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Dijet Diphoton Dilepton 

Resonance search, strong discovery method at collider
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FIG. 4. Observed and expected 95% CL limit on the fiducial cross-section times branching ratio BR(X → γγ) as a function of
mX in the range 65 < mX < 600 GeV. The discontinuity in the limit at mX = 110 GeV (vertical dashed line) is due to the
transition between the low-mass and high-mass analyses. The green and yellow bands show the ±1σ and ±2σ uncertainties on
the expected limit. The inset shows a zoom around the transition point.

a large variety of topologies. The photon selection at
generation level is similar to the selection applied to the
data: two photons with ET > 22 GeV and |η| < 2.37 are
required; for mX greater than 110 GeV, the relative cuts
Eγ1

T /mγγ > 0.4 and Eγ2

T /mγγ > 0.3 are imposed. The
particle isolation, defined as the scalar sum of pT of all
the stable particles (except neutrinos) found within a
∆R = 0.4 cone around the photon direction, is required
to be less than 12 GeV. The CX factor is parameterized
from the ggF(X) samples, and ranges from 0.56 to 0.71
as a function of mX . Systematic uncertainties include
the maximum difference between the CX of the five pro-
duction modes, the effect of the underlying event (U.E.)
and pile-up.

The statistical analysis of the data uses unbinned max-
imum likelihood fits. The DY and H shapes and normal-
izations are allowed to float within the uncertainties. In
the low-mass analysis, a simultaneous fit to the three
conversion categories is performed. Only two excesses
with 2.1σ and 2.2σ local significances above the back-
ground are observed over the full mass range 65–600 GeV,
for mX=201 GeV and mX=530 GeV respectivelly. This
corresponds to a deviation of less than 0.5σ from the
background-only hypothesis. Consequently, a 95% limit
on σfid · BR(X → γγ) is computed using the procedure
of Ref. [1]. The systematic uncertainties listed in Table
II are accounted for by nuisance parameters in the like-
lihood function. In the low-mass analysis, the dominant
uncertainties are the DY normalization and the residual
topology dependence of CX . In the high-mass analysis,
the largest uncertainties arise from the energy resolution
and the theoretical uncertainty on the production rate of
the Standard Model Higgs boson around 126 GeV.

TABLE II. Summary of the systematic uncertainties

Signal and Higgs boson yield Z component of Drell–Yan

Luminosity 2.8% Normalizationb 9–25%
Trigger 0.5% Peak positionb 1.5–3.5%
γ identificationa 1.6–2.7% Template shapeb 1.5–3%
γ isolationa 1–6% Higgs boson background

Energy resolutionab 10–40% Cross-sectionc 9.6%
Signal and Higgs boson peak position Branching ratio 4.8%

Energy scale 0.6% CX factor
Continuum γγ, γj, jj, DY Topologya 3–15%

Signal biasa 1–67 events Pile-up & U. E.a 1.4–3.2%

a mass-dependent.
b category-dependent.
c factorization scale + PDF uncertainties [31].

The observed and expected limits, shown in Fig. 4, are
in good agreement, consistent with the absence of a sig-
nal. The limits on σfid · BR(X → γγ) for an additional
scalar resonance range from 90 fb for mX= 65 GeV to
1 fb for mX= 600 GeV. These results extend over a con-
siderably wider mass range than the previous searches by
the ATLAS and CMS collaborations [1, 35], are comple-
mentary to spin-2 particles searches [36, 37], and are the
first such limits independent of the event topology.

We thank CERN for the very successful operation of
the LHC, as well as the support staff from our institutions
without whom ATLAS could not be operated efficiently.

We acknowledge the support of ANPCyT, Argentina;
YerPhI, Armenia; ARC, Australia; BMWF and FWF,
Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq
and FAPESP, Brazil; NSERC, NRC and CFI, Canada;
CERN; CONICYT, Chile; CAS, MOST and NSFC,
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2. Common belief, low mass resonance is constrained by previous 

colliders or precision measurements
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However, poorly constrained mass range exists

Resonance Searches

50GeV~1GeV

LHC(diphoton, dijet…)Flavor

This talk: 
Constraint such mass range 10-100GeV

using LHC diphoton x-section measurements
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Theory perspective

• R-axion from low-scale SUSY

• New pion from TeV QCD’

• pNGB from composite Higgs

such ALP/pNGB can be the first signal

Axion-like-particle(ALP)  e.g.

pNGB: pseudo Nambu Goldstone bosons 
common among BSM models, mass scale is arbitrary light 5
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FIG. 2: Shaded: LHC8 and LHC13 [38–53], LHCb [54, 55], Babar [56–58] and Belle [59] exclusions. Contours: signal strengths
at the LHC13 and Higgs and Z boson branching ratios. The tiny area in the lower right corner where ma ⇡ 4⇡fa lies beyond
the regime of validity of our e↵ective description.

reduced color anomaly explains the smaller cross-section
from gluon fusion for N

mess

= 0.

