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Abstract

We present an analysis of the sensitivity of current and future LHC searches for
new spin-0 particles in top-anti-top-quark (¢t) final states, focusing on generic axion-
like particles (ALPs) that are coupled to top quarks and gluons. As a first step, we
derive new limits on the effective ALP Lagrangian in terms of the Wilson coefficients
¢y and ci based on the results of the CMS search using 35.9 fb~! of data, collected at
/s = 13 TeV. We then investigate how the production of an ALP with generic couplings
to gluons and top quarks can be distinguished from the production of a pseudoscalar
which couples to gluons exclusively via a top-quark loop. To this end, we make use of
the invariant ¢¢ mass distribution and angular correlations that are sensitive to the tt
spin correlation. Using a mass of 400 GeV as an example, we find that already the data
collected during Run 2 and Run 3 of the LHC provides an interesting sensitivity to the
underlying nature of a possible new particle. We also analyze the prospects for data
anticipated to be collected during the high-luminosity phase of the LHC. Finally, we
compare the limits obtained from the tt searches to existing experimental bounds from
LHC searches for narrow di-photon resonances, from measurements of the production
of four top quarks, and from global analyses of ALP-SMEFT interference effects.
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1 Introduction

Axions and axion-like particles (ALPs, denoted a in the following) are spin-0 particles that
are singlets under the Standard Model (SM) gauge groups. ALPs appear in many well-
motivated SM extensions, where they arise as pseudo-Nambu-Goldstone bosons of an ap-
proximate axion shift-symmetry. As a consequence, the masses of ALPs can naturally be
much smaller than the energy scale of the underlying ultraviolet (UV) model, making them
an attractive target for the Large Hadron Collider (LHC) and the future High-Luminosity
LHC (HL-LHC). While axions have originally been introduced as a potential solution to the
strong-CP problem [1-4], ALPs are featured in a variety of SM extensions [5-7] including
string theory [8, 9], supersymmetric theories [10], dark-matter models [11-13] and composite
Higgs models [14].

Early analyses have focused on generic ALPs with masses below the GeV-range. However,
also heavier ALPs with masses of tens or hundreds of GeV that can be resonantly produced
at colliders are under active investigation, both in the pp [15-18] and ~y (light-by-light
scattering) [19, 20] production channels. In particular, the so-called QCD axion addressing
the strong-CP problem can have a mass in the TeV range if its mass receives additional
contributions from the confinement scale associated with extra non-abelian gauge groups [21,
22], making it potentially accessible at the LHC [23, 24]. In this context, one should note
that such heavy QCD azions are less prone to the so-called axion quality problem [25-30]
of the usual Peccei-Quinn mechanism, such that they are also denoted high-quality axions
in recent literature [31].! This further motivates searches for ALPs at the LHC and future

'High-mass axions can be exposed to other forms of heavy azion quality problems [32], e.g. associated
with external sources of CP violation [33], see also Ref. [34].
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accelerators.

In recent studies, limits on ALP couplings arising from existing collider searches have
been investigated with a main focus on the ALP couplings to the SM gauge bosons, both
for resonant [35-40] and non-resonant ALP contributions [41-45]. However, generic ALPs
are also expected to be coupled to the SM fermions at the electroweak (EW) scale, e.g.
via contributions that are induced by renormalisation-group running even if ALP—fermion
couplings are absent in the UV [46-49]. ALP-fermion couplings are typically assumed to
have a flavor-hierarchical structure [50-53]. Moreover, the couplings of ALPs to fermions are
typically proportional to the fermion masses. This results in a particular relevance of the ALP
coupling to top quarks. Interactions between the ALP and top quarks are also motivated
based on naturalness arguments and (non-minimal) composite Higgs models [14, 54]. Limits
on the ALP—top-quark coupling have been derived from tta searches, from the effects of ALPs
on tt, tttt and ttbb production [55-58] as well as from renormalization group (RG) running
effects on observables beyond those involving top quarks at the LHC [38]. Constraints from
low-energy colliders for ALPs have been derived in Ref. [40]. Moreover, new searches for
ALPs at existing [59-61] and future colliders [62-64] have been proposed.

In this work (see Ref. [65] for preliminary results), we address ALP contributions to ¢t
production in the dilepton decay channel for ALPs with masses above the t¢ threshold. The
possibility to search for new s-channel resonances in the ¢t invariant mass distribution at the
LHC has been studied in Refs. [66-72], emphasizing the importance of signal-background
interference effects on the shape of the m; distribution and the resulting characteristic “peak-
dip” structures. A first search taking into account the interference with the SM background
for scalar tf production has been published by the ATLAS collaboration using 20.3 fb™!
of 8 TeV pp collisions [73]. Exploring 35.9 fb™" of 13 TeV LHC data, the CMS collabo-
ration could further enhance the sensitivity to ¢f production via scalar and pseudoscalar
resonances [74]. Recently, a preliminary result from ATLAS based on the full Run 2 data
set was presented yielding similar expected constraints on the coupling between top quarks
and the scalar/pseudoscalar boson [75].2

We perform a reinterpretation of the published CMS search for pseudoscalars in terms of
ALPs to tt production and extend it by considering an ALP with a more general coupling
structure which features an additional (besides the contribution induced by the top-quark
loop) effective coupling to gluons. Such an additional contribution to the effective gluon
coupling could originate, for instance, from heavy vector-like quarks or from colored scalars
predicted in Supersymmetry, as studied in Refs. [70, 71]. We address the question how an
ALP with both top-quark and gluon couplings could be distinguished from the case where the
coupling of the new particle to gluons is induced exclusively through the SM-like top-quark
loop. We will refer to the second, more restrictive scenario as a pseudoscalar Higgs boson,
denoted as A, as it could result from models extending the SM only in the Higgs sector, such
as the Two Higgs doublet model (2HDM) [4, 77-79]. Note that we only use the terms “ALP”
and “pseudoscalar Higgs boson” to distinguish between the scenarios with more general and
restrictive couplings structures, respectively. In principle, ALPs and pseudoscalar Higgs

2It should be noted that for this result ATLAS uses a prediction at leading order in QCD [76].



bosons could feature both coupling structures.?

Our analysis is based on the invariant ¢¢ mass distribution. As our study involves the
leptons from the top-quark decay, thereby going beyond the analysis level of stable top quarks
as considered, e.g., in Ref. [58, 70], we are able to employ angular variables. Since top quarks
decay on timescales shorter than the one of QCD interactions, these variables are sensitive
to the ¢t spin correlation which was measured both at the Tevatron pp [80] and the LHC pp
colliders [81, 82]. Such measurements thus provide additional sensitivity to the presence of
new particles above the ¢t threshold. The tf spin correlation also provides information about
the spin and the CP properties of the new particle [68-70, 83, 84]. Focusing on new spin-0
particles, we consider two benchmark scenarios: (i) a 400 GeV ALP with a relative width of
2.5% and (ii) an 800 GeV ALP with a relative width of 5%. Scenario (i) is motivated by a
local 3.5 ¢ excess observed by the CMS collaboration in the 400 GeV mass region [74], which
has sparked some attention in the literature [85-87]. No excess at this mass value has been
reported in the latest ATLAS result [75]. We will investigate to what extent an ALP with the
same mass and width can be distinguished from a pseudoscalar Higgs boson depending on the
effective ALP—gluon coupling, even if both particles are produced with the same total cross
section. We showcase that the LHC has significant discovery potential for ALPs in this mass
range in the near future. Under the assumption that no deviations from the SM expectation
will be observed, we set current and projected limits at several stages of the (HL-)LHC
program on the ALP couplings to fermions and gluons in terms of the Wilson coefficients of
the linear representation of the ALP—SM Lagrangian. Furthermore, we compare these limits
to the ones from existing experimental bounds from LHC searches in other final states, most
notably from searches for resonances decaying into di-photons [88] and measurements of
the production of four top-quarks [89]. We also compare our bounds to other experimental
limits, for instance from the study of renormalisation group (RG) running effects that mix
ALP Effective Field Theory (EFT) operators and dimension-six Standard Model Effective
Field Theory (SMEFT) operators, denoted ALP-SMEFT interference [43, 44].

The paper is organized as follows. In Sect. 2 we introduce the theoretical framework,
calculate the partial width of the ALP and describe the Monte Carlo simulation used in our
analysis. In Sect. 3 we present our main results, namely ALP bounds from existing searches,
the analysis of the sensitivity for distinguishing an ALP from a pseudoscalar Higgs boson,
and projected ALP bounds at the LHC, and we compare these to other existing limits. We
summarize our results and conclude in Sect. 4.

