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ALP effective action

★They appear in many UV completions of the Standard Model

✴Dimension 5 Effective action suppressed by Axion decay constant
✴Coupling structure dictated by symmetry

LHCTopWG

★Axion like particles are motivated (light) new physics particles

ALP: Pseudo-Nambu Goldstone Boson of a spontaneously broken symmetry

Only subset of these coupling

is actually independent, once

we consider allowed 

re-parametrizations

matter annihilation is resonantly enhanced.]

The paper is structured as follows. In Section 2 we briefly recap the main features

of the general ALP e↵ective theory before specialising to the top-philic case of interest

in this work. We discuss the ALP couplings generated by ct beyond tree-level, namely

the induced couplings to fermions and to SM gauge bosons. We discuss the impact of

shift symmetry breaking e↵ects on the induced couplings and motivate the importance

of two-loop e↵ects in the gauge boson interactions, studying the associated form factors

in phenomenologically relevant kinematical limits. We also discuss the conversion to an

equivalent basis in which derivative ALP-fermion interactions are traded for those without

derivatives. This elucidates the relation between our top-philic ALP and a generic top-

philic pseudoscalar, explaining why the two models yield very di↵erent predictions for

certain LHC processes. In Section 3 we explore the LHC phenomenology of the top-philic

ALP in detail, computing its decay branching fractions and production cross sections for

the aforementioned processes. We also derive bounds on fa/ct based on the interpretation

of resonance searches at the LHC, quantifying the gap in the parameter space in our

mass window. Section 4 considers new, alternative probes of the top-philic ALP using SM

cross section measurements in top-enriched (Davide) also the previous ones are top-

enriched final states, which we find to yield the strongest limits to date in this parameter

region. Finally, Section 5.1 presents our study of the invisible ALP as a portal to a DM

sector before summarising and concluding in Section 6.

2 The Top-philic ALP

2.1 The ALP e↵ective Lagrangian

In this section we summarise the general structure of the e↵ective Lagrangian for an ALP,

a, at dimension-5, and introduce the notation and conventions used in this paper. The

specific features of a top-philic ALP are discussed in Sec. 2.2, while in this section the ALP

is not yet assumed to be top-philic.

The general e↵ective Lagrangian for an ALP a at dimension-5 reads [16]

La =
1
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2 +
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X
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4⇡

a

fa
BB̃,

(2.1)

[FM: Why cf is in between fields in the formula above? Pendatic comment: I would have

called CGG just CG ans so on. ][KM: On youre first question: in general it is a matrix

in flavour-space, however it is not clear from the way it is written. Perhaps we can add

flavour indices?][FM: Maybe put it in boldface? ] where fa is the ALP decay constant,

ma is the ALP mass and the c parameters are the Wilson coe�cients associated to the

e↵ective operators. H is the SU(2) doublet Higgs field and G, W and B are the gauge fields

associated to the SU(3), SU(2) and U(1) symmetries, with coupling strengths parametrised

by ↵S , ↵2 and ↵1, respectively, and ↵i ⌘ g
2

i
/(4⇡). The sum over f runs over all the chiral

SM fermions, namely f = eR, uR, dR, QL, LL. In the following, we shall consider only
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Top-Philic ALP

★E.g.: UV models where ALP top coupling derives from top-mixing with new sector

LHCTopWG

We consider ALP coupled only (derivatively) to RH top

✓ Top-Philic ALP: tree level top-coupling induces coupling to all SM fermions

F Limits from mono-jet searches on invisible top-philic ALP 59

1 Introduction

Axion-like Particles (ALPs) represent a compelling benchmark scenario for physics beyond

the Standard Model (BSM) in which a new, singlet pseudoscalar state, a, is introduced in

the low-energy spectrum of the theory of fundamental interactions In particular, the ALP

interactions with the Standard Model (SM) particles can be described within an e↵ective

field theory (EFT) that begins at canonical dimension-5, and respects an approximate

shift symmetry, a ! a + c where c is a constant, reflecting the fact that a is the pseudo-

Nambu Goldstone boson (pNGB) of a spontaneously broken global symmetry. As such, a

is naturally light compared to other BSM states, and can in fact be considered as the sole

additional, dynamical degree of freedom at low energy.

Beyond the original motivation of the axion solution to the strong CP problem [1–4],

ALPs can arise in many BSM scenarios such as string compactifications [5, 6], supersym-

metric theories [7], neutrino-mass-generation mechanisms [8, 9], as well as composite-Higgs

realisations featuring additional pNGBs [10]. In addition, ALPs can be viable dark matter

candidates as well as mediators to the dark sector, see e.g. Ref. [11].

The ALP mass (ma) and its decay constant (fa) are independent, free parameters as

are the interaction strengths of the ALP with the various SM particles. In this paper we

will focus on a specific type of ALP that is top-philic. Our set-up is defined by assuming

that the ALP couples only to the top quark at the tree level in a derivative form that is

consistent with the ALP shift-symmetry:

Lint. = ct
@
µ
a

fa
t̄R�µtR. (1.1)

We will present an in-depth study of the phenomenology of the coupling, ct, and how it can

be probed in a particular ALP mass range where existing bounds are found to be relatively

weak.

A top-philic ALP, at the tree level, has no anomaly-induced couplings with the gauge

bosons of the SM, which di↵ers significantly from scenarios where the axion solves the

strong CP problem via the anomalous coupling to gluons. Nevertheless, the model that

we consider can, for instance, emerge when the ALP couples to the SM only via fermion

mixing. A possible realisation is indeed the case of an ALP that is coupled to heavy

(vector-like) top partners, as those emerging from the strong sector of a composite Higgs

model, as discussed, e.g., in Ref. [12].

Without committing to a specific UV completion, we will study the phenomenology of

the top-philic ALP at the LHC, focusing on the model-indepedent features that primarily

depend on the low-energy physics described by the EFT.

The first observation is that the top-philic nature of the ALP is not preserved beyond

the tree-level. In fact ct induces, through radiative corrections involving SM fields, cou-

plings to all SM fermions and gauge bosons. As we will explore and discuss in detail, this
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Figure 2. Example of a one-particle-irreducible
diagram at two loops.

