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We assess the impact of searches at flavor factories for new neutral resonances that couple to both
photons and gluons. These are well motivated by “heavy axion” solutions of the strong CP problem
and by frameworks addressing both Dark Matter and the Higgs hierarchy problem. We use LHCb
public diphoton data around the Bs mass to derive the current best limit on these resonances
for masses between 4.9 and 6.3 GeV. We estimate that a future LHCb dedicated search would
test an axion decay constant of O(TeV) for axion masses in the few-to-tens of GeV, being fully
complementary to the low mass ATLAS and CMS searches. We also derive the impact of BABAR
searches based on Υ decays and the future Belle-II reach.

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

I. INTRODUCTION

The lack of new physics at the Large Hadron Collider
(LHC) and the lack of direct detection signal of dark mat-
ter (DM) at present experiments make it necessary to
rethink the theoretical questions in the SM from a wider
viewpoint and trigger broader experimental searches for
new physics (NP). In this paper we make a step in this di-
rection by presenting a NP case for flavor factories at the
intensity frontier. These are light resonances below the
EW scale which are neutral under the SM gauge group
and couple to both gluons and photons. We show that fla-
vor experiments have an unexploited potential to probe
these states in a complementary mass range to previ-
ously proposed low-mass resonance searches at ATLAS
and CMS [1]. Pointing out these gaps in the search pro-
gram at flavor facilities is now a particularly important
question in view of the upcoming LHCb upgrade and the
Belle II data taking.

The possibility we consider here is that the new physics
scale MNP lies beyond the reach of the LHC. If that is the
case, NP signals might still arise from pseudo-Nambu-
Goldstone bosons (pNGBs) associated to spontaneously
broken approximate symmetries. These are often called
axion-like particle (ALP) in the literature, they can be
sensibly lighter than the NP scale (ma �MNP) and their
couplings to the SM are controlled by the inverse of the
decay constant 1/f . Generically, one has MNP = g∗f
with g∗ being the typical size of the couplings in the
NP sector, so that probing weak enough couplings of the

pNGB gives an indirect probe of the scale of new physics.
The focus of this paper will be on pNGBs with ma be-

tween 2 and 20 GeV, a mass window within the reach of
flavor experiments. The driving question is whether fla-
vor experiments can be sensitive to couplings of pNGBs
small enough to probe new physics beyond the LHC reach.
This question has been partially addressed for ALPs
which couple to the SM by mixing with the Higgs sector
[2, 3] but it is surprisingly unexplored for ALPs with only
gluon and photon couplings.

In the large theory space of all the possible couplings of
the ALP to the SM, having a non-zero coupling to gluons
is particularly well motivated from the theory perspec-
tive. In this paper we will discuss in detail two particu-
larly compelling examples: “heavy” QCD axions [4–16]
and the R-axion [17–19] in low energy SUSY-breaking.
As we will show, in these two classes of models the gluon
coupling is unavoidable, the photon coupling generic,
the mass range of interest for this paper can be easily
achieved. A TeV decay constant is theoretically favoured
by ensuring the quality of the axion potential [20–23] or
by explaining the DM relic abundance via thermal freeze
out. Besides these two examples, ALPs with both gluon
and photons couplings arise for instance as new pions
in Composite Higgs models [24–26] or in theories with
vector-like confinement [27].

The first observation of this paper is that many exist-
ing search strategies for light resonances in the 2−20 GeV
range [28–34] lose sensitivity as soon as the gluon cou-
pling is switched on. The main reason is that the decay
width into gluons dominates over the one into photons
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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 difficult
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 → γγ. To substantiate this point, we use
80 pb−1 of public LHCb diphoton data [37] 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 difficult 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 Υ(1, 2, 3S) → γa(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 effective in-
teractions between the pNGBs and the SM

Leff =
1

2
(∂µa)2 − 1

2
m2
aa

2 +
a

f

3∑
i=1

ci
αi
4π

Fi,µν F̃
µν
i , (1)

where i runs over the hypercharge, weak and strong gauge
groups, F̃µνi = εµνρσFi,ρσ/2, αi = g2

i /4π and α1 is GUT-
normalised (α1 = 5αy/3). The constants ci are anomaly
coefficients 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 → γa) is 1.7 · 10−5 from
36.9 pb−1 of data if a is a diphoton resonance [35] and 4.7 ·10−4

from 5.5 pb−1 of data if a is a dijet resonance [36].
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 [30, 37], 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 [28, 38], heavy ion
collisions [39, 40], Z → γa(jj) decays at LEP I [29] 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∗ = 4π/

√
Nmess = 4π/

√
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 ≈ (4π)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

Leff ⊃
Nα3

4π

a

f
GµνG̃

µν +
Eαem

4π

a

f
Fµν F̃

µν , (2)

where we have

N = c3 , E = c2 + 5c1/3 , gaγγ =
αem

πf
E , (3)

where gaγγ 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

Γγγ =
α2

emE
2

64π3

m3
a

f2
, Γgg = Kgg

α2
sN

2

8π3

m3
a

f2
, (4)
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where we include NNLO corrections to the gluon
width [41] in Kgg (see Appendix A for more details).
Note that (0.1 mm)−1 � Γtot = Γgg + Γγγ � mbin

γγ 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 σ(pp → a) with ggHiggs v4 [42–45] us-
ing the mstw2008nnlo pdf set. We compare it with
that obtained by the use of different pdf sets and of
MadgraphLO v2 6 [46, 47] upon implementing the ALP
model in FeynRules [48], finding differences 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 for ma . 5 GeV.

In Figure 1 we also show

i) the 2σ constraint ΓZ − ΓSM
Z < 5.8 MeV [28, 38];

ii) the LEP limit BR(Z → γa(jj)) < 1−5×10−4 [29];

iii) the constraint derived in [1] from the ATLAS [49,
50], CMS [51], and CDF[52] inclusive dipho-
ton cross section measurements, corresponding to
σ(pp/pp̄→ X a(γγ)) < 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. [49]. Higher pT cuts
would increase the minimal value of the invariant
mass within the reach of HL-LHC.

v) the BABAR constraint BR
(
Υ2S,3S → γa(jj)

)
<

10−4 − 10−6 [30], where we compute

BR
(
Υ→ γa

)
BR
(
Υ→ µµ̄

) ' 8E2αem

4π

(mΥ

4πf

)2(
1− m2

a

m2
Υ

)3
, (5)

where BR
(
Υ2S,3S → µµ̄

)
= 1.92%, 2.18%. The

above expression corrects a factor of 4 in the result
of Ref. [53].

vi) the Belle-II sensitivity in the same channel, that we
determine simply by rescaling the expected sensi-
tivities in [30] 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 Υ(3S)
than the BABAR one (i.e. on ' 1.2 × 1010 Υ(3S)
in total). The current Belle-II run plan for the first
years assumes only a factor of 10 for the above ra-
tio [54, 55], corresponding to a few weeks of ded-
icated run at the Υ(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 [55]. An analogous

search could be effectively performed, at Belle-II,
also analysing the decays of Υ(1S, 2S).

vii) limits from the diphoton final state from heavy ion
collisions are extracted from the recent CMS anal-
ysis in Ref. [40] and the reinterpretation of the AT-
LAS light by light scattering data [39] of Ref. [56].
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 → γa(γγ) [57] are not displayed
in Fig 1. They imply BR(Z → γa(γγ)) < 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 →
γa(γγ) [57]. The lower invariant mass reach of these
ATLAS searches is set by the diphoton isolation require-
ment of [57], ∆Rγγ = 0.15. This corresponds to an ALP
mass of 4 GeV as discussed in Ref. [58]. Notice that LEP
searches for Z → γa(γγ) [31] are weaker than the ATLAS
bound. Future sensitivities from e+e− → γa(γγ) [33, 34]
do not reach values of f larger than ' 50 GeV and
are not shown. Finally, the proposed search in B →
K(∗)a(γγ)) [33] 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. [32, 34, 57] 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. [59]).

