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We propose a new collider probe for axionlike particles (ALPs), and more generally for pseudo-
Goldstone bosons: nonresonant searches that take advantage of the derivative nature of their interactions
with Standard Model particles. ALPs can participate as off shell mediators in the s channel of 2 — 2
scattering processes at colliders like the LHC. We exemplify the power of this novel type of search
by deriving new limits on ALP couplings to gauge bosons via the processes pp — ZZ, pp — yy, and
pp — jj using run 2 CMS public data, probing previously unexplored areas of the ALP parameter space.
In addition, we propose future nonresonant searches involving the ALP coupling to other electroweak

bosons and/or the Higgs particle.
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Introduction.—Axionlike particles (ALPs) [1,2] and,
more generally, pseudo-Goldstone bosons, often appear
in extensions of the Standard Model (SM). They may be
connected to solutions to the strong CP problem, as in the
case of the QCD axion or heavy axions [3-26], and/or to
the existence of new spontaneously broken global sym-
metries in nature. In the following, the term ALP will be
used indistinctly to denote all such pseudoscalars.

ALPs are being searched at high-energy colliders
[27-37], beam dump experiments [38,39], via their effects
in flavor physics [40—45], and through their astrophysical
signatures [46—49] (see Ref. [50] for a review).

In this Letter, we propose a novel approach to probe
the existence of ALPs at high-energy colliders, namely,
nonresonant searches where the ALP is an off shell
mediator in the s channel of 2 — 2 scattering processes.
The ALP pseudo-Goldstone nature implies that its
interactions with SM particles are dominantly derivative,
enhancing the cross sections for center-of-mass energies
§ > m2, where m, denotes the mass of the ALP a. In this
kinematical regime, the processes tailored to search for
ALPs at the Large Hadron Collider (LHC) include
those with two SM bosons in the final state: electroweak
gauge bosons (W, Z, y), gluons g, and/or the Higgs
particle h. For m, < 100 GeV, the gluon-initiated 2 — 2
diboson scattering processes pp(gg) — ZZ, WW, Zy,
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and Zh may be mediated by a virtual ALP, as shown in
Fig. 1. This can also occur for the processes pp(gg) —
JJ(gg) (with j being hadronic jets) or pp(gg) — yy when a
large invariant mass m;; or m,, is required in the final state.

The theoretical framework used throughout this Letter is
the model-independent approach of effective field theories
(EFTs). If the Higgs particle is considered to be part of an
exact SU(2), doublet at low energies, as predicted in the
SM, the putative beyond the Standard Model (BSM)
electroweak physics may then be described by an EFT
linear expansion [51,52] in terms of towers of gauge-
invariant operators ordered by their mass dimension.
Alternatively, since a nondoublet component of the
Higgs particle is at present experimentally allowed (at
the ~10% level [53]), a nonlinear EFT (also called chiral)
[54-60] based on a momentum expansion is also of
interest. In the following, we concentrate on the linear
EFT for the SM plus an ALP [1,2,31] and discuss, when
pertinent, the comparison with a chiral EFT, notably
for the interactions between the ALP and the Higgs
boson [31,32].

Bosonic ALP Lagrangian.—Linear expansion: In the
linear ALP EFT, the new physics scale to be considered is
the ALP decay constant f,, which will weight down the
higher-dimensional operators built from the SM fields and a.
The most general CP-conserving effective Lagrangian
describing bosonic ALP couplings contains—up to next-to-
leading order (NLO) in a 1/f, expansion—only four inde-
pendent operators of mass dimension five [1,2,31,61],

0L D c50q + c3Op + ¢y Oy + €40 Ous, (1)

where
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FIG. 1. Feynman diagrams for the processes gg — ZZ (left) and
gg — Zh (right) via an off shell ALP in the s channel.
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In these expressions, G, W, and B, denote, respectively,
the SU(3),. x SU(2) x U(1) field strengths, and the dual field
strengths are defined as X* = 1 e##°X ., with €% = 1. The
c¢; constants are real operator coefficients and @ denotes the

SM Higgs doublet, with ®D,® = ®(D,®) — (D, ) .
The first three operators in Eq. (1) induce physical agg, ayy,
ayZ, aZZ, and aW+ W~ interactions,