2 Theoretical framework and event simulation

2.1 The ALP Lagrangian

ALPs are pseudoscalars which preserve the softly broken axion shift symmetry a(z) —
a(x) + ¢, with ¢ being a constant. The general linear ALP-SM Lagrangian at dimension

3Even in the 2HDM the pseudoscalar Higgs boson obtains additional contributions to the gluon coupling
from the lighter quarks which can become significant for large values of tan 3. However, at large tan § the
coupling to top quarks is suppressed. As a result, if these additional contributions are relevant, the LHC
searches in the #f final state have no sensitivity to the presence of the additional Higgs bosons of the 2HDM.



five [51] is given by*
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where f, and m, denote the ALP decay constant and mass, respectively, and G, W and
B are the gauge fields associated to the SU(3), SU(2) and U(1) gauge symmetries of the
strong and electroweak interactions. The sum in the last term runs over the fermionic fields
f =ugr,dr,Qr, L, er. In principle, the c; are 3 x 3 matrices in flavor space, but we neglect
flavor mixing in the following. The invariance of the ALP couplings under the transformation
a — a + ¢ is manifest in the couplings of the ALP to fermions, which are expressed in terms
of the derivative of a. Additional operators arise from the transformation a — a 4 ¢ when
it is applied to the operators that couple the ALP to the gauge fields. These terms can
be removed (besides instanton effects in QCD [3, 4]) by field redefinitions. The ALP mass
term softly breaks the axion shift symmetry. The presence of this explicit breaking of the
shift symmetry allows for heavier ALPs compared to the classical QCD axion whose mass
is generated only by non-perturbative QCD effects. Different possibilities to generate the
ALP mass term in such a way that the possible ALP mass window is extended to larger
masses (while maintaining a solution to the strong QCD problem) have been proposed in
the literature [21-24, 31, 90-104], e.g. via additional strong interactions or via the axion
kinematic misalignment mechanism.

The form of the ALP Lagrangian as shown in Eq. (1) makes the shift symmetry explicit in
the ALP-fermion couplings. For our analysis, it is more convenient to work in a basis which
makes the connection of the ALP with a generic pseudoscalar, for instance in the 2HDM,
more apparent. To this end, we re-write the fermionic operators in terms of dimension-four
Yukawa-like ALP—fermion couplings. In this basis the effective Lagrangian can be written
as [37, 49, 105]

1 m¢21 a a yapy a DUy a Fyaimz
L= £SM+§(3H(Z)(8”CL) + 7a2 — ECG G;WG H — —aCB B,,B" — ECW WJVWI”
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where Yf =1(Y¢cer —cer, Yg), with Y being the SM Yukawa couplings, and H = ioyH,
where H is the SM Higgs doublet. Furthermore, the fermion couplings are written as cgr =
Cu, Cd, Ce and ¢y, = cq, cr, for quarks and leptons. Note that the couplings of the axion to
the gauge fields in Eq. (2), written with a tilde (e.g. ¢z), and those in the more manifestly
shift-invariant Lagrangian shown in Eq. (1) (e.g. ¢g) are in general different (but related)
parameters.

In our study, we only consider ALP couplings to top quarks and gluons, thus setting

— . —
4The operator O, = i(HT DMH)%7 where H' D ,H = H'(D,H) — (D, H")H, is redundant as it can
be rewritten in terms of the ones shown in Eq. (1) by means of field redefinitions [49].



ey = ¢ = 0 and cq = cr, = ce = 0. Rewriting the ALP couplings to up-type quarks yields

,Cup = f—QLH (YU Cu — CQ YU) ur + h.c.

:—q‘ﬁ (023—03623)Kt3+h.c. + ...
a _ -~
:ctf—qH}/}tR+h.c.+..., (3)

where Y; is the top-quark Yukawa coupling, we have defined ¢; = ¢33 — CQ, and the ellipsis
refers to terms involving first and second generation quarks. Moreover, tp is the right-handed
top-quark spinor, and the left-handed top- and bottom-quark spinors are contained in the
SU(2) doublet q = (tr,,bz)". With these simplifications, we finally obtain the following form
of the ALP Lagrangian

m2

L=Lou+- (a a)(0"a) + Tra® — g G, G +thf— (Vi fitn+ne) . ()
which we will use for our analysis below. This form of the Lagrangian facilitates the com-
parison with other models including pseudoscalars. One of the primary aims of the present
paper is to investigate the potential to distinguish between an ALP with generic effective
couplings to the top quark and gluon from a state which only couples to gluons effectively
via a top quark loop, i.e. for which cz = 0. As already stated above, we denote this second
scenario pseudoscalar Higgs boson in order to distinguish it from the generic case. In order to
facilitate the comparison with the CMS analysis of Ref. [74], we repeat here the considered
Lagrangian (using the notation of Ref. [74]):

1 2 _
La=5(0,A)(0"A) + %AQ 4 igAtg%t%tA, (5)

where m; = vY;/ V2 is the top-quark mass, and v ~ 246 GeV denotes the vacuum expectation
value of the Higgs field. Comparing Eqs. (4) and (5) after EW symmetry breaking, we find
that the two expressions are equal to each other for

ca=0, Ct :gAtt%' (6)

Furthermore, in order to compare to recent work presented in the derivative basis [56], we
note that for the considered case where the ALP couples only to gluons and top quarks the
gluon couplings in Eqgs. (1) and (2) are related by [49]

s
ca =ca+—c, 7
¢=cctg ¢ (7)
where a, denotes the QCD coupling. In particular, a model in which the ALP couples
exclusively to the top quark via a derivative coupling, ¢ = 0, corresponds to the case
ce = a/(8m)c; in the notation adopted in our paper. We refer to this scenario as top-philic
to facilitate the comparison with Ref. [56].



The total width of the ALP is treated as a free parameter in our analysis. In this way,
we can account for the cases of possible ALP couplings to SM particles beyond top quarks
and gluons leading to additional ALP decay channels and also of possible ALP decays to
further beyond SM (BSM) particles, for instance decays to particles that are undetectable
at the LHC. Both of these cases enter the gg — tt process only via their effect of the total
width and the corresponding modification of the a — tf branching ratio. Keeping the ALP
width as a free parameter allows us to account for these possible additional ALP interactions.
In our analysis below, we will indicate the parameter regions where the sum of the partial
widths of the ALP decays into ¢, gg and ~v would be larger than the assumed total width.

2.2 Effective ALP couplings

In the following, we discuss the effective couplings of the ALP to gluons and photons, in-
cluding effects from top-quark loops.

The effective ALP—gluon—gluon vertex receives contributions in our setup from the op-
erator proportional to ¢s shown in Eq. (4) and from the top-quark loop. The effective agg

coupling is given by®
i Ca 1o 4m?
gagg_ﬁ—i_éﬂﬁ |:Bl<m2)_]-:| ) (8)
where the loop function is given by By(7) = 1 — 7f%(7) with

=5+ %m Gf\/—g) | ()

For the case of a non-vanishing ALP—top-quark coupling, the ALP obtains a loop-induced
coupling to photons although we assume cz = ¢ = 0. While the ALP-photon coupling
enters the pp — a — tt process mainly indirectly via its impact on the a — ¢t branching
ratio, see above, it is furthermore relevant in this context because it gives rise to additional
constraints on the ALP parameter space from resonant di-photon searches at the LHC. The
corresponding a7y vertex can be expressed in terms of the effective coupling

w0y [ (A
ga’y'y - ZENCQtE |:Bl ( m?l ) - 1:| ) (10)
where N, = 3 and @); = 2/3 are the color multiplicity and the electric charge of the top
quark, respectively, « is the fine-structure constant, and the loop function B is identical to
the one for the ALP—gluon coupling given in Eq. (8).

2.3 Partial widths of the ALP

In the mass region we are investigating here, relevant decay modes of the ALP are the decays
into top-quark pairs and into gluons, but also the loop-induced decays into photons, see the

We note that the constant shift —1 in Eq. (8) is present (similarly to the case of a CP-odd Higgs
boson) since we expressed the top-quark coupling in the form of Eq. (5). This constant piece is absent if
one instead uses the explicitly shift-invariant form of the ALP—fermion operator. Both formulations are
physically equivalent, since the constant piece can be absorbed via a linear shift of the Wilson coefficients
(see Ref. [38] for details).



discussion above. The partial width for the decay into top quarks can be written at leading

order as
m.-m2N |geff|2 4m?2
T(a—tt) = <2t L 1 —L, 11
(a — tt) o 2 (11)

We assume that sub-leading QCD corrections that would enter the effective top-quark cou-
pling ¢ are negligible. In addition to the direct ALP-top—quark coupling ¢;, contributions
from diagrams involving cs arise at loop-level. These next-to-leading order effects are ne-
glected in our analysis. Thus, in our analysis we use gt = ¢;/f, with ¢; defined in Eq. (4).
The partial width for the ALP decay into gluons is given by [38]
2m NE|gagel” [, 83 as(ma)
F(a—)gg)—g—ﬁ[l—i—ZT} , (12)
where the second term in the brackets contains the leading one-loop QCD corrections [106],
and the effective ALP-gluon coupling gggg is given in Eq. (8).
As explained above, we assume vanishing contact interactions between the ALP and the
weak gauge bosons, i.e. ¢z = ¢ = 0. Thus, at leading order the decay of the ALP to
photons is induced only through a top-quark loop. The corresponding partial decay width

can be written as

m3 ‘ geff 2
I'a— = —0 13
(@ = 7m) = Pl (13
where the effective coupling g(‘f7 is given in Eq. (10).