Let us discuss some relevant limits of this amplitude, starting from the case in which

all of the energy scales involved in the a ! gg process are small compared to the top-quark

mass. In this limit we can formally expand the C0 function in the mt ! 1 limit

C0(p, q; m2

t ) ! �1/2m
2

t for mt ! 1 . (2.11)

From above, we see that in Eq. (2.10) an exact cancellation takes place at the leading order

in the 1/m
2
t expansion. This is expected since the initial top-philic Lagrangian in Eq. (2.5)

is invariant under the ALP-shift symmetry a ! a + c, with the only exception of the m
2
a

term, which however does not enter in the top-quark loop under consideration. Indeed, if

the amplitude in Eq. (2.10) were non-vanishing in the mt ! 1 limit, it would have pointed

to the presence of a loop-induced shift-symmetry breaking operator of the form (a/fa)GG̃.

Instead, this operator is not generated at low energy scales, denoted here by Q
2, and the

first non-zero contribution to this amplitude has to be necessarily suppressed by powers of

Q
2
/m

2
t . In other words, the a ! gg amplitude shows a decoupling behavior in the limit of

a heavy top quark.

Let us consider for concreteness the amplitude entering the resonant production of the

ALP via gluon fusion, or equivalently the ALP decay into gluons. Setting k
2 = m

2
a, so

that also Q
2 = m

2
a, and p

2 = q
2 = 0, the amplitude in Eq. (2.10) may be interpreted as

inducing the (a/fa)GG̃ operator in Eq. (2.1), but with an e↵ective coupling

c
e↵, t

GG
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1

2
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✓
m
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a
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◆
, (2.12)

where the m
2
a/m

2
t suppression is a remnant of the original ALP shift symmetry of our

model. In deriving Eq. (2.12) we have implicitly used the relation

1 + 2m
2

tC0(p
2 = 0, q

2 = 0; m2

t ) = B1(4m
2

t /k
2) , (2.13)

for the on-shell configurations where, following the notation in Ref. [22],

B1(⌧) ⌘ 1 � ⌧f(⌧)2, f(⌧) ⌘

8
<

:
arcsin(1/

p
⌧) ⌧ � 1 ,

⇡

2
+ i

2
log 1+

p
1�⌧

1�
p
1�⌧

⌧ < 1 .

(2.14)

The large suppression in Eq. (2.12) for relatively light ALPs raises the question of

whether higher-loop contributions involving lighter fermions can actually become the dom-

inant ones for ma ⌧ mt. While a full two-loop computation of A
µ⌫(a ! gg) is beyond
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Shift symmetry of the tree-level interaction implies rules on induced ALP interactions

✓ Top-philic ALP: what about couplings to gauge bosons? Gluons?
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Figure 11. Representative diagrams for the ALP virtual corrections to pp ! tt̄ process, as obtained
from the non-derivative Lagrangian of Eq. (2.32). We highlight the presence of the right diagram
in (a) which is absent in the case of a pseudo-scalar particle A.

The term �NP, real denotes contributions coming from the real-radiation process pp !

tt̄a. If the ALP is unresolved, e.g. because the ALP transverse momentum (pT(a)) is

too small or the ALP is invisible, the process is indistinguishable from top-quark pair

production. Both �NP, virt and �NP, real are of order (ct/fa)2 and therefore must, in principle,

be considered together.

Before discussing some details on the �NP, virt calculation, we want to show that we can

safely ignore the contribution from �NP, real, since its e↵ect is subdominant w.r.t. the one of

�NP, virt. This can be seen in Fig. 12, which compares the spectrum in m(tt̄) (left) and pT(t)

(right) from |�NP, virt| (blue) to that of �NP, real with an upper cut on pT(a) of respectively

10 (orange), 20 (green) and 30 (red) GeV. Even for the weakest cut of 30 GeV, which

most probably includes part of the phase space where the ALP would be experimentally

resolved, the real emission contribution is consistently 1–2 orders of magnitude smaller

than the virtual one. This comparison has been performed for ma = 10 GeV and clearly

for larger values of ma the gap between virtual and real would be even larger.
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Details on Gluons - ALP interaction

Amplitude a - G - G generated by top loop
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★How does the top-philic ALP interacts with gluons?

★In low energy regime, contributions from other fermions (higher loop order) is relevant

Low energy regime (q^2 << m_t^2)
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most probably includes part of the phase space where the ALP would be experimentally

resolved, the real emission contribution is consistently 1–2 orders of magnitude smaller
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for larger values of ma the gap between virtual and real would be even larger.
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Relevant for
resonant production 

and ALP decay

2.2.1 Couplings to fermions

Loop corrections from ct induce non vanishing contributions to the axial combinations of

the ALP couplings to fermions, namely nine of the thirteen reparametisation invariants,

which consistently with Eq. (2.4) we define as

cf ⌘ cii
fR

� cii
fL

. (2.7)

On the one hand, these interactions feature a one-loop suppression ⇠ y2t /16⇡2. On the

other, they are logarithmically sensitive to the cut-o↵ scale of the EFT, which shall be

indicated generically by ⇤, encoding the renormalisation group running from ⇤ to the

electroweak (EW) scale, in particular the top mass mt. ⇤ is associated with the mass scale

of the UV states, i.e., ⇤ ' g⇤fa, with g⇤ the typical interaction strength in the UV model,

and we therefore take ⇤ . 4⇡fa. Taking into account the aforementioned logarithmically

enhanced contributions, one finds [25, 26]:3

ct(mt) = ct(⇤)

✓
1 � 9

y2t
16⇡2

log
⇤

mt

◆
, cb(mt) ⌘ c33

b
� c33Q = 5ct(⇤)

y2t
16⇡2

log
⇤

mt

, (2.8)

while for the other fermions f = u, d, c, s, e, µ, ⌧ one has

cf (mt) ⌘ cii
fR

� cii
fL

= �12 ct(⇤)
y2t

16⇡2
T f

3
log

⇤

mt

, (2.9)

where T f

3
represents the isospin component of fL.

