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Photon-jet events as a probe of axionlike particles at the LHC
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Axionlike particles (ALPs) are predicted by many extensions of the Standard Model. When ALP mass
lies in the range of MeV-GeV, the cosmology and astrophysics will be largely irrelevant. In this work, we
investigate such light ALPs through the ALP-strahlung process pp — Va(—yy) at the 14 TeV LHC with
an integrated luminosity of 3000 fb~!' (high-luminosity LHC). With the photon-jet algorithm, we
demonstrate that our approach can probe the mass range of ALPs, which has been inaccessible in
previous LHC experiments. The obtained result can surpass the existing limits on ALP-photon coupling in

the ALP mass range from 0.3 to 10 GeV.
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I. INTRODUCTION

Searching for new particles is one of the crucial tasks in
the LHC experiment. Light pseudo-scalars, such as axion-
like particles (ALPs), are theoretically well motivated.
They generically appear in models with the spontaneous
breaking of a global symmetry [1-4] or in the compacti-
fications of string theory [5-7]. Additionally, ALPs may
have connections with electroweak phase transition [8] and
play a key role in solving the hierarchy problem [9].

In general, the ALP masses and couplings to Standard
Model (SM) particles are independent parameters. When
ALP masses are below the MeV scale, they are already
subject to many constraints from cosmological and astro-
physical observations [10,11]. Additionally, such light ALPs
can serve as cold dark matter [12—-14] and be explored by
various astrophysical and terrestrial anomalies [15-18].
While for ALPs in the mass range of MeV-GeV, the above
cosmological and astrophysical bounds will vanish.
However, ALPs can have sizable contributions to low-energy
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observables in particle physics. Recently, many works have
been devoted to searching for ALPs in intensity frontiers
[19-23].

On the other hand, the ALPs can be directly produced
at high-energy colliders [24-32]. A considerable region
of parameter space of ALPs has been constrained by the
Large Electron-Positron Collider (LEP) and LHC data. For
instance, ALPs can be searched for from the processes
ete” — ya(—yy) and Z — ay at LEP [33]. The nonreso-
nant production process of ALPs, such as pp — ZZ, has
been proposed at the LHC [34]. The rare decays of Higgs
boson h — Za(—yy) and h — a(—yy)a(—yy) have been
proposed to probe the ALP coupling to the photon in terms
of the ALP mass on a future complete LHC run-3 dataset in
the future [35].

However, current LHC analyses are sensitive to the
ALPs in the parameter region m, 2 10 GeV. When ALPs
become light, they can be highly boosted, and thus the two
photons from the ALP decay are recognized as one object
in the detector. This will lead to an interesting signature
“photon jet” at the LHC. In this work, we will use jet
substructure variables to analyze these photon-jet events
from the decay of ALPs, as the method proposed in
Refs. [36,37]. We will focus on ALPs that only couple
to the electroweak vector bosons with a mass in the MeV—
GeV range. Such light electroweak ALPs have obtained an
increasing amount of interest due to current collider data.
In this work, there is no ALP-gluon coupling so that the
dominant production channel of electroweak ALPs at the
LHC is the ALP-strahlung process pp — Va, where
V=W, Z (see Fig. 1). We find that our proposal can
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FIG. 1. Feynman diagrams of ALP-strahlung process pp —
Va(— yy) at the LHC, where V = W, Z.

extend the LHC sensitivity to parameter space unreachable
in previous studies.

II. MODEL AND PHOTON JET

The relevant effective interactions of ALP with electro-
weak gauge bosons up to dimension five is given by [28]

Ce (3”a)(a Cl) —lm a — CBB?B B”D

2
a . o~
_CWW‘f_WLZ/WﬂDJ9 (1)

where the ALP field is denoted by a, and the field strengths
for the SM gauge groups are denoted as V,,=9,V,-09,V,
and \7 €upsV??. The W, and B, are field strengths for
SU(Z)L and U(l)y, respectlvely. Both Cyy and Cpgp
contribute to the interaction of the ALP with two photons.
The dimensionful coupling g,,,, gaww» Gazz» and g,,, are
given by