In Fig. 2 we summarize the present constraints on the
R-axion in the ma�fa plane as well as the most promis-
ing processes to search for it at future experiments. For
ma & mh/2, the most important bounds come from reso-
nant a production at the LHC. The most distinctive fea-
ture of the R-axion is the large invisible signal strength,
which is enhanced at large ma because of the enhanced
BR into Goldstini (see Fig. 1 and Eq. (2)). As a con-
sequence current monojet searches from 8 and 13 TeV
data [38, 39] constrain the R-axion parameter space. To
draw the monojet exclusions we have determined the ra-
tio of the a and a + jet(s) production cross sections via
a MadGraph [60, 61] simulation, for the di↵erent missing
energy cuts for which the bounds are given in [38, 39]
(we believe this approximation to be su�cient for our
purposes).

At ma > 1.4 TeV, we show how the decay into bino
pairs opens up. Given the light gravitino, the bino
promptly decays to � + G, resulting in a �� + MET fi-
nal state which is constrained by inclusive �� + MET
searches [40]. We translate such searches in a bound
�8TeV

gg!a!�1�1
< 0.3 fb, which results in fa & 6 TeV for

N
mess

= 10 and fa & 3 TeV for N
mess

= 0, because of
the reduced production cross section.

For large anomalies the dominant decay mode is in di-
jets for the full R-axion mass range (we included a con-
stant K-factor of 1.5 [62]). The branching ratio into di-
photons is always around 1/8 (2↵

em

/↵
s

)2 ⇠ 0.1% and the
di-photon resonant searches [41–43] at 8 and 13 TeV dom-

inate the collider phenomenology for ma > 60 GeV 6.
The net result is a lower bound on fa around 10 TeV
over the full mass range for ma & mh/2. Searches
for a resonance decaying into di-jet [44–46], into tt̄ at
8 TeV [47, 48] and into di-tau at 13 TeV [49, 50] give
complementary bounds for ma > 500 GeV, ma > 2mt,
100 GeV . ma < 2mt respectively. Notice that the
R-axion is typically narrow, e.g. �a/ma ⇡ 10�3 for
ma = 1 TeV, fa = 3 TeV and N

mess

= �10.
For small anomalies the LHC constraints are sensibly

weaken by the reduced production cross section and by
the suppressed branching ratio in di-photons. A lower
bound on fa can still be derived from a combination of tt̄,
di-tau and monojet searches. In particular the monojet
searches give the dominant constraints forma & 700 GeV
and are competitive with di-taus searches for ma < 2mt.
For ma . 2mh, the major constraint comes from the

upper bound on BR(h ! untagged) < 32% [51], which
can be translated in a lower bound on fa & 700 GeV.
This bound depends only on the mixing in Eq. (7) and
applies to both cases with N

mess

= 10 and N
mess

= 0.
We also include constraints arising from exclusive Higgs
decays (e.g. h ! aa ! 4µ or h ! aa ! 2⌧2µ) [52, 53].
Finally, LEP constraints [63–68] are not relevant for the
fa considered in this study.
For ma . 9 GeV, stringent constraints on fa come

from Babar searches on ⌥ ! a� with a decaying into

6 We checked that the decays into di-bosons and Z� can be ne-
glected for our choice of the anomalies.

gap

fa

many previous studies for ALPs:

Bellazzini, Mariotti, Redigolo, Sala, Serra(1702.02152)

Kilic, Okui, Sundrum(‘09), Nakai, Sato, KT (’16) …

Bellazzini et al(‘17)

Photonphilic ALP: LEP[Jaeckel, Spannowsky(‘15)] Heavy-ion[Knapen et al(’16)]
Sub 10GeV, ALP-W int. induces FCNC(B->Ka) [Izaguirre, Lin, Shuve(’16)], etc.

ma

Barnard, Gherghetta, Ray(’13), Ferretti(’16)…
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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], by simply imposing that
the NP events are less than the total measured events

plus their uncertainty.
We then show how this conservative procedure sets al-

ready the strongest existing constraint on axion-like par-
ticles (ALPs) with mass between 10 and 65 GeV. We fi-
nally estimate the indicative reaches on the diphoton sig-
nal strengths that could be attainable by proper searches
at the LHC, up to its high luminosity (HL) phase, and
interpret 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) ⇥
U(1)Y . Further couplings of the pNGB with the SM
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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 see, the phenomenology of pNGBs described
by Eq (1) becomes of interest for this study, and more in
general for present colliders, only for fa ⇠ 0.1� 10 TeV.
pNGBs with such a decay constant are ubiquitous in pop-
ular theoretical frameworks addressing the naturalness of
the EW scale, like low-scale Supersymmetry (SUSY) and
Compositeness.1