As we can see, starting from the ALP coupling to the top quark only, the model gen-

erates similar derivative couplings to all of the light fermions with a one-loop suppression.

We anticipate that these derivative couplings may actually be traded for pseudo-Yukawa

ALP interactions with the SM fermions plus anomalous terms, as discussed in Sec. 2.3.

2.2.2 Coupling to gluons and photons

Let us now discuss the ALP coupling to gauge bosons, starting from the e↵ective coupling

to gluons that is generated at one loop via the tree-level ALP-top coupling in Eq. (2.5).

From the direct computation of the top-quark loop one obtains the following amplitude,

A
µ⌫ , for a process connecting the ALP to two gluons, for generic (o↵-shell) momenta:

iAµ⌫ (a(k) ! g(p)g(q)) = i
↵S

⇡

ct
fa

�abp↵q�✏µ⌫↵�
⇥
1 + 2m2

tC0(p, q; m2

t )
⇤
, (2.10)

where k = p + q. The C0 function in Eq. (2.10) is the standard scalar one-loop three-point

integral [29, 30] with all internal masses set equal to mt (see also Eq. (D.6)).

Despite being loop-induced, the amplitude in Eq. (2.10) controls several ALP produc-

tion and decay processes at the LHC, such as the decay of the ALP into gluons, direct

ALP production via gluon fusion, and the production of an ALP in association with a jet.

We will consider all of the aforementioned processes in this work.

3Whenever ⇤ . 1TeV additional corrections ⇠ mt/⇤ may become numerically important beyond the

leading logarithm considered here.
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Figure 3. Branching ratios of the top-philic ALP decay into SM particles, in the mass range
considered in this paper.

it is manifest that the interactions of the ALP with the fermions are proportional to the

respective fermion masses. Therefore the rates of the decays into the other SM fermions

are much smaller, especially for those of the first generation.

Moving to the case of WW , ZZ and Z� on-shell decays, as discussed in Sec. 2.2.3

the corresponding loop-induced ALP couplings do not exhibit any ma/mt suppression.

However, in the approximation of on-shell Z or W , these decays are kinematically allowed

only for, respectively, ma > 2mW , 2mZ , mZ . Therefore, at the higher end of our ALP

mass window, decays into EW gauge bosons are possible and the Z� channel becomes

particularly important, with a BR⇠ 10%. Clearly, by consistently taking into account o↵-

shell Z and W e↵ects (a decaying into four fermions or two fermions plus a photon), also in

the regions ma < 2mW , 2mZ , mZ the BRs for WW ⇤, ZZ⇤ and Z⇤� would be non-vanishing,

albeit suppressed by the o↵-shell propagator.

In our top-philic model, the decays into gluons and photons display a peculiar be-

haviour. We remind the reader that, as discussed in Sec. 2.2.2, in our approximation both

decays are induced by two kinds of contributions: the one-loop top-quark contribution and

the approximate two-loop contribution originating from a loop of light fermions where the

ALP-fermion interactions, cf , are themselves generated by another top-quark loop (see

Fig. 1). While in the high end of the 10 GeV . ma . 200 GeV mass window the one-

loop contribution is dominant, since the ratio m2
a/m2

t is of order one, in the lower range

(ma ⌧ mt) the two-loop contribution dominates. We discuss in the following the case of

the decay into gluons and afterwards mention the few di↵erences w.r.t. the analogous case

of the decay into photons.

As we can see from Fig. 3, the BR of the decay into gluons increases fast with ma,

– 16 –
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Figure 7. Bounds on fa/ct obtained using LHC constraints from existing searches targeting BSM
physics, which can be re-interpreted for our top-philic ALP model (see text for details).

or the non-derivative version of the ALP-top coupling is used. In other words, the pp ! att̄

prediction for a pseudoscalar coupling to the top with a Yukawa-like interaction is identical

to that of a derivatively-coupled, top-philic ALP. The experimental collaboration provides

a 95% CL upper limit on the cross section times branching ratio of such a topology, as a

function of the pseudoscalar mass. Hence we can directly apply their cross-section times

branching ratio limits to our model, and we obtain the lines displayed in Fig. 7 for the

a ! µ+µ� and a ! ⌧+⌧� decay modes.

Constraints from boosted dijet searches Given the large branching ratio of the

top-philic ALP into bottom pairs, boosted dijet searches can be important probes of our

model. The ATLAS search [38] targets light boosted resonance in the dijet final state in

the mass range 100 to 220 GeV, and provides an upper limit on the fiducial cross-section

of such resonance. Here we provide a crude estimate of the constraining power of this

ATLAS analysis, without performing a detailed recasting. The basic selection cut in [38]

requires a leading jet of pT > 420 GeV. Since the (hadronic) decay of the top-philic ALP is

dominated by a ! bb̄ (see Sec. 3.2) we combine the prediction for pp ! a+ j, imposing the

aforementioned cut on the jet, together with BR(a ! bb̄) in order to obtain the production

cross section for pp ! a + j, (a ! bb̄) in the tophilic-ALP model. Assuming one of the

two jets is a fat jet stemming from the ALP decay, we use our prediction as an estimate

for the fiducial cross section in our model and we reinterpret the limit reported by the

experimental collaboration. With this procedure we obtain the constraint reported in blue

in Fig. 7.