In the next sections, we will consider the impact of an ALP on tf production at the
LHC. As already discussed above, potential additional ALP decays which would modify
the a — tt branching ratio are taken into account by keeping the total ALP width as a
free parameter. This includes additional top-quark-loop induced contributions, e.g. into the
electroweak gauge bosons, decays induced through effective ALP—SM couplings beyond the
coupling to gluons and top quarks, and ALP decays into additional BSM particles. For the
considered benchmark scenarios below, the branching ratio into tf typically dominates. For
instance, for an ALP at m, = 400 GeV with ¢/ f, = 3.0 TeV !, ca/fa =0.015 TeV~! and a
fixed width of T'/m, = 2.5%), the branching ratios for the decays into SM particles considered
in this analysis are BR(a — tt) = 65 %, BR(a — gg) = 0.84% and BR(a — vy) = 1.3-107°.

2.4 Monte Carlo simulation setup and observables

In view of the above discussion of the ALP couplings, we consider two possible BSM diagrams
for the process gg — tt which can be seen in Fig. 1 (where the decays of ¢ and ¢ are omitted
for simplicity): one containing a top-quark loop (left), scaling with the coupling ¢?, and one
containing the effective tree-level agg coupling (right), scaling with csc;. Both diagrams, as
well as their interference with each other and with the SM background for ¢t production,
contribute to the a — tt signal, which in general depends non-linearly on both couplings ¢
and cz. In the absence of CP violation, as we assume throughout this paper, there is no
interference contribution between the s-channel exchange of the Higgs boson at 125 GeV and
the one of CP-odd BSM particles (here ALP a or pseudoscalar Higgs boson A). Therefore,
the Higgs boson at 125 GeV does not contribute to the signal in our analysis.

8
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Figure 1: BSM Feynman diagrams contributing to the process gg — tt (for simplicity, the decay
of the produced top quarks, which is taken into account in our analysis, is not shown). The left
diagram contains a top quark loop and scales with the coupling ¢?, while the right diagram contains
an additional effective agg coupling and scales with czcy.

In the following we will investigate the sensitivity of LHC searches in the ¢t final state
to ALPs and we will analyze differences between an ALP a with ¢z # 0 and a pseudoscalar
Higgs boson A without additional contributions to the gluon coupling besides the one from
the top-quark loop. To this end, we generate Monte Carlo (MC) events of the process
g9 — aJA — tt — bblT¢~vp at leading order (LO) in QCD using the general-purpose
MC generator MADGRAPH 5 [107]. For the ALP events, we use an adapted version of the
Universal FeynRules Output (UFO) model [108] provided in Ref. [37], which we modified
to explicitly include the quark loop-induced production using a form factor taken from
Ref. [109]. For the pseudoscalar Higgs boson, an in-house UFO model is used.

Events for the SM ¢t background are generated at next-to-leading order (NLO) in QCD
using the MC generator POWHEG [110-113]. The NNPDF 3.1 parton distribution function
(PDF) set [114] is employed for the generation of both the signals and the SM background.
The events are showered and hadronized with the PYTHIA 8.3 program [115].

To estimate higher-order effects on the event yields, we calculate the cross section for
resonant gg — A production at NNLO in QCD for a 2HDM pseudoscalar Higgs boson
using the 2HDMC [116] and SusHI [117] programs. We then define a K factor K, for
the resonant A signal as the ratio of the NNLO cross section to the LO one predicted by
MADGRAPH. For the A/SM interference signal, we define the K factor as Ky = v/ Kies Ksu,
where Kgy is the SM K factor, which normalises to the NNLO+NNLL SM ¢ cross section
of 833.9 pb as calculated with ToP++ 2.0 [118].5 The same K factors are used for both
the pseudoscalar Higgs boson as well as the ALP with cgz # 0.

The results for the inclusive ¢t cross section incorporating the contributions from the
resonant ALP signal and the ALP/SM interference, while the cross section corresponding to
the SM ¢t background is subtracted, can be seen in Fig. 2 for the two ALP masses and widths
of mg = 400 GeV, I'y/m, = 2.5% (left) and m, = 800 GeV, I'y/m, = 5.0% (right). The
background-subtracted result o2 — oM is seen to be negative in a part of the (cg/ fa, ¢/ fa)
parameter plane. This is due to the destructive interference between the diagrams shown in
Fig. 1 and the SM diagrams contributing to ¢t production.

Explicitly, the background-subtracted inclusive cross section for the 400 GeV, 2.5% case

6More precise calculations are available only for a CP-even Higgs boson [119].
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Figure 2: The background-subtracted inclusive pp — tt cross section, including resonant pp — a
production and ALP/SM interference, Jg—)t — JtSEM, is shown in the plane of the ALP couplings
ca/ fa and ¢/ fq for different ALP masses and relative widths of 400 GeV and 2.5% (left) as well
as 800 GeV and 5.0% (right). Negative values of ¢; are not shown as the cross section is symmetric

under the sign change of both ¢; and ¢z, see Eq. (14).

can be parameterized as

oot — gSM :{ [0.109¢] + 22.3¢} ¢ + 1960¢; ] <

2
— [1.20¢2 + 97.2¢1¢4) (T;fv> } pb. (14)

a

Note the symmetry of the the cross section under the sign change of both ¢; and cg.

Following the CMS search for a heavy pseudoscalar Higgs boson [74], we discriminate the
signal and background events based on two variables, the invariant mass of the ¢ system,
myz, and the spin correlation variable ce. The latter is defined as

Chet = COS p = {F - 07 (15)

where ¢ denotes the angle between the directions of flight /+ and ¢~ of the two leptons,
defined respectively in the rest frames of their parent top or anti-top quarks. It can be
shown that the distribution of this variable (without phase space cuts) has the form [120]
1 do
0 dcpel

1
5 (1 = Deya) (16)
where the slope D is sensitive to the parity of a possible intermediate particle (in this case,
the ALP or a pseudoscalar Higgs boson).” Thus, this observable can be used to discriminate
between the signal and the SM background.

It should be noted that our variable cpe is called cos ¢ in Ref. [120] and does not correspond to their
variable cpel.

10
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Figure 3: Differential distribution in my; for the SM (top) and for a pseudoscalar Higgs boson
with m 4 = 400 GeV, 4.0% width and a coupling strength of g4, = 0.9, where the SM background
has been subtracted (bottom). The left plot shows the distribution inclusive in the variable cygl,
while the right plot shows it after selecting only events with cpe; > 0.6. Our smeared prediction
(blue) is compared to the CMS simulation taken from [74] (red). All predictions are shown for an
integrated luminosity of 35.9fb~!. The gray bands show the expected statistical uncertainty from
the SM tt background.

In order to account for the finite detector resolution we apply a Gaussian smearing with a
standard deviation of o = 15% on my; . The magnitude of the smearing was extracted from a
fit of the smeared generator predictions to both the SM ¢t background and the pseudoscalar
Higgs-boson signal after the full detector simulation in Ref. [74]. A comparison between
our my; distribution prediction and the CMS simulation is shown in Fig. 3. Note that we
perform this comparison for I'y,/m, = 4% as distributions for lower values of the relative
width are not displayed in Ref. [74]. In the left panel, we show the distribution inclusive in
cpel- In the right panel, we show the distribution after the cut ¢y > 0.6, highlighting the
discrimination power of this variable. We will employ this cut for the rest of our analysis.
While some discrepancy for the signal can be seen for the case of the (less sensitive) cye-
inclusive prediction, the distributions agree rather well with each other for ¢ > 0.6. For the
SM background, some differences are present just above the ¢t threshold, which are expected
to result from the details of the ¢f reconstruction in the experimental analysis.

We further approximate the experimental acceptance and efficiency for both signal and ¢t
background as 10.6% before the cpe requirement based on the numbers reported by CMS [74].
This acceptance is defined as the fraction of t£ — bbl* ¢~ events (¢ being electrons, muons
or leptonically decaying taus) that pass all triggers and analysis cuts and contribute to the
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likelihood fit.

