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We present a novel data-driven method for determining the hadronic interaction strengths of axionlike
particles (ALPs) with QCD-scale masses. Using our method, it is possible to calculate the hadronic
production and decay rates of ALPs, along with many of the largest ALP decay rates to exclusive final
states. To illustrate the impact on QCD-scale ALP phenomenology, we consider the scenario where the
ALP-gluon coupling is dominant over the ALP coupling to photons, electroweak bosons, and all fermions
for m, S m, <3 GeV. We emphasize, however, that our method can easily be generalized to any set of
ALP couplings to standard model particles. Finally, using the approach developed here, we provide
calculations for the branching fractions of 7, — V'V decays; i.e., 7, decays into two vector mesons, which

are consistent with the known experimental values.
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Axionlike particles (ALPs) are hypothetical pseudosca-
lars whose couplings to the gauge bosons of the standard
model (SM)—the gluons, photons, and electroweak bosons
—are highly suppressed at low energies by a large cutoff
scale A. ALPs are found in many proposed extensions to
the SM (see Refs. [1-4]), since they naturally address such
puzzles as the Strong CP [5-8] and Hierarchy problems
[9]. Moreover, ALPs may explain the long-standing
anomaly with the magnetic moment of the muon [10],
and could provide a portal connecting SM particles to dark
matter [11-14].

ALPs are pseudo-Nambu-Goldstone bosons, and there-
fore, their masses, m,, are expected to be m, < A.
Recently, MeV-to-GeV scale, henceforth QCD-scale,
ALPs have received considerable interest [15-25]; how-
ever, the phenomenological impact of ALP-gluon inter-
actions is not well understood for QCD-scale ALPs. The
effective Lagrangian describing such interactions is

4ragc ~
LD —TgaGﬂvGﬂw (1)

where ¢, is the dimensionless agg vertex coupling constant
A1
and Gﬂ,,. =1€,,,,G%. .
In this Letter, we present a novel data-driven method
for determining the hadronic interaction strengths of
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QCD-scale ALPs. Using our method, it is possible to
calculate the hadronic production and decay rates of ALPs,
along with many of the largest ALP decay branching
fractions to exclusive final states. To illustrate the impact
on QCD-scale ALP phenomenology of ¢, # 0, we consider

Cy > ¢y, CRW. s (2)

for m, <m, <3 GeV, i.e., the scenario where the ALP-
gluon coupling is dominant over the ALP coupling to
photons (c,), electroweak bosons (cgw), and all fermions
(cf). We emphasize, however, that our method can easily be
generalized to any ALP couplings to SM particles. The
impact of ALP couplings to photons, electroweak bosons,
leptons, and heavy quarks is known [26], while additional
direct couplings to light quarks are easily handled within
our framework (see the Supplemental Material [27] to this
Letter).

We begin by noting that ALP-lepton couplings arise at
the three-loop order in this scenario, and therefore, are
neglected throughout. ALP couplings to quarks are gen-
erated by the ALP-gluon interactions. Similarly, ALP-
photon interactions are also generated by ALP-gluon
interactions, though these are suppressed by O(agy?).

For low masses, ALP-gluon interactions can be studied
using chiral perturbation theory (yPT), while for m, >
Aqgep perturbative QCD  (PQCD) can be employed.
However, no reliable calculations are available for most
QCD-scale masses. Furthermore, PQCD only predicts the
total hadronic decay rate. It does not inform experimenters
which decays to look for, or how to determine the
sensitivity of any exclusive decays.

Published by the American Physical Society
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Since a — zxw and a — 7y are forbidden by CP and C,
respectively, the dominant hadronic decays for low-mass
ALPs will be a — 37° and a — 7"z~ 7°, even though they
violate isospin, along with a — 777y, which is sup-
pressed by a factor of agy [28]. The decay rates are
similar for both 37 modes and to leading order (LO) in yPT
are [26]
nmamicgéz

N7
where &; = (my—m,)/(my+m,)~1/3 is the isospin
violation induced by m, # m,; and /5, contains the
final-state kinematic factors (see Supplemental Material
[27]). In the PQCD regime, the total rate to hadrons is
r which at one-loop order is [29]

my

2
LK, (—2> for m, <1 GeV, (3)
m

a

Fa—>3ﬂ ~

a—gg»

32nmazcim] 83a,
amgg X Azg (1 + &2 ) for m, > Aqgcp. (4)

iy 4

For m, ~2 GeV, the one-loop correction is comparable in
size to the leading-order result, making this the smallest
mass where Eq. (4) has O(1) validity. Naively, it is
tempting to interpolate the total hadronic rate from where
a — 3x is the dominant hadronic decay to where the PQCD
result is valid; however, even though such an interpolation
only covers a factor of 4 in m,, numerically

Tyege(ma = 2 GeV)
T,s.(m, = 0.5 GeV)

Clearly a deeper understanding of the hadronic interactions
of QCD-scale ALPs is required—which is our primary
focus.

