light resonances produced
from SM meson decays. We estimate the BABAR con-
straint on ⌥(1, 2, 3S) ! �a(jj) and assess the future
Belle-II sensitivity. This production channel currently
constitutes the best probe of ALPs below ⇠ 3 GeV.

II. RESULTS

We consider a spontaneously broken approximate U(1)
symmetry in the UV. Integrating out the new physics
sector at the scale MNP, we write down the e↵ective in-
teractions between the pNGBs and the SM
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i /4⇡ and ↵1 is GUT-

normalised (↵1 = 5↵y/3). The constants ci are anomaly
coe�cients which depend on the number of degrees of
freedom chiral under the U(1) symmetry and carrying a
non-zero charge under the SM gauge group.2

1 As an example the LEP limit on BR(Z ! �a) is 1.7 · 10�5 from
36.9 pb�1 of data if a is a diphoton resonance [36] and 4.7 ·10�4

from 5.5 pb�1 of data if a is a dijet resonance [37].
2 If the SM fermions and the Higgs doublet are uncharged under
the U(1) symmetry, the couplings of the pNGB to them arise
only from loops of SM gauge bosons and can safely be neglected.

FIG. 1: Limits (shaded regions) and sensitivities (colored
lines) on the ALP parameter space described in Eq. (1). The
bounds from Babar and LHCb are first derived here from
data in [31, 38], projections are given for Belle II and future
LHC stages. Details are given in Sec. IV. The other bounds
are derived from Z width measurements [29, 39], heavy ion
collisions [40, 41], Z ! �a(jj) decays at LEP I [30] and
diphoton cross section measurements at CDF (relevant only
for ma ' 10 GeV), CMS and ATLAS [1]. For the lat-
ter we also give sensitivities up to the HL stage as derived
in Ref. [1]. The thin dashed lines indicate theory bench-
marks motivated by heavy QCD axion models and by ALP-
portal Dark Matter described in Sec. III. New coloured and
EW states are expected to have masses of order g⇤f , where
g⇤ = 4⇡/
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2 ci.

In the NP sector, the strength of the interaction g⇤
generically limits the maximal number of degrees of free-
dom to be below ⇡ (4⇡)2/g2⇤. Therefore, a lower g⇤ allows
for large couplings of the ALP to the SM but at the same
time it lowers the scale of new physics MNP ' g⇤f .
For ma . MZ , we can write the ALP couplings to pho-

tons and gluons below EWSB using the same notation of
the QCD axion
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where we have

N = c3 , E = c2 + 5c1/3 , ga�� =
↵em

⇡f
E , (3)

where ga�� agrees with the standard formula for the QCD
axion after normalizing the decay constant with respect
to the QCD coupling f = 2NfPQ. The relevant decay
widths of the pNGB are
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the HE-LHC. The effective Lagrangian for the KSVZ-ALP, below the Z mass, is

Lint =
a

4⇡fa

h
↵sc3G

aG̃a + ↵2c2W
iW̃ i + ↵1c1BB̃

i
, (6.1.27)

=
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
↵sc3G

aG̃a+ ↵emc�FF̃+2↵2cWW�W̃++
2↵em
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2
wcZZZ̃

�
, (6.1.28)

where F̃µ⌫ = (1/2) ✏µ⌫⇢�F⇢� for any field strength, ↵1 = ↵0 is the GUT-normalised U(1)Y coupling
constant, and tw = sw/cw where c2w = 1 � s2w = m2

W /m2
Z . The coefficients ci encode the Adler-

Bell-Jackiw (ABJ) anomalies of the global U(1) symmetry (of which the ALP is the pseudo-Goldstone
boson) with SU(3) and SU(2)⇥ U(1)Y . After EWSB, one can write
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For ma . mZ , the relevant two-body decays of a are to two photons and to two jets, with widths
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where Kg depends on the ALP mass and includes higher-order QCD corrections (see Appendix A in
Ref. [590]). The couplings in Eq. (6.1.27) can be generated by heavy vector-like fermions with a mass
at g⇤fa, where g⇤ can be as large as 4⇡. Explicit realisations include: i) KSVZ “heavy axion” models
where the axion potential is UV-dominated, the axion mass is heavier than expected from QCD contri-
butions alone, and the decay constant, fa, can be as low as a TeV solving the axion quality problem (see
Ref.s [595–599] for heavy axion models and Ref. [600] for a discussion of the axion quality problem);
ii) ALPs arising in standard paradigms addressing the EW hierarchy problem, such as supersymme-
try, where spontaneous SUSY-breaking below MPl predicts, on general grounds, the existence of an
R-axion [601, 602]. iii) Axion portal Dark Matter scenarios where the DM is freezing out through its
annihilation into gluons pairs [603, 604]. In Fig. 6.1.15 we show the expected decay constant for an
accidental Peccei-Quinn symmetry broken by dimension 6 operators at MGUT = 1015 GeV, and the one
for an axion portal which account for all of the DM relic abundance, see Ref. [590] for more details.

Barring a huge hierarchy among the anomaly coefficients, c1,2 & 102c3, the width into gluons
dominates over the one into photons, ��/�gg = ↵2

em/(8Kg↵
2
3) ⇠ 10�4. ALPs that couple to gluons de-

cay promptly in any kinematical configuration and mass range of interest for the LHC. When accounting
for the gluon coupling, searches based on rare decays of SM particles (Higgs, Z, ⌥, and B-mesons) into
ALPs have a weaker bound on fa because the dominant BR of the ALP is now into hadronic final states,
while the searches look for final states with muons or photons. The only two relevant decay processes
for our parameter space are Z ! �a and ⌥X ! �a, and the corresponding decay widths are given by
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where �(⌥X ! ll) = �⌥X
· B(⌥X ! ll), B(⌥2S,3S ! ll) ' 3.84 , 4.36% and �⌥2S,3S

' 20, 32 KeV.
These constraints, together with those from the LHC, are shown in Fig. 6.1.15.