_ @ap Fv Yazy

5['eff D - gzgg Cle,G’w 4 v 4 F#UZ”D
- 9(1422 aZ,, 7" — g—asz aw,, W, (3)

where

4
gagg = f_CG’ gayy f (S Cw +c CB) (4)

4
Yazz = 7 (chew + shep). (5)

Jaww = 7 Cyy»
fll a

8
Yayz = f_swcw(CW - CE)? (6)

and s, and c, denote, respectively, the sine and cosine
of the Weinberg mixing angle. The Feynman rule for the
interaction aV;V, (with V;, being SM gauge bosons)
stemming from these operators is given by

; P 0
_lgaVIVZP‘/lpVZeMD/){F' (7)

The last operator in Eq. (3), O,4, induces a mixing between
a and the would-be Goldstone boson eaten by the Z.
Its physical impact is best illustrated via a Higgs field
redefinition, ® — ®eic@®/fa [1], which trades O, for

l i [QYLJ(NDMR -

-fa QY Ddp

— LY, 0] + He.,  (8)

where Y, , » denote the SM Yukawa matrices. We focus in this
Letter on experimental signals involving ALPs and SM
bosons (W, Z, v, g, and &), yet we comment later on signatures
involving the O, fermionic coupling at the end of the section
on nonresonant LHC searches [62].

Chiral expansion: The operators Oy, Oy, and O in
Eq. (3) also appear in the chiral expansion at NLO. In
addition, and at variance with the linear EFT, novel ALP-
Higgs couplings are present in the chiral expansion already
at leading order (LO), namely, the operator A,, (%) [31],
which is a custodial breaking two-derivative operator with
mass dimension three,

LL0 5 erpdop(h) = cap ivar[TVﬂ]E)/‘fi}'(h) . (9)

a

where v = 246 GeV denotes the electroweak scale as
defined from the W mass, V,(x) = [D,U(x)]U(x)", T(x)=
U(x)o;U(x), and U(x) = e#'™/" with 7/(x) corre-
sponding to the longitudinal degrees of freedom of the
electroweak gauge bosons, and o; are the Pauli matrices.
The physical Higgs particle & is mtroduced in the chiral
expansion via polynomial functions [63] of h/v, F(h) =

1 + azDh/U + b2D<h/U>2 + O(hS/US), with arp, bZD as
constant coefficients. A,p, is the chiral counterpart
(“sibling”) of the linear operator 0,4 in Eq. (3), with a
key difference: in addition to ALP-fermion couplings
analogous to those in Eq. (8), A,p induces interactions
between the ALP, the electroweak gauge bosons, and any
number of Higgs particles, e.g., a trilinear a —Z —h
coupling (see Fig. 1). The associated experimental signa-
tures at the LHC will be discussed at the end of the section
on nonresonant LHC searches. Note that such couplings
can be found in the linear expansion only at next-to-NLO,
i.e., mass dimension seven [32,64], and are thus expected to
yield subleading effects in that case.

Nonresonant ALP-mediated diboson production.—The
key observation is that, due to the derivative nature of the
ALP interactions under discussion, the ALP-mediated
scattering processes gg — a* — V,V, exhibit a harder
scaling with the invariant mass of the event /5 = my.y,
than usual s-channel-mediated exchanges.

In all generality, the contributions from bosonic ALP
couplings in Eq. (3) interfere with the absorptive part of SM
2 — 2 diboson amplitudes. Nevertheless, given the present
loose bounds on ALP couplings (see, e.g., [65] for details),
pure ALP exchange dominates the cross section for some
LHC channels. A quartic dependence on ALP couplings
results in this case,

S
2 2 A
0V1V2 & gagggavlvzs ~ f4 ’ (10)
a

in the ALP off shell regime § > m2, m%/ (This has been
noted in a different setup in Ref. [34].) The same type of
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energy behavior holds for gg — a* — Zh from Eq. (9).
Such energy dependence is valid only as far as the energies
probed in the scattering process are smaller than the cutoff

scale of the EFT, v/3 < f,.