2.5 Systematic uncertainties

In analyzing the discrimination between a BSM signal and the SM expectation, we consider
the following sources of systematic uncertainties:

e Unknown higher-order corrections in the calculation of both the signal and the tf
background. In both cases, the corresponding uncertainties are estimated by varying

the renormalization and factorization scales independently up and down by a factor of
2.

e The uncertainty in the PDF choice is estimated as the envelope of 100 pseudo-Hessian
NNPDF 3.1 replicas, as recommended in Ref. [121].

e The value of the top-quark mass assumed in the simulation of the SM ¢t background.
It is set to m; = 172.5 GeV by default and assigned a Gaussian uncertainty of 1 GeV,
as in Ref. [74].

e The uncertainty of the total rate of the SM ¢t background. It is taken as a log-normal
uncertainty of 6% as in Ref. [74]. The inclusion of this uncertainty does not significantly
influence our results.

Among these, the top-quark mass uncertainty is of particular importance for ALPs or
pseudoscalar Higgs bosons with masses close to the ¢t production threshold, where the m;
distribution for the SM #t background is strongly affected by even small variations in the top-
quark mass for low my; values. In Fig. 4 on the left, we show the effect of such a variation
for a luminosity of 35.9 fb™!, and compare it to the effect of a pseudoscalar Higgs-boson
signal corresponding to the excess observed by CMS in the first-year Run 2 analysis [74].
As expected, we find that the top-quark mass variation has significant effects on the bins
close to the tf threshold. The comparison with the expected signal for a pseudoscalar Higgs
boson at 400 GeV shows that the variation of the top-quark mass in the SM background by
—1 GeV yields, after subtracting the SM background with m; = 172.5 GeV, some similarity
with the peak—dip structure that is expected for the signal.

Since the effects of experimental cuts are taken into account only using acceptance factors,
variations in acceptance due to the top-quark mass dependence are not included in our
analysis. In particular, lowering the top-quark mass will result in lower transverse momenta
of the top-quark decay products (leptons and jets), which in an experimental analysis would
result in more events being rejected by triggers and lepton or jet quality cuts. This in return
would mitigate the steep increase of observed events for low my; shown as the blue line
in Fig. 4 (left). Similarly, the opposite is true for raising the top-quark mass (green line),
in total leading to a smaller uncertainty due to the top quark mass. In addition to this,
our method imposes the requirement ¢, > 0.6, while the experimental analysis considers
the full range in ¢y, split into five bins. A pseudoscalar Higgs boson signal is expected to
contribute mostly for high ¢y, while a variation due to a shift in the top mass affects all
chel bins similarly, which gives additional power to distinguish the signal from a variation in
the top-quark mass. As a result of both these effects, the uncertainty due to the top-quark
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Figure 4: Left: The effect of a top-quark mass variation of £1 GeV in the SM ¢t background
(green and blue lines; the central value is indicated by the black line in the upper plot, all displayed
SM curves are normalized such that they yield the same total cross section) compared to the effect
of a pseudoscalar Higgs boson with m4 = 400 GeV, 4% width and g4, = 0.9 (red dashed line).
The gray band in the lower plot, where the SM background has been subtracted, indicates the
statistical uncertainty for an integrated luminosity of 35.9fb~!. Right: The expected significance
for the pseudoscalar Higgs boson as a function of its coupling g4,z for the full set of systematic
uncertainties, the full set except for the top-quark mass uncertainty, and for the case where only
statistical uncertainties are taken into account. The expected significance reported by CMS for
gar = 0.9 is shown as the red star.

mass is likely overestimated in our setup, and we will consider our results both including
and excluding the uncertainty stemming from the top-quark mass in the following.

In order to compute expected significances and limits including the systematic uncertain-
ties, we perform hypothesis tests based on a binned profile likelihood fit with the package
pyhf [122, 123]. The expected number of events (SM background, resonant ALP production,
and ALP-SM interference) in each bin of the differential distribution in my;, as shown in
Fig. 3, can be parameterized as a polynomial in the two ALP couplings ¢;/f, and cz/ fa-
With this, we define the likelihood

L(cr,cq,05) = | [ Poisson(N™ NP (¢, e, 0;)) x [ [ p(6) (17)
i J

where N°P is the observed number of events in bin i, N is the predicted number of
events for given values of the couplings, and ¢; are nuisance parameters encoding different
theory-based systematic uncertainties as discussed above along with their corresponding prior

13



distributions p(#;). These are given by log-normal (for the ¢t rate uncertainty) or Gaussian
(for all other uncertainties) distributions, with standard deviations as given above. Both
shape and rate effects of the different uncertainty sources 6; are fully taken into account in
the predicted number of events N} red(ct, ¢a, 0;). For the HL-LHC projection all systematic
uncertainties are halved since the accuracy of the theoretical predictions is expected to
improve significantly on the relevant timescales. In the fit, the likelihood L is optimized
simultaneously as a function of the couplings ¢/ fa, ¢z/ fo and the nuisance parameters 6;.

In order to derive an expected limit for the ALP couplings, we define a test statistic
tercs [124] as the profile likelihood ratio

- 0.
te, e = min (—2ln E(CLAG’J)) ; (18)
e 0, L
where R R
L = max L(¢,Cq,0;) (19)
ét,ééﬁj

is the value of the likelihood at the best-fit coupling and nuisance parameter values for given
observed data. With this setup, the test statistic ¢, . is a measure of the agreement between
the observed data and the ALP prediction for given couplings ¢; and cg, taking into account
systematic uncertainties.

To compute the expected significance for the detection of an ALP signal for given values of
the ALP couplings, we assume that the observed data is equal to the prediction of the sum of
the ALP signal and the SM ¢t background, and perform a hypothesis test for the background-
only hypothesis, i.e. for the test statistic ¢y as defined in Eq. (18). The significance for
rejecting the background-only hypothesis is given by /%o in this case.

We show the expected significance at a luminosity of 35.9fb™" for a pseudoscalar Higgs
boson with m4 = 400 GeV, 4.0% width and varying coupling modifiers g (related to ¢;/ f,
via Eq. (6)) in Fig. 4 on the right for different uncertainty models: with all systematic un-
certainties including the one stemming from the top-quark mass, excluding the one from the
top-quark mass, and with statistical uncertainties only. For g4; = 0.9, corresponding to the
CMS excess, we find an expected significance of 2.3 standard deviations if all uncertainties
including the one from the top-quark mass are taken into account, and 3.7 standard devia-
tions for the case where the systematic uncertainty arising from the top-quark mass is not
included. Comparing this to the expected significance in the di-lepton channel reported by
CMS of 3.1 standard deviations [74], we find that the value that was obtained in the exper-
imental analysis lies between our estimates when including or excluding the top-quark mass
uncertainty. This is in line with our expectation, as mentioned above, that we overestimate
the effect of top-quark mass variations because we do not incorporate acceptance effects. For
the projected limits and significances that we will present below we will always quote the
significances both including and excluding this uncertainty.

We also compute the significances for distinguishing a general ALP a from a pseudoscalar
Higgs boson A with couplings ¢;/f, = gai/v and ¢z = 0 (see Eq. (6)). Similarly to the
definitions above (Eq. (18)), we assume the observed data to be equal to the expectation for
the ALP, and calculate the expected significance for rejecting the pseudoscalar Higgs boson

hypothesis as [tercq=0-
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Figure 5: Limit on the coupling of an ALP to the top quark, ¢;/f,, in the case ¢z = 0, translated
from Ref. [74], for a relative ALP width of 2.5% (left) and 5% (right). The hatched band shows
the region in which the sum of the predicted partial widths for the a — tt, gg, vy decays exceeds
the assumed total width.

3 Results

In this section we present the resulting limits on the Wilson coefficients of the ALP La-
grangian given in Eq. (4) and analyze the sensitivity for distinguishing between an ALP
with non-vanishing cs coupling and a pseudoscalar Higgs boson of an extended Higgs sector
for which ¢z = 0.

3.1 Translation of pseudoscalar Higgs boson limits

Since the additional pseudoscalar Higgs boson considered in Ref. [74] and an ALP exhibit
the same coupling structure for ¢z = 0, the existing limits on the process pp — A — tt can
be directly translated in this case into the first experimentally observed upper limits on the
ALP coupling to the top quark using Eq. (6). In Fig. 5 we show the expected (black dashed)
and observed (blue) upper limits on ¢;/ f, as a function of the ALP mass m, assuming a total
relative width of ', /m, = 2.5% and ', /m, = 5% in the left and the right plot, respectively,
based on the results of the CMS search for additional Higgs bosons in ¢t final states using
35.9 fb™! of data [74]. Also shown are the 1o and 20 uncertainty bands of the expected
limits as green and yellow bands, respectively. Coupling values for which the predicted total
width of the ALP, taking into account the a — tt, a — gg and a — vy decays, is larger than
the assumed total width are indicated by the gray hatched band.