The bound from Z decays, in Eq. (6.1.31), is based on the LEP search in Ref. [608] which has
sensitivity down to 12 GeV. In this range, this search is more powerful than the inclusive bound from
the total Z-width [283]. The bound from ⌥ decays, in Eq. (6.1.32), is based on BABAR data [605]
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width into gluons dominates over the one into photons
unless a non-generic hierarchy of couplings is assumed,
therefore strongly suppressing the signals expected in the
existing strategies.

The dominant di-jet final states are much more di�cult
to distinguish from the SM background than diphotons.1

As a way to overcome this issue, we show that the large
production rate in pp collisions induced by the non-zero
gluon coupling can be exploited at LHCb, which already
has a low mass diphoton trigger designed to look for the
rare decay Bs ! ��. To substantiate this point, we use
80 pb�1 of public LHCb diphoton data [38] around theBs

mass to derive a limit of O(100) pb on the signal strength
of new diphoton resonances. This limit already consti-
tutes the strongest existing probe for ALPs in the mass
range between 4.9 and 6.3 GeV and motivates a dedi-
cated LHCb search for diphoton resonances in a broader
mass range. We estimate the sensitivity of such a search
and show that decay constants at around the TeV scale
are within reach of the high-luminosity phase of LHCb.
This extends the coverage of low-mass resonance searches
down to masses as low as 2 GeV and constitutes a new
probe of multi-TeV scale NP which could be di�cult to
produce directly at the LHC. A similar point was made
in Ref. [1] with ATLAS, CMS, and Tevatron diphoton
searches, that are however limited by trigger issues to
masses roughly above 10 GeV.

We finally discuss bounds on light resonances produced
from SM meson decays. We estimate the BABAR con-
straint on ⌥(1, 2, 3S) ! �a(jj) and assess the future
Belle-II sensitivity. This production channel currently
constitutes the best probe of ALPs below ⇠ 3 GeV.

II. RESULTS

We consider a spontaneously broken approximate U(1)
symmetry in the UV. Integrating out the new physics
sector at the scale MNP, we write down the e↵ective in-
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normalised (↵1 = 5↵y/3). The constants ci are anomaly
coe�cients which depend on the number of degrees of
freedom chiral under the U(1) symmetry and carrying a
non-zero charge under the SM gauge group.2

1 As an example the LEP limit on BR(Z ! �a) is 1.7 · 10�5 from
36.9 pb�1 of data if a is a diphoton resonance [36] and 4.7 ·10�4

from 5.5 pb�1 of data if a is a dijet resonance [37].
2 If the SM fermions and the Higgs doublet are uncharged under
the U(1) symmetry, the couplings of the pNGB to them arise
only from loops of SM gauge bosons and can safely be neglected.
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lines) on the ALP parameter space described in Eq. (1). The
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generically limits the maximal number of degrees of free-
dom to be below ⇡ (4⇡)2/g2⇤. Therefore, a lower g⇤ allows
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time it lowers the scale of new physics MNP ' g⇤f .
For ma . MZ , we can write the ALP couplings to pho-

tons and gluons below EWSB using the same notation of
the QCD axion

Le↵ �
N↵3

4⇡

a

f
Gµ⌫G̃

µ⌫ +
E↵em

4⇡

a

f
Fµ⌫ F̃

µ⌫
, (2)

where we have

N = c3 , E = c2 + 5c1/3 , ga�� =
↵em

⇡f
E , (3)

where ga�� agrees with the standard formula for the QCD
axion after normalizing the decay constant with respect
to the QCD coupling f = 2NfPQ. The relevant decay
widths of the pNGB are

��� =
↵
2
emE

2

64⇡3

m
3
a

f2
, �gg = Kgg

↵
2
sN

2

8⇡3

m
3
a

f2
, (4)

1810.09452



 20

Summary on ALP constraints
1812.07831 sec. 6.1.7

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

10-1

100

101
10-5

10-4

10-3

ma @GeVD

f a
@Te
V
D

KSVZ ALP

g a
gg
@G
eV
-
1 D

ZÆgaHjjL
Z-width

LHC: gg-xsec

LHC: jj-boosted

LHC: gg-res.

U

gg-boosted HE-LHC

gg-boosted HL-L
HC

gg-xsec HL-LHC

U

FCC-ee: ZÆgaHjjL

FCC-ee: Z-widthBelle
2

c1,2,3=10

LH
C
b

HL-LHCb

axion quality D=7

axion quality D=6

axion portal DM

Fig. 6.1.15: Status of the current best experimental constraints on the KSVZ-ALP with ABJ anomalies
c1,2,3 = 10. We include the BABAR bound on ⌥ ! �a(jj) [605] (purple) and its rescaling at Belle II [606]
(purple dotted). LHCb bound derived in Ref. [590] from diphoton measurement around the Bs mass [607] (cyan).
The projection for HL is also shown (dashed cyan). We also include LEP searches on Z ! �a(jj) [608] and
constraints from the Z-width [283] (yellow) along with both of their rescalings at FCC-ee [609] (yellow dot-
ted). Constraints from inclusive cross section measurements at the Tevatron [610] and the LHC [611–613] derived
in Ref. [589] (red) and the rescaled sensitivities of the 8 TeV cross section measurement [613] at the HL-LHC
(dashed red) are shown. Finally, LHC bounds on boosted dijet resonances [614] reinterpreted for an ALP in
Ref. [589] (green), LHC searches for diphoton resonances [615–617] (blue), and the sensitivity of the boosted
diphoton resonance search based on the monojet trigger at the HL-LHC (3 ab�1) and the HE-LHC (15 ab�1) [591]
(dashed/dotted magenta) are plotted. We also display (gray) two theory benchmarks motivated by freeze-out of
ALP-mediated Dark Matter and by the QCD axion quality problem, see Ref. [590]. On the r.h.s. y-axis we show
ga�� ⌘

↵em
⇡fa

c� to make contact with the QCD axion notation.

corresponding to 1.21 · 108 ⌥3S and 0.98 · 108 ⌥2S . “Standard” inclusive diphoton resonance searches
at the LHC do not probe masses below 65 GeV [615–617].