Gayy = 7 (CBB cos 62, + Cyy sin0%,), (2)
4
Gaww = f_ Cww, (3)
4 s 2
Gazz = - (Cpp sin Oy, + Cyy cos Oy,), (4)
Yayz = f—sinQW c0s Oy (Cyw — Cgp), (5)

where 6y, is the Weinberg angle. For simplicity, we
set Cyw = Cpp in our study. We consider two ALP-
strahlung processes pp — W*(—=¢*v)a(—yy) and pp —
Z(—»¢"¢")a(—yy) as our signals. The dominant SM
background processes include Vy, Vj, and QCD dijets.
In the LHC experiment, when m, 2 10 GeV, the two
photons from ALP decay can be separated enough and
identified as 2y events. On the other hand, if ALP mass is
lighter than a few hundred MeV, those photons are highly
collimated so that they will be detected as single photon
events. While between these two mass limits, the two

photons will be seen like a photon jet. In this case, we can
use jet substructure techniques to discriminate photon jets
from single photons and QCD jets [36—41].

We implement the Lagrangian of Eq. (1) in FEYNRULES
[42] to generate the corresponding UFO model file. We use
MADGRAPH5_AMC@NLO [43] to calculate the production
cross sections and generate the signal and background
events. Then the parton level events are showered and
hadronized by PYTHIAS [44]. The detector simulation is
performed by DELPHES [45]. FASTIET [46] is used for
jet clustering. The electron and muon identification
efficiencies are taken as default values. Based on the
energy-flow algorithm [47], we cluster EflowPhotons,
EflowNeutralHadrons, and ChargedHadrons into jets by
using the anti-k, algorithm [48] with R; = 0.4. Only the
leading jet with p; > 50 GeV for each event is retained for
further analysis. Then we recluster the rest of the energy
deposits in each jet using the &, algorithm [49,50], which
determines a recombination tree for the jets. In addition, we
also consider the pileup interaction effect. The low-Q? soft
QCD npileup events are generated by PYTHIAS and then
simulated by DELPHES. We take the default parametrization
in the Compact Muon Solenoid (CMS) card to distribute the
minimum-bias pileup events and hard scattering events in
time and z positions. The average amount of pileup events per
bunch crossing is considered to be 40. In addition, it should
be noted that the calibration of the jet energy scale is one of
the main uncertainties in the jet analysis at the LHC. Since the
traditional photon isolation criterion is not used, the new
method of calibrating the photon-jet energy scale based on a
full simulation of detector and real data is needed. This is
challenging for a phenomenological study and is beyond the
scope of our work.

To discriminate the signal events from the SM
backgrounds, we use jet substructure algorithm to select
our photon-jet events. We generate pp — Z(—ub)a,
pp — Z(—vp)j, and pp — Z(—wp)y as the training sam-
ples of photon jet, QCD jet, and single photon events,
respectively. According to Refs. [36,37], the following
variables are used in our substructure analysis:

(1) The hadronic energy fraction of a jet 8, is defined as the
energy fraction carried by a jet’s constituents that belong to
the hadronic calorimeter, including the EflowNeutralHadrons
and ChargedHadrons in the energy-flow algorithm,

0, :EL<ZE ' ZE) ©)

where E} is the total energy of the leading jet, and E; and E;

are the energy of the ith EflowNeutralHadron and the energy
of the jth ChargedHadron, respectively, that are constituents
of the jet. Because of isospin symmetry, a QCD jet typically
contains about 2/3 charged pions and 1/3 neutral pions,
which will decay to a pair of photons. Thus we expect to have
apeakatf; ~2/3 (log8; ~ —0.2) for QCD jets. On the other
hand, most of the energy of single photons and photon jets are
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deposited in the electromagnetic calorimeter. So the log 6,
of them are much smaller than that of QCD jets. In Fig. 2,
we show the distribution of log#; for QCD jets, single
photons, and photon jets in our simulation data.