In the left plot of Fig. 5 we can observe that in the ALP mass region 400 GeV < m, <
550 GeV upper limits of |¢;|/ f, between 3.0 and 3.8 TeV~! are found. The expected limit in
this mass region of |¢;|/f, < 2.5 TeV ™! is substantially smaller than the observed limits. This

~Y
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a A
ct/faTeVT'] ca/falTeVT' | gai | (0% — o) [pb]

3.0 +0.015 0.95 +6.7
3.0 —0.015 0.43 —2.7
1.0 +0.025 0.75 —-1.7
1.0 —0.025 0.87 +2.0

Table 1: BSM cross-section contributions in the four considered parameter benchmarks for the
ALP and pseudoscalar Higgs boson. The coupling g . of the pseudoscalar Higgs boson is chosen
such that its total cross-section contribution matches the one of the ALP for each benchmark.

is a manifestation of the local excess observed by CMS (which, however, is not supported by
the preliminary ATLAS result [75]). For larger masses the expected and observed limits are
located in the parameter region where the predicted total width is larger than the assumed
total width, so that no limits on |¢|/f, that are compatible with the assumption of a 2.5%
total width can be inferred. In the right plot a relative ALP width of 5% is assumed. In
the mass range 400 GeV < m, < 550 GeV, where both the expected and the observed
limit lie below the hatched band (and therefore the obtained results are compatible with the
assumption of a 5% total width) coupling values of |¢;|/f, = 4 TeV ™! are excluded.

~

3.2 Discrimination between an ALP and a 2HDM pseudoscalar
Higgs boson

We now consider the case of an additional effective ALP-gluon coupling, cs # 0, and in-
vestigate the sensitivity for distinguishing an ALP from a pseudoscalar Higgs boson with
the same mass and total width and for which we assume cz = 0. Using the MC simulation
described in Sect. 2.4, we analyze the resulting differences in the my; distribution.

We show in Fig. 6 the m; distributions after the cut ¢, > 0.6 for a pseudoscalar Higgs
boson A and for an ALP a both with a mass of 400 GeV, for several benchmark values of
ce/fo and ¢/ f,, given in Tab. 1. In each plot panel, the coupling g4 of the pseudoscalar
Higgs boson is chosen such that its total cross-section contribution matches the one of the
ALP for each benchmark.® Two separate vertical axes show the background-subtracted
number of events for two different choices of the integrated luminosity: 138 fb~' (Run 2)
and 3 ab~! (HL-LHC). The light and dark shaded gray areas show the statistical uncertainty
on the SM background corresponding to the two luminosity assumptions.

For the pseudoscalar Higgs boson A (dashed) a characteristic peak—dip structure located
around the particle mass occurs in the my; distribution for sufficiently large values of g
(upper left and lower right plot). For small values of g4, < 0.8 (upper right and lower left
plot), the depth of the dip, induced by the interference term, dominates over the height of
the peak, which is mostly caused by contributions from the resonance term, leading to a
deficit of events throughout most of the considered m; distribution.

8For ¢; = 3, ca = —0.015, both g4 = 0.43 and ga; = 0.69 lead to the same cross section. We have
plotted the distribution for the coupling for which the ALP and pseudoscalar Higgs lines are closer to each
other.
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Figure 6: Differential distribution in my; for an ALP with different values of cz and ¢; and a
pseudoscalar Higgs boson with different values of g4z, both with a mass of 400 GeV and a total
width of 2.5%. The couplings cs, ¢ and g are chosen in the considered benchmark scenarios
such that the ALP and the pseudoscalar Higgs boson have the same integrated cross section in a
given panel. Event counts are shown for integrated luminosities corresponding to Run 2 (138 bt
left axis) and the HL-LHC (3 ab~!, right axis). The gray bands indicate the expected statistical
uncertainties on the SM background for the two integrated luminosities.
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Comparing the distributions of an ALP where cs # 0 with those of a pseudoscalar Higgs
boson, differences in the my; distributions become visible. In particular, if ¢z and ¢; have
opposite sign, instead of the peak—dip structure a dip—peak structure may occur (upper
right and lower right plots in Fig. 6). As expected, the differences between the distributions
for an ALP and a pseudoscalar Higgs boson become more pronounced with increasing |cs|
(lower left and lower right plots). For the upper left and upper right plots, the a and A
distributions are qualitatively similar, featuring a peak—dip and dip—-dominated structure,
respectively. However, the position and depth of the dip as well as the high-mass tail of
the distribution are different for the case where ¢, and ¢ have opposite signs (upper right
plot). In the lower left plot, the ALP features a peak—dip structure, while the corresponding
distribution for a pseudoscalar Higgs boson is dominated by a dip only. The most prominent
difference in the distributions for an ALP and a pseudoscalar Higgs boson can be observed in
the lower right plot. In this case, the m,; distribution of the pseudoscalar Higgs boson features
a peak—dip structure, while for the ALP a dip—peak structure occurs. In comparison to the
indicated statistical uncertainties on the SM background for the two luminosity assumptions
one can see that there is a certain sensitivity for discriminating between the hypothetical
observation of an ALP and of a pseudoscalar Higgs boson already with the projection of the
CMS analysis to the full Run 2 luminosity, and good prospects for all displayed scenarios
for the case of the HL-LHC. These findings will be further quantified in the following.

In Tab. 2, we present the expected significances for the observation of an ALP or a
pseudoscalar Higgs boson for three different integrated luminosities corresponding to Run 2,
Run 243 and the HL-LHC. Analogously to Section 2.5, we present the significances for three
different assumptions on the uncertainties: i) including statistical and all systematic uncer-
tainties, ii) including statistical and systematic uncertainties but excluding the top-quark
mass uncertainty, iii) considering statistical uncertainties only. In addition, as discussed in
Sect. 2.5, we scale all systematic uncertainties by a factor of 0.5 for our projection to the
HL-LHC in order to account for future improvements in prediction and analysis techniques.
We find that the benchmark scenario with ¢;/f, = 3 TeV ™1, ca/fa = 0.015 TeV ™! can be
distinguished from the SM expectation with a significance much above 5o at the HL-LHC
for the case where all systematic and statistical uncertainties are taken into account. For all
the other displayed benchmark scenarios an expected sensitivity at the HL-LHC above the
level of 5 o can be achieved if the uncertainty arising from the top-quark mass in the analysis
can be significantly reduced compared to our simple estimate (see the discussion above). As
indicated in the “no m; column”, for some of the displayed benchmark scenarios this level of
significance could be reached in this case already with the integrated luminosity from Run 2
and Run 3.

Turning to the question of how well an ALP and a pseudoscalar Higgs boson can be
distinguished from one another in the considered benchmark scenarios, the comparison of
the predicted distributions for an ALP and a pseudoscalar Higgs boson in Fig. 6 with the
statistical uncertainty (gray bands) shows that for the data that has been recorded at Run 2
the deviation between an ALP and a pseudoscalar Higgs boson is largest in comparison to
the statistical uncertainty for the benchmark scenario with cg/f, = —0.015 TeV™!, ¢/ f, =
3.0 TeV~! (lower right plot of Fig. 6). In this case the peak-dip structure caused by the
pseudoscalar Higgs boson would be expected to be well separable from the background, while
the ALP produced with the same total cross section would give rise to a dip—peak structure
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a A Significance (a/A vs. SM)

¢t/ fa [TeVT']  ca/fa[TeVT! ‘ g || Luminosity | all syst. ‘ no my ‘ stats only
Run 2 3.9/33 | >10/8.9 | > 10/> 10
3.0 +0.015 0.95 Run 243 5.2/4.3 >10/>10 | > 10/> 10
HL-LHC >10/>10 | >10/> 10 | > 10/> 10

Run 2 21/12 | 22/15 | 4.4/29

3.0 —0.015 | 043 | Run2+3 | 3.0/1.5 | 3.0/20 | 6.5/4.3
HL-LHC 8.7/4.2 8.8/5.7 > 10/> 10

Run 2 1.1/24 | 2.6/47 | 4.0/6.3

1.0 4+0.025 | 0.75| Run243 | 14/31 | 32/6.0 | 5.9/9.4
HL-LHC | 3.9/84 | 82/>10 | >10/> 10

Run 2 0.7/2.8 1.7/69 | 2.8/9.8

1.0 —0.025 0.87 Run 243 0.9/3.6 2.2/8.6 4.1/> 10
HL-LHC 2.3/9.9 5.5/>10 | >10/> 10

Table 2: Significances for detecting an ALP or a pseudoscalar Higgs boson with a mass of 400 GeV
and a width of 2.5% for the benchmark scenarios considered in Fig. 6. Three different treatments
of the uncertainties as defined in Sect. 2.5 are shown. For the HL-LHC projection, all systematic
uncertainties are scaled by a factor of 0.5. The “/” separates the significances of the ALP from
those of the pseudoscalar Higgs boson.

that is significantly less pronounced. At the HL-LHC, all considered ALP benchmarks will
be distinguishable from their pseudoscalar Higgs boson counterparts. More quantitatively,
the significances for this comparison are given in Tab. 3. After LHC Runs 2(+3), only the
benchmark scenario with ¢,/f, = 1 TeV™' and ce/fa = —0.025 TeV~! has the potential
to be distinguished from the case of a pseudoscalar Higgs boson with the same total cross
section with (close to) 5o significance. For all four considered benchmark scenarios, a 5o
distinction of an ALP from a pseudoscalar Higgs boson with ¢z = 0 will be possible at the
HL-LHC, based on the result taking into account all systematic and statistical uncertainties.
We note that in this case, as discussed above, the ALP signal itself may not be detectable
with 5o significance.

