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We perform a feasibility study to search for axionlike particles (ALPs) using vector boson fusion (VBF)
processes at the LHC. We work in an effective field theory framework with a cutoff scale A and ALP mass
m,, and assume that ALPs couple to photons with strength o< 1/A. Assuming proton-proton collisions at
\/s = 13 TeV, we present the total VBF ALP production cross sections, ALP decay widths and lifetimes,
and relevant kinematic distributions as a function of m, and A. We consider the a — yy decay mode to
show that the requirement of an energetic diphoton pair combined with two forward jets with large dijet
mass and pseudorapidity separation can significantly reduce the Standard Model backgrounds, leading to a
5o discovery reach for 10 MeV <m, <1 TeV with A <2 TeV, assuming an integrated luminosity of
3000 fb~!. In particular, this extends the LHC sensitivity to a previously unstudied region of the ALP

parameter space.
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I. INTRODUCTION

A major current focus of searches beyond the Standard
Model (SM) is the QCD axion [1-3] and more general
pseudoscalar axionlike particles (ALPs) a, which are
ubiquitous in string theory [4,5]. These hypothetical
particles are being probed by a wide array of methods
that exploit the ALP-photon coupling [6—10]. We refer to
Ref. [11] for a review of these topics. While astrophysical
searches (for example, using neutron stars [12—17]) provide
a potentially rich avenue for constraining ALPs, lab-based
searches are particularly important given the control over
both production and detection. Such searches include beam
dump [18] and fixed target experiments including FASER
[19], LDMX [20,21], NA62 [22], SeaQuest [23], and SHiP
[24]; newer proposals, such as PASSAT [25,26], which are
hybrids of a beam dump and a helioscope; and even more
recently, proposed reactor neutrino-based ideas [27,28].

Laboratory-based searches for ALPs coupling to photons
fall into several distinct categories depending on the regions
of parameter space they are sensitive to. Light-shining-
through-wall experiments [10], which rely on ALP-photon
conversions, probe smaller ALP masses m, <107 eV;
beam dumps that rely on ALP decay typically probe larger
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masses ~O(1 MeV — 1 GeV), while hybrid proposals like
PASSAT probe an intermediate regime m, < 100 eV.

High energy colliders are sensitive to a large swathe
of the ALP mass and ALP-photon coupling parameter
space. Theoretical studies of ALPs at the LHC and future
colliders arising from on shell decays h — aa, h — Za,
and Z — ya have been performed by several authors
[29-32]. Constraints from LEP arise from associated pro-
duction of ALPs via ete™ — ya — 3y and eTe™ - Z —
ya — 3y. On the other hand, exotic decays of the Higgs
boson and the Z form the basis of many LHC searches via
pp > h—Za— Zyy and pp - h — aa — 4y.

The purpose of this paper is to perform a careful
investigation of ALPs at the LHC arising from photon
fusion processes utilizing the vector boson fusion (VBF)
topology and assuming that ALPs couple to SM photons.
The relevant Feynman diagram is shown in Fig. 1. An early
study in this direction was performed by the authors of [33]
using LHC data from 2011 and 2012. In the mass window
100 GeV < m, < 160 GeV, ATLAS VBF Higgs boson
searches [34,35] were used to establish upper limits on
the allowed signal cross section in each m,, bin. For higher
masses, the constraints were directly obtained by compar-
ing the observed number of events in the diphoton mass
spectrum over the expected background distribution, while
for lower masses down to m, ~ 50 GeV, ATLAS mea-
surements of photon pair production were used [36].

In our work, we will perform an updated study of ALPs
using the VBF topology, down to ALP masses at the
MeV scale below which they decay outside the detector.
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FIG. 1.

ALP VBF production diagram.

The VBF topology has been proposed as an effective tool
for a variety of beyond-SM searches, such as dark matter
[37-39], supersymmetry [40-46], Z' [47], heavy neutrinos
[48], and heavy spin-2 resonances [49]. As we will show, it
is particularly effective for probing ALPs. Our studies are
specifically optimized to expand the discovery potential
for m, = 10 MeV — 100 GeV, where current experiments
and previous collider studies have limited sensitivity. We
will show that the proposed analysis strategy is also
effective at probing TeV scale ALP masses. Our results
are summarized in Sec. IV, where we show that VBF
enables a sensitivity to a regime of parameter space that is
not covered by any other experiment.