By performing a chiral transformation of the light-quark
fields [30-32], we replace the agg vertex by ALP-quark
axial-current couplings, which we subsequently match to
the chiral Lagrangian. This leads to ALP-z° kinetic mixing
and ALP-;") kinetic and mass mixing making it possible to
assign the ALP a U(3) representation at low masses. We
assign all ALPs up to ~3 GeV the U(3) representation
(Close to 3 GeV mixing with the 7. charmonium state
should be considered. We leave this for future studies.)

fa,_ Lats(ma)
fo© T VG

where C, are m,-dependent dimensionless constants, f, =
—A/32x%c, is the ALP decay constant, and

N 1 for m, <1 GeV
s(mg) = 7)
ag(mg,) for m, > 1 GeV

accounts for a, running which weakens ALP-gluon inter-
actions at higher masses. (To obtain smooth results, we take
a,(1 GeV) = 1, then interpolate to the known value for
m, > 1.5 GeV.) Nota bene, we factored out f,/ f, to make
this dependence explicit, and follow the normalization
convention

~ O(10%)! (5)

diag{C,.Cy.C,}. (6)

(PP) = 2Tr|PP| = 1, (8)

for the pseudoscalar U(3) generators z°, 77, and 77

For m, <1 GeV, we derive the ALP-P mixings, for
P = 7% n, ', using the LO chiral Lagrangian by extending
previous works, e.g., Ref. [26], to three flavors and to
higher order in ;. The full calculations are in the
Supplemental Material [27]. Here, we provide simplified
expressions to LO in o; and taking m, > m, =~ 2m,. The
ALP-P kinetic and mass mixing cause the P fields to pick
up small admixtures of the physical ALP state and vice
versa:

fx
P szhy +J7<aP)aphy,
fx
a~ aphy _?Z<aP>Pphy‘ (9)
a’p

Therefore, the ALP U(3) matrix is
a = (ar®)7° + (an)n + (@ )y for m, <1 GeV, (10)

where the ALP-P mixing factors are

8ym> m2_m20/2
an®y ~ N Ta an) ~ N, | ———=L 7]
<7I> ﬂomg_m% <77> U m%_m}%
m2 — 2m>
NN,y |——2 11
() n[mg_mi/], (1)
and N/ Ol = % 1//6, 1/24/3 are the P normalization

factors. At high masses, the U(3) symmetry is expected to
be restored; thus the ALP U(3) representation should be

Cu %Cdzcs ~1 for mg, > AQCD' (12)
The C, values obtained from Eq. (11) are close to unity near
1 GeV; therefore, we interpolate between the low-mass and
high-mass regions by setting each C, element to unity once
it intersects unity above m,; (see Fig. 1).

When m, is in the nonperturbative regime of QCD, this
U(3)-based representation is the most natural one, and can
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FIG. 1. ALP U(3) representation. Since isospin-violating

decays are small above m,,;, where the isospin-violating compo-
nent is highly uncertain, we ignore such decays for m, > m,.
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be used to calculate the production and decay rates of
ALPs. Before moving onto such calculations, we stress that
for 0.5 S m, <2 GeV there are O(1) uncertainties on a.
Many LO yPT predictions require O(1) corrections even
for n decays (see, e.g., Ref. [33]). Furthermore, while
parton-hadron duality is roughly valid above 1 GeV for
vector currents [34], not enough is known about * states to
assert that this holds to better than O(1) for ALPs. While
the precision of a could be improved, adding direct quark
couplings to the ALP model also induces O(1) changes in
a. Therefore, a more natural approach is to adopt C,, Cy,
and C, as effective ALP parameters, with the goal of
experimentally exploring all O(1) deviations from the pure
ALP-gluon model.

The interactions of pseudoscalar mesons are well
described at low energies by the hidden local symmetries
framework of vector meson dominance (VMD) [35,36].
Because of ALP-pseudoscalar mixing, which generates the
ALP U(3) representation, we can also employ VMD to
study ALP interactions. However, since VMD only
includes ground-state mesons, the effective theory breaks
down once m, X m, ~ 1.5 GeV. Reference [34] showed
how eTe™ — V( ) data can be used to predict the hadronic
decay rates of any vector particle. While no high-purity
source of P*) currents exists, with minimal assumptions
we can also use eTe~ data to extend VMD-based pseu-
doscalar predictions up to 3 GeV.