A first example of what can be done to improve the low mass reach is the CMS search for a
dijet resonance recoiling against a hard jet [614] that we rescale here for an ALP produced in gluon
fusion (see Ref. [589] for more details). As we see in Fig. 6.1.15, this probes ALPs down to 50 GeV.
A second example is the bound from inclusive cross section measurements, derived in Ref. [589], that
reach masses of 10 GeV. References [610–613] provide tables of the measured differential diphoton
cross section per invariant mass bin, d���/dm�� , with the relative statistical (�stat) and systematical
(�sys) uncertainties. A conservative bound was derived in Ref. [589] assuming zero knowledge of the
background and requiring

�th
��(ma) <


mBin

�� ·
d���
dm��

· (1 + 2�tot)

�
·

1

✏S(ma)
. (6.1.33)

where �tot =
q
�2

stat +�2
sys. The signal efficiency ✏S(ma) (see Ref. [589] for its computation) does

not go to zero below pmin
T�1

+ pmin
T�2

because the ALP can still pass the cuts recoiling against unvetoed jet
activity in the diphoton cross section measurements. A lower limit on the invariant mass that can be
measured, and thus on the testable ma, is set by

m�� > �Riso
��

q
pmin
T�1

pmin
T�2

(6.1.34)

where pmin
T�1,2

are the minimal cuts on the photon transverse momenta, and �Riso
�� = 0.4 is the standard
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We derive a new bound on diphoton resonances using inclusive diphoton cross section measurements
at the LHC, in the so-far poorly constrained mass range between the ⌥ and the SM Higgs. This
bound sets the current best limit on axion-like particles that couple to gluons and photons, for masses
between 10 and 65 GeV. We also estimate indicative sensitivities of a dedicated diphoton LHC search
in the same mass region, at 7, 8 and 14 TeV. As a byproduct of our analysis, we comment on the
axion-like particle interpretation of the CMS excesses in low-mass dijet and diphoton searches.

PACS numbers: 14.80.Mz (Axions and other Nambu-Goldstone bosons)

I. INTRODUCTION

Searches for two body decays of heavy resonances
led to fundamental discoveries in the history of particle
physics such as the J/ [1, 2], the ⌥ [3] and the Z boson
[4]. An extensive program is currently looking for higher
mass resonances at the LHC in various final states (see
[5] for a complete list).

Despite the high background rates, advances in data-
driven background estimates guarantee good sensitivi-
ties to discover/exclude such peak signals. A marvellous
proof of the high performance of resonance searches at
the LHC is the recent discovery of the Standard Model
(SM) Higgs boson in the diphoton channel [6, 7].

As a matter of fact, the current LHC search program is
mostly tailored to probe new resonances of mass higher
than roughly 100 GeV. This is the result of a general
theoretical bias towards heavy new physics (NP) and of
the common belief that either previous collider experi-
ments (UA1, UA2, LEP and Tevatron) and/or Higgs cou-
pling fits (through the decay of the Higgs into two new
particles) put constraints on lighter resonances that are
stronger than the LHC capabilities. On the experimental
side, going to low masses poses the challenge of looking
for resonances with a mass below the sum of the cuts on
the transverse momentum (pT ) of the decay products.

The aim of this letter is to go beyond these common
beliefs and to motivate the LHC collaborations to look
for resonances down to the smallest possible mass. We
first derive a new bound (of 10 - 100 pb) on the diphoton
signal strength of a new resonance in the mass range
between the ⌥ and the SM Higgs. This new bound comes
from inclusive diphoton cross section measurements at
ATLAS [8, 9] and CMS [10]. Assuming zero knowledge
about the background, we simply impose that the NP

events are less than the total measured events plus twice
their uncertainty.
We show how this conservative procedure sets already

the strongest existing constraint on axion-like particles
(ALPs) with mass between 10 and 65 GeV. We finally
estimate the indicative reaches on the diphoton signal
strengths that could be attainable by proper searches at
the LHC, up to its high luminosity (HL) phase, and in-
terpret their impact on the ALP parameter space.

II. AXION-LIKE PARTICLES IN DIPHOTONS

When a U(1) global symmetry (which can be the sub-
group of some larger global symmetry G) is spontaneously
broken in the vacuum, then a massless Nambu-Goldstone
boson (NGB) arises in the low energy spectrum. If the
U(1) symmetry is only approximate, the NGB gets a
mass ma and it becomes a pseudo-Nambu-Goldstone bo-
son (pNGB), often called axion-like particle (ALP). The
mass ma of the pNGB is a technically natural parame-
ter which depends on the explicit breaking of the U(1)
global symmetry, and is smaller than the associated NP
scale MNP ⇠ 4⇡fa, where fa is the scale of spontaneous
breaking. In particular ma can be smaller than the SM
Higgs mass without any fine-tuning price.
The axial couplings of the pNGB to SM gauge bosons

can be written as

Lint =
a

4⇡fa

h
↵sc3GG̃+ ↵2c2WW̃ + ↵1c1BB̃

i
, (1)

where ↵1 = 5/3↵0 is the GUT normalized U(1)Y coupling
constant, a is the canonically normalized pNGB field, and
the coe�cients ci encode the Adler-Bell-Jackiw (ABJ)
anomalies of the global U(1) with SU(3) and SU(2) ⇥
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width into gluons dominates over the one into photons
unless a non-generic hierarchy of couplings is assumed,
therefore strongly suppressing the signals expected in the
existing strategies.