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
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at the LHC were recently able to go down to invari-
ant masses of 50 GeV (see Ref. [60]). Of course for
N/f & (100GeV)−1 one expects color states generating
the ALP coupling to be within the reach of the LHC.
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FIG. 2: Constraints on the ALP parameter space for fixed
masses ma = 5, 15 GeV in the up, down panel respectively.
We fix c1 = c2 so that E in Eq. (3) controls both the Zγ
and the γγ coupling. The bounds are shown as shaded re-
gions while the projections as dashed lines. The three grey
lines show the “axion window” obtained by integrating out
fermions in different representations of the SM gauge group,
the central one E = 8N/3 corresponds to the choice of Fig-
ure 1.

III. PHYSICS CASES

In this section we expand on the two theory lines dis-
played in Fig. 1. We would like to motivate: 1) the cou-
pling of the axion to gluons and photons, 2) the TeV
decay constant, 3) the mass range considered here.

a. Heavy axions As a first example, we consider a
particular class of axion solutions to the strong CP prob-
lem in the SM. First of all, introducing a spontaneously
broken Peccei-Quinn symmetry U(1)PQ which is anoma-
lous under QCD [61, 62] leads unavoidably to a light
axion with non-zero couplings to gluons [63, 64]. In this

sense, the axion coupling to gluons is deeply connected
to its role in solving the strong CP problem. Taking the
SM fields to be uncharged under the U(1)PQ, the QCD
anomaly is generated by heavy vector-like fermions like
in KSVZ type of models [65, 66]

LPQ ⊃ g∗Φψψ̃ + h.c., Φ =
f√
2
eia/f , (6)

where the fermion charges should satisfy |qPQ
ψ − qPQ

ψ̃
| =

qPQ
Φ and by writing Eq. (6) we take qPQ

Φ = 1. After
U(1)PQ gets spontaneously broken by the VEV of Φ, the

fermion mass is at MNP = g∗f/
√

2. Below the PQ break-
ing scale we can integrate out the heavy fermions and
match to the effective Lagrangian in Eq. (2):

N = qPQ
Φ

∑
ψ

C3(Rψ) E = qPQ
Φ

∑
ψ

Q2
em(Rψ) . (7)

The vector-like fermions are often assumed to carry a
non-zero hypercharge in order to allow a non-zero mix-
ing with the SM quarks, to make them decay avoid-
ing cosmological problems. This induces an anomaly of
U(1)PQ with respect to the hypercharge, which leads to
a non-zero coupling of the axion to photons: E 6= 0. To
fix a benchmark, we add Nmess complete SU(5) funda-
mental representations, that lead to N = Nmess/2 and
E = 4/3Nmess. This is the scaling assumed in Fig. 1,
where we also take Nmess = (4π/g∗)

2 to ensure calcula-
bility below MNP. In Fig. 2 we go beyond this benchmark
and show how E/N can be modified changing the SM rep-
resentation of the fermions in Eq. (6) (see Ref. [67] for a
discussion).

Operators breaking U(1)PQ other than the QCD
anomaly would in general spoil the axion solution of
the strong CP problem [20–23]. We can parametrize
these contributions as new terms in the potential for the
scalar Φ:

∆V /PQ = λ∆
Φ∆

Λ∆−4
UV

+ h.c., λ∆ = |λ∆|eiα∆ . (8)

In the presence of these new contributions the axion po-
tential below the QCD phase transition is

Va ' −Λ4
QCD cos

Na

f
+

1

2
∆
2 −1

|λ∆|f∆

Λ∆−4
UV

cos
(
α∆ + ∆

a

f

)
.

(9)
Since the new phase α∆ is in general not aligned with the
contribution given by the QCD anomaly, the presence of
the UV operator shifts the axion VEV away from the
origin, jeopardizing the solution to the strong CP prob-
lem. Note that this holds even if the NP sector inducing
Eq. (8) preserves CP, because a new phase α∆ ∼ O(1) is
induced by rotating away the phase in the quark mass
matrices. Requiring 2〈Na/f〉 . 10−10 to satisfy the
present bound on the neutron dipole moment [68, 69]
gives an upper bound on the axion decay constant

f . ΛUV

[
10−10 · N

∆
·
(

ΛQCD

ΛUV

)4
]1/∆

, (10)
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where we have assumed |λ∆| ∼ α∆ ∼ O(1) and neglected
other O(1) factors for simplicity. The upper bound on f
depends on the scale of the UV completion ΛUV & g∗f
and on the “quality” of the U(1)PQ, i.e. the dimension ∆
of the lowest dimension operator breaking the symmetry.

In the best case scenario, first discussed in Refs [20–23],
the U(1)PQ is only broken by Planck suppressed opera-
tors3 but, more generally, one might argue that all the
global symmetries should be an accidental consequence of
the gauge and matter content of the theory, exactly like in
the SM. In the latter case the ΛUV in Eq. (10) will be be-
low MPl. Taking Eq. (10) at face value, the most danger-
ous contribution comes from ∆ = 5 operators, that would
require f . O(10) GeV even for ΛUV = MPl. However,
if operators of dimension five are forbidden (for example
by a discrete Z2-symmetry) then ∆ = 6 contributions
give f . O(10) TeV for ΛUV = MPl and f . O(1) TeV
for ΛUV = MGUT, motivating the ranges of decay con-
stant of interest for this paper. Having f around the TeV
scale would lead to axion solutions relying on U(1)PQ

with the same quality of the baryon number in the SM.

In the usual QCD axion where ma ' 6 keV · TeV/f
(see e.g. [72]), values of the decay constant motivated by
the axion quality problem are abundantly excluded by
star cooling bounds [73] and K → πa transitions [3, 74].
A common solution to this problem is to go to higher val-
ues of f and require a U(1)PQ with higher quality. Such
a U(1)PQ can be made accidental in extra-dimensions
or with more complicated UV completions in 4 dimen-
sions (we refer to Refs [75–78] for an illustration of the
challenges involved in constructing gauge theories with a
U(1)PQ with arbitrarily high quality).