II. SAMPLES AND SIMULATION

In the case of the axion signal samples, the model files
were generated using the FeynRules package [50] and
obtained from Ref. [51]. The interactions between a
and SM particles are described by a five-dimensional

operator in the Lagrangian, where the kinetic term £ D
~ ) ~
Cy 4P + 25 Cp 4 F W 2 + 55 C1742,, 2" rep-
resents the a 1nteract10ns with the photon (y) and Z
boson. The Wilson coefficients C,,, C,z, and Cz; govern
the a - yy, a - yZ, and a — ZZ decays, respectively.
In the above Lagrangian, s,, and c,, are the sine and cosine
of the weak mixing angle, F,, and Z, the energy-
momentum tensors of y and Z, and A the symmetry

breaking scale. We produced several signal samples

2
considering various values of A= % For the purpose
of the studies shown in this paper, we set the value of the
coefficients C;; to unity, but scenarios with different
values can be derived by appropriately rescaling the
production cross sections.

Simulated events from proton-proton (pp) collisions at
Vs = 13 TeV were generated for signal and background
using MadGraph5_aMC (v2.6.5) [52]. Hadronization was per-
formed with PYTHIA (v8.2.05) [53]. Detector effects were
included through DELPHES (v3.4.1) [54], using the CMS
input card.
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FIG. 2. The VBF ajj cross section as a function of m, and A.

The signal samples were produced for a variety of
axion masses, ranging from 1 MeV to several TeV. The
value of A was varied between 1000 GeV to 4000 GeV,
for every ALP mass point generated. Pure electroweak
production of a ALP and two additional jets (i.e., pp — ajj
with suppressed QCD coupling a%CD) was considered.
At the MadGraph level, jets were required to have a
minimum py > 20 GeV, |g| <5, a pseudorapidity gap
of |Ap//|>24, and reconstructed dijet mass of
m’/ > 120 GeV. The parton level Ap// and m// require-
ments reduce the contributions from s-channel gluon-gluon
fusion (gg — a) and associated ALP production diagrams
(e.g.,qq —» Z* — Za — jja), which can result in a similar
final state, in order to optimize the VBF ajj statistics in
our samples. Figure 2 shows the ajj production cross
section, with the parton level requirements described
above, as a function of m, for varying values of A. For
a fixed value of A, the cross section is relatively constant
for m, < 100 GeV. This feature is a consequence of the
m#/ > 120 GeV requirement at the MadGraph level, which
forces the total momentum of the “fusing” photons
to be about 100 GeV (by conservation of momentum/
energy). Thus, the cross section is similar for m, <
100 GeV since no additional momentum is needed to
produce m, = 10 MeV compared to m, = 100 GeV.
Photons were required to have transverse momentum
greater than 10 GeV and be located in the central region
of the ATLAS and CMS detectors (|57(y)| < 2.5). Photon
pairs were also required to be separated in 7 — ¢ space by
requiring AR = \/(A¢"")* + (Ap7)? > 0.4,

We note that the resonant ALP production cross section
via VBF is given by oy o & 2 and is thus suppressed for
relatively small ALP masses Wlth respect to the symmetry
breaking scales considered in these studies. For this reason,
nonresonant ALP production dominates the cross section in
a large part of the m, phase space considered, a property
observed and exploited by the authors of [55]. Similarly,
the ALP decay width I'" is suppressed by m, over the new
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FIG. 3. The fraction of events which decay inside the detector
and leave a signature in the CMS ECAL, as a function of
m, and A.

physics scale A, and thus, ALPs with small m, can be
long-lived and decay outside of the detector. To determine
the range in m, at which the long lifetime becomes
important, we compute the ALP decay length perpendicular
to the proton-proton beam axis, which has the form

V7i-1

L, =~F—sin@. In this equation, ¢ is the scattering
angle relative to the beam axis, and y, is the relativistic
boost factor. This quantity is calculated per simulated
signal event by utilizing the ALP pseudorapidity distribu-
tion and the momentum of the particle in the laboratory
frame. Since our focus is on the a — yy decay channel, we
conservatively require the ALP to decay before the CMS
electromagnetic calorimeter (ECAL). Therefore, events
with L, values greater than 1.25 m cannot be used, so
we neglect regions of the ALP parameter space
where this happens to a non-trivial extent. Figure 3 shows
the fraction of events which decay inside the detector and
leave a signature in the CMS ECAL, as a function of m,
and A. Figure 3 does not include inefficiencies due to the
photon identification algorithms at CMS (described in
Sec. III). For A =1 TeV (4 TeV), a large fraction of the
events are lost when m, <5 MeV (m, < 15 MeV).