The dominant di-jet final states are much more di�cult
to distinguish from the SM background than diphotons.1

As a way to overcome this issue, we show that the large
production rate in pp collisions induced by the non-zero
gluon coupling can be exploited at LHCb, which already
has a low mass diphoton trigger designed to look for the
rare decay Bs ! ��. To substantiate this point, we use
80 pb�1 of public LHCb diphoton data [38] around theBs

mass to derive a limit of O(100) pb on the signal strength
of new diphoton resonances. This limit already consti-
tutes the strongest existing probe for ALPs in the mass
range between 4.9 and 6.3 GeV and motivates a dedi-
cated LHCb search for diphoton resonances in a broader
mass range. We estimate the sensitivity of such a search
and show that decay constants at around the TeV scale
are within reach of the high-luminosity phase of LHCb.
This extends the coverage of low-mass resonance searches
down to masses as low as 2 GeV and constitutes a new
probe of multi-TeV scale NP which could be di�cult to
produce directly at the LHC. A similar point was made
in Ref. [1] with ATLAS, CMS, and Tevatron diphoton
searches, that are however limited by trigger issues to
masses roughly above 10 GeV.

We finally discuss bounds on light resonances produced
from SM meson decays. We estimate the BABAR con-
straint on ⌥(1, 2, 3S) ! �a(jj) and assess the future
Belle-II sensitivity. This production channel currently
constitutes the best probe of ALPs below ⇠ 3 GeV.

II. RESULTS

We consider a spontaneously broken approximate U(1)
symmetry in the UV. Integrating out the new physics
sector at the scale MNP, we write down the e↵ective in-
teractions between the pNGBs and the SM

Le↵ =
1

2
(@µa)

2
�

1

2
m

2
aa

2 +
a

f

3X

i=1

ci
↵i

4⇡
Fi,µ⌫ F̃

µ⌫
i , (1)

where i runs over the hypercharge, weak and strong gauge
groups, F̃µ⌫

i = ✏
µ⌫⇢�

Fi,⇢�/2, ↵i = g
2
i /4⇡ and ↵1 is GUT-

normalised (↵1 = 5↵y/3). The constants ci are anomaly
coe�cients which depend on the number of degrees of
freedom chiral under the U(1) symmetry and carrying a
non-zero charge under the SM gauge group.2

1 As an example the LEP limit on BR(Z ! �a) is 1.7 · 10�5 from
36.9 pb�1 of data if a is a diphoton resonance [36] and 4.7 ·10�4

from 5.5 pb�1 of data if a is a dijet resonance [37].
2 If the SM fermions and the Higgs doublet are uncharged under
the U(1) symmetry, the couplings of the pNGB to them arise
only from loops of SM gauge bosons and can safely be neglected.
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FIG. 1: Limits (shaded regions) and sensitivities (colored
lines) on the ALP parameter space described in Eq. (1). The
bounds from Babar and LHCb are first derived here from
data in [31, 38], projections are given for Belle II and future
LHC stages. Details are given in Sec. IV. The other bounds
are derived from Z width measurements [29, 39], heavy ion
collisions [40, 41], Z ! �a(jj) decays at LEP I [30] and
diphoton cross section measurements at CDF (relevant only
for ma ' 10 GeV), CMS and ATLAS [1]. For the lat-
ter we also give sensitivities up to the HL stage as derived
in Ref. [1]. The thin dashed lines indicate theory bench-
marks motivated by heavy QCD axion models and by ALP-
portal Dark Matter described in Sec. III. New coloured and
EW states are expected to have masses of order g⇤f , where
g⇤ = 4⇡/

p
Nmess = 4⇡/

p
2 ci.

In the NP sector, the strength of the interaction g⇤
generically limits the maximal number of degrees of free-
dom to be below ⇡ (4⇡)2/g2⇤. Therefore, a lower g⇤ allows
for large couplings of the ALP to the SM but at the same
time it lowers the scale of new physics MNP ' g⇤f .
For ma . MZ , we can write the ALP couplings to pho-

tons and gluons below EWSB using the same notation of
the QCD axion

Le↵ �
N↵3

4⇡

a

f
Gµ⌫G̃

µ⌫ +
E↵em

4⇡

a

f
Fµ⌫ F̃

µ⌫
, (2)

where we have

N = c3 , E = c2 + 5c1/3 , ga�� =
↵em

⇡f
E , (3)

where ga�� agrees with the standard formula for the QCD
axion after normalizing the decay constant with respect
to the QCD coupling f = 2NfPQ. The relevant decay
widths of the pNGB are

��� =
↵
2
emE

2

64⇡3

m
3
a

f2
, �gg = Kgg

↵
2
sN

2

8⇡3

m
3
a

f2
, (4)
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ALP(γγ) + γ production via Z’ decay
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Figure 5: Left: Local p-values for the background-only hypothesis as a result of a resonance search with respect
to the production of a new vector gauge boson Z0 as a function of mZ0 , determined via a search for local excesses
in the m3� spectrum, using a narrow-width approximation to the Z0 resonance width. The smallest local p-value
is found to be 0.0003 (3.4�) which corresponds to a global p-value of 0.087 (1.4�). Right: Upper limits, at
the 95% C.L., on �Z0 ⇥ BR(Z0 ! a + �) ⇥ BR(a ! ��). Also shown are the ±1 and 2� uncertainty bands
resulting from the resonance search hypothesis tests, taking into account the statistical and systematic uncertainties
from simulated signal samples which are used to determine signal e�ciency and Gaussian resonance width due to
detector resolution for each mass hypothesis.
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1 Introduction