We begin by considering an interaction vertex with two
vectors and one pseudoscalar (VV P). The amplitude for the
process V(p;) = V,(p,)P(g) must be of the form

€ap’ €5 PIPAF (P}, P3. 4%)
3¢
4n>f,

since this is the only valid Lorentz structure. The unknown
function F should satisfy

Ay, Lv,p =

(ViVaP). (13)

~1  for m; < my:(VMD)
X # for my > AQCD (PQCD) ’
1

F(ph pha?) = { (14)

where m? = p? and my: denotes the pole mass of the first
excited vector meson with the same U(3) representation as
V. The PQCD power-counting rule is A o m4 ", where n
is the number of partons involved in the vertex (6 for VVP)
[37]. Since for m; < ny: JF is approximately independent

of the ground-state meson masses, we make the ansatz

F(p}.p3.q*) = F(my). (15)

which relies on F being controlled by the heaviest
dynamical scale, m; here, when all other masses are for
ground-state mesons. As shown in Ref. [34], treating

ete™ — gq production as the sum of currents with p-like,
w-like, and ¢-like U(3) quantum numbers, rather than the
sum of many V* resonances, provides a good description of
the data for m = /s > my-. Therefore, the F function can
be extracted from data using

1/2 2 (p-like)
(w-like)  (16)

L
V3 (¢-like)

3
F(m) ~ < on )

YRR (m)

where T'YMP(m) is the width obtained using VMD

with F = 1.
Figure 2 shows that all available eTe™ — V; — V,P
data are consistent with

1 for m < 1.4 GeV
F(m) = interi)olation for 1.4 <m <2 GeV (17)
[Wf] for m > 2 GeV

where fr =14 GeV is determined from the data.
Furthermore, in the Supplemental Material [27] we show
that all ete™ — V — PP data [38,39] are also consistent
with Eq. (17), modulo the PQCD power-law scaling is m~>
due to the dimensionality of the VMD-based VPP vertex.
Since F is simply a smooth monotonic transition from
VMD to PQCD, we expect this function to be approx-
imately valid for any 3-meson vertex where only the
decaying particle is not a ground-state meson (corrected
for vertex dimensionality if needed). We will show below
how to use Eq. (17) to extend VMD-based calculations up
to 3 GeV, and validate our approach using known 7, and #*
decay branching fractions.
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FIG. 2. F from Eq. (13) determined from e* e~ data [40-42].
Since we ignore resonance contributions, each result is only valid
at masses where narrow resonance contributions are small. We
define these as (w-like) above where the sizable w—¢ interference
effect in the 3z final state becomes negligible, (p-like)
mg 2 my + T, and (@p-like) m, 2 my + Ty
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TABLE I. Validation using 5. — VV decays: Our predictions
are consistent with the PDG average of each experimental value
[44,45]. Furthermore, we derive more precise experimental
values by averaging the PDG #, — VV results assuming
SU(3) symmetry in these decays [the SU(3) column], and find
that our predictions are consistent with these SU(3)-averaged
experimental results to O(10%).

This work Experiment
VMD x |F(m)? PDG SU(3)
B(n. = pp) 1.0% 1.8+0.5% 1.10£0.14%
B(n. — ow) 0.40% 0.20 £0.10% 0.44 £+ 0.06%
B(n. = o) 0.25% 0.28 £0.04% 0.28 & 0.04%
B(n, — K*K*) 0.91% 0.91 £0.26% 1.00 £+ 0.13%

The amplitude for P — V;V, must have the same Lorentz
structure as Eq. (13), and by crossing symmetry must
share the same F. Therefore, using the standard VMD
framework—but inserting F(mp)—we can calculate
I',_yy(m,) up to 3 GeV. These straightforward calcula-
tions follow directly from the standard VMD ones and are
provided in the Supplemental Material [27]. Moreover,
using the same framework we calculate I, _yy. Table I
shows that our 7. — V'V predictions are consistent with the
experimental values to O(10%). Alternatively, I', _y can
be calculated using PQCD; however, this approach under-
estimates the measurements [43] by O(10) even when
including higher-twist effects (known as the . — VV
puzzle). That our predictions for I', .y achieve O(10%)
accuracy provides strong validation of the approach devel-
oped here.

Given any ALP U(3) representation and the mass-
dependent vertex scaling function Eq. (17), we can calcu-
late exclusive hadronic ALP decay widths and its total
hadronic width. Here we summarize our calculations for the
representation shown in Fig. 1, while the details are
provided in the Supplemental Material [27].