Alternatively, one can construct QCD axion models
where the axion mass is heavier than its QCD value. The
idea is to introduce new contributions to the axion po-
tential which are aligned to the QCD one, so that the ax-
ion mass gets larger without spoiling the solution to the
strong CP problem. A larger ma then relaxes the exper-
imental constraints on f , potentially allowing to satisfy
Eq. (10). There are several classes of models of this type
which differ from the way the alignment is achieved: mir-
ror axion models with one axion and two mirror QCD’s
[4–8], models where the QCD running is modified at high
energies [9–14], and a more recent proposals [15] where
the QCD group is embedded in SU(3)N with N axions
relaxing each one of the allowed θ-angles.

All the solutions of the strong CP problem mentioned
above can easily achieve the 2-20 GeV mass range, and

3 Gravity is expected to break global symmetries at the non
perturbative level via wormhole solutions swallowing the PQ
charge [70]. In this case the Wilson coefficient of the operators in
Eq. (8) can be very suppressed for a large enough wormhole ac-
tion: |λ∆| ∼ e−SEucl . The latter has been shown in Ref. [71] to
be too small in the Einstein theory of gravity but large enough in
theories where the Einstein theory is suitably modified at Planck-
ian distances.

result in an axion which generically couples to both
gluons and photons with a decay constant at the TeV
scale or lower. These are a perfect benchmark for the
collider searches discussed here. For illustrative pur-
poses we show in Fig. 1 the value of f correspond-
ing to a U(1)PQ broken by ∆ = 6 operators generated
at MGUT = 1015 GeV.

b. ALP-mediated Dark Matter The second ex-
ample of ALP with coupling and masses of interest for
this study comes from demanding it to be the mediator
that couples the SM to fermion DM, singlet under the
SM gauge group. This possibility has particular inter-
est for colliders because direct detection constraints are
totally irrelevant, see e.g. [79].

We write the ALP coupling to DM as in equation (6)

and identify the DM as the Dirac fermion (ψ, ψ̃†), so that

mψ = g∗f/
√

2. The DM annihilation cross section into
SM particles, mediated by the ALP, is dominated by final
state gluon pairs and reads

(σv)gg =
2

π

(c3 αs
4π

)2 g2
∗
f2

, (11)

where αs is evaluated at the scale µ = 2mψ. The cross
section for t-channel annihilation into a pair of mediators
is p-wave and reads [80]

(σvrel)aa =
v2

rel

384π

g4
∗

m2
ψ

, (12)

therefore it is negligible with respect to the annihilation
into gluons for the parameter values we are interested in,
even for relativistic vrel. Requiring Eq. (11) to match
4.8× 10−26 cm3/sec, which is the value needed for heavy
Dirac DM to reproduce the correct DM abundance via
thermal freeze-out [81], we find

mψ ' 4.6 TeV
c3
10

(g∗
3

)2

⇒ f ' 1.9 TeV
3

g∗
, (13)

where in the second equality we have assumed the scaling
c3 ' 8π2/g2

∗. This is the benchmark value we display in
Figure 1. It is interesting to note that indirect detection
is still far from probing thermal values of the annihilation
cross section for DM in this mass range (see e.g. [82–84]),
thus adding further motivation to test this scenario with
colliders.

Note that we have neglected the possible Sommerfeld
enhancement from exchange of the ALP in the initial
state. The precise computation of this effect is still the
object of some debate, see e.g. [85] for a recent study
with references, so that for simplicity we do not include
it here. Its inclusion would result in an O(1) change in
the favoured value of f , but would not affect our physics
point that pseudoscalar mediated DM motivates ALP
searches at flavor factories.

c. R-axion in Supersymmetry. We finally notice
that the simplified DM model presented above arises nat-
urally in theories of low-scale SUSY breaking. These
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predict that the lightest supersymmetric particle (LSP)
is the Gravitino, whose mass m3/2 is generically too
small to account for the observed DM abundance. In-
deed, using the power counting described in [19], one gets

m3/2 = F/(
√

3MPl) ' 11 meV·(g∗/3)·(f/4 TeV)2. While
not reproducing the observed value of DM, Gravitino
masses in this ballpark are safe both from collider [86–88]
and cosmological [89] constraints.

In the absence of stable superpartners, the natural DM
candidate in these SUSY theories are particles belonging
to the messenger or SUSY breaking sectors, see [90] for a
first study of this possibility. In this case, as first noted
in [91] (see [92] for further model building), the DM phe-
nomenology may be dominated by its interactions with a
pseudoscalar that is naturally present in the theory, the
R-axion.

This arises as the pNGB of the U(1)R symmetry, de-
fined as the only abelian global symmetry which does not
commute with the SUSY generators. The spontaneous
breaking of the U(1)R is intimately related to SUSY-
breaking according to the general results of [17, 93]. The
R-axion couplings to gluons and photons are unavoidably
generated by loops of gauginos, whose Majorana masses
are chiral under the U(1)R, and possibly by UV messen-
gers. Couplings to fermions and to the Higgs are less
generic and can be suppressed by suitable charge assign-
ment (see [19] for more details). Under these circum-
stances, the R-axion matches perfectly the Lagrangian
in Eq. (1).

For f = O(TeV), motivated here not only by DM but
also by the naturalness of the Fermi scale, i) its mass is
expected to lie in the MeV range [94] or above [19, 93],
thus motivating searches at flavor factories, ii) superpart-
ners can be taken outside the LHC reach, thus making it
potentially the first sign of SUSY at colliders [19].

IV. DIPHOTON SEARCHES AT LHCb

LHCb detects photons either as “unconverted”, i.e.
they reach the electromagnetic calorimeter (ECAL), or
as “converted”, i.e. they convert to an e+e− pair upon
interacting with the detector material before reaching
the ECAL. The public LHCb note [37] presents the
trigger and cut strategy that will be used to look for
Bs → γγ, and classifies diphoton events into two uncon-
verted (0CV), one unconverted and one converted (1CV
LL and DD, corresponding to conversions occurring in
the Vertex Locator region or after it) and two converted
(2CV) samples.

Searches for Bs → γγ benefit from requiring the γγ
vertex to be displaced from the pp interaction point, while
the resonances we are interested in typically have a life-
time much shorter than the Bs one. A displaced γγ ver-
tex is however not imposed on the 0CV sample, because
the resolution on the directions of the photons does not
allow for a precise enough vertex reconstruction. There-
fore this sample can be used to derive a bound on prompt

diphoton resonances.
Measured diphoton events that pass the cuts are re-

ported in [37] for L = 80 pb−1 of data, for each con-
version category, in a diphoton invariant mass interval
4.9 GeV < mγγ < 6.3 GeV and in bins of 14.5 MeV.
No known QCD or SM resonance is expected to give a
signal within the LHCb reach, explaining why the event
distributions in mγγ are very smooth in all categories, so
that they constitute an ideal avenue to look for BSM res-
onances. Therefore, we place an upper limit on the signal
cross section of a resonance a decaying to diphotons as

Nsig(ma) < 2

√
Nbkg

mbin
γγ

14.5 MeV
, (14)

where

Nsig = ε×σfid×L, σfid = A×σ(pp→ Xa(γγ)) , (15)

with A the geometrical acceptance of the signal in the
LHCb detector and ε the total efficiency of the cuts plus
detector effects in a given diphoton category. We use

A = 0.15 , ε0CV = 0.142 , (16)

where the latter is given in [37] for the SM “signal” Bs →
γγ, and we determine the former by simulating the signal
(see Appendix D for details) and imposing 2 < η < 5 at
truth level.