Many extensions of the Standard Model (SM) include phenomena that can result in final states consisting
of three or more photons. Extensions of the SM scalar sector [1–5], for example, often include pseudo-
scalar particles (a) with couplings to the Higgs boson [6, 7] (h) and branching ratios into photons that
would be visible at the LHC, in addition to scalars (H) with masses di↵erent from the SM-like Higgs
boson of mh = 125 GeV that can also decay via H ! aa ! 4�. Other models feature additional vector
gauge bosons that can decay to a photon and a new pseudoscalar boson, a, with the subsequent decay of
the a into a pair of photons, resulting in a three-photon final state [8]. Moreover, in the SM, the Z boson
can decay to three photons via a loop of W± bosons or fermions. The decay is heavily suppressed and the
branching ratio is predicted to be ⇠5⇥10�10 [9]. The current most stringent bound on this process comes
from the L3 Collaboration, which placed a limit of BR(Z ! 3�) < 10�5 [10]. The ATLAS detector has
collected ⇠109 Z boson events, and thus an observation of this decay would indicate an enhancement of
this decay rate and could be evidence of phenomena not predicted by the SM. Feynman diagrams for
some of these beyond-the-Standard Model (BSM) and rare SM scenarios are shown in Figure 1.

h/H

a

a

�

�

�

�

a
g

g

q̄

q

Z � a

�

�

�

q

q̄
Z

W+

W�
�

�

�

Figure 1: Feynman diagrams for possible beyond-the-Standard Model (top) and rare Standard Model (bottom) scen-
arios that result in final states with at least three photons.

To ensure sensitivity to these and other possible rare SM and BSM scenarios, an inclusive three-photon
search is performed using 20.3 fb�1 of LHC proton-proton collisions collected by the ATLAS detector
in 2012 at a centre-of-mass energy of 8 TeV. Such a model-independent search is the first of its kind,
as are the interpretations for a Higgs boson decaying to four photons via two intermediate pseudoscalar
a particles (for a Higgs boson of mh = 125 GeV and for Higgs-like scalars of higher masses) and for
three-photon resonances corresponding to a new vector gauge boson.

The dominant backgrounds include the irreducible component with three or more prompt photons, as
well as the reducible components consisting of combinations of photons and electrons or hadronic jets
misidentified as photons. The contributions from events with jets which are misidentified as photons
are calculated from data-driven methods, while simulation is used to estimate the contributions from the

2

Instead of the SM Z, 
aγ could be produced via a Z’ decay.

The excess at  MZ' = 212GeV 
from the 8TeV search 
has a significance of 
3.4σ local (1.4σ global)

Connection with photon+ (jj / Zγ) channel?  
Curious to see the 13TeV search result in the same channel.

ma not much lighter than Z’ in 
order to have isolated photons.

1509.05051
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Pair-produced ALP
from resonant s-channel mediator
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h / X → aa → 4γ, 2g2γ
A coupling haa is very common, 
for example in models in which 

both h and a are pNGBs
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a decays to photons or gluons via the ABJ anomaly.
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h / X → aa → 4γ, 2g2γ
A coupling haa is very common, 
for example in models in which 

both h and a are pNGBs
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a decays to photons or gluons via the ABJ anomaly.
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Figure 7: Results of the search for deviations from the background-only hypothesis in the observed distributions
of the m�R�R , expressed in significance. They are presented as a function of ma and mX for the benchmark signal
scenario involving a scalar particle X with narrow width decaying via X ! aa ! 4�.
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Figure 4: Left: Local p-values for the background-only hypothesis as a result of a resonance search with respect to
the BSM process h/H ! aa ! 4�, for mh = 125 GeV (top row) and mH = 600 GeV (bottom row), as a function
of ma, determined via a search for local excesses in the m23 spectrum. Right: Upper limits, at the 95% C.L., on
(�/�SM)⇥BR(h! aa)⇥BR(a! ��)2 (top row) and �H⇥BR(H ! aa)⇥BR(a! ��)2 (bottom row). Also shown
are the ±1 and 2� uncertainty bands resulting from the resonance search hypothesis tests, taking into account the
statistical and systematic uncertainties from simulated signal samples which are used to determine signal e�ciency
and Gaussian resonance width due to detector resolution for each mass hypothesis.
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of ma, determined via a search for local excesses in the m23 spectrum. Right: Upper limits, at the 95% C.L., on
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and Gaussian resonance width due to detector resolution for each mass hypothesis.
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Figure 2: The observed (solid line) and expected (dashed line) 95% CL exclusion upper limit on the
pp ! H ! aa ! ��gg cross-section times branching ratio as a function of ma, normalised to the SM inclus-
ive pp ! H cross-section [31]. The vertical lines indicate the boundaries between the di�erent m�� analysis
regimes. At the boundaries, the m�� regime that yields the best expected limit is used to provide the observed
exclusion limit (filled circles); the observed limit provided by the regime that yields the worse limit is also indicated
(empty circles).

6 Conclusions

In summary, a search for exotic decays of the Higgs boson into a pair of new (pseudo)scalar particles,
H ! aa, in final states with two photons and two jets is conducted using 36.7 fb�1 of pp collisions atp

s = 13 TeV recorded with the ATLAS detector at the LHC. The search for H ! aa ! ��gg is performed
in the mass range 20 < ma < 60 GeV and with additional jet requirements to enhance VBF-produced
signal while suppressing the ��+jets background. No significant excess of data is observed relative to the
SM predictions. An upper limit is set for the product of the production cross-section for pp ! H and the
branching ratio for the decay H ! aa ! ��gg. The upper limit ranges from 3.1 pb to 9.0 pb depending
on ma, and is mostly driven by the statistical uncertainties. These results complement the previous upper
limit on H ! aa ! ���� and further constrains the BSM parameter space for exotic decays of the Higgs
boson.