In case a new particle is detected at the LHC, the sensitivity for distinguishing between an
ALP and a pseudoscalar Higgs boson would have an important impact on the future collider
programme at the high-energy frontier. If one can show that only an ALP with cz # 0 is
in agreement with the experimental data, this could imply the existence of additional heavy
BSM particles that are responsible for the additional contributions to the ALP—gluon contact
interaction in the ALP EFT. The size of ¢/ f, which is consistent with the data could then
be used to gain information on whether these BSM particles could potentially be in reach of
the LHC or other future colliders that are currently discussed.

3.3 Projected ALP limits

As seen in Fig. 6, the LHC results of Run 2 and Run 3 and especially of the future high-
luminosity phase are expected to yield significant improvements of the sensitivity to the ALP
couplings cz and ¢;. To quantify this, we derive estimates for the projected limits on the
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a A Significance (a vs. A)
¢/fa[TeV'] ca/fa[TeV™'] | gag || Luminosity | all syst. | no m, | stats only

Run 2 1.3 1.9 3.3

3.0 +0.015 0.95 Run 2+3 1.8 2.3 4.9

HL-LHC 5.3 5.7 > 10

Run 2 1.2 1.9 3.3

3.0 —0.015 0.43 || Run 243 1.7 2.4 4.9

HL-LHC 5.0 6.0 > 10

Run 2 1.5 2.3 2.7

1.0 +0.025 0.75 Run 2+3 2.0 3.1 3.9

HL-LHC 5.8 8.8 > 10

Run 2 3.7 9.0 > 10

1.0 —0.025 0.87 || Run 243 4.6 > 10 > 10

HL-LHC > 10 > 10 > 10

Table 3: Significances for the discrimination of an ALP and a pseudoscalar Higgs boson for the
benchmark scenarios considered in Fig. 6. The uncertainties are treated as in Tab. 2.

ALP couplings from the investigated a — tt searches.

To this end, we use the same uncertainty setup as presented in Sect. 2.5 for computing
significances. In a first step, we do not incorporate the systematic uncertainty arising from
the top-quark mass. We assume that the observed data is equal to the SM expectation, i.e.
that no deviation from the SM is found, and scan over values of the ALP couplings ¢/ f, and
¢t/ fa, each time performing a CLg test [125, 126] using the test statistic given in Eq. (18).
We assume the test statistic to be y2-distributed with two degrees of freedom, and reject a
set of values for the ALP couplings at 95% confidence level (CL) if the CLg value for these
couplings falls below a threshold of 0.05.

The projected limits resulting from this procedure are shown in Fig. 7 for m, = 400 GeV,
Lo/ma = 2.5% (left plot) and m, = 800 GeV, I'y/m, = 5% (right plot). In both cases, we
include all systematic uncertainties except for the top-quark mass uncertainty, as discussed
in Sect. 2.5. For Run 2, we find a limit of ¢;/f, < 3.5 TeV~! for m, = 400 GeV in the least
sensitive case for ¢ (corresponding to values of c5/f, = —0.02 TeV '), while the limit is
improved to ¢;/f, < 0.34 TeV ™" for |cz|/f. = 0.1 TeV~'. For m, = 800 GeV, we find a limit
of ¢;/f. < 0.7 TeV~! for |cg|/fa = 0.1 TeV™', while no limit for the assumed total width
can be set for ¢z = 0. The fact that the lowest sensitivity on ¢; is reached for a non-zero
value of cs for m, = 400 GeV results from a destructive signal-signal interference between
the two possible production diagrams, which suppresses the signal cross section for small
negative values of cz. The four points indicated by stars in the left plot correspond to the
four benchmark scenarios considered in Fig. 6. The red benchmark point and possibly also
the green one can be probed already with the data from Run 2. The yellow benchmark point
should become accessible with the integrated luminosity after Run 3 of the LHC, while the
purple one becomes only accessible at the HL-LHC.

It should be noted that for m, = 800 GeV and I';/m, = 5%, similar to Fig. 5, the
expected exclusion limits on ¢;/f, for Run 2 and Run 3 within the interval |cs|/f, < 0.02
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Figure 7: Projected expected limits on the ALP couplings cs/f, and c;/f, as obtained by the
maximum likelihood fit for three different integrated luminosities, corresponding to LHC Run 2
(red), Run 243 (blue) and HL-LHC (green), and for m, = 400 GeV, I'y/m, = 2.5% (left) and
800 GeV, I'y/mg = 5.0% (right). The shaded bands show the variations of the expected limit by
one standard deviation. For all cases, all systematic uncertainties are included (scaled by a factor of
0.5 for the HL-LHC) except for the top-quark mass uncertainty. The region in which the assumed
ALP width is lower than the total predicted width, taking into account the a — tf, a — gg and
a — 77 decays, is shown as the gray shaded area. In the left plot, the benchmark points from
Fig. 6, with the same color coding, are shown as stars.

lie in the region where the predicted total ALP decay width exceeds the width assumed
in the analysis.® For the integrated luminosities expected at the HL-LHC limits for both
ALP masses can be set throughout the whole parameter space without a conflict with the
assumed value for the total width. For the HL-LHC we find a significantly improved limit
of c;/ fa < 1.4(2.8) TeV~! for m, = 400 (800) GeV. For |cs|/f. = 0.1 TeV ™', we find a limit
of ¢;/f, <0.11(0.19) TeV~".

We now analyze the impact of the treatment of the uncertainties, in particular the effect
of taking into account the systematic uncertainty arising from the top-quark mass. To this
end, in Fig. 8 we show the same limits for an integrated luminosity corresponding to Run 2
for the three different treatments of the uncertainties as in Tabs. 2-3. For m, = 400 GeV
(left plot), i.e. close to the ¢t production threshold, it can be seen that including the top-
quark mass uncertainty significantly weakens the projected limits. As discussed in Sect. 2.5,
this uncertainty is likely overestimated in our analysis, and we expect the limits that would
be found in an experimental analysis to lie between the cases including or excluding the
top-quark mass uncertainty (blue and red lines).

For m, = 800 GeV (right plot), on the other hand, it can be seen that the effect of the
top-quark mass uncertainty is very small. For this mass, the signal does not manifest itself
as a peak—dip structure close to the tf production threshold and thus has a very different
shape compared to modifications of the m,; distribution caused by a variation of the mass
of the top quark.

91f we instead choose the total width as ', = Fi’{red + I’g;ed + I’Effd, we expect our limits to be weaker in
the gray-shaded region and to be stronger otherwise.
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Figure 8: Projected expected limits on the ALP couplings cs/f, and c¢;/fq, that are obtained

as in Fig. 7, for mg, = 400 GeV, I'y/m, = 2.5% (left plot) and m, = 800 GeV, I'y/m, = 5%

(right plot) and for three different treatments of the uncertainties as defined in Sect. 2.5: with all

systematic uncertainties including the top-quark mass uncertainty (blue), excluding the top-quark

mass uncertainty but keeping other uncertainties (red), and considering statistical uncertainties
only (gray). All limits are shown for an integrated luminosity of 138 fb~!, corresponding to Run 2.

3.4 Comparison with other experimental limits

In this section we compare the projected limits on the ALP couplings obtained in the previous
section to other current experimental limits on these parameters. Focusing on an ALP at
me = 400 GeV and a relative width of 'y /m, = 2.5%, we show in Fig. 9 our projected 95%
CL limits on the coupling coefficients cs/f, and ¢/ f, based on the pp — a — tt process
for an integrated luminosity of 138 fb™" collected during Run 2 (as shown by the red curve
in Fig. 7). For the specific scenario of the top-philic ALP (see Eq. (7)), indicated by the
black dot-dashed line, we find from the intersection with the red curve a projected limit of
¢t/ f. < 1.7 TeV™!', which is complementary to the limit set at lower masses in Ref. [56].
Our limits are compared with the current limits resulting from LHC searches for di-photon
resonances [88] (green shaded area) and from the measurement of the total cross section
for the production of four top quarks [89] (blue shaded area), both based also on 138 fb™.
Moreover, we depict the indirect limit on ¢;/ f,, which is approximately independent of ¢/ f,
for m, = 400 GeV, resulting from a global analysis of ALP-SMEFT interference effects [44]
(hatched gray line). In the following we briefly summarize how the existing exclusion regions
displayed in Fig. 9 were obtained and discuss the assumptions on which they are based.