Supersymmetry (SUSY) and its breaking predict on
general grounds the existence of an R-axion [15], pNGB
of the U(1)R symmetry, potentially accessible at the LHC
if the SUSY scale is su�ciently low [16]. 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 [16]). In compos-
ite Higgs models, attempts of fermionic UV completions
point to the need of non-minimal cosets (see e.g. [17–
19]), which in turn imply the existence of pNGBs lighter
than the new confinement scale. See [20] for recent work
about these pNGBs, and [21] 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 colored states
(also chiral under the U(1)) are added to cancel the
contribution from gluinos and/or tops. 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 pro-
duced in pp collisions at the LHC. For this reason we
believe that our study applies to a wide range of theoret-
ically 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 [22]). Finally, ALPs can exist if Strong
Dynamics is present at some scale [23]. 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

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 with a decay con-
stant fa at the TeV scale are hard to conceive (see however [14]).

in diphotons and dijets, with widths

�gg = Kg
↵2
sc

2
3

8⇡3

m3
a

f2
a

, ��� =
↵2
emc

2
�

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 [24]. 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 invari-
ant mass distributions, possibly in addition with extra
objects depending on the production mechanism. The
relevant searches at di↵erent colliders with at least one
photon in the final state are summarized in Table I, to-
gether with their lowest invariant mass reach. We refer
to [25] for a similar collection of searches involving purely
hadronic final states.
Let us now summarize the relevant searches for low

mass resonances at the LHC:

⇧ Dijet resonances down to 50 GeV have been re-
cently looked for by CMS [37]. In order to over-
come the trigger on the jet pT ’s, CMS requires an
extra energetic jet. Recoiling against the hard jet,
the resonance is boosted and its decay products col-
limated. For this reason advanced jet substructure
techniques were essential to reconstruct the dijet
resonance inside a single “fat” jet [38, 39].

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 ·
✏qq̄HT

✏ggHT

, (3)

where ✏qq̄HT
and ✏ggHT

are the e�ciencies of the cut in
hadronic activity HT > 650 GeV.2 These are esti-
mated from simulations3 of a gg and a qq̄ initiated
scalar signals (including matching up to 2 jets and
detector simulation). We fix the e�ciency ratio in

2 We thank Phil Harris for private communications on [37].
3 We use FeynRules 2.0 [40], MadGraph 5 [41], Pythia 8.1 [42, 43],
DELPHES 3 [44] and MadAnalysis 5 [45]. The MLM matching
[46] is performed to include matrix element correction to ISRs.

Broad class of models 

• Narrow resonance, 
• production@LHC is gluon fusion,
• decay to dijet or diphoton due to kinematics (ma<mZ)
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FIG. 1. A new scalar � is produced by gluon fusion and decays
into two photons. In our model, the e↵ective interactions are
from the chiral anomaly.

the combination of the parameters ⇤�/k� must be around
100 GeV. Since the scalar mass is m� ' 750GeV, it
is suggested that the dimensionless constant k� is much
larger than one. That is, we need some strong dynamics
to explain the reported diphoton excess. Alternatively,
we can consider a scenario in which � is produced by
quark anti-quark fusion via e.g., (1/⇤)qLqcRH�. How-
ever, basically the discussion is parallel and we need a
large e↵ective coupling k�/⇤� ⇠ (100 GeV)�1.

In this paper, motivated by the reported event excess,
we explore a possibility of a new QCD-like theory to ap-
pear at the TeV scale. The e↵ective theory after confine-
ment contains pseudo-Nambu-Goldstone (pNG) bosons
of an approximate chiral symmetry. We discuss LHC
phenomenology of these pNG bosons. The lightest pNG
boson is produced by gluon fusion and decays into a pair
of the SM gauge bosons as in Fig. 1, which explains the
reported excess. Importantly, despite the strong dynam-
ics, the production cross section and the decay widths
are determined by the ’t Hooft’s anomaly matching con-
dition like ⇡0 ! �� in the ordinary QCD. The excess
can be explained by the pNG boson with mass of around
750 GeV. Unlike most cases, the lightest pNG boson
produced by gluons has a photon-enriched signal as the
second dominant decay. As discussed in the technicolor
models [16, 17], the model also predicts exotic hadrons
such as color octet and triplet scalars and baryons some
of which are within the reach of the LHC experiment.

The rest of the paper is organized as follows. In sec-
tion 2, we present a model with a new confining gauge
interaction. The masses of the pNG bosons and their ef-
fective interactions with the SM gauge bosons after con-
finement are analyzed. In section 3, we discuss collider
phenomenology of the lightest pNG boson and explain
the reported event excess. In section 4, phenomenology
of exotic hadrons such as color octet and triplet scalars
and baryons is described. We make some concluding re-
marks in section 5.

II. A NEW QCD

Let us consider an asymptotically free SU(N) gauge
theory with new Weyl fermions,  ,  ̄ (color triplets) and
�, �̄ (color singlets), which are (anti-)fundamental under
the SU(N). Their charge assignments are summarized
in Table I. The new fermions have vector-like masses,

L � �M   ̄ �M���̄ , (5)

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

 3 1 �1/3 N

� 1 1 1 N

 ̄ 3̄ 1 1/3 N̄

�̄ 1 1 �1 N̄

TABLE I. The charge assignments of the new fermions.

where M and M� are mass scales of around 100GeV.
When we neglect the SU(3)C and U(1)Y gauge couplings
and the mass scales M , M�, the theory has a global
SU(4)L ⇥ SU(4)R ⇥ U(1)B ⇥ U(1)A symmetry where
U(1)B is the baryon number symmetry and U(1)A is
anomalous under the SU(N) gauge interaction.