10

1803.11145
1509.05051

X→ aa → 4γ

mX = 600 GeV

1509.05051 1808.10515

Isolated photons.

Merged - isolated photons. Photon jets
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B-anomalies  ↔  γγ searches
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Latest update

2. Angular analyses

B0 ! K ⇤0µ+µ�
angular analysis

⌘ Rich amplitude structure ! 8 observables

The B0 ! K �0(K+��)µ+µ� decay

⌘ The decay probability and angular distribution of decay products described
by 3 angles and the dimuon mass squared (q2)

Observables from the angular distribtion
For B0 � K�(892)0(� K±��)µ+µ� decays...

� P ! V V � (pseudoscalar to vector-vector)
� Vector K⇤(892) =� angular distribution, as well as rate, is interesting

B0

K* 0

K+

π - μ -

μ+

θK
θℓ

φ

� 3 angles, and q2

˘
�K , �`, �, q2¯

� Angular distribution �! Sets of observables:
˘
FL, AFB, A2

T, S9

¯ {P �
4, P �

5, P �
6, P �

8}

� ...Clever ratios of angular terms

S.Cunliffe (Imperial) FFP14 Angular analysis of B0 � K�0µ+µ� 13/21

⌘ Correctly determining which is the kaon
and which is the pion is critical to this
measurement

⌘ The decay of a B0 to a vector K⇤0 particle offers large number of
experimental observables by analysing distribution of the final state decay
products

! 8 experimental observables
! Sensitive to the effect of new particles entering the loop
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In the �2 fit, the correlations between the di�erent observables are taken into account.
The floating parameters are Re(C9) and a number of nuisance parameters associated with
the form factors, CKM elements and possible sub-leading corrections to the amplitudes.
The sub-leading corrections to the amplitudes are expected to be suppressed by the size of
the b-quark mass relative to the typical energy scale of QCD. The nuisance parameters are
treated according to the prescription of Ref. [11] and are included in the fit with Gaussian
constraints. In the �2 minimisation procedure, the value of each observable (as derived
from a particular choice of the theory parameters) is compared to the measured value.
Depending on the sign of the di�erence between these values, either the lower or upper
(asymmetric) uncertainty on the measurement is used to compute the �2.

The minimum �2 corresponds to a value of Re(C9) shifted by �Re(C9) = �1.04 ± 0.25
from the SM central value of Re(C9) = 4.27 [11] (see Fig. 14). From the di�erence in �2

between the SM point and this best-fit point, the significance of this shift corresponds to
3.4 standard deviations. As discussed in the literature [9–12,14–21], a shift in C9 could be
caused by a contribution from a new vector particle or could result from an unexpectedly
large hadronic e�ect.

If a fit is instead performed to the CP -averaged observables from the moment analysis
in the same q2 ranges, then �Re(C9) = �0.68 ± 0.35 is obtained. As expected, the
uncertainty on �Re(C9) is larger than that from the likelihood fit. Taking into account the
correlations between the two methods, the values of �Re(C9) are statistically compatible.
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A UV model for B-anomalies
S1 = (3,̅ 1, 1/3), 
S3 = (3,̅ 3, 1/3)

This pair of scalar leptoquarks can 
provide a good fit of both anomalies, 

while passing all other flavor, LEP, 
and high-pT constraints.

Bc → τν 
B → K*νν 
Bs mixing  

Z → ττ 
Z → νν 
τ LFU 

Direct searches

Buttazzo, Greljo, Isidori, D.M. 1706.07808, D.M. 1803.10972

MS ≳ 1.5 TeV
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They could be pseudo-NGB, partners of the Higgs, 
in a non-minimal Composite Higgs model.

Is it an accident or is there a connection?
MLQ ~ TeV MBSM-Higgs hierarchy problem ~ TeV&

[Gripaios 0910.1789, Gripaios, Nardecchia, Renner 1412.1791]

-  Higgs

M

-  Λ ~ gρ f ~ 10 TeV
other resonances

-  f

- mpNGB ~ O(1) TeV
Flavor-mediators

Gap

1) Automatic hierarchy between LQ and other resonances. 
2) Singlet pNGB are a prediction of such models. ALPs!
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An explicit model
New "HyperColor" gauge group 

SU(NHC) 
confines at ΛHC ~ 10 TeV

SU(NHC) SU(3)c SU(2)w U(1)Y
 L NHC 1 2 YL

 N NHC 1 1 YL + 1/2
 E NHC 1 1 YL � 1/2
 Q NHC 3 2 YL � 1/3

Table 1: Extra Dirac fermions charged under the hypercolor SU(NHC) gauge group. YL is a
free parameter.

The structure of the paper is as follows. In Section 2 I introduce the specific fun-
damental Composite Higgs model, its global symmetries and the low-energy pNGB field
content, which includes two Higgs doublets and the two scalar LQ among other fields.
In Section 3 I discuss the way by which elementary fermions couple to the composite
sector, thereby generating the Higgs Yukawa and leptoquark couplings. These couplings,
together with SM gauge interactions and fermion masses break explicitly the global sym-
metry of the strong sector. This generates a scalar potential for the pNGB, which is
studied in Section 4. This potential is responsible for the Higgs non-vanishing vacuum ex-
pectation value (vev) and for electroweak symmetry breaking (EWSB), Section 4.4. The
flavour phenomenology arising from the LQ couplings to fermions, including the fit to
the B-physics anomalies, is studied in Section 5. The most interesting collider signatures,
as well as the present limits from direct searches, are presented in Section 6. Finally, I
conclude in Section 7.