The dominant sources of SM background are pro-
duction of photon pairs with associated jets, referred to
as yy +jets. In the proposed search region (defined in
Sec. III), the associated jets are mainly from initial state
radiation (i.e., pp — yyJjj, aZQCD) or SM VBF processes

(.e., pp—rrjj, a(()gcn)- Therefore, the background
samples are split into two categories: (i) non-VBF yy +
jets events with up to four associated jets, inclusive in
the electroweak coupling (agwg) and agcp; and (ii) pure
electroweak yyjj. The production of y + jets and multi-
jet events with jets misidentified as photons have been
checked to provide a negligible contribution to the
proposed search region due to the effectiveness of the
VBF selection criteria.
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FIG. 4. The leading photon transverse momentum mass
distribution (normalized to unity) for the total SM backgrounds
and m, = 1 MeV, m, = 100 MeV signal benchmark points.

The MLM algorithm [56] was used for jet matching and
jet merging. The xqcut and qcut variables of the MLM
algorithm, related with the minimal distance between
partons and the energy spread of the clustered jets, were
set to 30 and 45 as result of an optimization process
requiring the continuity of the differential jet rate as a
function of jet multiplicity.

III. EVENT SELECTION CRITERIA

We focus on a final state with exactly two well identified
photons and two jets consistent with the characteristics of
the photon-photon fusion process. Stringent requirements
are placed on the p; of photons and on the kinematic
properties of the VBF dijet system in order to suppress SM
backgrounds.

To study the important differences between signal and
background processes, we select events with at least two y
candidates with |n’| < 2.5 and p” > 10 GeV, and present
various kinematic distributions. The y with the highest p is
referred to as the leading y. The requirement of two
well-identified photons is >85% efficient for signal
events, where the ALP decays before the CMS ECAL.
Figure 4 shows the leading photon transverse momentum
distribution, pyT‘, for two signal benchmark samples and
the main associated backgrounds, normalized to the area
under the curve (unity). Note the signal protrudes around
pit > 200 GeV, but the exact cut value of p7' > 300 GeV
is determined through an optimization process aimed at
maximizing discovery potential. The optimization of all
cut values was performed using the statistical figure of
merit Ng/\/Ng+Ng+(0.25x (Ny+Ny))?, where Ng and
Np represent the expected number of signal and back-
ground events, and the term 0.25 x (N 4+ N) corresponds
to the associated systematic uncertainty on the background
plus signal prediction, which is a realistic uncertainty based
on VBF searches at ATLAS and CMS [39,44,45]. We note
this particular definition of signal significance is only used
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FIG. 5. The diphoton mass distribution (normalized to unity)

for the total SM backgrounds and m, = 1 MeV, m, = 100 MeV
signal benchmark points.

for the purpose of optimizing the selections. The final
discovery reach is determined with a shape based analysis
(described later) using the full diphoton mass or dijet mass
spectrum. In the signal yield and signal significance
calculations, we have assumed Br(a — yy) = 100% in
order to compare our projections with other studies, which
is common practice for ALP discovery projections in the
literature.

For low m, values, the relatively large photon p7 is a key
feature attributed to the kinematically boosted topology
facilitated by the VBF process. This kinematic feature
provides a nice handle to reconstruct and identify low m,
signal events amongst the large SM backgrounds. Figure 5
shows the reconstructed mass of the photon pair, m’”,
normalized to unity, for the SM backgrounds and two
signal benchmark points. In the case of nonresonant low
mass ALP production, the diphoton mass values scale as
m"" ~ p} + p%. Therefore, the high-p; signal photons
produce a broad m'” distribution that overtakes the SM
backgrounds at several hundred GeV. Since m'” in signal
and background events depends on the p; of photons and
their angular correlations, we perform a two-dimensional
optimization of the m’” and p}' cut values. We select events
with m”” > 500 GeV. These results were obtained after
optimizing the VBF dijet selections (discussed below)
in order to account for the correlation to the boosted
kinematics.