The considered SU(N) gauge theory is asymptotic free
and confines at low energies. As in the case of the ordi-
nary QCD, the new fermions condense,

h  ̄i ⇠ 4⇡p
N

f3
S 1, h��̄i ⇠ 4⇡p

N
f3
S , (6)

where fS is the decay constant and we have used naive
dimensional analysis (NDA) for counting the factors of 4⇡
and N (see e.g., Ref. [18, 19]). Then, the approximate
SU(4)L ⇥ SU(4)R global symmetry is broken down to
the diagonal subgroup SU(4)V , in which the SM SU(3)C
and U(1)Y gauge groups are embedded.2 Associated with
the chiral symmetry breaking, there are 15 pNG bosons
as light degrees of freedom and they behave under the
SU(3)C as 15 ! 8+3+3̄+1. In the following discussion,
we denote the SU(3)C octet, triplet and singlet pNG
bosons as �8, �3 and � respectively.

A. The masses of the pNG bosons

We now estimate the masses of the pNG bosons by
using chiral perturbation theory (for a review, see [23]).
The dependence on the mass parameters M , M� is de-
termined by group theory, while the squared masses of
the pNG bosons are also proportional to an undetermined
mass scale of order one in the unit of the dynamical scale
⇤S . Then, we estimate the squared mass of the singlet
pNG boson by scaling up the formula for the QCD pion

2 If we took M = M� = 0 and the hypercharges of the new
fermions as zero, the Lagrangian would be the same as that of the
Kim’s composite axion model [20]. The authors of Refs. [21, 22]
considered similar models where matter fermions have di↵erent
representations of the SM gauge groups. In their models, the
decays of the pNG bosons lead to WW,ZZ rich signals.

a
Take                           for benchmarkc1 = c2 = c3 = 10
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Existing constraints for ma<100GeV

Boosted dijet(Z’)+ISR [50,300]GeV
j

ISRs

j

3

Experiment Process Lumi
p
s low mass reach ref.

LEPI e+e� ! Z ! �a ! �jj 12 pb�1 Z-pole 10 GeV [26]
LEPI e+e� ! Z ! �a ! ��� 78 pb�1 Z-pole 5 GeV [27]
LEPII e+e� ! Z⇤, �⇤ ! �a ! �jj 9.7,10.1,47.7 pb�1 161,172,183 GeV 60 GeV [28]
LEPII e+e� ! Z⇤, �⇤ ! �a ! ��� 9.7,10.1,47.7 pb�1 161,172,183 GeV 60 GeV [28, 29]
LEPII e+e� ! Z⇤, �⇤ ! Za ! jj�� 9.7,10.1,47.7 pb�1 161,172,183 GeV 60 GeV [28]

D0/CDF pp̄ ! a ! �� 7/8.2 fb�1 1.96 TeV 100 GeV [30]
ATLAS pp ! a ! �� 20.3 fb�1 8 TeV 65 GeV [31]
CMS pp ! a ! �� 19.7 fb�1 8 TeV 80 GeV [32]
CMS pp ! a ! �� 19.7 fb�1 8 TeV 150 GeV [33]
CMS pp ! a ! �� 35.9 fb�1 13 TeV 70 GeV [34]

D0 (���) pp̄ ! a ! �� 4.2 fb�1 1.96 TeV pT1 ,T2 > 21 , 20 GeV [35]
CDF (���) pp̄ ! a ! �� 5.36 fb�1 1.96 TeV pT1 ,T2 > 17 , 15 GeV [36]
ATLAS pp ! a ! �� 4.9 fb�1 7 TeV pT1 ,T2 > 25 , 22 GeV [8]
ATLAS pp ! a ! �� 20.2 fb�1 8 TeV pT1 ,T2 > 40 , 30 GeV [9]
CMS pp ! a ! �� 5.0 fb�1 7 TeV pT1 ,T2 > 40 , 25 GeV [10]

TABLE I: Summary of the relevant searches involving at least a photon in the final state at di↵erent colliders, and lowest value
of invariant mass that they reach. On the lower part of the Table we summarize instead the available diphoton cross section
measurements, and the minimal pT cuts on the leading and subleading photon.

(3) to 1
13 , which is roughly the value that we find

for ma = 120 GeV.

⇧ Existing diphoton searches are inclusive and extend
to a lower invariant mass of 65 GeV [31–34], where
the two photons satisfy standard isolation and iden-
tification requirements.