The behavior in Eq. (10) is to be compared with the
energy dependence for a usual 2 — 2 s-channel-mediated
process, which scales instead as 1/3 far above from the s-
channel resonance. Factoring in the proton parton distri-
bution functions, which tame the energy growth in Eq. (10),
the differential cross section for the ALP-mediated process
pp — a* — V,;V, diminishes—at energies much larger
than the resonance’s mass—more slowly with the invariant
mass than for a usual s-channel resonance whose couplings
do not depend on the momenta involved. The momentum
dependence of the ALP interaction in Eq. (7) significantly
smooths out the decrease of the cross section at large \/§,
allowing us to distinguish ALP-mediated processes from
the SM background.

For sufficiently small ALP couplings, the size of the
interference with the SM background becomes comparable
to the pure ALP signal and must be taken into account. The
value of the couplings for which this happens depends on the
specific final state V;V,. For yy and the other electroweak
diboson final states, the ALP signal interferes with one-loop
SM processes. The interference is constructive or destructive
depending on the relative sign of g,,, and g,y y,; in any
case, it can be disregarded at present, given the size of ALP
couplings that can be currently probed at the LHC (see
section on nonresonant LHC searches). Future LHC analy-
ses will need to include them, though, and this exploration is
deferred to a future work. The situation is different for dijet
(gg) final states: the SM contributes at tree level (via gluon
exchange), and the interference, always destructive in this
case, already dominates at present over the pure ALP signal
for the g,,, values at reach. An analysis of gg — gg, where
the effect of interference is taken into account, is presented in
the Supplemental Material [66].

The nonresonant s-channel ALP signatures explored in
this Letter have several further attractive features: (i) In the
regime under discussion with § > m2, the signal cross
section and distributions are essentially independent of the
value of m,. This implies that the search is equally sensitive
to any m, significantly below the energy range probed by
the search. In particular, for the LHC searches considered in
the next section, the derived sensitivity can be safely
applied to any ALP mass below 100 GeV. (ii) Being a
nonresonant process, no hypothesis is needed on the value
of other possible couplings that do not contribute to the
considered process. This is at variance with on shell
analyses, for which the dependence on other ALP cou-
plings may appear through the partial decay widths [71]. In
this sense, nonresonant searches are more model indepen-
dent and thus more robust.

From a theoretical point of view, the g,y v, couplings
depend only on the ratio c;/f, [see Egs. (4)—(6)], but the

value of f, is relevant to assess the validity of the EFT,
which limits the energy range that can be safely considered
in a LHC search (e.g., to bins satisfying v/3 < f,) [72], and
we discuss this for specific LHC searches in the next
section. Another pertinent question is the possible impact
of radiative corrections and of higher-dimensional oper-
ators. For the former, self-energy corrections to the s-
channel ALP propagator only become non-negligible close
to the EFT validity boundary, and we do not consider their
effect here. Higher-dimensional operators, e.g., those
weighed down by the same O(1/f2) factor as the ampli-
tudes discussed above, can also contribute only at loop
level, as f, must intervene as powers of a/f, and no ALP
is present in the final states considered here. Furthermore,
only by engineered fine-tuned cancellations could such
operators impact significantly the results of this Letter.

Nonresonant LHC searches.—In this section, we derive
new limits on g,y y, couplings through the nonresonant
ALP-mediated processes discussed above, using public
data from LHC run 2 (/s = 13 TeV) CMS searches. ALP
production in the s channel is dominated by gluon-gluon
fusion, as the ¢g induced ALP production amplitude
is proportional to the quark masses (see [62]) and thus
highly suppressed. Possible final states to be considered
include gg, ZZ, WW, Zy, yy, or Zh. While it is of high
interest to explore all of them, since they probe different
operator combinations within the EFT, we focus below
on the processes pp — a* — ZZ, pp — a* — yy, and
pp — a* — gg. For these channels, the CMS collaboration
has recently published new results, providing explicit
calculations of the corresponding SM backgrounds. We
use those public data to compute approximate limits on
9agg X Yazz> Gagg ¥ Yayy» a0d g4, respectively. In all three
analyses, the ALP mass is fixed to m, =1 MeV (i.e.,
effectively massless at LHC energies) and the ALP width
I', is assumed to respect I', < m,,.