(1) ', yy: As discussed above, we calculate a — pp,
a— oo, a— ¢p, and a —» K*K* using our extended-
VMD framework. Schematically, the a — VV and VMD-
based ' — VV rates are related via

[xla{V. V})F(m,)|?
fa{V.V})
Additionally, we calculate I',_, ., as a — pp followed by

p-y mixing and p — 7.

(2) T',_yvp: Since a — px violates isospin and a — K*K
violates SU(3) symmetry, these are subleading and difficult
to calculate; thus we do not consider them. (Determining
the U(3)-violating components of a and the kaon-loop
contributions to isospin-violating final states would be
tedious. None of these U(3)-violating modes are expected
to be important at any masses.) Most other a — VP decays
involving ground-state mesons violate C, so also are not
considered.

. (18)

lﬂa—»VV =

(3) I'y—,),: The a — yy decay rate is given by

r _ aIZEMm |C;(+CVMD+CPQCD|2 (19)
a=yy — ( )3f2

where at low masses C} ~ 1 is generated by the chiral
transformation, while at high masses PQCD quark-loop
contributions (at two-loop order) are important [26].
Calculated for the first time here from a — VV — yy with
V—y mixing,

CYMP = —F(m,) |3{app) + % (aww) + % (agd) +2(apw)

23d,(m,)
36

is found to be the dominant contribution over most of the
mass range considered. Nota bene, each contribution is
turned on or off for m, values where it is either invalid or
where double counting of contributions would occur.

(4) T',_5,: We calculate these rates using the LO chiral
Lagrangian, and add a data-derived k factor to account for
final-state-pion rescattering effects. We only consider these
decays up to m,, since at higher masses this k factor is no
longer reliable. We consider isospin-violating a—z° mixing,
and our calculation is the first to consider a — ;") mixing
followed by 1) — 37. We leave a detailed presentation to
the Supplemental Material [27].

(5)T,_ ppp: The amplitudes fora — ") zranda — KKx
are dominated by scalar and tensor resonances. Specifically,
for a — n")zxw we consider a — o(zz)n"), a — fo(zx)n",
a— ay(in"m)z, a — f,(zx)y"), and a contact term. For
a — KKz we consider a — Sk, (Kn)K, where the KzS-
wave amplitude is taken from Ref. [46], and a — ay(KK)x.
Schematically, the « — PPP and/ — PPP amplitudes are
related similarly to Eq. (18), e.g.,

A i :fn<a71f0> ( )
ol = g i nf o)

All scalar resonance amplitudes are taken from the ' — nzn
model of Ref. [47], where they were determined by fitting all
available data. We use a similar approach to derive the
f2(1270) tensor-meson contribution in the Supplemental
Material [27]. Unlike above, we cannot obtain the F
functions for these vertices directly from data. Given that
the dimensionality of each of these vertices is the same as
that of VV P, we also use Eq. (17) here. This universality
assumption is validated by the fact that we accurately predict
both B(n, — nzx) and B(n(1760) - yy) x B(n(1760) -
7' nr) to #20%, and B(n, — KKr) to ~10% [44,48]. Given
that @ — nzz or a — KK has the largest branching fraction
for m, 2 1 GeV, the lack of more stringent data-driven
constraints here is the weakest component of our calculations,

(4C, +Cy+Cy), (20)

m.—m,

AT

0= folmm)n’

(1)
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FIG. 3. ALP decay branching fractions to all final states
considered; decay widths are given in the Supplemental
Material [27].

though these data-driven tests suggest that the uncertainties
are small. (These predictions could be improved with a better
experimental understanding of the excited #* states).

(6) Iy 44: The next-to-LO PQCD calculation of Eq. (4)
derived in Ref. [26] is adopted here.

(7) T', (total hadronic width): We take I', =I',_,,, for
m, 2 1.84 GeV, while for lower masses, the sum of all
exclusive modes is used for I',. At m, ~1.84 GeV we
find Fa—»gg ~ Zi:exc Fi-

The decay branching fractions are summarized in Fig. 3.
The unaccounted for branching fraction is also shown, and
is substantial for m, 2 2 GeV. This includes decays such as
a — AA, i.e., two axial-vector mesons, which should be
comparable to a — VV above about 2.5 GeV, and many
decay paths that involve excited resonances, rescatterings,
etc. For example B(n. — 6x) ~20% so we expect ALP
decays to many-body final states to be at about the same
rate. We stress that unaccounted for decay modes should
only be important for ALP masses where I', ~T',_
therefore, our predictions for the total hadronic width—
and the ALP lifetime—should not be affected by unac-
counted for decays.