Constraints from Higgs decays The top-ALP coupling also induces a Higgs decay into

a pair of ALPs or an ALP and a Z boson, computed in [26]. These exotic Higgs decays can

lead to constraints on our model, both in terms of a generic unobserved branching fraction

– 24 –

CMS-PAS-EXO-21-018 

ATLAS [1801.08769]

★Elusive particle strongly coupled with the top

✴Moderate cross section because suppressed aGG interaction

✴Main decay mode is into b quarks

Several strategies in top-rich final states explored

<latexit sha1_base64="O/MAdPaYnRBiuXgOJR4ENVMpXK0="></latexit>

�13TeV
tot ⇠ 10�2

✓
ct/fa
TeV�1

◆2

pb

ATLAS [2207.00092]
CMS [2207.00043]

ATLAS [2110.00313]

30-11-2023



50 100 150 200

100

200

500

7

Alberto Mariotti (VUB)

Top-philic ALP in ttbb

LHCTopWG

★Top-philic ALP BR is mainly into b quark pairs

✴ Resonant channels dominate
✴ Signal strength measures ALP contribution wrt SM one
✴ Compared with CMS and ATLAS xsec measurements
✴ This final state would benefit from a resonant search

30-11-2023

★Production in association with tops leads to
<latexit sha1_base64="DArK7OFPYrZwracWA9XZWpE3ubw=">AAACEXicbVC7TsMwFHV4lvIKMLJYVEidqgTxGitYGItEH1ITVbbrtFYdx7IdpCrqL7DwKywMIMTKxsbf4KYZaMuRrHt87r2yz8GSM20878dZWV1b39gsbZW3d3b39t2Dw5ZOUkVokyQ8UR2MNOVM0KZhhtOOVBTFmNM2Ht1O++1HqjRLxIMZSxrGaCBYxAgyVuq5VQklDEwCDQwwUrag+WteMMQ9t+LVvBxwmfgFqYACjZ77HfQTksZUGMKR1l3fkybMkDKMcDopB6mmEpERGtCupQLFVIdZ7mgCT63Sh1Gi7BEG5urfjQzFWo9jbCdjZIZ6sTcV/+t1UxNdhxkTMjVUkNlDUcrh1LKNB/aZosTwsSWIKGb/CskQKUSMDbFsQ/AXLS+T1lnNv6xd3J9X6jdFHCVwDE5AFfjgCtTBHWiAJiDgCbyAN/DuPDuvzofzORtdcYqdIzAH5+sXd7ya6w==</latexit>

pp ! tt̄a ! tt̄b̄b

Exp. Channel µt øtbøb ± stat. ± syst. Ref.

CMS dilepton 1.36 ± 0.10 ± 0.34 [63]

CMS lepton+jets 1.26 ± 0.04 ± 0.31 [63]

ATLAS dilepton (eµ, 4b) 1.75 ± 0.05 ± 0.56 [61]

ATLAS lepton+jets (4b) 1.57 ± 0.09 ± 0.49 [61]

Table 2 . Signal strengths for the full phase space t t̄bb̄cross section measurements used to constrain
the (ma, f a/c t ) plane of the top-philic ALP. The nominal theory prediction used to normalise the
measured cross section can be found in the corresponding experimental reference.

the di! erent measurements, we take the conservative approach of assuming fully correlated

systematic uncertainties, especially given their primarily theoretical origin. The bounds

obtained are shown in the summary plot of Fig. 8 with a green filled area, starting at

f a/c t = 0 for ma = 10 GeV, peaking at 150 GeV for ma ! 60 GeV and slowly decreasing

to f a/c t = 70 GeV for ma = 200 GeV. As explained earlier, the low mass sensitivity is

spoiled by the e" ciency of the b-jet selection, while at high masses, the t t̄a production

cross section and the b̄b branching fraction both decrease, leading to weakened bounds.

A dedicated search for a b̄b resonance in this channel may improve the sensitivity

to this model, as well as potentially reduce the theoretical uncertainties associated to

the SM background. This would especially be useful in the boosted regime, where jet

substructure techniques could be used to identify lighter ALPs that get rejected by the

selection criteria of the cross section measurements. A more realistic phenomenological

study beyond our simple parton-level approximation taking into account backgrounds, the

proper identification of b-jets, and the possibility of selecting di! erent numbers of b-jets is

warranted, and we leave this for future work.

4.4 Top-philic ALP in t t̄t t̄

t

t

øt

øt

a

g

g

Figure 9 . Representative diagrams for t t̄t t̄ production through the coupling of a virtual ALP a.
Note that for ma < 2mt no resonant diagram is present.

In our considered mass range, top-philic ALPs contribute non-resonantly to four-top

production at hadron colliders. This can happen in many di! erent ways, through t- or

s-channel-like topologies involving one or even two ALPs, via gg or qq̄ initiated processes

and at various orders in (ct /f a)2, ! S and ! EW .

The gg initial state can lead to contributions proportional to both c2
t , when the ALP

mediated amplitude is interfered with the purely SM one, and c4
t when the ALP mediated
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CMS lepton+jets 1.26± 0.04± 0.31 [63]
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ATLAS lepton+jets (4b) 1.57± 0.09± 0.49 [61]
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measured cross section can be found in the corresponding experimental reference.
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obtained are shown in the summary plot of Fig. 8 with a green Þlled area, starting at
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to f a/c t = 70 GeV for ma = 200 GeV. As explained earlier, the low mass sensitivity is
spoiled by the e" ciency of the b-jet selection, while at high masses, thetøta production
cross section and thebøb branching fraction both decrease, leading to weakened bounds.

A dedicated search for abøb resonance in this channel may improve the sensitivity
to this model, as well as potentially reduce the theoretical uncertainties associated to
the SM background. This would especially be useful in the boosted regime, where jet
substructure techniques could be used to identify lighter ALPs that get rejected by the
selection criteria of the cross section measurements. A more realistic phenomenological
study beyond our simple parton-level approximation taking into account backgrounds, the
proper identiÞcation of b-jets, and the possibility of selecting di! erent numbers ofb-jets is
warranted, and we leave this for future work.
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In our considered mass range, top-philic ALPs contribute non-resonantly to four-top
production at hadron colliders. This can happen in many di! erent ways, through t- or
s-channel-like topologies involving one or even two ALPs, viagg or qøq initiated processes
and at various orders in (ct /f a)2, ! S and ! EW .