(2) The number of charged tracks in a jet N, means the
number of charged particles inside a jet. We calculate
the angular distance AR between the leading jet and all the
tracks with py > 2 GeV. When AR < R;, the correspond-
ing track is considered to be inside the leading jet. As
mentioned before, a QCD jet typically contains several
charged pions, while single photons and photon jets leave
no tracks in the tracker. Therefore, the number of tracks
associated with QCD jets varies over a broad range;
however, the single photon and photon-jet samples are
dominated by jets without associated tracks. In Fig. 2, we
show the distribution of N,y per jet for QCD-jet, single
photon, and photon-jet samples. It can be seen that the
variable N, has a good discrimination power of QCD jets
and single photons/photon jets, but cannot distinguish the
single photons from photon jets.

(3) N-subjettiness is a measure of the number of
energetic subjets inside a jet [51,52]. Given a set of N
axes, we can define

. kaTk X min{ARl’k, . ARN,k}
™ =
kaTk X R;

; (7)

where k runs over all the constituents of the jet. py, is the
transverse momentum of the kth constituent, and AR, is
the angular distance between the /th subjet and the kth
constituent of the jet. When N =1, N-subjettiness
describes the energy distribution of the jet. In Fig. 3, it
can be seen that the single photon and photon-jet samples
peak at lower values of logz;, as a comparison with the
QCD jets. Additionally, 7 will decrease rapidly as N is
increasing. Thus, the ratio of two N-subjettiness 7, /7, can be
used to separate the signal and backgrounds. From Fig. 3, we

0.24 — QCD jet
0.22 single photon
0.2 photon jet(m, = 0.3GeV)
o8 | photon jet(m, = 3GeV)
.......... photon jet(m, = 5GeV)
0.16 (

Probability

can see that the photon-jet and single photon events have
smaller values of 7,/7;, 73/7;, and 753/7, than the QCD jets.

(4) Functions of energy and pr of subjets are also used.
We use jet filtering [53] in FASTJET to recluster the leading
jet’s constituents using the k; algorithm. After reclustering,
we obtain N exclusive kr subjets. We set N =5 and take
the three hardest subjets to construct two jet substructure
variables. One is the fraction of the jet py carried by the
leading subjet 4,

A= 10g<1 —”“), (8)

P,

and the other is the energy correlation function of the three
hardest subjets ¢/,

1
=2 > EiE; ©)

I (i>))ENbaa

where pr, and E; are the total momentum and energy of a
given jet, respectively. E; is the energy of the ith subjet. For
the single photon and photon jet, the leading subjet carries
most of the energy. Therefore, their distributions of 4; have
smaller values than QCD jets. As for ¢;, among the three
hardest jets, ¢; increases with the number of subjets with
similar energy. The photon jet and QCD jets have larger
values of ¢; than the single photon. Figure 4 presents the
corresponding distributions of ¢; and A; for signal and
backgrounds.

In the following, we implement the above variables in a
boosted decision tree (BDT) [54] to enhance the ability of
distinguishing signal from background, as in Refs. [36,37].
In practice, we use the Toolkit for Multivariate Analysis
[55] package and the “BDTD” option to book BDTs.
We use a 200 trees ensemble that requires minimum
training events in each node of 2.5% and a maximum tree
depth of 3. Other variables are set at their default values.

C —— QCD jet
0.6 ey single photon
C photon jet(m, = 0.3GeV)|
s | photon jet(m, = 3GeV)
T photon jet(m, = 5GeV)
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= 04
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e) -
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FIG. 2. Distributions of jet substructure variables (logf;, Ny,.) for single photon, photon-jet, and QCD jet events.
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FIG. 3.

It is trained using the half of the signal and background
events and is tested on the rest of the events. We also
demand the Kolmogorov-Smirnov test of the BDT analysis
to be greater than 0.01 to avoid overtraining.
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From Fig. 2, we can see that ; and N, offer a good
discrimination between photon jets and QCD jets. The
other six variables can be used for discrimination between

photon jets and single photons. In order to achieve
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FIG. 5. BDT response distributions of a photon jet as a signal

and a single photon and QCD jet as backgrounds, respectively.

simultaneous separation of photon jets, single photons, and
QCD jets, we take the #; and N,y of photon jets as signal
samples and the 6; and N, of QCD jets as background
samples to train the first BDT, namely, BDT-1. The other six
jet substructure variables of photon jets and single photons,
as signal samples and background samples, respectively,
are used to train the second BDT, namely, BDT-2. In other
words, we discriminate photon jets and single photons from
QCD jets by using BDT-1, and then discriminate photon jets
from single photons by using BDT-2.