Coming to the right-hand side of Eq. (14), Nbkg is
the number of background events in the 14.5 MeV bin
reported in [37], which we take constant as the distri-
bution in mγγ is actually flat well within its statistical
uncertainties.4 mbin

γγ is the size of the bin centered on
mγγ = ma that we expect to contain most of the signal
from the resonance, which we assume to be narrow. In
practice we use

Nbkg = 8000× L

80 pb−1 , mbin
γγ = 4δmγγ , (17)

where δmγγ is the invariant mass resolution for the 0CV
category which can be derived from the energy resolu-
tion and the granularity of the LHCb ECAL (see Ap-
pendix C). Fixing for definiteness mbin

γγ /mγγ = 13%, we
obtain

σ0CV
fid . 106 pb ·

√
ma

5 GeV
·

√
80 pb−1

L
. (18)

4 While this holds for the 1CV and 2CV categories, the distribution
in the 0CV category is flat up to mγγ ' 5.7 GeV, and then
drops smoothly. A possible origin of this drop is the use of 2× 2
ECAL cells to measure the photon energy deposition at the first
level of the software trigger (HLT1) [37]. In Appendix B we
verified that imposing invariant mass cuts at HLT1 can cause a
flat background at HLT1 to develop a dropping shape at higher
level, where the invariant mass is defined using 3× 3 cells.
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The sensitivities that could be achieved by the current
full dataset of ' 8 fb−1 and by the High Luminosity
phase of LHCb with ' 300 fb−1 of data can be easily
obtained from the above equation.5

We also extend the mass range of the search to 3 <
mγγ/GeV < 20, where the lower bound is chosen to make
the computation of the signal strength reliable (see also
Appendix A) and the upper bound is chosen somehow
arbitrarily at 20 GeV, where the reach of the current
ATLAS/CMS inclusive diphoton dataset [1] is already
stronger than the projections of LHCb. For simplicity
we take the signal acceptance and the efficiency to be
constant and equal to the ones in Eq. (16). We dis-
cuss in Appendix D the motivations for this simplified
assumption. Moreover we assume that the background
is also constant in the extended mass range and equal to
the one in Eq. (17). This simple procedure sets a useful
benchmark for the actual search, which is good enough
for the purpose of this paper. The resulting reach in the
ALP parameter space is shown in Fig. 1.

We finally speculate about the limit and reach obtain-
able if the 1CV photon categories could be used. To
set an optimistic reach, we do not take into account the
signal loss because of the requirement of vertex displace-
ment in present LHCb search. With this assumption,
we repeat the procedure described above, with constant

background N1CV,DD
bkg = 1600 and N1CV,LL

bkg = 1300 and

constant efficiencies ε1CV,DD = 1.35% and ε1CV,LL =
1.32% as reported in Ref. [37]. Concerning the mass res-
olution, we take the one of the 0CV category divided by√

2 to roughly account for the much better energy resolu-
tion of the converted photon. With all these assumptions
we combine in quadrature the exclusions from the LL and
DD single-converted categories and get

σ1CV
fid . 283 pb ·

√
ma

5 GeV
·

√
80 pb−1

L
, (19)

which is almost a factor of 3 weaker than the 0CV bound.
In more realistic conditions we expect a sensible loss of
signal from the requirement of displacement, although
better background discrimination might be also achieved
thanks to the converted photon. We do not even study
the 2CV photon category because it is plagued by a very
small signal efficiency.

As a useful input for future more detailed studies, we
collect here some considerations about the LHCb reach
outside the interval 4.9 GeV < mγγ < 6.3 GeV:

� As far as the signal is concerned, we do not expect
a significant drop in the efficiency going at higher
invariant masses. As detailed in Appendix D at
higher invariant masses the diphoton final state will

5 Actually only ' 2 fb−1 have been recorded outside the Bs mass
window, we neglect this drop in luminosity for simplicity.

be less forward, reducing the geometric acceptance.
However, the decreasing boost of the produced par-
ticle is more than compensated by the higher effi-
ciency of the photon pT cuts. Practically, the ulti-
mate high mass reach of LHCb is not very relevant
for the purposes of discovering new physics, since
above 10-20 GeV it is likely to be superseded by
the ATLAS/CMS diphoton searches (see [1] for de-
tails).

� The most stringent limitation for scanning masses
above ∼12 GeV at LHCb is the current dynamic
range of the ECAL. This range, which depends on
the electronics and not on the actual configuration
of the detector, limits at the moment reconstruct-
ing photons with ET above ∼10 GeV (∼6 GeV at
the level of the first level of the software trigger
HLT1). Therefore, a potential increase in the dy-
namic range of the ECAL after the LHCb Upgrade
would be very benificial to increase LHCb’s sen-
sitivity to higher masses. For instance, modifying
the electronics to increase the range to 15−20 GeV
would be enough to cover all the mass range for
which ATLAS and CMS have a poor sensitivity.

� As already mentioned, the invariant mass distribu-
tion in the 0CV category from the data in Ref. [37]
displays a drop for masses larger than approxi-
mately mγγ ' 5.7 GeV. In Appendix B, we argue
that such drop is a consequence of the use of 2× 2
ECAL cells to measure the photon energy deposi-
tion at HLT1. If our guess is correct there should
be another drop of the background at low invari-
ant masses in a region not showed by the plot of
Ref. [37].

� Understanding the composition of the diphoton
background given in Ref. [37] would require a de-
tailed MC simulation, including detector effects,
which is beyond the scope of this paper. In Ap-
pendix C we provide a simple kinematical argument
which shows that the background from boosted π0

faking photons is likely to dominate over the one
from real photons. A categorization of the data
in different η regions would help suppressing this
background at small η. This could be used to max-
imize the reach. A quantitative assessment of this
is left for future studies.

� The precise assessment of the 1CV limit and
sensitivities would require a dedicated search for
promptly decaying resonances without the require-
ment of a displaced vertex. In this case one could
get an even better reach than the one presented
here by combining the 0CV and the 1CV category.

We hope that this work could provide enough motiva-
tion to explore further the open issues described above
and in general the possibility of performing bump hunts
on the top of the diphoton background at such low in-
variant masses.
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V. CONCLUSIONS

The LHC has pushed the energy scale of many moti-
vated SM extensions beyond the TeV range. How to ex-
perimentally test NP models at and beyond those scales?
A possibility is to look for low energy remnants of such
theories, like pseudo-Goldstone bosons (aka ALPs) from
an approximate global symmetry.

In Section III we showed that ALPs with masses and
decay constants of interest for flavor factories arise as a
solution to the strong CP problem (“heavy QCD axions”)
and in frameworks motivated by Dark Matter freeze-out
and the Higgs hierarchy problem (e.g. the SUSY R-axion
as mediator of DM interactions). These scenarios share
the prediction of ALP couplings to gluons and photons,
that are currently tested in a particularly poor way for
masses below O(10) GeV.