When evaluating the constraints on this model, we focus
on the m, < m, < 3 GeV region, where our work has the
biggest impact. Constraints where f, <3f, are omitted,
e.g., bounds from radiative J/y decays, since we assumed
fr < f, when deriving a. Details on all calculations are
provided in the Supplemental Material [27], while in Fig. 4
and below we summarize the constraints.

(1) We recast existing limits on the ayy vertex from LEP
[20,49] and beam-dump experiments [50-52] using our
B(a — yy) result and our a — yy calculation to relate the
ayy interaction strength to f,. In Ref. [53], we derive new
constraints using yp — pa(yy) data from GLUEX [54].

(2) We derive new constraints from ¢ — ya(zry, na’z")
and ' —» 7t z~a(z" 7~ 7%). We are not aware of any bump
hunts here, and instead assume that the entire known
branching fractions to these final states [44] are due to

L m
10 T 3
b= sa (inclusive) 3
B — Ka(KKr) PR, 7
1073 —
Myrr & Mg - windows 3
. Fig. 1 [0804.0411] =
= =
;‘ 7
> : ]
55 4 window\ | R LR

S 10 Fig. 3 3
< [1311.6666] 3
~ ~
Ub‘ CAT 7
107 -
CHARM N R 3
gray constraints depend on UV completion
137 results shown assume UV = log 22 + O(1) = 1

1076 & . . . 1 . . . . ]

m, [GeV]

FIG. 4. Constraints on the ALP-gluon coupling.

ALPs. Clearly dedicated searches would be much more
sensitive.

(3) We derive new constraints from b — sa penguin
decays. Atone loop, the agg vertex generates an axial-vector
att coupling [26] resulting in enhanced rates for B — K*)g
decays [55-58]. The loop contains a UV-dependent factor
[59] schematically given by ~[log Afy,/m? & O(1)], which
we take to be unity [corresponding to an O(TeV) UV scale].
This induces O(1) arbitrariness on the following constraints:

(i) The published m,,, spectrum of Ref. [60] is used to
constrain B(B* - K*a)xB(a—nz*n~) form, < 1.5 GeV,
excluding the %’ peak region.

(i1) The published m g+ spectrum of Ref. [60] is used to
constrain B(B* - K*a) x B(a - K*Ksz¥) for 0.85 <
mg, < 0.95 GeV and m, < 1.8 GeV.

(iii) The known value of B(B® — K%¢p¢) [61] is used to
constrain B(BY - K%) x B(a — ¢¢) assuming the entire
decay rate is due to ALPs.

(iv) The known value of B(B* — K*w(3x)) is used to
constrain  B(B* — K*a) x B(a - n*z~2%) for 0.73 <
m, < 0.83 GeV, which is the 37 mass window shown in
Ref. [62], assuming the entire decay rate is due to ALPs.

(v) Since the ALPs considered here are not massive
enough to decay into charm hadrons, the observed
inclusive b — ¢ branching fraction [44] is used to
place an upper limit on the inclusive b — sa rate
of B(b — sa) <[l —=B(b — c)].

(4) Similarly, we recast existing limits on ALP — W/Z
couplings from Ref. [19] using the s — d penguin decays
K* — n%yy [63] and K, — 7%y [64] and the same UV-
completion assumptions.

Over much of the considered mass range the constraints
on A are below a TeV. We stress that many of these
constraints would be much stronger if dedicated searches
were performed, e.g., searches for B — K®*a with
a — yy,3n,nzan, KKx, pp, etc. would be incredibly power-
ful probes of QCD-scale ALPs—and could be performed
with data already collected by LHCb.

In summary, we presented a novel data-driven method
for determining the hadronic interaction strengths of ALPs

031803-5



PHYSICAL REVIEW LETTERS 123, 031803 (2019)

with QCD-scale masses. Our method makes it possible to
calculate the hadronic production and decay rates of ALPs,
along with many of the largest ALP decay branching
fractions to exclusive final states. To illustrate the impact
on QCD-scale ALP phenomenology, we considered the
scenario where the ALP-gluon coupling is dominant over
the ALP coupling to photons, electroweak bosons, and all
fermions, but emphasized that our method is easily gen-
eralized to any set of ALP couplings to SM particles. We
showed that the constraints on this type of ALP are weak,
though we also highlighted some promising searches that
could provide improved sensitivity to QCD-scale ALPs,
e.g., at LHCb. Finally, our work determined the relation-
ship between the ALP lifetime and its gluonic coupling,
which is vital for studying the sensitivity of long-lived
particle experiments [65].
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