The gg initial state can lead to contributions proportional to both c2
t , when the ALP

mediated amplitude is interfered with the purely SM one, andc4
t when the ALP mediated
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the (ma, f a/c t ) plane of the top-philic ALP. The nominal theory prediction used to normalise the
measured cross section can be found in the corresponding experimental reference.

the di! erent measurements, we take the conservative approach of assuming fully correlated
systematic uncertainties, especially given their primarily theoretical origin. The bounds
obtained are shown in the summary plot of Fig. 8 with a green Þlled area, starting at
f a/c t = 0 for ma = 10 GeV, peaking at 150 GeV for ma ! 60 GeV and slowly decreasing
to f a/c t = 70 GeV for ma = 200 GeV. As explained earlier, the low mass sensitivity is
spoiled by the e" ciency of the b-jet selection, while at high masses, thetøta production
cross section and thebøb branching fraction both decrease, leading to weakened bounds.

A dedicated search for abøb resonance in this channel may improve the sensitivity
to this model, as well as potentially reduce the theoretical uncertainties associated to
the SM background. This would especially be useful in the boosted regime, where jet
substructure techniques could be used to identify lighter ALPs that get rejected by the
selection criteria of the cross section measurements. A more realistic phenomenological
study beyond our simple parton-level approximation taking into account backgrounds, the
proper identiÞcation of b-jets, and the possibility of selecting di! erent numbers ofb-jets is
warranted, and we leave this for future work.
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In our considered mass range, top-philic ALPs contribute non-resonantly to four-top
production at hadron colliders. This can happen in many di! erent ways, through t- or
s-channel-like topologies involving one or even two ALPs, viagg or qøq initiated processes
and at various orders in (ct /f a)2, ! S and ! EW .

The gg initial state can lead to contributions proportional to both c2
t , when the ALP

mediated amplitude is interfered with the purely SM one, andc4
t when the ALP mediated
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★Top-philic ALP corrections to 4 top total cross section

Exp. Channel µt øtbøb ± stat. ± syst. Ref.

CMS dilepton 1.36± 0.10± 0.34 [63]

CMS lepton+jets 1.26± 0.04± 0.31 [63]

ATLAS dilepton (eµ, 4b) 1.75± 0.05± 0.56 [61]

ATLAS lepton+jets (4b) 1.57± 0.09± 0.49 [61]

Table 2 . Signal strengths for the full phase spacetøtbøbcross section measurements used to constrain
the (ma, f a/c t ) plane of the top-philic ALP. The nominal theory prediction used to normalise the
measured cross section can be found in the corresponding experimental reference.

the di! erent measurements, we take the conservative approach of assuming fully correlated
systematic uncertainties, especially given their primarily theoretical origin. The bounds
obtained are shown in the summary plot of Fig. 8 with a green Þlled area, starting at
f a/c t = 0 for ma = 10 GeV, peaking at 150 GeV for ma ! 60 GeV and slowly decreasing
to f a/c t = 70 GeV for ma = 200 GeV. As explained earlier, the low mass sensitivity is
spoiled by the e" ciency of the b-jet selection, while at high masses, thetøta production
cross section and thebøb branching fraction both decrease, leading to weakened bounds.

A dedicated search for abøb resonance in this channel may improve the sensitivity
to this model, as well as potentially reduce the theoretical uncertainties associated to
the SM background. This would especially be useful in the boosted regime, where jet
substructure techniques could be used to identify lighter ALPs that get rejected by the
selection criteria of the cross section measurements. A more realistic phenomenological
study beyond our simple parton-level approximation taking into account backgrounds, the
proper identiÞcation of b-jets, and the possibility of selecting di! erent numbers ofb-jets is
warranted, and we leave this for future work.

4.4 Top-philic ALP in tøtt øt

t

t

øt

øt

a

g

g

Figure 9 . Representative diagrams fortøtt øt production through the coupling of a virtual ALP a.
Note that for ma < 2mt no resonant diagram is present.

In our considered mass range, top-philic ALPs contribute non-resonantly to four-top
production at hadron colliders. This can happen in many di! erent ways, through t- or
s-channel-like topologies involving one or even two ALPs, viagg or qøq initiated processes
and at various orders in (ct /f a)2, ! S and ! EW .

The gg initial state can lead to contributions proportional to both c2
t , when the ALP

mediated amplitude is interfered with the purely SM one, andc4
t when the ALP mediated

Ð 31 Ð

✴ Considered interference     (+ squared)     effects

Figure 10 . Breakdown of the di! erent tree-level ALP induced contributions (n = 1 , 2 in Eq. (4.4))
to four-top production at LHC 13 TeV. Orders denoted by an absolute value in the legend indicates
negative contributions.

Exp. Channel µt øtt øt ± stat. ± syst. Ref.

ATLAS SSDL+ML 1.70± 0.40+0 .7
! 0.4 [68]

ATLAS OSDL+1L 2.00± 0.70+1 .5
! 1.0 [71]

CMS SSDL+ML 1.32± 0.27+0 .2
! 0.23 [69]

CMS OSDL+1L 2.20± 0.50± 0.50 [70]

Table 3 . Signal strengths for the inclusive tøtt øt cross section measurements in the same-sign
dilepton + multilepton (SSDL+ML) and the opposite-sign dilepton + single lepton (OSDL+1L)
channels used to constrain the (ma, ct ) plane of the top-philic ALP. The recent theoretical prediction
of 13.4+1

! 1.8 fb [72] is used as a reference value throughout, such that the values ofµt øtt øt are about
10% lower than those reported by the experimental publications.

updated prediction to construct the signal strength for the CMS multilepton measurement,
adding the theory error in quadrature to the systematic uncertainty. For the other mea-
surements, we conservatively rescale the signal strengths to the new reference cross section
while keeping the uncertainties unchanged.

The input signal strengths used in our analysis are summarised in Table3. As in the
previous section, we combine the four measurements into a! 2 analysis to extract bounds
on (ma, f a/c t ). We assume uncorrelated errors in this case since most measurements
have a signiÞcant statistical component and the sources of systematic uncertainty are not
theoretically dominated. As with tøtbøb, there is a systematic albeit not so signiÞcant excess
across the four-top measurements such that we Þnd the SM hypothesis ofµtøtt øt = 1 is just
barely allowed. We observe that-higher order e! ects in ct /f a have a non-negligible impact
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✴ Included QCD and mixed QCD–EW processes 
✴ Considered most recent 4-top theory prediction

✴ Compared with CMS and ATLAS measurements
✴ Limits obtained combining the four analysis
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Figure 14 . Di! erential m(tøt) (left) and pT (t) (right) distributions similar to Fig. 13but for di ! erent
values ofma at ct /f a = 1 TeV ! 1. Only the exact calculation is considered here unlike with Fig.13.

pair production data leads to the strongest constraints onct in our model. Given the shape
of the corrections induced by! NP / ! SM, see Fig.14, we expect that a Þner binning close to
the threshold would lead to stronger constraints. We encourage experimental collaborations
to follow this strategy to further improve the bounds provided in this paper.