For the pp - a* - ZZ and pp — a* — yy channels,
our sensitivities are estimated from a simplified binned
likelihood ratio analysis. The likelihood function is built as
a product of bin Poisson probabilities

L(u) = [ [ ®set29 (usy + )™ /g, (11)
k

where n;, by, and s; denote, respectively, the observed data,
SM background, and ALP signal prediction in a given bin
k, and the signal strength modifier y is taken as the only
floating parameter in the likelihood fit (see Ref. [31] for
details). No systematic uncertainties are considered, for
simplicity, since SM background statistics is largely the
dominant source of uncertainty in these analyses. For the
pp — a* — gg channel, we perform a y fit to the data,
including systematic errors but no bin-to-bin correlations.

Other important search channels are also briefly dis-
cussed below, albeit their analysis is left for the future:
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pp — a* — Zy, pp — a* — Zh [which provides a unique
window into the chiral EFT via the operator 4,, in
Eq. (9)], and pp — a* — tf [which would yield access
to the operator 0,4 in Eq. (3)].

pp — a* — ZZ: The process pp — a* — ZZ — £€qq
is studied next, following the semileptonic diboson CMS
analysis at LHC /s = 13 TeV with 35.9 fb~! [73]. We
focus on the “low-mass merged” CMS analysis category
targeting the invariant mass region mz, € [450,2000] GeV,
with one Z boson decaying leptonically, Z — £7, and the
other decaying hadronically. The boosted hadronic Z decay
products are required to merge into a single jet, Z — J. The
jet is reconstructed via the anti-k algorithm with R = 0.8.
Our signal process is simulated in MadGraph5S_aMC@NLO
[74], with a subsequent parton showering and hadroniza-
tion with Pythia 8 [75] and detector simulation via Delphes 3
[76], including the use of jet-substructure variables as
discussed in the Supplemental Material [66]. Following
Ref. [73], the analysis is divided into b-tagged and
untagged categories, targeting, respectively, the Z — bb
and Z — qq (with ¢ = u, d, s, ¢) decays. The b tagging of
the merged jet J provides a strong background suppression,
yielding a further increase in sensitivity.

As an illustration of the impact of the derivative nature of
ALP interactions, the /s = 13 TeV cross section ¢(pp —
a* > ZZ) for cg=cy=cz=1 and f,=1TeV is
81 pb. The CMS event selection is discussed in detail in
the Supplemental Material [66]. Figure 2 shows the
invariant mass my,; distribution resulting for the signal
after the CMS event selection, for ¢; = 1 and f, = 2 TeV
(corresponding to the largest value of m,,; in the CMS
analysis), together with the SM background publicly
available in Ref. [73] (and dominated by Z + jets), both
for the untagged (top plot) and b-tagged (bottom plot)
categories. A binned likelihood analysis of the my,;
distribution after CMS event selection combining the
untagged and b-tagged categories is then performed,
which allows us to set a 95% C.L. exclusion limit on
the signal cross section of ¢ = 25 fb. This corresponds to
fa>4.1TeV for ¢; =1 and is valid for any value of the
ALP mass up to m, ~ 200 GeV without significant mod-
ifications of the signal properties. Note that, since the low-
mass merged CMS analysis uses data up to m,; = 2 TeV,
our derived limit on f, for ¢; = 1 lies within the region of
validity of the EFT. In Fig. 3 (top), the corresponding new
limit on g,z [see Eq. (5)] resulting from our nonresonant
analysis is depicted as a hatched area, for a fixed value
Gagg = 1 TeV.

For comparison, Fig. 3 (top) depicts previous bounds in
the literature for g,, as well, which also assume the
additional presence of g,,,, albeit obtained from on shell
ALP searches. For m, < 0.1 GeV, the ALP is stable on
LHC scales, resulting in constraints on g,,, from mono-Z
searches (in violet), see Ref. [31]. A nonvanishing g,z
yields a radiative (two-loop) contribution to the ALP

107 Untagged
CMS-B2G-17-013 ——- ALPsignal (ci=1, f,=2TeV)
o, Z+ jets
. °. i, tW, W
LY . 2V (V=2 W)

Events / 50 GeV

1000 1200 1400 1600 1800 2000

myy (GeV)
10° Tagged
CMS-B2G-17-013 ——- ALPsignal (ci=1, f,=2TeV)
Z+ jets
t, tw, ww
102 . 2V (V=2Z,W)
¢ Data
4 ¢
] e
PRy

{ { {. ———

Events / 50 GeV

600 800 1000 1200 1400 1600 1800 2000
myy (GeV)