The ATLAS diphoton search at 8 TeV [31] is the
one extending down to 65 GeV. The bound is given
in term of the diphoton “fiducial” cross-section
�fid = �th · ✏S/CX . CX is a model independent
number that we take from [31] and encodes the de-
tector acceptance once the kinematical cuts are al-
ready imposed (CX ' 0.6 in the mass range of our
interest).4 To extract the e�ciency ✏S we simulated
the signal for the ALP model in Eq. (1) accounting
for all the cuts of [31].

The CMS searches at 8 and 13 TeV [32, 34] provide
the bound on the theoretical signal strength for a
resonance with the same couplings of the SM Higgs
but lighter mass. Since gluon fusion is the domi-
nant production mechanism for a SM Higgs in the
low mass range [47], we take the CMS result as a
bound on the theoretical diphoton signal strength
of our ALP.

IV. NEW BOUND AND LHC SENSITIVITIES
FROM �� CROSS-SECTION MEASUREMENTS

a. New bound from measurements. The papers [8–
10] provide tables of the measured di↵erential diphoton

4 We thank Liron Barak for private communications on [31].

cross sections per invariant mass bin, d���/dm�� , to-
gether with their relative statistical (�stat) and systemat-
ical (�sys) uncertainties. We derive a conservative bound
on the theoretical signal strength �th

�� of a diphoton res-
onance by imposing

�th
��(ma) .


mBin

�� · d���

dm��
(1 + 2�tot)

�
· 1

✏S(ma)
, (4)

where �tot =
q

�2
sys +�2

stat, m
Bin
�� is the size of the bin

containing ma, and ✏S is the signal e�ciency accounting
for the kinematical and the isolation cuts of the photons.
We stress that, for very light mass values, a NP reso-
nance can pass the cuts on the photon pT ’s by recoiling
against a jet, which is not vetoed since the cross section
measurements are inclusive.
At a given center of mass energy s, we derive ✏S as

✏S(ma) =
�MCcuts
�� (ma, s)

C �LO
�� (ma, s)

. (5)

�LO
�� (ma, s) is the LO gluon fusion cross section, derived

using the gluon pdf from [48], multiplied by the LO
branching ratio into �� computed from Eq (1), see Ap-
pendix A for more details. We also compute a total “sim-
ulated” diphoton signal strength �MCtot

�� , which includes
matching up to 2 jets, by a Monte Carlo (MC) simulation
of the signal for the ALP model in Eq (1). We find that
�LO
�� reproduces up to a constant factor C the shape of

�MCtot
�� for m�� & 60 GeV (i.e. su�ciently far from the

sum of the minimal detector pT cuts on the photons).
A constant factor C = �MCtot

�� /�LO
�� ' 0.85 is hence in-

cluded in Eq (5). The signal strength after cuts �MCcuts
�� is

obtained by the MC simulations imposing on the events
samples the relevant cuts for each of the experimental
search.
To validate our procedure with a measured quantity,

we simulate the SM diphoton background and verify that
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Figure 7: The 95% CL upper limits on the Z0 boson production cross section compared to the-
oretical cross sections (left) and on the quark coupling gq0 as a function of resonance mass for
a leptophobic Z0 resonance that only couples to quarks (right). The observed limits (solid),
expected limits (dashed) and their variation at the 1 and 2 standard deviation levels (shaded
bands) are shown. Limits from other relevant searches and an indirect constraint on a potential
Z0 signal from the SM Z boson width [72] are also shown.

quark coupling gq = 0.25 and a DM coupling gDM = 1.0. The difference in limits between axial-
vector and vector mediator couplings is small and thus only constraints for the latter coupling
scenario are shown. The excluded range of mediator mass (red) is between 50 and 300 GeV.
The upper bound decreases to 240 GeV when mMed > 2mDM, because the branching fraction
(BR) to qq decreases as the BR to DM becomes kinematically favorable. If mMed < 2mDM, the
mediator cannot decay to DM particles and the dijet cross section from the mediator model
becomes identical to that in the leptophobic Z0 model, meaning that the limits on the mediator
mass in Fig. 8 are identical to the limits on the Z0 mass with a coupling gq0 = gq = 0.25. For
axial-vector mediators, the excluded values of mediator mass are expected to be identical to the
excluded values in Fig. 8 when mDM > mMed/2 or mDM = 0, with differences only expected
in the transition region mMed ' 2mDM. Additional limits (blue) in Fig. 8 come from traditional
dijet searches [35].

7 Summary

A search for a vector resonance (Z0) decaying into a quark-antiquark pair and reconstructed
as a single jet has been presented, using a data set comprising proton-proton collisions atp

s = 13 TeV, corresponding to an integrated luminosity of 35.9 fb�1. Novel substructure tech-
niques are employed to identify a jet containing a Z0 boson candidate over a smoothly falling
soft-drop jet mass distribution in data. No significant excess above the SM prediction is ob-
served, and 95% confidence level upper limits are set on the Z0 boson coupling to quarks, gq0 ,
as a function of the Z0 boson mass. Coupling values of gq0 > 0.25 are excluded over the Z0 mass
range from 50 to 300 GeV, with strong constraints for masses less than 200 GeV. The results
obtained for masses from 50 to 100 GeV represent the first direct limits to be published in this
range. Limits are set on a simplified model of dark matter mediators that only couple to quarks
and dark matter particles, excluding vector mediators with masses between 50 and 300 GeV,
and using a universal quark coupling gq = 0.25 and a dark matter coupling gDM = 1.0.