As with the other top-quark processes considered so far, we comment on possible
contributions from dimension-six operators. Top-quark pair production is sensitive to a
number of qøqtøt contact interactions, as well as the chromomagnetic top-quark operator of
the SMEFT. We emphasise again that our bounds are derived assuming no such operators
are generated in the UV, although we note that one may not expect a UV model generating
a top-philic scenario to lead to signiÞcant modiÞcations of interactions involving the light
quarks. In any case, their impact on the tøt process and the associated bounds on such
operators from LHC data are known (see,e.g., [75, 86] and references therein). However,
even if we assume that they are not generated at the UV scale" , since our tøt bounds
are derived using one-loop order predictions in the ALP-EFT, RG mixing e! ects between
ct and the dimension-six SMEFT operators are potentially relevant. Looking at the RG
equations for the operators in question, we see that the terms in the RG equations forqøqtøt
operators that depend only onct always come with a power of the light quark Yukawa, such
that their impact on tøt production can be neglected. The chromomagnetic top operator
is only sourced by a combination ofct and cGG, so we can neglect it for the purposes of
our study. It has also been shown that four-top operators can a! ect tøt rates at one-loop
level. If such operators were generated at tree level in the UV,tøt data may lead to relevant
constraints. In our case, these operators are only generated by running, such that we can
again neglect this e! ect as subleading in the perturbative expansion. Overall we conclude
that the constraints on ct from tøt data that we have derived are accurate up to the one-loop
and 1/f a order that we consider in our work.
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Figure 11 . Representative diagrams for the ALP virtual corrections to pp ! tøt process, as obtained
from the non-derivative Lagrangian of Eq. (2.32). We highlight the presence of the right diagram
in (a) which is absent in the case of a pseudo-scalar particleA.

The term ! NP, real denotes contributions coming from the real-radiation processpp !
tøta. If the ALP is unresolved, e.g. because the ALP transverse momentum (pT (a)) is
too small or the ALP is invisible, the process is indistinguishable from top-quark pair
production. Both ! NP, virt and ! NP, real are of order (ct /f a)2 and therefore must, in principle,
be considered together.

Before discussing some details on the! NP, virt calculation, we want to show that we can
safely ignore the contribution from ! NP, real, since its e! ect is subdominant w.r.t. the one of
! NP, virt . This can be seen in Fig.12, which compares the spectrum inm(tøt) (left) and pT (t)
(right) from |! NP, virt | (blue) to that of ! NP, real with an upper cut on pT (a) of respectively
10 (orange), 20 (green) and 30 (red) GeV. Even for the weakest cut of 30 GeV, which
most probably includes part of the phase space where the ALP would be experimentally
resolved, the real emission contribution is consistently 1Ð2 orders of magnitude smaller
than the virtual one. This comparison has been performed forma = 10 GeV and clearly
for larger values ofma the gap between virtual and real would be even larger.

Ð 35 Ð

on the bounds obtained. Truncating the ALP prediction at order ( ct /f a)2, we Þnd bounds
of f a/c t ! 100 GeV forma = 10 GeV, with a mild dependence onma, such that the bound
weakens by about 10% atma = 200 GeV (dark pink area labelled as Òc2

t Ó in Fig.8). When
we include the higher-order (ct /f a)4 contributions, the ma = 10 GeV bound strengthens
to f a/c t ! 160 GeV with a slightly milder mass dependence (light pink area labelled as
Òc2

t + c4
t Ó in Fig. 8).

The fact that higher order e! ects in 1/f a make a di! erence means that potential ef-
fects from higher-dimension operators (D> 5) could be relevant. Indeed, in deriving this
bound, we have only considered the contribution to the four-top cross section from o! -shell
ALPs, neglecting possible model-dependent contributions from higher-dimension opera-
tors generated from integrating out heavy states in the UV. This is somewhat analogous
to the discussion in Sec.3.3 of the bounds from Higgs decays, where we have assumed
that the dimension-six operator, O(6)

aH is not generated at the matching scale. Instead,
for the four-top process (see also a similar discussion fortøtbøb in Sec. 4.3), dimension-six
SMEFT operators could contribute at O(1/f 2

a ), such as four-top contact,qøqtøt, or the chro-
momagnetic dipole operators (see,e.g., Ref. [68] and references therein). We are therefore
analogously assuming that such operators are not generated, or at least relatively sup-
pressed, at the matching scale. Assuming this is the case, we do not expect RG mixing
between c2

t and dimension-six operators to play a signiÞcant role here, since our four-top
bounds are derived from tree-levelc2

t e! ects, while the RG running arises at one loop.

4.5 Top-philic ALP in tøt

New states coupled to the top quark can also modify production rates via one-loop correc-
tions, as has already been investigated in Refs. [13, 15] (Davide) citeall for the case of
an ALP in top-quark pair production. In this section we present the Þrst exact calculation
of one-loop inducedct e! ects on the tøt production cross section. We provide numerical
results for various di! erential distributions and we use them to constrain the coupling of
the top-philic ALP. Many technical details regarding this calculation are left for a future
publication [69], where we will also provide analytical formulae.