Direct searches for resonant gg — a — vy production

As explained above, the ALP coupling to top quarks induces at the one-loop level a
coupling of the ALP to two photons, see Eq. (10). Searches for the ALP as a narrow di-
photon resonance profit from a relatively small background, while interference effects between
ALP production and the SM background are negligible. Existing LHC searches for high-mass
di-photon resonances can therefore be used as a different way for probing ALPs as considered
here. However, the di-photon branching ratio is strongly suppressed for ALP masses above
the tt threshold. For an ALP mass of m, = 400 GeV we can apply the 95% CL cross-section
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Figure 9: Limits on the ALP Wilson coefficients c;/f, and cz/fq from various sources: The
red line shows our result for the projected expected 95% CL upper limit on the ALP couplings
ca/fa and ¢/ fo from ALP searches in the invariant t¢ mass distribution and angular correlations
for an ALP with a mass of 400 GeV and relative width of 2.5% for the case where all statistical
and systematic uncertainties are included except for the top-quark mass uncertainty (see Fig. 7).
The red dashed lines indicate the 410 uncertainty band. The green shaded areas are excluded at
95% CL from LHC searches for narrow di-photon resonances performed by ATLAS [88], and the
blue shaded area is excluded from the CMS cross section measurement for the production of four
top quarks [89], where both analyses are based on the full Run 2 dataset. Values of ¢;/f, above
the gray hatched line are excluded by ALP-SMEFT interference effects [44] (see text for details).
Coupling values for which the predicted sum of the partial widths for a — tt, gg, v is larger than
the assumed total width of the ALP are indicated with the gray shaded area. The black dot-dashed
line represents the couplings corresponding to a top-philic ALP.

limits resulting from the ATLAS high-mass di-photon resonance search [88] as implemented
in HiggsTools [127-132].1% We obtain the theoretical prediction for the resonant cross section
of the ALP in the same way as described in Sect. 2.4, i.e. we compute the resonant gluon-
fusion production cross-section at LO with MADGRAPH 5 and apply a K-factor K, to
account for higher-order QCD effects. As described in Sect. 2.3, the prediction for the decay
a — 7 is based on the loop-induced coupling involving the top-quark loop.

We stress again in this context that we treat the total width of the ALP as a free
parameter in our analysis. Accordingly, for the coupling regions below the gray area in Fig. 9,
where the predicted sum of the partial widths for the tf, gg and v decays is smaller than

0The corresponding CMS search [133] sets limits for narrow di-photon resonances with masses above
500 GeV, and therefore does not apply to the considered scenario.
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the assumed total width, the ALP would necessarily feature additional couplings to other
SM or BSM particles. If those additional couplings of the ALP involve charged particles,
the partial width for a — 7+ would receive additional loop-induced contributions besides
the contribution from the top-quark loop. As a consequence, the exclusion regions resulting
from the di-photon searches shown in Fig. 9 can be significantly modified via the impact of
additional ALP couplings on the di-photon branching ratio.

Direct sensitivity to a — tt in the production of four top quarks

At m, = 400 GeV and assuming I',/m, = 2.5%, the ALP investigated here mainly
decays into top-quark pairs. For the case where the ALP is produced in association with
two top quarks, this decay mode contributes to the production of four top quarks at the
LHC. This final state was recently measured for the first time using the Run 2 dataset
collected at 13 TeV by both the CMS [89, 134] and the ATLAS [135, 136] collaborations.
These measurements can be used to set upper limits on the process pp — tta — tttt. The
exclusion region shown in Fig. 9 is based on the CMS measurement in the same-sign di-lepton
plus multilepton channel [89], which has the smallest statistical and systematic uncertainties
among the currently existing measurements. CMS found a cross section of o,z = 17.7in3 fb,
which agrees with the SM prediction o2} = 13.4 fb [137] at about the level of 15. We use
as an upper limit on the cross section the upper value of the 2 uncertainty band, which
corresponds approximately to a 95% CL limit. As a simple estimate of the theoretical
prediction for the ALP model, the cross section for pp — tta — tttt is added to the cross
section that is predicted within the SM. This is conservative in the sense that taking into
account a lower acceptance for events arising from the resonant process of ALP production
than for the non-resonant SM-like contribution is expected to reduce the impact of this
constraint on the displayed parameter space. Since for the final state with four top quarks
the interference effects between the resonant ALP contribution and the non-resonant SM
background are much less important compared to the case of tf production, they have been
neglected here. The cross section for the production of the ALP in association with two top
quarks was obtained with the help of HiggsTools as a function of ¢;, and the decay width
for a — tt was computed according to Eq. (11) as in our analysis for the ¢¢ final state. The
resulting exclusion limit only mildly depends on cgs since ¢z enters this process only in the
branching ratio for the a — t¢ decay, which is the dominant decay mode for the considered
coupling values. We find that the exclusion limit from the measurement of the production of
four top quarks is significantly weaker than our projected limit from the ¢f searches except
for the region of small negative values of cs/ f, where the latter limit is weakest. The limit
on ¢/ f, that we obtain for ¢5 = 0 can be furthermore compared to limits that CMS has
obtained in a search for new spin-0 particles in final states with three or four top quarks
published in Ref. [138]. CMS found in the 2HDM interpretation a lower limit of tan 5 = 1.2
at a mass of 400 GeV (see upper right plot of Fig. 8 therein), which in terms of the ALP
Wilson coefficients corresponds to a limit of ¢;/f, = 3.4. This is in good agreement with the
limit that we have obtained using the total cross section measurement of Ref. [89].

Indirect effects from ALP-SMEFT interference

ALP couplings can also be constrained indirectly through their impact on observables
described in the SMEFT framework. The RG evolution induces non-zero SMEFT coefficients
at scales probed at LEP or the LHC even if the ALP couplings are the only BSM contributions
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present at the UV scale [43]. This effect has been used to constrain the Wilson coefficients of
the ALP effective Lagrangian by reinterpreting SMEFT constraints from LHC Higgs and top
data as well as electroweak precision observables. The resulting bounds on ALP couplings
to gluons and top quarks are [44]!!

led/ fa < 1.2/ TeV, lcal/fa < 0.74/TeV,  for m, = 400 GeV
lee]/ fo < 1.3/ TeV, lcal/fa < 0.83/TeV,  for m, = 800 GeV . (20)

The limit on ¢; is dominated by its contribution to the SMEFT Wilson coefficient Cyp
corresponding to the SMEFT operator

Oup = (H'D,H)*(H'D"H), (21)

which is tightly constrained from electroweak precision observables, most notably from the
W-boson mass.'? For cs the reinterpretation of Higgs limits on C,g, Ce, corresponding to
the dimension-six SMEFT operators

Ouc = (¢T¢) GLG", Ouw = (QLUWUR) Taq; G, (22)

dominates the bounds. While these bounds are independent of, for instance, the ALP decay
width or its branching ratios, they assume that all SMEFT Wilson coefficients are exactly
zero at the high scale A = 4rnf,. However, the presence of additional non-zero SMEFT
Wilson coefficients at A can influence the limits on the ALP coefficients ¢; and cs in either
direction.

One can see in Fig. 9 that the expected limits from an investigation of the invariant tf
mass distribution (red line) are substantially stronger than current limits both from LHC
searches for narrow resonances decaying into two photons (green shaded area), and from the
cross section measurement for the production of four top quarks (blue shaded area). Only
in the region where the limits from the my; distribution become weak, i.e. for small values
of cg, the limits from the searches for four top quarks become comparable. The projected
limits obtained in our analysis are the only limits from direct searches at the LHC that are
comparable or stronger than the indirect limits on ¢;/ f, from the ALP-SMEFT interference
effects (gray hatched line). We find limits on ¢;/f, that are up to an order of magnitude
stronger than the indirect bound on ¢/ f, for values of |cs|/f. 2 0.05, whereas for smaller
values of |cs|/ f, the indirect limit from the ALP-SMEFT interference is stronger.

4 Summary and Conclusion

Axion-like particles (ALPs) are singlets under the SM gauge groups and appear in many
well-motivated extensions of the SM as the lightest degree of freedom due to their nature as
pseudo-Nambu-Goldstone bosons of an approximate axion shift-symmetry. Therefore, ALPs

1Tt should be noted that these bounds apply to the couplings at the high scale, c,(A), rather than to the
ones at the ALP mass m,.