Z’
CMS [arXiv:1710.00159]

http://arxiv.org/abs/1710.00159
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the first (last) bin of aT and �⇤⌘ (����) and therefore are not shown (see text).
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Experiment Process Lumi
p
s low mass reach ref.

LEPI e+e� ! Z ! �a ! �jj 12 pb�1 Z-pole 10 GeV [26]
LEPI e+e� ! Z ! �a ! ��� 78 pb�1 Z-pole 5 GeV [27]
LEPII e+e� ! Z⇤, �⇤ ! �a ! �jj 9.7,10.1,47.7 pb�1 161,172,183 GeV 60 GeV [28]
LEPII e+e� ! Z⇤, �⇤ ! �a ! ��� 9.7,10.1,47.7 pb�1 161,172,183 GeV 60 GeV [28, 29]
LEPII e+e� ! Z⇤, �⇤ ! Za ! jj�� 9.7,10.1,47.7 pb�1 161,172,183 GeV 60 GeV [28]

D0/CDF pp̄ ! a ! �� 7/8.2 fb�1 1.96 TeV 100 GeV [30]
ATLAS pp ! a ! �� 20.3 fb�1 8 TeV 65 GeV [31]
CMS pp ! a ! �� 19.7 fb�1 8 TeV 80 GeV [32]
CMS pp ! a ! �� 19.7 fb�1 8 TeV 150 GeV [33]
CMS pp ! a ! �� 35.9 fb�1 13 TeV 70 GeV [34]

D0 (���) pp̄ ! a ! �� 4.2 fb�1 1.96 TeV pT1 ,T2 > 21 , 20 GeV [35]
CDF (���) pp̄ ! a ! �� 5.36 fb�1 1.96 TeV pT1 ,T2 > 17 , 15 GeV [36]
ATLAS pp ! a ! �� 4.9 fb�1 7 TeV pT1 ,T2 > 25 , 22 GeV [8]
ATLAS pp ! a ! �� 20.2 fb�1 8 TeV pT1 ,T2 > 40 , 30 GeV [9]
CMS pp ! a ! �� 5.0 fb�1 7 TeV pT1 ,T2 > 40 , 25 GeV [10]

TABLE I: Summary of the relevant searches involving at least a photon in the final state at di↵erent colliders, and lowest value
of invariant mass that they reach. On the lower part of the Table we summarize instead the available diphoton cross section
measurements, and the minimal pT cuts on the leading and subleading photon.

(3) to 1
13 , which is roughly the value that we find

for ma = 120 GeV.

⇧ Existing diphoton searches are inclusive and extend
to a lower invariant mass of 65 GeV [31–34], where
the two photons satisfy standard isolation and iden-
tification requirements.

The ATLAS diphoton search at 8 TeV [31] is the
one extending down to 65 GeV. The bound is given
in term of the diphoton “fiducial” cross-section
�fid = �th · ✏S/CX . CX is a model independent
number that we take from [31] and encodes the de-
tector acceptance once the kinematical cuts are al-
ready imposed (CX ' 0.6 in the mass range of our
interest).4 To extract the e�ciency ✏S we simulated
the signal for the ALP model in Eq. (1) accounting
for all the cuts of [31].

The CMS searches at 8 and 13 TeV [32, 34] provide
the bound on the theoretical signal strength for a
resonance with the same couplings of the SM Higgs
but lighter mass. Since gluon fusion is the domi-
nant production mechanism for a SM Higgs in the
low mass range [47], we take the CMS result as a
bound on the theoretical diphoton signal strength
of our ALP.

IV. NEW BOUND AND LHC SENSITIVITIES
FROM �� CROSS-SECTION MEASUREMENTS

a. New bound from measurements. The papers [8–
10] provide tables of the measured di↵erential diphoton

4 We thank Liron Barak for private communications on [31].

cross sections per invariant mass bin, d���/dm�� , to-
gether with their relative statistical (�stat) and systemat-
ical (�sys) uncertainties. We derive a conservative bound
on the theoretical signal strength �th

�� of a diphoton res-
onance by imposing

�th
��(ma) .


mBin

�� · d���

dm��
(1 + 2�tot)

�
· 1

✏S(ma)
, (4)

where �tot =
q

�2
sys +�2

stat, m
Bin
�� is the size of the bin

containing ma, and ✏S is the signal e�ciency accounting
for the kinematical and the isolation cuts of the photons.
We stress that, for very light mass values, a NP reso-
nance can pass the cuts on the photon pT ’s by recoiling
against a jet, which is not vetoed since the cross section
measurements are inclusive.
At a given center of mass energy s, we derive ✏S as