In Section IV, we have used 80 pb−1 of public LHCb
data to set a bound on diphoton resonances of σ(pp →
Xa(γγ)) . 100 pb, and we have performed a first study
to assess future LHCb sensitivities. This bound is already
the strongest existing one on the ALPs discussed above,
and shows that LHCb has a very promising potential to
test unexplored territory of well-motivated BSM exten-
sions. Technical results that might be useful for future
LHCb studies are provided in Appendices C and D. We
have also recasted BABAR limits on Υ→ γa(jj) on this
model, and estimated the associated future capabilities
of Belle-II, finding they would be particularly relevant for
masses below ≈ 3 GeV. These results are summarised in
Figure 1.

Our findings provide a strong motivation to pursue the
phenomenological and experimental program of testing
this class of ALPs at LHCb and Belle-II, thus enriching
the physics case of both machines.
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Appendix A: More on the Signal

We compute the gluon fusion production cross section
at N3LO using ggHiggs v4 [42–45] and at LO using Mad-
GraphLO. We compare the two predictions in Figure 3
left, for different choices of the pdf sets, and rescaling
the ggHiggs cross section using that c3/f = 1/(

√
2 v)

with v ' 246 GeV (anomaly coefficient coming from a
top loop). The agreement between these determinations
goes from the 20% level at ma = 20 GeV, down to a fac-
tor of 2 and worse for ma ≤ 4 GeV. We mention that at
such low values the ggHiggs output should be taken with
extra care, as it also yields some negative LO and NLO
cross sections. This comparison underlines the need for a
more precise determination of the production cross sec-
tion, especially for ALP masses below 5 GeV or so. This
task goes however beyond the purpose of this paper. We
use the ggHiggs prediction with the mstw2008nnlo pdf
set for all the LHC phenomenology in Section II.

Coming now to the ALP branching ratios, we use the
NNLO QCD correction to the width of a pseudoscalar
into gluons from [41]. In the notation of Eq. (4), it

reads Kgg = 1+
α(5)

s

π EA +
(α(5)

s

π

)2
EA
(

3
4 EA+ β1

β0

)
, where

EA = 97
4 −

7
6Nf , β0 = 11

4 −
Nf

6 , β1 = 51
8 −

19
24Nf . In Fig-

ure 3 right we plot the resulting diphoton branching ratio
together with its NLO and LO value and with the one
given by Madgraph. NNLO corrections to the dipho-
ton branching ratio reduce its LO value by a factor of
' 2, over the whole mass range we consider. We use
the NNLO expression for all the limits and sensitivities
described in Section II.

Appendix B: mγγ distribution of the 0CV category

In our analysis, we assume the background yield to be
roughly constant with respect to the diphoton invariant
mass even outside the mass range reported in Ref. [37].
This is to provide an order-of-magnitude estimate of the
background for the LHCb sensitivities to ALPs. The
flatness of the data is actually seen in the 1CV and 2CV
categories of Fig. 4(b–c) of Ref. [37]. However, in the 0CV
category (Fig. 4(a)), a kink is observed at large invariant
masses. In what follows, we argue that this is an artifact
due to the trigger level invariant mass cut.

In the invariant mass calculation at the trigger level
of the 0CV category, two approximations are employed
to speed up the calculation: 1) the photon energy is
calculated from the energy deposition in 2 × 2 ECAL
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FIG. 3: Left: Production cross section of an ALP coupled to GG̃, as determined with MadGraphLO and with ggHiggs at N3LO,
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and µf = µr = 2ma. Right: ALP branching ratio into diphoton at LO, NLO and NNLO, and from MadGraphLO.
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FIG. 4: Left: ALP signal event with ma = mBs in diphoton invariant mass mfull
γγ (yellow) and trigger level diphoton invariant

mass mtrigger
γγ (blue). Fraction of energy, E

(2×2)
γ = Efull

γ min[1,Pnormal(µ = 0.95, σ = 0.1)], is used for the calculation of trigger

level invariant mass. Right: SM diphoton event with a cut, 3.5 GeV < mtrigger
γγ < 6 GeV, in mfull

γγ (yellow) and in mtrigger
γγ

(blue). To demonstrate bin migration effect, the distribution in mtrigger
γγ is flat normalized.

cells, 2) the mass formula takes into account only the
leading order of the diphoton opening angle, mtrigger

γγ =√
E

(2×2)
γ1 E

(2×2)
γ2 ∆θγ1γ2

. We examined these two approxi-

mation and concluded that 1) could be the reason for the
kink.

It is easy to show that the approximate mass formula
is equivalent to the full mass formula with O(0.01) accu-
racy. This comes from the fact that the diphoton events
within the LHCb fiducial volume have a small opening
angle ∆θγ1γ2

= O(0.1), after the ET trigger cuts are im-
posed. On the other hand one needs to use 3× 3 cells to
capture full energy deposit of a photon, so the informa-
tion based on 2 × 2 cells underestimates the photon en-
ergy, which leads to the lower invariant mass, mtrigger

γγ <

mfull
γγ . Because the first invariant mass cut is made at the

trigger level, 3.5 GeV < mtrigger
γγ < 6 GeV, bins with a

given mtrigger
γγ migrate to bins with mfull

γγ > mtrigger
γγ .This

could explain why the reduction of the yield appears
above mfull

γγ ∼ 6 GeV. This argument is confirmed by
Fig. 1 bottom of [37], that shows how the trigger level
mass distribution of the Bs signal shifts to higher values
of off-line invariant mass.

We further validate the argument modelling the en-
ergy smearing of the LHCb ECAL. For simplicity, we
focus on the inner ECAL and approximate 2×2 cells as
a circle of radius 4 cm. Because the Molière radius of a
photon in the LHCb ECAL is 3.5cm,6 the energy deposit
inside the 2×2 cells is expected to be 95% of the total
energy deposit on average. In order to model a realistic

6 Inside the Molière radius, the energy deposit into the correspond-
ing area is 90% of the total energy on average.
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environment we include a stochastic gaussian smearing
from the average value. We choose a standard deviation
of 10%7 such that the shift of the signal at ma = mBs

reproduces Fig. 1 bottom of [37]. This result is shown
in Fig. 4 left. Then, we use the same prescription for
the background-like events. The result is shown in Fig. 4
right. The invariant mass distribution in terms of mtrigger

γγ

is normalized to be rectangular after the invariant mass
cut. When the same dataset is plotted in terms of mfull

γγ

we can see that a kink is induced.

Appendix C: Details on the LHCb Calorimeter

The Electromagnetic Calorimeter (ECAL) of LHCb
has three layers with different granularities and is placed
vertically with respect to the beam axis at zEcal=12.52 m
away from the collision point. The ECAL square cells
have side lengths of ∆xcell=4.04, 6.06cm, 12.12cm for in-
ner, middle, and outer layer, respectively [95]. The pho-
ton reconstruction algorithm uses patterns of 3×3 cells in
each layer. Therefore, the inner layer, where most of the
energy is expected to be deposited, has the best angular
resolution.

a. Invariant mass resolution The invariant mass
can be written as

m2
γγ = 2Eγ1

Eγ2
(1− cos θγγ) , (C1)

where Eγ1,2
are the energies of the two photons and θγγ

is the angular separation between them. Using the above
formula, we can relate the invariant mass smearing to the
photon energy smearing and the ECAL granularity

δmγγ

mγγ
' 1

2

δm2
γγ

m2
γγ

=
1

2

(
δEγ1

Eγ1

⊕ δEγ2

Eγ2

⊕ sin θγγδθ

1− cos θγγ

)

' 1√
2

δEγ
Eγ
⊕ δθ

θγγ
= 6.4%

√
GeV

Eγ
⊕ 0.6%⊕ 0.3%

Eγ
mγγ

.