12These limits are obtained using the experimental average value of My, = 80.379+0.012 GeV [139]. This
value does not include the recent CDF measurement [140] which is in significant tension with the SM.
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are an attractive target for the LHC and the HL-LHC in the hunt for BSM physics. In this
paper we studied the gluon-fusion production of an ALP at the LHC with subsequent decay
into a pair of top quarks. This channel is directly sensitive to both the ALP—fermion and
the ALP—gluon couplings in the production, and to the ALP—fermion coupling in the decay.
Motivated by recent searches for additional Higgs bosons in ¢t final states by the ATLAS and
CMS collaborations, we have analyzed the current limits and future prospects for probing
the parameter space of the effective ALP Lagrangian.

We have performed a recasting of the published CMS search for a CP-odd Higgs boson,
extending it to the case of an ALP with a more general coupling structure. In our simulation
the decay of the top quarks has been included, thus going beyond previous phenomenological
studies of ALP searches in my; distributions. Since top quarks decay on timescales much
smaller than the one of the strong interaction, angular variables of the decay products can
be used to gain sensitivity to spin information of the top quarks. This information can
be utilized to enhance the sensitivity for discriminating a signal from the background and
for characterizing the properties of a possible signal. Exploiting the information from the
invariant-mass distribution of the final-state top quarks, my;, and the spin correlation vari-
able, cpe, we have investigated in particular how the production of an ALP with generic
couplings to gluons and top quarks can be distinguished from the production of a pseu-
doscalar which couples to gluons exclusively via a top-quark loop.

In order to incorporate the effects of a finite detector resolution into our phenomenological
analysis, we have applied a Gaussian smearing with ¢ = 15% on the m,; distribution. We
determined the appropriate magnitude of the smearing from a fit of the smeared generator
predictions to both the SM tf background and the expected signal for a CP-odd Higgs-boson
that was obtained in the CMS analysis based on a full detector simulation. By comparing
the distributions with and without imposing the cut ¢ > 0.6 on the helicity variable we
have demonstrated the high discrimination power of this variable.

In our analysis we have investigated in detail different sources of systematic uncertainties.
In this context we have pointed out in particular the importance of the systematic uncertainty
that is associated with the uncertainty on the mass of the top quark, which strongly affects
the my; distribution for the SM ¢t background in the low-mass region just above the tf
threshold. In our phenomenological analysis we have used a Gaussian uncertainty of +1 GeV
for the top-quark mass. For the example of an expected signal of a CP-odd Higgs boson
at 400 GeV we have demonstrated that the variation of the top-quark mass in the SM
background by —1 GeV yields, after subtracting the SM background with m; = 172.5 GeV,
a pattern resembling the peak—dip structure that is expected for the signal. Since in our
phenomenological analysis, which does not take into account variations in the acceptance
arising from the top-quark mass dependence, the uncertainty associated with the top-quark
mass is likely to be overestimated, we have presented our results with and without the
uncertainty stemming from the top-quark mass. In order to compute expected significances
and limits including the systematic uncertainties, we have performed hypothesis tests based
on a binned profile likelihood fit.

As a first step in our numerical analysis we have employed the results from the CMS
search for a CP-odd Higgs boson using 35.9 fb~! of data collected at /s = 13 TeV (with a
similar expected sensitivity as the preliminary Run 2 ATLAS result) to derive limits on the
effective ALP Lagrangian in terms of the Wilson coefficient ¢, for the case ¢z = 0. For the
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example of an ALP in the mass range of 400 GeV < m, < 550 GeV and with a relative width
of 5%, coupling values of |¢;|/f, > 4 TeV™' are excluded. We have then investigated the
expected significances for the observation of an ALP or a pseudoscalar Higgs boson for the
integrated luminosities corresponding to Run 2 and Run 2+3 of the LHC as well as to the HL-
LHC. For a benchmark scenario with ¢;/f, = 3 TeV ™" and cz/f, = 0.015 TeV ', taking into
account all systematic and statistical uncertainties, we have shown that the discrimination
from the SM expectation is possible with very high significance at the HL-LHC. For all the
other investigated benchmark scenarios for ALPs and pseudoscalar Higgs bosons we have
found that an expected sensitivity at the HL-LHC above the level of 50 can be achieved if
the uncertainty arising from the top-quark mass in the analysis can be significantly reduced
compared to our simple estimate. In this case such a level of significance could be reached
already with the integrated luminosity from Run 2 and Run 3 for some of the investigated
benchmark scenarios.

As a further step we determined the significances for distinguishing a generic ALP from
a pseudoscalar Higgs boson that couples to gluons exclusively via a top-quark loop. We have
found that at the HL-LHC all considered ALP benchmarks will be distinguishable from their
pseudoscalar Higgs boson counterparts for the case where the latter have the same mass and
relative width as the considered ALP and where the couplings are such that the integrated
cross sections for the two types of BSM particles are the same. Already with the data from
Run 2 and Run 3 of the LHC a significant sensitivity for distinguishing between an ALP
and a pseudoscalar Higgs boson is achieved. We note that this kind of information can have
important implications for the future collider programme at the high-energy frontier because
of the different prospects for detecting additional BSM particles.

Turning from the prospects for discovering new particles to projected limits from ALP
searches, we have determined projected limits on the ALP couplings to fermions and gluons
in terms of the Wilson coefficients of the ALP-SM Lagrangian under the assumption that no
deviations from the SM expectation will be observed. Including all systematic uncertainties
except for the top-quark mass uncertainty, we have found for Run 2 a projected limit of
ci/fa < 3.5 TeV™! for m, = 400 GeV in the least sensitive case for ¢a (corresponding to
values of c5/f, = —0.02 TeV™'), while the limit is improved to ¢;/f, < 0.34 TeV™' for
lcal/fa = 0.1 TeV™'. For m, = 800 GeV we have obtained a projected limit for Run 2
of ¢i/fa < 0.7 TeV™! for |cs|/fa = 0.1 TeV~'. For the HL-LHC we find a significantly
improved projected limit of ¢;/f, < 1.4(2.8) TeV~" for m, = 400 (800) GeV and cg =~ 0.
For |ca|/fa = 0.1 TeV™', we have obtained a projected limit of ¢;/f, < 0.11(0.19) TeV ™.
Regarding the impact of taking into account the systematic uncertainty arising from the
top-quark mass, as expected we have found significant effects for the case of m, = 400 GeV,
i.e. close to the ¢t production threshold, while for m, = 800 GeV this uncertainty has only
a very small effect.

In order to assess the impact of our projected limits for Run 2 of the LHC, in a final step
we have compared those limits from the ¢t searches (focusing on the case m, = 400 GeV)
with existing experimental bounds from LHC searches for narrow di-photon resonances and
from measurements of the production of four top quarks. We have also shown for comparison
the constraints from global analyses of ALP-SMEFT interference effects, which arise from
renormalization group running effects that induce a mixing between ALP EFT operators and
SMEFT operators. We showed that our projected limits from the ¢f searches are significantly
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stronger than the ones from the measurement of the production of four top quarks except for
the region of small negative values of cg/ f., where our projected limit from the ¢t searches
is weakest. For the largest values of |cz|/ f, considered in our analysis, our projected limits
from the tt searches are up to an order of magnitude stronger. The current limits from
searches for a — v (for the considered case that the di-photon decay of the ALP is only
generated via the top-quark loop contribution) have turned out to be always substantially
weaker compared to our projected limits from the ¢ searches. In comparison to the indirect
limits obtained from ALP-SMEFT interference effects, which rely on the assumption that
the ALP dimension five operators are the only BSM contribution present at the UV scale,
we have found that the projected direct limits from the ¢t searches at the LHC are the
only ones that can give rise to limits comparable or below the indirect limit on ¢;/f, from
ALP-SMEFT interference effects. Overall, the limits on ¢;/f, that can be obtained from
ALP searches in the my; distribution are expected to be the strongest limits in the range
ca/fa < —0.04 TeV™" and c5/ f, > 0.02 TeV ™.

To conclude, we derived limits on the ALP coupling to the top quark for ALPs with a mass
above the tt threshold. First, we reinterpreted existing limits on pseudoscalar Higgs bosons
for ALPs in the case where no contact interaction with gluons exists beyond the one induced
by the top-quark loop. As the main part of our analysis, we explored the sensitivities to
distinguish ALPs from heavy pseudoscalar Higgs bosons. Within the considered benchmark
scenarios, we find that a distinction can be possible already using the LHC Run 2 dataset,
with substantially improved prospects at the HL-LHC. Assuming the absence of a signal,
we derived expected limits dependent on the ALP—top and ALP—gluon couplings which are
significantly stronger than existing direct limits from other searches. They also complement
indirect limits derived from ALP-SMEFT interference. We encourage the experimental

collaborations to adopt the strategies outlined in our paper for future ALP searches at the
LHC.
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