✏S(ma) =
�MCcuts
�� (ma, s)

C �LO
�� (ma, s)

. (5)

�LO
�� (ma, s) is the LO gluon fusion cross section, derived

using the gluon pdf from [48], multiplied by the LO
branching ratio into �� computed from Eq (1), see Ap-
pendix A for more details. We also compute a total “sim-
ulated” diphoton signal strength �MCtot

�� , which includes
matching up to 2 jets, by a Monte Carlo (MC) simulation
of the signal for the ALP model in Eq (1). We find that
�LO
�� reproduces up to a constant factor C the shape of

�MCtot
�� for m�� & 60 GeV (i.e. su�ciently far from the

sum of the minimal detector pT cuts on the photons).
A constant factor C = �MCtot

�� /�LO
�� ' 0.85 is hence in-

cluded in Eq (5). The signal strength after cuts �MCcuts
�� is

obtained by the MC simulations imposing on the events
samples the relevant cuts for each of the experimental
search.
To validate our procedure with a measured quantity,

we simulate the SM diphoton background and verify that
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a better control on the MC modelling might be neces-
sary (see [50] for a discussion of the challenges of back-
ground modelling in the context of high mass diphoton
resonances).

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 [31], 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 [37]. The hard jet requirement would raise the
pT of the resonance recoiling against it, collimating the
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 [51, 52] and it would
be interesting to study if substructure techniques similar
to those used in [37] 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. [53]) and the challenge of recording, stor-
ing, and processing so many events.7 One might handle

6 We checked further di↵erences between Ref. [31] 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%.

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

FIG. 2: Shaded: constraints on the ALP parameter space
from existing collider searches at LEP [26] and the LHC [31,
32, 34, 37] (see text for our rescaling of the CMS dijet
bound [37]), 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 high data-rate and long-term storage challenge with
the data scouting/Trigger-object Level Analysis meth-
ods [54–58] 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 [58, 59], with prescaled triggers, and/or setting
aside these data for processing and analysis later [54, 60]
(data parking/delayed stream). Such techniques have al-
ready been used in searches for dijet signals [55–57, 60],
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� = 3.3 [24, 61] (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 and LEP constrain the ALP decay constant fa for
a given value of the ALP mass ma. We fix for reference

~13.8GeV

boosted at rest

p p

8

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

TABLE II: Signal e�ciencies for the 7 TeV and 8 TeV cross-section measurements [8–10] for a resonance produced in gluon
fusion.
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FIG. 3: Left: diphoton background shapes from our MC simulation (solid red) and from ATLAS cross section measurements
(light blue) at 7 TeV. Right: Total signal strengths from our MC simulation with minimal cuts (solid lines), compared with
the LO theoretical signal strengths (dashed lines). See text for more details.

that, in the ma region where these cuts are not e↵ective,
�LO
�� reproduces extremely well the ma shape of �MCtot

��

upon rescaling it with a constant factor C ' 0.85.
The e�ciencies for our signal are finally presented in

Table II as a function of the resonance mass.

Appendix C: Rebinning

The ATLAS and CMS ECAL energy resolutions are
extracted from [49] and [44], and read

ATLAS:
�E�

E�
= 10% ·

✓
GeV

E�

◆1/2

CMS:
�E�

E�
= 7% ·

✓
GeV

E�

◆1/2

They can be related to the smearing of the diphoton in-
variant mass, whose 2� uncertainty (m�� ± 2�m��) is
estimated to be

�m�� ⇡ 1p
2
m�� · �E�

E�
. (C1)

For ma > E�1 + E�2 we can neglect any possible boost
coming from extra radiation and the invariant mass is

well approximated by the mass of the resonance m�� ⇡
ma. As a cross-check of Eq (C1), we apply it to the
125 GeV Higgs with E� = m��/2 and get a Gaussian
smearing of �m�� = 1.12 (0.78) GeV for ATLAS (CMS),
which roughly agrees with the one in the ATLAS [6]
(CMS [7]) analysis: �m�� ⇡ 1.6 (0.75) GeV. Also the
mass dependence of the smearing provided by ATLAS
in [31] is reproduced by Eq (C1). For ma < E�1 + E�2 ,
the trigger threshold on the two photons energies sets the
lower limit on the bin size which is ⇡ 2.7 GeV for the 7
TeV ATLAS analysis, ⇡ 3.3 GeV for the 8 TeV ATLAS
analysis and ⇡ 3.2 GeV for the 7 TeV CMS analysis.