(C2)

In the second line we assumed for simplicity Eγ1 '
Eγ2 ' Eγ and approximated our result at the first or-
der in θ � 1. To obtain the second expression in the
second line, we used the LHCb ECAL energy resolu-
tion δE/E ' 9%

√
GeV/E ⊕ 0.8% reported in Ref. [96]

and the granularity of the inner layer of the ECAL
δθ = ∆xcell/zEcal ' 0.003. Moreover, we have approx-
imated θγγ ' mγγ/Eγ to get an expression of the typ-
ical energy smearing as a function of the typical pho-
ton energy. In computing the invariant mass resolution
in the text, we take Eγ = 50GeV. We believe this
is a realistic benchmark value for this analysis because

7 E
(2×2)
γ = Efull

γ min[1,Pnormal(µ = 0.95, σ = 0.1)]
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FIG. 5: Separation of photon pairs from π0 decay as a
function of the pion total energy Eπ0 . If this photon pair
is misidentified as a single (fake) photon, Eπ0 is the energy of
the fake photon. Cases of inner, middle, and outer layers are
plotted in blue, red and magenta respectively.

Eγ = ETγ cosh η and the LHCb analysis in Ref. [37] im-
poses ETγ > 3.5 GeV and ETγ1 +ETγ2 > 8 GeV on 2×2
cell clusters.

b. Background from π0 faking single photon One of
the advantages to study low mass diphoton resonances
at LHCb is that low energy fake photons from QCD can
be distinguished from real photon candidates. Here we
focus on fake photons from π0 decays whose collimated
diphoton decay can mimick a single photon candidate.

Photon pairs from π0 decay have angular separation

θπ
0

γγ ' mπ0/Eγ ' 2mπ0/Eπ0 . The corresponding separa-
tion on a given ECAL layer is then

∆rπ
0

γγ ' zEcalθ
π0

γγ '
2zEcalmπ0

Eπ0

. (C3)

If the π0 is very energetic, the diphoton separation ∆rπ
0

γγ

is smaller than a single cell size and the object is mostly
misidentified as a single photon candidate of energy Eπ0 .
Viceversa, when a pion is less energetic and the dipho-

ton separation is large, ∆rπ
0

γγ > O(2)∆xcell, two photon
clusters are separately formed and a pion is resolved. In

a regime where 1.8∆xcell > ∆rπ
0

γγ & 0.5xcell, the shower
shape information makes a single energy cluster identified
as a π0, which is called merged π0 [97]. The identification
efficiency using both resolved and merged π0 is O(50%)
for pTπ0 . 10 GeV (Fig. 21 left of Ref. [97]). As shown in
Fig. 5, the final energy thresholds vary depending on the
ECAL layer. For example, in the inner ECAL diphotons
with Eπ0 < 28 GeV corresponding to a large separation

of ∆rπ
0

γγ > 3∆xcell can be reconstructed as resolved π0s,
while the ones with 46 GeV < Eπ0 . 160 GeV could be
seen as merged π0s.

The planned LHCb Bs → γγ analysis uses a photon
energy threshold of ETγ >3.5 GeV which corresponds to
Eγ = 13 (260) GeV at η =2 (5). Comparing with the
threshold determined above for the pions to be detected
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as fake photons, one learns that i) the background to the
current search contains a non-negligible amount of fake
photons; ii) a categorization in η of the data could help
in reducing photon fakes.

Appendix D: Signal Acceptance and Efficiency

In this Appendix we discuss the strategy that we
adopted to estimate the acceptance and efficiency of the
signal. As mentioned in the main text, we eventually
consider a constant value for the product of acceptance
times efficiency on the mass range of interest for this pa-
per. As reference value, we have chosen the one at the
invariant mass of 5 GeV, corresponding to the Bs signal
considered in the LHCb note [37].

In order to estimate the acceptance and efficiency
of the signal at LHCb, we implement the axion
model in FeynRules [48], we generate events with
MadgraphLO v2 6 [46, 47] and shower them with
Pythia 8.1 [98, 99], matching up to 1 extra jets [100]. We
then perform a simple analysis of the resulting samples
using MadAnalysis5 [101]. Note that the signal events
which are inside the acceptance of LHCb contain topolo-
gies where the axion has acquired a significant longitu-
dinal boost, without the need of extra hard radiation.
As a consequence the signal efficiency is essentially not
changed by including extra jets (the minimal ET cuts
of the LHCb selection can be satisfied with just a small
transverse boost). This has to be contrasted with the low
invariant mass searches at ATLAS/CMS where the recoil
of the resonance against the extra jet increases the signal
efficiency of the pT cuts significantly, as it was shown in
Ref. [1].

In Table I we report the acceptance and the efficiency
that we find in the mass range 5 − 15 GeV by following
the selection cuts of refs. [37], that is

A : 2 < η(γ) < 5 (D1)

ε :


ET (γ) > 3.5 GeV,

Eγ1

T + Eγ2

T > 8 GeV

pT (γ1γ2) > 2 GeV

(D2)

We first observe that the value we find for the product
A× ε, though in the same ballpark than the number re-
ported by the LHCb note (see eqn.(16)), differs by around
a factor of 2 on the case of ma = 5 GeV. In order to check
wheter the discrepancy could be caused by detector ef-
fects, we also processed the same samples using Delphes
as fast LHCb detector simulator, but we did not find a
substantial improvement in the agreement.

However, besides the discrepancy on the benchmark of
5 GeV, our simple analysis provides indications on what
could be the expected product of A× ε for the selection
cuts (D2) for different mass values. As one can observe
from Table I, increasing the mass of the axion the accep-
tance generically decreases. This is due to the fact that
a heavier resonance will more likely be produced with
less boost on the longitudinal axis, and hence the result-
ing photons will be less into the forward region which is
covered by the LHCb detector. On the other hand, for
larger values of the axion mass the outgoing photons will
be more energetic and will more likely pass the energy
and pT cuts, hence resulting in an increase in the signal
efficiency. The combination of these two effects result in
a product of acceptance times efficiency which actually
slightly grows along the mass interval 5 − 15 GeV, but
does not changes significantly. This justifies the simpli-
fied choice that we have adopted in the main part of the
paper.

ma[GeV] 5 7 9 11 13 15
A 0.15 0.15 0.14 0.13 0.12 0.12
ε 0.26 0.36 0.46 0.64 0.72 0.81

TABLE I: Acceptance (D1) and efficiency (D2) for the axion
signal in the LHCb anaysis, for different mass values.

[1] A. Mariotti, D. Redigolo, F. Sala, and K. Tobioka, Phys.
Lett. B783, 13 (2018), 1710.01743.