Expanding the inclusive cross section of top-quark pair production in powers ofct /f a,
one obtains

! = ! SM + ! NP, virt + ! NP, real . (4.5)

where the various quantities are deÞned in the following. The term! SM is the SM predic-
tion, factorising no powers of ct /f a. At this stage we can consider the SM prediction as
the LO one, induced by QCD tree-level diagrams from thegg ! tøt and qøq ! tøt processes.
The Þrst new physics e! ects (NP) from ct are given by either one-loop corrections or ALP
real emissions. The term! virt , NP is given by the interference of the tree-level amplitudes
with the one-loop Feynman diagrams shown in Fig.11. Since we perform the calculation
in the non-derivative ALP basis (Eq. (2.32)), as discussed at length in Sec.3.2 for the
case ofpp ! a + j , the top-right diagram involving the aG ÷G contact term also has to be
considered.
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★Top-philic ALP corrections to t tbar differential distributions

One-loop diagrams with ALP exchange
(non derivative basis)

✴ Real contribution negligible
✴ Virtual contribution is interference
✴ Mild dependence on value of ALP mass
✴ Compared with exp distribution of mtt and pT
✴ Larger deviations in region close to threshold
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Figure 14 . Di! erential m(tøt) (left) and pT (t) (right) distributions similar to Fig. 13but for di ! erent
values ofma at ct /f a = 1 TeV ! 1. Only the exact calculation is considered here unlike with Fig.13.

pair production data leads to the strongest constraints onct in our model. Given the shape
of the corrections induced by! NP / ! SM, see Fig.14, we expect that a Þner binning close to
the threshold would lead to stronger constraints. We encourage experimental collaborations
to follow this strategy to further improve the bounds provided in this paper.

As with the other top-quark processes considered so far, we comment on possible
contributions from dimension-six operators. Top-quark pair production is sensitive to a
number of qøqtøt contact interactions, as well as the chromomagnetic top-quark operator of
the SMEFT. We emphasise again that our bounds are derived assuming no such operators
are generated in the UV, although we note that one may not expect a UV model generating
a top-philic scenario to lead to signiÞcant modiÞcations of interactions involving the light
quarks. In any case, their impact on the tøt process and the associated bounds on such
operators from LHC data are known (see,e.g., [75, 86] and references therein). However,
even if we assume that they are not generated at the UV scale" , since our tøt bounds
are derived using one-loop order predictions in the ALP-EFT, RG mixing e! ects between
ct and the dimension-six SMEFT operators are potentially relevant. Looking at the RG
equations for the operators in question, we see that the terms in the RG equations forqøqtøt
operators that depend only onct always come with a power of the light quark Yukawa, such
that their impact on tøt production can be neglected. The chromomagnetic top operator
is only sourced by a combination ofct and cGG, so we can neglect it for the purposes of
our study. It has also been shown that four-top operators can a! ect tøt rates at one-loop
level. If such operators were generated at tree level in the UV,tøt data may lead to relevant
constraints. In our case, these operators are only generated by running, such that we can
again neglect this e! ect as subleading in the perturbative expansion. Overall we conclude
that the constraints on ct from tøt data that we have derived are accurate up to the one-loop
and 1/f a order that we consider in our work.
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Figure 11 . Representative diagrams for the ALP virtual corrections to pp ! tøt process, as obtained
from the non-derivative Lagrangian of Eq. (2.32). We highlight the presence of the right diagram
in (a) which is absent in the case of a pseudo-scalar particleA.

The term ! NP, real denotes contributions coming from the real-radiation processpp !
tøta. If the ALP is unresolved, e.g. because the ALP transverse momentum (pT (a)) is
too small or the ALP is invisible, the process is indistinguishable from top-quark pair
production. Both ! NP, virt and ! NP, real are of order (ct /f a)2 and therefore must, in principle,
be considered together.

Before discussing some details on the! NP, virt calculation, we want to show that we can
safely ignore the contribution from ! NP, real, since its e! ect is subdominant w.r.t. the one of
! NP, virt . This can be seen in Fig.12, which compares the spectrum inm(tøt) (left) and pT (t)
(right) from |! NP, virt | (blue) to that of ! NP, real with an upper cut on pT (a) of respectively
10 (orange), 20 (green) and 30 (red) GeV. Even for the weakest cut of 30 GeV, which
most probably includes part of the phase space where the ALP would be experimentally
resolved, the real emission contribution is consistently 1Ð2 orders of magnitude smaller
than the virtual one. This comparison has been performed forma = 10 GeV and clearly
for larger values ofma the gap between virtual and real would be even larger.
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on the bounds obtained. Truncating the ALP prediction at order ( ct /f a)2, we Þnd bounds
of f a/c t ! 100 GeV forma = 10 GeV, with a mild dependence onma, such that the bound
weakens by about 10% atma = 200 GeV (dark pink area labelled as Òc2

t Ó in Fig.8). When
we include the higher-order (ct /f a)4 contributions, the ma = 10 GeV bound strengthens
to f a/c t ! 160 GeV with a slightly milder mass dependence (light pink area labelled as
Òc2

t + c4
t Ó in Fig. 8).

The fact that higher order e! ects in 1/f a make a di! erence means that potential ef-
fects from higher-dimension operators (D> 5) could be relevant. Indeed, in deriving this
bound, we have only considered the contribution to the four-top cross section from o! -shell
ALPs, neglecting possible model-dependent contributions from higher-dimension opera-
tors generated from integrating out heavy states in the UV. This is somewhat analogous
to the discussion in Sec.3.3 of the bounds from Higgs decays, where we have assumed
that the dimension-six operator, O(6)

aH is not generated at the matching scale. Instead,
for the four-top process (see also a similar discussion fortøtbøb in Sec. 4.3), dimension-six
SMEFT operators could contribute at O(1/f 2

a ), such as four-top contact,qøqtøt, or the chro-
momagnetic dipole operators (see,e.g., Ref. [68] and references therein). We are therefore
analogously assuming that such operators are not generated, or at least relatively sup-
pressed, at the matching scale. Assuming this is the case, we do not expect RG mixing
between c2

t and dimension-six operators to play a signiÞcant role here, since our four-top
bounds are derived from tree-levelc2

t e! ects, while the RG running arises at one loop.