VBF events are characterized by two forward jets with
high py, residing in opposite hemispheres of the detector
volume, 7; xn;, <0, containing a large separation in
pseudorapidity, |An//|, and large reconstructed dijet mass
(m#/). For a particle collider such as the LHC, the energy
of a jet is very high with respect to the mass of its asso-
ciated parton, allowing us to approximate the dijet mass

as m/~ \/ 2p)t pl cosh(Ani). Since the reconstructed
pr and 5 values of jets inside the ATLAS and CMS
experiments are limited by the performance and geometry
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FIG. 6. The distribution of the scalar difference in pseudor-
apidity between jets (normalized to unity) for the total SM
backgrounds and m, = 1 MeV, m, = 100 MeV signal bench-
mark points.

of their detectors, the VBF kinematic distributions are
studied with a preselection of at least two jets with |57] < 5.0

and minimum pj} > 30 GeV. These jets are required to be
well separated from photons, by imposing a ARY/ =

V(AP + (An7)? > 0.4 requirement. Figure 6 shows
the An// distribution for signal and background, normalized
to unity, while Fig. 7 shows the corresponding m//
distribution. For events where there are more than two
well reconstructed and identified jet candidates, the dijet
pair with the larger value of m// is used in Fig. 7. The
s-channel yy fusion production of signal events results in
events with larger An// separation with respect to back-
ground events, and subsequently larger dijet mass spectrum.

Figure 8 shows the signal significance for p' as a
function of m"?, for a benchmark point with m, = 1 MeV
and A=1TeV. Similar to the optimization of the
p’t and m!” requirements, we account for the
correlation between |An//| and m// by performing a
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FIG.7. The dijet mass distribution (normalized to unity) for the
total SM backgrounds and m, = 1 MeV, m, = 100 MeV signal
benchmark points.
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FIG. 8. Significance versus selections for the variables m’” and
pY, given initial VBF optimized selections m// > 1250 GeV,
|Ani/| > 3.6 (m, =1 MeV and A =1 TeV benchmark).

two-dimensional optimization of the m’” and p7 cut
values utilizing the same signal significance definition

Ns/\/Ns+ Np + (025 x (Ng + Ng))?. To reduce non-
VBEF signal processes, such as gluon-gluon initiated pro-
duction or associated ALP production such as
Za — Zyy — jjyy, we preselect events with |An//| > 3.6
and m// > 750 GeV. These requirements result in >95%
purity of genuine VBF signal events. Figure 9 shows signal
significance as a function of |An//| and m//.

Finally, to completely eliminate other smaller SM back-
grounds with top quarks and heavy vector bosons, we
impose b-jet and lepton veto requirements. Events are
rejected if a jet with py>30 GeV and || <24 is
identified as a bottom quark (b). Events are also rejected
if they contain isolated electrons or muons with pr >
10 GeV and || <2.5. These requirements are >95%
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FIG. 9. Significance versus selections for the variables m// and
|An/i|, given the optimized selections m’” > 500 GeV, p} >
300 GeV (m, =1 MeV and A =1 TeV benchmark).
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FIG. 10. Dijet mass distribution (normalized to cross section,
assuming 3000 fb~! of data) for various signal benchmarks
(m, = 100 MeV and A taking on various values resulting in
points near the discovery potential contour in the m,—A
parameter space) after optimized selections imposed on jet and
photon kinematic variables.

efficient for VBF ALP signal events. The final optimized
event selection criteria is summarized in Table I. Figure 10
shows the expected background and signal yields in bins of
mJJ. Various signal benchmark points are considered, and
the yields are normalized to cross section times integrated
luminosity of 3000 fb~!. The background distributions are
stacked/added on top of each other, while the signal
distributions are overlaid on the background.

IV. RESULTS

To assess the expected experimental sensitivity of this
search at the LHC, we followed a profile binned likelihood
test statistic approach, using the expected bin-by-bin yields
in the reconstructed m?” and m’/ distributions.

Under this approach, the signal significance is defined
using the local p value, understood as the probability of
obtaining the same test statistic estimated with the signal
plus background hypothesis and from the statistical fluc-
tuation of the background only hypothesis. Then, the signal
significance S corresponds to the point at which the integral
of a Gaussian distribution between the S and oo results in a
value equal to the local p value. The sensitivity was
calculated considering the integrated luminosity already
collected by ATLAS and CMS experiments during the so
called run-II phase, 150 fb=!, and for the 3000 fb~!
expected by the end of the LHC era. The estimation of
this shape based signal significance was performed using
the ROOFit [57] toolkit, developed by CERN.

The calculation considers various sources of systematic
uncertainties, based upon experimental and theoretical
constrains. These uncertainties were incorporated in the
test statistic as nuisance parameters. We considered
experimental systematic uncertainties on y identification
and on reconstruction and identification of jets. For y
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identification, a conservative 15% was assumed, following
results reported in Refs. [58,59]. The uncertainties between
the two photons, and between signal and background
process, were considered to be fully correlated. For
experimental uncertainties related with the tagging of
VBF jets, a 20% value was included (independent of
m/ or m'"), following the experimental results from
Refs. [39,44]. In addition, theoretical uncertainties were
included in order to account for the set of parton distribu-
tion functions (PDF) used to produce the simulated signal
and background samples. The PDF uncertainty was calcu-
lated following the PDFALHC prescription [60] and results
in a 5%—12% systematic uncertainty, depending on the
process. The effect of the chosen PDF set on the shape of
the m// and m"" distributions is negligible.