FIG. 2. my,; distributions for the ALP ZZ signal with ¢; = 1,
fa =72 TeV (dashed black line), and SM background from
Z + jets (yellow), ZV (red), and tf (cyan) after CMS event
selection, in the untagged (top) and b-tagged (bottom) categories.
The experimental data are shown as black dots.

coupling to photons g,,,, which allows us to obtain further
constraints on g,,, for certain ranges of ALP masses for
which strong constraints on g,,, exist (see the discussion in
Refs. [32,65]). For ALP masses below the GeV scale, limits
on g,z are thus set by beam dump searches (in yellow)
[79-81] (we adapt here the bounds compiled in Ref. [38])
and by energy-loss arguments applied to the supernova
SN1987a [48,49] (in blue), both through absence of extra
cooling (labeled “length” in Fig. 3 and through the absence
of a photon burst from decaying emitted axions (labeled
“decay” in Fig. 3). Furthermore, the radiative contribution
of guzz 10 g4, is also constrained by LHCb [82] (see
Ref. [42]) in the small region 4.9 < m, < 6.3 GeV (in dark
gray) and by ATLAS and CMS searches for yy resonances
(in red) for m, > 10 GeV (we show the bounds from
Refs. [27,33] using the experimental data from [83-88], as
compiled in [65]). We stress that the latter limits are from
LHC run 1 (/s = 7 and 8 TeV), and as such /s = 13 TeV
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FIG. 3. Bounds on the ALP couplings g,z (top) and g,,

(bottom) as a function of m,. The hatched regions correspond to
the limit from nonresonant LHC searches derived in this Letter
using CMS diboson [73] (top) and diphoton [77] (bottom) data.
Also shown are limits from LHC mono-Z searches [31] (violet),
beam- dump experiments [38] (yellow), supernova SN1987a
[48,49] (blue), LHCb and BABAR [42] (dark gray), L3 [78]
(cyan), LEP [28,29] (green), LHC resonant yy searches (red) (as
compiled in [27,33,65]), and the QCD axion band taken from
[65] (light gray); see text for details.

run 2 analyses should significantly improve on those. Next,
although LHC triboson searches for m, > 100 GeV have
yielded very weak constraints [35], the radiative contribu-
tion of g,zz to g,, provides sizeable constraints as well.
We do not include here, though, the expected tree-level
bounds on g,z from ZZ resonance searches by ATLAS
and CMS (e.g., from Ref. [73]) for m, > 200 GeV. To our
knowledge, these have not yet been obtained (we leave
their study for a forthcoming work) and are complementary
to the nonresonant search presented in this Letter. Finally,

the theoretical band corresponding to the QCD axion that
solves the strong CP problem is shown (in light gray)
for completeness, as taken from Ref. [65] for updated
estimations of the Kim-Shifman-Vainshtein-Zakharov
axion model [89].

pp — a* — yy: Nonresonant ALP searches are also
possible for final states to which a light ALP could decay,
such as yy, by selecting events with a large invariant mass
m,, > m,. The recent CMS search for nonresonant new
physics in yy final states [77] with 35.9 fb~! of 13 TeV
LHC data is used here. In analogy with the previous
section, we simulate the signal process pp — a* — yy
with MadGraph5_aMC@NLO, Pythia 8, and Delphes 3, obtaining a
signal cross section o(pp — a* — yy) =47 pb for ¢z =
cyy=cp=1, f,=1TeV, and with the initial require-
ment m,, > 500 GeV. The subsequent CMS event selec-
tion applied here is detailed in the Supplemental Material
[66], with the main SM backgrounds [77] being yy and
y + j (with the jet j misidentified as a photon). After the
event selection, we perform a binned likelihood analysis
of the m,, distribution for the two selection categories
discussed in the Supplemental Material [66] according to
the rapidity of the photons. This leads to a combined
95% C.L. observed exclusion limit on the signal cross
section of o~ 1.2 fb. This limit corresponds to f, >
14.2 TeV for c¢; = 1, which we find to be valid up to m, ~
200 GeV without significant modifications of the signal
properties. The resulting bound on g,,,, is depicted in Fig. 3
(bottom) for g;gly = 1 TeV as a hatched area. Bounds from
resonant searches at the LHC, beam dump experiments,
and astrophysical constraints (supernova SN1987a) are
also shown, see last section for details. For comparison,
the figure also shows bounds from resonant searches by
BABAR [90] (in dark gray) (as obtained from Ref. [42]),
from L3 [78] (in cyan), and from large electron positron
(LEP) collider searches (in green) for new physics in
eTe™ — 2y, 3y processes (see Refs. [28,29] for a detailed
discussion). Regarding the latter, Refs. [28,29] assume a
vanishing gluonic coupling g,,, and thus apply in our case
only for m, < 3m,; for m, > 3m, the ALP can decay into
hadronic final states in the presence of a nonvanishing g,
coupling, which could significantly weaken the LEP
bounds, and we refrain to claim an exclusion in that region.
We also do not include here projected limits on g,,, from
light-by-light scattering at the LHC in proton-proton [34]
and Pb — Pb collisions [30] (the latter is also significantly
weakened in the present scenario by the presence of g,,),
as they are not competitive with the search presented here.