After training, BDT can map an event with two sets
of variables {log®@;, Ny} and {logz,7,/7,73/7,73/72,
Ay, €;} into two BDT responses.

In Fig. 5 we show the BDT responses for m, = 3 GeV. In
the BDT-1 analysis, photon-jet- and photonlike events tend
to get high BDT response, while QCD jetlike events tend to
get low response. In BDT-2, a photon-jetlike event tends to
get high BDT response, while a photonlike event tends
to get a low BDT response. In BDT-1, we identify a jet with
BDT response larger than 0 as a photon jet or a single
photon, while in BDT-2, we tag a jet with BDT response
larger than 0.4 as a photon jet. Since the jet substructure
variables are sensitive to the ALP mass, we choose different
BDT response cuts for different ALP masses to optimize the
search ability.

III. ALP-STRAHLUNG PROCESS AT THE LHC

For the ALP-strahlung process pp — W¥a, the final
states are characterized by an isolated lepton and one
photon jet. We consider the SM backgrounds: QCD dijet,
W*j, Wy, 1, and tj. Based on the above analysis, we
impose the following cuts to discriminate the signal and
backgrounds: (i) exactly one isolated lepton (electron or
muon) with pr > 20 GeV and || < 2.5, (ii) the hardest jet
with pr > 50 GeV and || < 2.5, and (iii) the hardest jet’s
BDT-1 response is larger than 0 and BDT-2 response is
larger than the corresponding BDT response cut for differ-
ent ALP masses.

For the ALP-strahlung process pp — Za, the final states
are characterized by the opposite sign and same flavor
charged lepton pair and a photon jet. The main SM
backgrounds include Zy and Z;j. According to our analysis,
we discriminate the signal and backgrounds by imposing
the following cuts: (i) exactly two leptons with pr >
20 GeV and || <2.5, (ii) the invariant mass of the
oppositely charged lepton pair with same flavor must be
within |m;; — my| < 20 GeV, (iii) the hardest jet with pr >
50 GeV and || < 2.5, and (iv) the hardest jet’s BDT-1
response is larger than 0 and BDT-2 response is larger than
the corresponding BDT response cut for each ALP mass.

As an example, we consider a benchmark signal point
with m, =3 GeV and g,,, = 16 TeV~'. The cut flows of
this benchmark point and the main SM backgrounds are
shown in Tables I and II. It can be seen that, after the BDT
response cut, all the backgrounds are reduced dramatically.
At the end of the cut flow, the largest backgrounds for the
processes pp — W*a and pp — Za signal are QCD dijet
and Zj, respectively.

TABLE 1. The cut flow of the cross sections (in units of picobarn) of the ALP-strahlung production process pp — aW® and the
corresponding backgrounds at the 14 TeV LHC. The benchmark point is chosen as m, = 3 GeV and g,,, = 16 TeV~'.

Cut flow Signal jj Wty W*j 1t tj

1 lepton with pr > 20 GeV and || < 2.5 36.24 19357.15 12.31 4448.53 151.86 29.39
The hardest jet with pp > 50 GeV and || < 2.5 23.31 12893 2.54 1605.92 136.41 18.90
The hardest jet’s BDT-1 > 0 and BDT-2 > 0.4 4.14 3.30 0.001 0.77 0.094 0.012
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TABLE II. Same as Table I, but for the ALP-strahlung production process pp — aZ and the corresponding

backgrounds.