Criterion 717,/ j2

Central selections

74 <25

Py >30 GeV

py >300 GeV

m?’ >500 GeV
VBF selections

pJ} >30 GeV

|| <5.0

ARYI >0.4

N(j) >2

;/l.il . ’7'i2 <0

|Ani| >3.6

mi/ >750.0 GeV

Figures 11 and 12 show the results on the expected signal
significance for different A and m, scenarios, specifically

I ALPs Escape CMS Detector

30

S
Signal Significance

10

10-2 10-1 100
m, [GeV]

FIG. 11. Expected signal significance for the proposed VBF
final state. The results are shown as m,, vs A on the x-y plane, and
the expected signal significance on the z axis. The expected signal
significance was calculated by interpolating discrete data points
as a function of m,, A, assuming an expected luminosity of
150 fb~!. The dashed lines enclose the regions with 50, 30, and
20 signal significance.

4.0

N
o

Signal Significance

10

10-3 10-2 10-1 100 10! 102
m, [GeV]

FIG. 12. Expected signal significance for the proposed VBF
final state. The results are shown as m,, vs A on the x-y plane, and
the expected signal significance on the z axis. The expected signal
significance was calculated by interpolating discrete data points
as a function of m,, A, assuming an expected luminosity of
3000 fb~!. The dashed lines enclose the regions with 56, 36, and
20 signal significance.

focusing on the lower m, range below 100 GeV. The
dashed line delimits the discovery region.

For the 150 fb~! scenario, it is feasible to probe ALP
masses 10 MeV <m, <100 GeV for A < 1.8-2.2, with
the latter bound for A varying with m,. The grey band
on the plot shows the scenarios in which ALPs decay out-
side the CMS detector volume, so no detection is possible.

Similarly, for the 3000 fb~! scenario, the discovery reach
includes 10 MeV < m, < 100 GeV for A < 2.0-2.3, the A
bound again depending upon m,. The expected discovery
reach using the VBF topology includes sensitivity to a
regime of the ALP parameter space that is not covered by
any other experiment. This feature is further explained in
the following section.

V. DISCUSSION

We have presented a feasibility study for the detection
of axionlike particles with strong coupling to photons,
a — yy, produced through VBF processes at the CERN
LHC. The expected experimental sensitivity of the search
was presented for two different luminosity scenarios,
150 fb~!, the current integrated luminosity collected by
ATLAS and CMS experiments, and the 3000 fb~!
expected by the end of the LHC era. The signal model
was developed under an effective field theory approach,
considering the symmetry breaking scale, A, and the ALP
masses as free parameters. The expected signal signifi-
cance for the 150 fb~! scenario allows the ATLAS and
CMS experiments to probe ALP masses from 10.0 MeV to
100.0 GeV, for values of A up to 1.8-2.2 TeV, depending
on m,. For the 3000 fb~! scenario, the discovery reach
goes from 10.0 MeV to 100.0 GeV, for values of A up to
2.0-2.2 TeV, depending on m,. For A values below a
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FIG. 13. The 5¢ discovery reach at 3000 fb~! obtained using

our search methodology is depicted on ALP parameter space,
which extends into a region that has previously not been
experimentally probed. The other constraints shown are taken
from Fig. 4 of [31].

few TeV, the sensitivity to m, extends to TeV scale values
(see Fig. 13, discussed below).
Figure 13 shows the comparison of our 5¢ discovery

reach at 3000 fb~! to existing constraints on ALP

parameter space (grey hashed). The constraints shown in
Fig. 13 are taken from Fig. 4 of [31] and correspond to LEP
(light blue and blue), CDF (purple), the LHC [associated
production and Z decays (orange), photon fusion (light
orange), and heavy-ion collisions (green)]. The results from
previous collider searches show a gap in sensitivity in the
ALP mass range 10 MeV <m, <100 GeV, which is
primarily due to (i) low resonant ALP production cross
sections at TeV scale values of A, and (ii) the low-py
photon kinematics arising from low mass ALP decays in
the traditional searches without a boosted topology, which
suffer from large SM backgrounds. It is clear that the
proposed methodology using a boosted VBF topology can
probe regions of parameter space that are currently uncon-
strained by other searches.
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