Appendix D: 7 TeV data & projections at 14 TeV

For completeness we present here our results based on
ATLAS and CMS 7 TeV data [8, 10] and our projections
at LHC14 and HL-LHC. The conservative bound at 7
TeV derived from Eq. (4) is shown in the left panel of
Fig. 4, and it extends to a lower invariant mass with re-
spect to one based on 8 TeV data in Fig. 1. This can
be explained by Eq. (8) and by noticing that the AT-
LAS measurement at 7 TeV has the lowest minimal pT
cuts on the two photons (see Table I). In Fig. 4 left we
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which roughly agrees with the one in the ATLAS [6]
(CMS [7]) analysis: �m�� ⇡ 1.6 (0.75) GeV. Also the
mass dependence of the smearing provided by ATLAS
in [31] is reproduced by Eq (C1). For ma < E�1 + E�2 ,
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For completeness we present here our results based on
ATLAS and CMS 7 TeV data [8, 10] and our projections
at LHC14 and HL-LHC. The conservative bound at 7
TeV derived from Eq. (4) is shown in the left panel of
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spect to one based on 8 TeV data in Fig. 1. This can
be explained by Eq. (8) and by noticing that the AT-
LAS measurement at 7 TeV has the lowest minimal pT
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mγγ

Diphoton x-section measurements
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Bound from Diphoton x-section measurement

1.Conservative bound

data=signal

Nbin+2ΔNbin >Sa

2. Sensitivity(reach)

assume data=SMγγ
2ΔNbin >Sa

 3. Narrow given bin(~10GeV)
 to mass resolution(~3GeV)

2ΔNresolution >Sa

mγγ

SMγγ

N

rescale error by √N

Δmresolution

signal

For this measurement, signal is SMγγ…
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Bound/sensitivity on cross section
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ALP parameter space
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LHC>>LEP! And, fa<TeV can be covered.
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Summary and Prospects

pNGB/ALP of 1-50GeV was poorly constrained
10-100GeV can be covered by x-sec measurement
Conservative bound is already strongest. Sensitivity 
with current data can be x10 better(in x-section). 
Encourage ATLAS&CMS!

Challenge is 1-10GeV

• Lower pT or ΔR cut. Use trigger level analysis, or 
data parking  (record fraction of data)

• Substructure technique. Extend boosted dijet+ISR 
analysis to low mass. Boosted diphoton+ISR is 
interesting direction
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ALPS landscape

pic from http://us.france.fr/en/discover/alps-0

MeV
10GeVGeV TeV

keVeV
meV

100GeV
…

http://us.france.fr/en/discover/alps-0
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14TeV Projection from 7TeV and 8TeV
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Validation of our MC 8

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

TABLE II: Signal e�ciencies for the 7 TeV and 8 TeV cross-section measurements [8–10] for a resonance produced in gluon
fusion.
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FIG. 3: Left: diphoton background shapes from our MC simulation (solid red) and from ATLAS cross section measurements
(light blue) at 7 TeV. Right: Total signal strengths from our MC simulation with minimal cuts (solid lines), compared with
the LO theoretical signal strengths (dashed lines). See text for more details.

that, in the ma region where these cuts are not e↵ective,
�LO
�� reproduces extremely well the ma shape of �MCtot

��

upon rescaling it with a constant factor C ' 0.85.
The e�ciencies for our signal are finally presented in

Table II as a function of the resonance mass.

Appendix C: Rebinning

The ATLAS and CMS ECAL energy resolutions are
extracted from [49] and [44], and read

ATLAS:
�E�

E�
= 10% ·

✓
GeV

E�

◆1/2

CMS:
�E�

E�
= 7% ·

✓
GeV

E�

◆1/2

They can be related to the smearing of the diphoton in-
variant mass, whose 2� uncertainty (m�� ± 2�m��) is
estimated to be

�m�� ⇡ 1p
2
m�� · �E�

E�
. (C1)

For ma > E�1 + E�2 we can neglect any possible boost
coming from extra radiation and the invariant mass is

well approximated by the mass of the resonance m�� ⇡
ma. As a cross-check of Eq (C1), we apply it to the
125 GeV Higgs with E� = m��/2 and get a Gaussian
smearing of �m�� = 1.12 (0.78) GeV for ATLAS (CMS),
which roughly agrees with the one in the ATLAS [6]
(CMS [7]) analysis: �m�� ⇡ 1.6 (0.75) GeV. Also the
mass dependence of the smearing provided by ATLAS
in [31] is reproduced by Eq (C1). For ma < E�1 + E�2 ,
the trigger threshold on the two photons energies sets the
lower limit on the bin size which is ⇡ 2.7 GeV for the 7
TeV ATLAS analysis, ⇡ 3.3 GeV for the 8 TeV ATLAS
analysis and ⇡ 3.2 GeV for the 7 TeV CMS analysis.

Appendix D: 7 TeV data & projections at 14 TeV

For completeness we present here our results based on
ATLAS and CMS 7 TeV data [8, 10] and our projections
at LHC14 and HL-LHC. The conservative bound at 7
TeV derived from Eq. (4) is shown in the left panel of
Fig. 4, and it extends to a lower invariant mass with re-
spect to one based on 8 TeV data in Fig. 1. This can
be explained by Eq. (8) and by noticing that the AT-
LAS measurement at 7 TeV has the lowest minimal pT
cuts on the two photons (see Table I). In Fig. 4 left we