[2] F. Wilczek, Phys. Rev. Lett. 39, 1304 (1977).
[3] M. Freytsis, Z. Ligeti, and J. Thaler, Phys. Rev. D81,

034001 (2010), 0911.5355.
[4] V. A. Rubakov, JETP Lett. 65, 621 (1997), hep-

ph/9703409.
[5] Z. Berezhiani, L. Gianfagna, and M. Giannotti, Phys.

Lett. B500, 286 (2001), hep-ph/0009290.
[6] A. Hook, Phys. Rev. Lett. 114, 141801 (2015),

1411.3325.
[7] H. Fukuda, K. Harigaya, M. Ibe, and T. T. Yanagida,

Phys. Rev. D92, 015021 (2015), 1504.06084.
[8] S. Dimopoulos, A. Hook, J. Huang, and G. Marques-

Tavares, JHEP 11, 052 (2016), 1606.03097.
[9] B. Holdom and M. E. Peskin, Nucl. Phys. B208, 397

(1982).
[10] K. Choi, C. W. Kim, and W. K. Sze, Phys. Rev. Lett.

61, 794 (1988).
[11] B. Holdom, Phys. Lett. 154B, 316 (1985), [Erratum:

Phys. Lett.156B,452(1985)].
[12] M. Dine and N. Seiberg, Nucl. Phys. B273, 109 (1986).
[13] J. M. Flynn and L. Randall, Nucl. Phys. B293, 731

(1987).
[14] K. Choi and H. D. Kim, Phys. Rev. D59, 072001 (1999),

hep-ph/9809286.
[15] P. Agrawal and K. Howe, Submitted to: JHEP (2017),

1710.04213.



12

[16] M. K. Gaillard, M. B. Gavela, R. Houtz, P. Quilez, and
R. Del Rey (2018), 1805.06465.

[17] A. E. Nelson and N. Seiberg, Nucl. Phys. B416, 46
(1994), hep-ph/9309299.

[18] H.-S. Goh and M. Ibe, JHEP 03, 049 (2009), 0810.5773.
[19] B. Bellazzini, A. Mariotti, D. Redigolo, F. Sala,

and J. Serra, Phys. Rev. Lett. 119, 141804 (2017),
1702.02152.

[20] M. Kamionkowski and J. March-Russell, Phys. Lett.
B282, 137 (1992), hep-th/9202003.

[21] R. Holman, S. D. H. Hsu, T. W. Kephart, E. W. Kolb,
R. Watkins, and L. M. Widrow, Phys. Lett. B282, 132
(1992), hep-ph/9203206.

[22] S. M. Barr and D. Seckel, Phys. Rev. D46, 539 (1992).
[23] S. Ghigna, M. Lusignoli, and M. Roncadelli, Phys. Lett.

B283, 278 (1992).
[24] G. Ferretti and D. Karateev, JHEP 03, 077 (2014),

1312.5330.
[25] A. Belyaev, G. Cacciapaglia, H. Cai, T. Flacke,

A. Parolini, and H. Serdio, Phys. Rev. D94, 015004
(2016), 1512.07242.

[26] G. Ferretti, JHEP 06, 107 (2016), 1604.06467.
[27] C. Kilic, T. Okui, and R. Sundrum, JHEP 02, 018

(2010), 0906.0577.
[28] S. Schael et al. (SLD Electroweak Group, DELPHI,

ALEPH, SLD, SLD Heavy Flavour Group, OPAL, LEP
Electroweak Working Group, L3), Phys. Rept. 427, 257
(2006), hep-ex/0509008.

[29] O. Adriani et al. (L3), Phys. Lett. B292, 472 (1992).
[30] J. P. Lees et al. (BaBar), Phys. Rev. Lett. 107, 221803

(2011), 1108.3549.
[31] M. Acciarri et al. (L3), Phys. Lett. B345, 609 (1995).
[32] S. Knapen, T. Lin, H. K. Lou, and T. Melia, Phys. Rev.

Lett. 118, 171801 (2017), 1607.06083.
[33] E. Izaguirre, T. Lin, and B. Shuve, Phys. Rev. Lett.

118, 111802 (2017), 1611.09355.
[34] M. J. Dolan, T. Ferber, C. Hearty, F. Kahlhoefer, and

K. Schmidt-Hoberg, JHEP 12, 094 (2017), 1709.00009.
[35] P. Abreu et al. (DELPHI), Phys. Lett. B327, 386

(1994).
[36] B. Adeva et al. (L3), Phys. Lett. B262, 155 (1991).
[37] S. Benson and A. Puig Navarro, Tech. Rep. LHCb-PUB-

2018-006. CERN-LHCb-PUB-2018-006, CERN, Geneva
(2018), URL https://cds.cern.ch/record/2314368.

[38] J. de Blas, M. Ciuchini, E. Franco, S. Mishima,
M. Pierini, L. Reina, and L. Silvestrini, JHEP 12, 135
(2016), 1608.01509.

[39] M. Aaboud et al. (ATLAS), Nature Phys. 13, 852
(2017), 1702.01625.

[40] A. M. Sirunyan et al. (CMS) (2018), 1810.04602.
[41] K. G. Chetyrkin, B. A. Kniehl, M. Steinhauser, and

W. A. Bardeen, Nucl. Phys. B535, 3 (1998), hep-
ph/9807241.

[42] R. D. Ball, M. Bonvini, S. Forte, S. Marzani, and G. Ri-
dolfi, Nucl. Phys. B874, 746 (2013), 1303.3590.

[43] M. Bonvini, R. D. Ball, S. Forte, S. Marzani, and G. Ri-
dolfi, J. Phys. G41, 095002 (2014), 1404.3204.

[44] M. Bonvini, S. Marzani, C. Muselli, and L. Rottoli,
JHEP 08, 105 (2016), 1603.08000.

[45] T. Ahmed, M. Bonvini, M. C. Kumar, P. Mathews,
N. Rana, V. Ravindran, and L. Rottoli, Eur. Phys. J.
C76, 663 (2016), 1606.00837.

[46] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, and
T. Stelzer, JHEP 06, 128 (2011), 1106.0522.

[47] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Mal-
toni, O. Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli,
and M. Zaro, JHEP 07, 079 (2014), 1405.0301.

[48] A. Alloul, N. D. Christensen, C. Degrande, C. Duhr, and
B. Fuks, Comput. Phys. Commun. 185, 2250 (2014),
1310.1921.

[49] G. Aad et al. (ATLAS), JHEP 01, 086 (2013),
1211.1913.

[50] M. Aaboud et al. (ATLAS), Phys. Rev. D95, 112005
(2017), 1704.03839.

[51] S. Chatrchyan et al. (CMS), Eur. Phys. J. C74, 3129
(2014), 1405.7225.

[52] T. Aaltonen et al. (CDF), Phys. Rev. D84, 052006
(2011), 1106.5131.

[53] E. Masso and R. Toldra, Phys. Rev. D52, 1755 (1995),
hep-ph/9503293.