Cut flow Signal Zy Zj

2 leptons with pp > 20 GeV and || < 2.5 2.65 1.93 279.90

Oppositely charged lepton pair with same 2.55 1.85 275.08
flavorand |my; — my| < 20 GeV

The hardest jet with pp > 50 GeV and || < 2.5 1.79 0.44 104.476

The hardest jet’s BDT-1 > 0 and BDT-2 > 0.4 0.29 0.0003 0.027

In Fig. 6, we present the 20 bound from our ALP-
strahlung production process pp — aW=*/Z on the plane
of the ALP coupling g,,, versus the ALP mass m,. We use

the Poisson formula +/2[(S+ B)In(1 +S/B)-8] to
estimate the sensitivity at the LHC with the luminosity
of 3000 fb~!, where S and B are the number of signal and
background events. As the comparison with our results,
we also show other relevant bounds on the ALP-photon
coupling. Since we only focus on the ALP-electroweak
boson couplings in this work, the limits involving the
ALP-gluon couplings are not shown in Fig. 6.

It can be seen that our photon-jet method can cover the
ALP mass region of 0.3 <m, < 10 GeV at the LHC,
which can extend the current LHC sensitivity of searching
for the diphoton resonances in photon fusion and vector
boson fusion processes [25,33,60,61]. In addition, our
bound on the ALP-photon coupling g, is stronger than
that derived from the null results of searching for the ALPs
in ete™ — 2y /3y processes at the LEP [33]. For example,
Jayy in our study is constrained to be less than 2.4 TeV~! at

102

LEP —p — WHd|

(JHEP 2015)
—_—pp = Za

10t

LHC bounds
(photon fusion-+VBF)

K, - '
100 This work

R
S0 -
e, 500 0
paar >

K* - 1%a

Jary [TV

Beam Dumps

1072

SN1987a )

1073

102 101 10t 102

FIG. 6. The 26 exclusion limits on the plane of the ALP mass m,
versus the coupling g,,, from the ALP-strahlung production
process pp — aW*/Z at the LHC with luminosity 3000 fb~!.
Other limits from the LEP [24,33], SN1987a [56,57], Beam Dump
[58,59], ATLAS/CMS [25,33,60,61], and the rare K and B meson
decays [19] are also shown. It should be noted that the limits
involving the ALP-gluon couplings are not shown but discussed in
the context.

m, = 0.3 GeV and 1.5 TeV~! at m, = 10 GeV. On the
other hand, we note that searching for 3y events from the
process e e” — a(—yy)y and the rare meson decays, such
as K, — 7%, K* — n%a, and B - K"aq, in the existing
and future low-energy experiments may provide more
stringent constraints than ours when m, <5 GeV [19].

In addition, if the ALP-gluon couplings are present and not
suppressed by at least 2 orders of magnitude relative to the
electroweak ones, the current and future measurements of B
meson decays at the LHCb and B factories can also give
strong exclusion limits for m, < 10 GeV [62,63]. However,
it should be mentioned that this result is not applicable to our
case because the ALP-gluon couplings are absent in our
scenario. For the same reason, we do not show the constraints
from isolated and energetic photons from hadronic decay of
the Z boson at L3 [64] and the searches of ATLAS and CMS
for yy resonances in the gluon fusion process [65].

IV. CONCLUSIONS

In this work we extended the current LHC sensitivity of
probing the electroweak ALP via the ALP-strahlung
production processes pp — aW*/Z in the mass range
of 0.3 <m, <10 GeV at the 14 TeV high-luminosity
LHC (HL-LHC). Since the two photons from ALP decay
are not well separated for such a light ALP, we used jet
substructure variables and proposed a photon-jet method to
discriminate our signal from QCD jets and single photon
backgrounds. With the help of the BDT technique, we
obtained the 2¢ bounds on the ALP-photon coupling g,,, as
a function of m,. The coupling g,, > 2.4 TeV~! at
m, =03 GeV and g,, > 1.5 TeV™' at m, =10 GeV
can be excluded at 20 level at the 14 TeV HL-LHC.
This demonstrates that our approach can not only cover the
mass gap 0.3 < m, < 10 GeV at the LHC, but also surpass
the existing LEP bounds. Although the measurements of
rare meson decays may also exclude the ALP in the MeV-
scale mass range, a direct LHC search would provide an
independent probe of this parameter space.
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