4.5 Top-philic ALP in tøt

New states coupled to the top quark can also modify production rates via one-loop correc-
tions, as has already been investigated in Refs. [13, 15] (Davide) citeall for the case of
an ALP in top-quark pair production. In this section we present the Þrst exact calculation
of one-loop inducedct e! ects on the tøt production cross section. We provide numerical
results for various di! erential distributions and we use them to constrain the coupling of
the top-philic ALP. Many technical details regarding this calculation are left for a future
publication [69], where we will also provide analytical formulae.

Expanding the inclusive cross section of top-quark pair production in powers ofct /f a,
one obtains

! = ! SM + ! NP, virt + ! NP, real . (4.5)

where the various quantities are deÞned in the following. The term! SM is the SM predic-
tion, factorising no powers of ct /f a. At this stage we can consider the SM prediction as
the LO one, induced by QCD tree-level diagrams from thegg ! tøt and qøq ! tøt processes.
The Þrst new physics e! ects (NP) from ct are given by either one-loop corrections or ALP
real emissions. The term! virt , NP is given by the interference of the tree-level amplitudes
with the one-loop Feynman diagrams shown in Fig.11. Since we perform the calculation
in the non-derivative ALP basis (Eq. (2.32)), as discussed at length in Sec.3.2 for the
case ofpp ! a + j , the top-right diagram involving the aG ÷G contact term also has to be
considered.
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One-loop diagrams with ALP exchange
(non derivative basis)

Limits obtained

!
s Collab. Channel bins Ref.

8 TeV ATLAS Dilepton 6 [76]

8 TeV ATLAS !+jets 7 [77]

8 TeV CMS Dilepton 6 [78](a)

8 TeV CMS !+jets 7 [78](b)

13 TeV ATLAS !+jets 9 [79]

13 TeV CMS Dilepton 7 [80]

13 TeV CMS !+jets 10 [81]

13 TeV CMS !+jets 15 [82]

Table 4 . Experimental m(tøt) di ! erential distributions used in the global Þt.

!
s Collab. channel bins Ref.

8 TeV ATLAS !+jets 8 [77]

8 TeV CMS Dilepton 5 [78](a)

8 TeV CMS !+jets 8 [78](b)

13 TeV ATLAS !+jets 8 [79]

13 TeV CMS Dilepton 6 [80]

13 TeV CMS !+jets 17 [82]

Table 5 . Experimental pT (t) di ! erential distributions used in the global Þt.

ma [GeV] 10 50 100 150 200

f a

ct
[GeV] 201 206 212 221 234

Table 6 . Upper limits on f a/c t for representative values ofma from tøt measurements at the LHC.

which are very large (seee.g. Refs. [84, 85]), also factorise the NP contribution from ALP
loops.

We derive bounds onf a/c t for di! erent ma values, in the range 10 GeV! ma !
200 GeV, using Eq. (4.6) for the theory predictions to be compared with data from
Refs. [76], [77], [78](a)(b), and [81], for the m(tøt) distribution, and from Refs. [79] and
[80] for the pT (t) distributions. The requirement of combining statistically independent
measurements,i.e. those that either involve di! erent top-quark decay modes, collider en-
ergies or experimental collaborations, would have allowed for several di! erent combinations
of input distributions. Our selection was identiÞed as the one generally leading to the most
stringent bounds.

We report representative results in Tab. 6 and, as already mentioned, the limits on
f a/c t are nearly independent of the ALP mass, which reßects how insensitive the virtual
ALP corrections are to this quantity. In Fig. 8, the bounds from tøt production correspond
to the interpolation of the data reported in in Tab. 6. As discussed in Sec.4.1, top-quark

Ð 38 Ð

See paper
for ATLAS and CMS

analysis used
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★Top-philic ALP corrections to t tbar differential distributions

Complete one-loopcomputation performed
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Where do we get to

LHCTopWG
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Figure 8 . Summary plot of exclusion limits obtained via our statistical analysis for tøtbøb, tøtt øt and
tøt. The best existing bounds fromtøt! + ! ! and H ! aa already displayed in Fig. 7 are shown here
for comparison.

association with top quarks but also unobserved Higgs decays. Instead, in this section we
derive new bounds by investigating the e! ect of the top-philic ALP on cross-section mea-
surements performed by the ATLAS and CMS collaborations for SM processes involving
top-quark Þnal states, in particular:

¥ Top-quark pair production in association with a bottom-quark pair, tøtbøb.

¥ Four-top production, tøtt øt.

¥ Top-quark pair production, tøt.

Since no useful upper limit that can be reinterpreted for our analysis is provided in those
measurements, the extraction of the bounds in the (ma, f a/c t ) space relies not only on our
theoretical predictions but also on a statistical approach for comparing the top-philic ALP
with LHC datasets.

We being by summarising and discussing our Þndings in Sec.4.1. We then describe
our statistical approach (Sec.4.2) and how we have derived the exclusion limits fromtøtbøb
(Sec.4.3), tøtt øt (Sec.4.4), and tøt (Sec.4.5). We explain the computation of the top-philic
ALP predictions for these processes, which do not feature the ALP in the Þnal state,
listing the speciÞc input data sets and discussing how our calculations have been exploited
in order to obtain exclusion limits in the ( ma, f a/c t ) space. We also comment on the
potential impact of neglected dimension-6 SMEFT e! ects on our bounds, when generated
either in the UV or through RG evolution.

4.1 Summary of our Þndings

In Fig. 8 we show the limits that we can set in the (ma, f a/c t ) space for a top-philic ALP
with 10 GeV < m a < 200 GeV, via the measurement oftøtbøb, tøtt øt and tøt cross sections.

Ð 27 Ð

!!! Top-philic ALP may be hiding in top rich final states !!!

Many top(s) final states explored
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Conclusions

LHCTopWG

★Axion Like Particles arise in many BSM extensions
★ALP effective action is dictated by symmetries
★Top-philic ALP interesting possibility to be searched for at the LHC

Top-philic ALP in the GeV to hundreds GeV mass window

✦Elusive at LHC because suppressed aGG interaction
✦Showed that it can be revealed in top-rich final states
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tøtbøb

★We also explored invisible top-philic ALP
If ALP is mediator to dark matter sector

! See the paper for details
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