[54] I. Komarov, in Moriond QCD 2018 (2018), URL
http://moriond.in2p3.fr/QCD/2018/MondayMorning/

Komarov.pdf.
[55] E. Kou et al. (Belle II) (2018), 1808.10567.
[56] S. Knapen, T. Lin, H. K. Lou, and T. Melia, in Pho-

ton 2017: International Conference on the Structure
and the Interactions of the Photon and 22th Inter-
national Workshop on Photon-Photon Collisions and
the International Workshop on High Energy Photon
Colliders CERN, Geneva, Switzerland, May 22-26,
2017 (2017), 1709.07110, URL http://inspirehep.

net/record/1624686/files/arXiv:1709.07110.pdf.
[57] G. Aad et al. (ATLAS), Eur. Phys. J. C76, 210 (2016),

1509.05051.
[58] J. Jaeckel and M. Spannowsky, Phys. Lett. B753, 482

(2016), 1509.00476.
[59] M. Farina, D. Pappadopulo, F. Rompineve, and A. Tesi,

JHEP 01, 095 (2017), 1611.09855.
[60] A. M. Sirunyan et al. (CMS), JHEP 01, 097 (2018),

1710.00159.
[61] R. D. Peccei and H. R. Quinn, Phys. Rev. D16, 1791

(1977).
[62] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440

(1977), [,328(1977)].
[63] S. Weinberg, Phys. Rev. Lett. 40, 223 (1978).
[64] F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).
[65] J. E. Kim, Phys. Rev. Lett. 43, 103 (1979).
[66] M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov,

Nucl. Phys. B166, 493 (1980).
[67] L. Di Luzio, F. Mescia, and E. Nardi, Phys. Rev. Lett.

118, 031801 (2017), 1610.07593.
[68] J. M. Pendlebury et al., Phys. Rev. D92, 092003 (2015),

1509.04411.
[69] M. Pospelov and A. Ritz, Annals Phys. 318, 119 (2005),

hep-ph/0504231.
[70] S. B. Giddings and A. Strominger, Nucl. Phys. B306,

890 (1988).
[71] R. Kallosh, A. D. Linde, D. A. Linde, and L. Susskind,

Phys. Rev. D52, 912 (1995), hep-th/9502069.
[72] G. Grilli di Cortona, E. Hardy, J. Pardo Vega, and

G. Villadoro, JHEP 01, 034 (2016), 1511.02867.
[73] G. G. Raffelt, Stars as laboratories for fundamen-

tal physics (1996), ISBN 9780226702728, URL
http://wwwth.mpp.mpg.de/members/raffelt/

mypapers/199613.pdf.
[74] H. Georgi, D. B. Kaplan, and L. Randall, Phys. Lett.

169B, 73 (1986).
[75] L. Randall, Phys. Lett. B284, 77 (1992).

https://cds.cern.ch/record/2314368
http://moriond.in2p3.fr/QCD/2018/MondayMorning/Komarov.pdf
http://moriond.in2p3.fr/QCD/2018/MondayMorning/Komarov.pdf
http://inspirehep.net/record/1624686/files/arXiv:1709.07110.pdf
http://inspirehep.net/record/1624686/files/arXiv:1709.07110.pdf
http://wwwth.mpp.mpg.de/members/raffelt/mypapers/199613.pdf
http://wwwth.mpp.mpg.de/members/raffelt/mypapers/199613.pdf


13

[76] M. Redi and R. Sato, JHEP 05, 104 (2016), 1602.05427.
[77] L. Di Luzio, E. Nardi, and L. Ubaldi, Phys. Rev. Lett.

119, 011801 (2017), 1704.01122.
[78] M. Duerr, K. Schmidt-Hoberg, and J. Unwin, Phys.

Lett. B780, 553 (2018), 1712.01841.
[79] F. Bishara, J. Brod, B. Grinstein, and J. Zupan, JHEP

11, 059 (2017), 1707.06998.
[80] F. D’Eramo, J. de Vries, and P. Panci, JHEP 05, 089

(2016), 1601.01571.
[81] G. Steigman, B. Dasgupta, and J. F. Beacom, Phys.

Rev. D86, 023506 (2012), 1204.3622.
[82] M. Ackermann et al. (Fermi-LAT), Phys. Rev. Lett.

115, 231301 (2015), 1503.02641.
[83] G. Giesen, M. Boudaud, Y. Gnolini, V. Poulin,

M. Cirelli, P. Salati, and P. D. Serpico, JCAP 1509,
023 (2015), 1504.04276.

[84] H. Abdallah et al. (H.E.S.S.), Phys. Rev. Lett. 117,
111301 (2016), 1607.08142.

[85] B. Bellazzini, M. Cliche, and P. Tanedo, Phys. Rev.
D88, 083506 (2013), 1307.1129.

[86] A. Brignole, F. Feruglio, and F. Zwirner,
Nucl. Phys. B516, 13 (1998), [Erratum: Nucl.
Phys.B555,653(1999)], hep-ph/9711516.

[87] A. Brignole, F. Feruglio, M. L. Mangano, and
F. Zwirner, Nucl. Phys. B526, 136 (1998), [Erratum:
Nucl. Phys.B582,759(2000)], hep-ph/9801329.

[88] F. Maltoni, A. Martini, K. Mawatari, and B. Oexl,
JHEP 04, 021 (2015), 1502.01637.

[89] K. Osato, T. Sekiguchi, M. Shirasaki, A. Kamada, and
N. Yoshida, JCAP 1606, 004 (2016), 1601.07386.

[90] S. Dimopoulos, G. F. Giudice, and A. Pomarol, Phys.
Lett. B389, 37 (1996), hep-ph/9607225.

[91] J. Mardon, Y. Nomura, and J. Thaler, Phys. Rev. D80,
035013 (2009), 0905.3749.

[92] J. Fan, J. Thaler, and L.-T. Wang, JHEP 06, 045
(2010), 1004.0008.

[93] K. A. Intriligator, N. Seiberg, and D. Shih, JHEP 07,
017 (2007), hep-th/0703281.

[94] J. Bagger, E. Poppitz, and L. Randall, Nucl. Phys.
B426, 3 (1994), hep-ph/9405345.

[95] R. Aaij et al. (LHCb), Int. J. Mod. Phys. A30, 1530022
(2015), 1412.6352.

[96] P. Perret (LHCb), PoS TIPP2014, 030 (2014),
1407.4289.

[97] O. Deschamps, F. P. Machefert, M. H. Schune,
G. Pakhlova, and I. Belyaev (2003).

[98] T. Sjostrand, S. Mrenna, and P. Z. Skands, JHEP 05,
026 (2006), hep-ph/0603175.

[99] T. Sjostrand, S. Mrenna, and P. Z. Skands, Comput.
Phys. Commun. 178, 852 (2008), 0710.3820.

[100] J. Alwall et al., Eur. Phys. J. C53, 473 (2008),
0706.2569.

[101] E. Conte, B. Fuks, and G. Serret, Comput. Phys. Com-
mun. 184, 222 (2013), 1206.1599.


	I Introduction
	II Results
	III Physics cases
	IV Diphoton Searches at LHCb
	V Conclusions
	A Acknowledgements

	A More on the Signal
	B m distribution of the 0CV category
	C Details on the LHCb Calorimeter
	D Signal Acceptance and Efficiency
	 References