2 A fundamental Composite Higgs Model

The naturalness problem of the electroweak scale can be solved by assuming that the Higgs
boson is a composite state of a new strong dynamics at a scale ⇤ ⇠ TeV. Furthermore,
the splitting mh ⌧ ⇤, required by phenomenological constraints, can be naturally realised
if the Higgs arises as a pseudo Nambu-Goldstone boson from the spontaneous breaking
of an (approximate) global symmetry of the strong dynamics [55,56], in close analogy to
the pions in QCD.

Extending this idea to include the scalar leptoquarks S1 and S3, I construct a fermionic
fundamental description of a composite model, from which both the scalar LQ and the
Higgs arise as pNGBs. See App. A for a general discussion on the requirements such a
UV setup should satisfy.

2.1 The explicit model

As sketched already in Ref. [45], and in analogy with Refs. [27, 67, 68], I add a new non-
abelian gauge group GHC = SU(NHC), assumed to confine at a scale ⇤HC ⇠ 10 TeV, and
a vectorlike set of fermions in the fundamental (and anti-fundamental) representation of
this new gauge group and charged under the SM group as well. The extra matter content
considered in this work, classified in representations of SU(NHC) ⇥ SU(3)c ⇥ SU(2)w ⇥

U(1)Y , is shown in Table 1. The kinetic term of the Lagrangian for the theory above ⇤HC

5

D.M. 1803.10972

New fermions
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D.M. 1803.10972

  f  ~ 1TeV
G = SU(10)L × SU(10)R × U(1)V H = SU(10)V × U(1)V

Two Higgs doublets:        H1,2 ~ (1,2)1/2

Singlet and Triplet LQ:        S1 ~ (3,1)-1/3   +   S3 ~ (3,3)-1/3

Three singlets:          η1,2,3  ~  (1,1)0

Chiral symmetry 
breaking (as in QCD)

pNGBs include:

New fermions
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Figure 1: Example of a possible spectrum of the theory.

6 Collider phenomenology

In this section I present the phenomenological aspects of the model more relevant for LHC
new physics searches.

6.1 Possible spectrum

While the non-perturbative character of the dynamics underlying the model does not allow
to make precise predictions for the spectrum of the theory, one can use the pNGB potential
and NDA estimates detailed in Section 4 to sketch what a typical pNGB spectrum might
be like.

For definitiveness in the following I fix

⇠ = 0.05 (f = 1.1 TeV) , (6.1)

corresponding to ⇤HC ⇠ 13 TeV. In the simplifying limit mE = mL, Eq. (4.21) relates
the Higgs mass and ⇠ to the mass of the first two singlets m⌘1,2 =

p
2B0mL = 790 GeV.

Using the QCD value B0 ⇡ 20f , one gets mL ⇡ 14 GeV. The third singlet mass is m⌘3 =

m⌘1,2

q
3+2mQ/mL

5 , which can be larger than the other two for mQ > mL, reaching 1 TeV

for mQ ⇡ 2.5mL. The mass of the heavy Higgses before EWSB is given by Eq. (4.23),
mH̃2

⇠ 1.9 TeV. For the other pNGBs I combine the contributions from the HC-fermion
masses, Eq. (4.1), and from the SM gauging, Eq. (4.10). In the case of the S1,3 leptoquarks
I also take into account the contribution from the four-fermion operators, Eq. (4.12),
assumed to be negative. All the other composite resonances (composite vectors, scalars,
HC-baryons, etc.) are expected to be near the ⇤HC scale, i.e. above 10 TeV. Finally, the
sector responsible for generating the four-fermion operators is expected to be not too far
above that scale, unless the theory enters a conformal window above ⇤HC . The resulting
spectrum is sketched in Fig. 1. The reader should keep in mind that this must be taken
with a grain of salt, since O(1) deviations from NDA are expected.

In the limit of unbroken EW symmetry, ✓ ! 0, the only pNGB which mix with each
other are the two singlets ⌘2 and ⌘3, Eq. (4.3), where the mixing is proportional to the
HC fermion mass di↵erence mE�mL. For ✓ > 0, also a small mixing between the ⇧0

L and
the ⌘1 singlet arises, proportional to / (cwg2w � cY g2Y ) sin

2 ✓, as well as between S1, 13
and

S3, 13
(proportionally to / cY g2Y (1� cos ✓)) and between R̃2, 13

and T2, 13
(proportionally to

/ cwg2w(1�cos ✓)). With the specific choice of keeping only the pseudo-scalar combination
in the HC bilinears in the four-fermion operators, no other mixing terms is present. In
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Typical spectrum (NDA)

Singlets are expected to be the lightest states (no gauge contributions to their mass)

New fermions
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Limits on the singlets from γγ
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Figure 3: (Top-left) Branching ratios of ⌘3 to gauge boson pairs via anomalous couplings, as a
function of YL.
(Top-right) Production cross section at 13 TeV LHC via gluon fusion for the singlet ⌘3, NHC = 3,
and two values of f .
(Bottom-left) Excluded region at 95% CL in them⌘3�YL plane from the ATLAS �� search [134],
in red, and from the CMS Z� search [135], in green. The dashed and dotted lines are future
LHC prospects for 300 and 3000 fb�1 of luminosity.
(Bottom-right) Signal cross section for the color octet ⇡̃1 in dijet (gg) as function of its mass, for
f = 1.1 (0.87) TeV in solid (dashed) blue. The purple region is excluded by the ATLAS dijet
search [136].
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The present limit already 
excludes some portions of 
parameter space.