Further nonresonant ALP searches: (i) pp — a* — gg.
As discussed previously, the gluonic coupling g,,, can be
constrained independently, using dijet searches at the
LHC. We have used the 13 TeV CMS search on dijet
angular distributions [91] for this purpose, with the details
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of our analysis given in the Supplemental Material [66].
A 95% C.L. excluded region of 1.9 < f, <3 TeV for
cg =1 follows, including the interference between the
ALP signal and the SM background, which dominates over
the pure ALP signal in the region considered. This bound is
to be taken only as a qualitative estimate, as the analysis
uses data in the 2.4-3 TeV range and thus in the limit of
validity of the EFT. Note also that the limit obtained is
weaker than the benchmark value ggg‘g =1 TeV used in
Fig. 3 (corresponding to f,/cs = 4 TeV), as it should be.

(i) pp — a* — Zh. This process yields a powerful
probe of the chiral EFT through the operator A,; in
Eq. (9). For Z — ¢¢ and h — bb this signature is similar
to that analyzed in the last section for the b-tagged category,
since the process pp — a* — Zh has similar m,,; kin-
ematics and expected cross section than pp — a* - ZZ,
for c,p ~ ¢y, cp. This suggests that the analysis performed
above could be adapted to probe very efficiently the ALP-
mediated Zh signal. Furthermore, there are several advan-
tages in performing a dedicated Zh search along the lines in
Ref. [73]: the SM background distribution for the merged
jet mass m; is smaller around m;, than around m (as shown
in Ref. [73]), and the SM backgrounds after the CMS event
selection are significantly smaller in the b-tagged category,
as shown in Fig. 2; & decays dominantly to bb.

(iii) pp — a* — f1. This channel allows us to probe the
ALP-fermion couplings induced by the operator O, in the
ALP linear EFT. Because the amplitude of any physical
ALP-fermion coupling is proportional to the fermion
Yukawa couplings [see Eq. (8) and [62] ], ALP production
via gluon fusion with 7 in the final state is an optimal
channel that deserves detailed future study [92].

(iv) pp = a* — Zy. This channel provides a key com-
plementary probe to the ZZ and yy searches discussed in
the first two parts of this section, given its clean signature.
The nonresonant analysis of this channel using public
information (e.g., from Ref. [93]) requires, however, further
assumptions with respect to the ZZ and yy analyses. The
study of ALP-mediated Zy signatures is thus left for a
forthcoming work.

Conclusions and outlook.—In this Letter, we have
proposed a new approach to probe the existence of
ALPs (and, more generally, of pseudo-Goldstone bosons)
via nonresonant searches at the LHC where the ALP can be
produced as an s-channel off shell mediator. The search
takes advantage of the derivative nature of the ALP
interactions with SM particles. Using CMS 13 TeV public
data, we have derived new limits on ALP couplings to SM
gauge bosons via the processes pp — ZZ, pp — vy, and
pp — jj(gg). These provide the most stringent bounds on
ALPs over a wide region of masses, in the presence of an
ALP-gluonic coupling g,,,. They have the advantage of
being equally sensitive to light ALPs with masses up to the
kinematical energy scale of the LHC analyses considered
~QO(100) GeV. Possible extensions of the analysis to other

final states such as Zy, Zh and fermionic final states (¢7)
have been discussed as well, altogether highlighting the
power of nonresonant searches for ALPs at colliders.
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