η3 Couples to gluons and EW gauge bosons via the chiral anomaly (like π0 → γγ). 
Possible signal in diphoton, ZZ,Zγ searches.

the more general case other mixing terms arise for non-zero ✓. A more detailed discussion
of this point can be found in [68].

6.2 pNGB anomalous couplings

Some pNGBs can have a non-zero coupling to two SM gauge bosons via the axial anomaly.
These interactions are fully described at the chiral Lagrangian level by the Wess-Zumino-
Witten term [123,124]. From that one can extract the relevant coupling of one pNGB to
two gauge bosons, which in the class of theories considered here is given by
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where eF �µ⌫ = 1
2✏

µ⌫⇢�F �
⇢�, T

↵ is the generator corresponding to the pNGB �↵ while g�,

T �
SM , and F �

µ⌫ are the couplings, generators, and field strenght, respectively, of the A�
µ

gauge field (as defined in Eq. C.10). The complete list of anomalous couplings for the
pNGBs in the theory is the following:
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where d↵�� are the SU(3)c symmetric structure constants. Measuring a process involving
these coupling would provide information on NHC/f . An independent measurement of f
(i.e. of ⇠) could instead be obtained, for example, via Higgs couplings measurements or
pNGB scattering.

6.3 Collider signatures of the pNGBs

Here I discuss some of the main aspects of the collider phenomenology of the various
pNGBs, listed in Eq. (2.7), in particular their possible production channels and decay
modes. I also present the present bounds and future prospects for the most interesting
cases.

6.3.1 S1 and S3 Leptoquarks

Due to their linear couplings to SM fermions, the S1 and S3 leptoquarks have a rich
phenomenology. The various states are classified under the electromagnetic U(1)em as:

s1,� 1
3
, s3,� 4

3
, s3,� 1

3
, s3, 23 , (6.4)
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fermion mass difference mE − mL. For θ > 0, also a small mixing between the Π0
L and

the η1 singlet arises, proportional to ∝ (cwg2w − cY g2Y ) sin
2 θ, as well as between S1, 13

and

S3, 13
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where dαβγ are the SU(3)c symmetric structure constants. Measuring a process involving

these coupling would provide information on NHC/f . An independent measurement of f

(i.e. of ξ) could instead be obtained, for example, via Higgs couplings measurements or

pNGB scattering.

6.3 Collider signatures of the pNGBs

Here I discuss some of the main aspects of the collider phenomenology of the various

pNGBs, listed in eq. (2.7), in particular their possible production channels and decay

modes. I also present the present bounds and future prospects for the most interesting cases.

– 24 –

J
H
E
P
0
7
(
2
0
1
8
)
1
2
1

fermion mass difference mE − mL. For θ > 0, also a small mixing between the Π0
L and

the η1 singlet arises, proportional to ∝ (cwg2w − cY g2Y ) sin
2 θ, as well as between S1, 13

and

S3, 13
(proportionally to ∝ cY g2Y (1 − cos θ)) and between R̃2, 13

and T2, 13
(proportionally to

∝ cwg2w(1− cos θ)). With the specific choice of keeping only the pseudo-scalar combination

in the HC bilinears in the four-fermion operators, no other mixing terms is present. In the

more general case other mixing terms arise for non-zero θ. A more detailed discussion of

this point can be found in [69].

6.2 pNGB anomalous couplings

Some pNGBs can have a non-zero coupling to two SM gauge bosons via the axial anomaly.

These interactions are fully described at the chiral Lagrangian level by the Wess-Zumino-

Witten term [124, 125]. From that one can extract the relevant coupling of one pNGB to

two gauge bosons, which in the class of theories considered here is given by

LWZW ⊃ −
gβgγ
16π2

φα

f
2NHCA

φα

βγF
β
µνF̃

γµν , Aφ
α

βγ = Tr
[
TαT βSMT γSM

]
, (6.2)

where F̃ γµν = 1
2ϵ

µνρσF γ
ρσ, Tα is the generator corresponding to the pNGB φα while gβ ,

T βSM, and F β
µν are the couplings, generators, and field strenght, respectively, of the Aβµ gauge

field (as defined in eq. (C.10)). The complete list of anomalous couplings for the pNGBs

in the theory is the following:

Aφ
α

βγ g21 g22 g23 g1g2 g1g3 g2g3

η1 YL 0 0 0 0 0

η2 − 1
4
√
2

1
4
√
2

0 0 0 0

η3
1+48YL

12
√
30

−
√
3

4
√
10

− 1√
30

0 0 0

π̃1 0 0 dαβγ/(2
√
2) 0 1√

2

(
YL − 1

3

)
0

π̃3 0 0 0 0 0 1
2
√
2

ΠL 0 0 0 YL
2 0 0

ΠQ 0 0 0
√
3
2

(
YL − 1

3

)
0 0

, (6.3)

where dαβγ are the SU(3)c symmetric structure constants. Measuring a process involving

these coupling would provide information on NHC/f . An independent measurement of f

(i.e. of ξ) could instead be obtained, for example, via Higgs couplings measurements or

pNGB scattering.

6.3 Collider signatures of the pNGBs

Here I discuss some of the main aspects of the collider phenomenology of the various

pNGBs, listed in eq. (2.7), in particular their possible production channels and decay

modes. I also present the present bounds and future prospects for the most interesting cases.

– 24 –

Anomaly coefficients:
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Conclusions
The diphoton channel was crucial for the Higgs discovery. 

While LHC did not discover any New Physics up to this point, 
the deep questions left open by the SM are still not addressed. 
NP signals might still be waiting for us to dig them out with 
more data. 

Final states with photons remain crucial to test a wide class of 
well-motivated models.

Thank you!


