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Abstract We develop the formalism to provide an
improved estimate for the hadronic light-by-light correc-
tion to the muon’s anomalous magnetic moment a,, by
considering single meson contributions beyond the leading
pseudoscalar mesons. We incorporate available experimen-
tal input as well as constraints from light-by-light scatter-
ing sum rules to estimate the effects of axial-vector, scalar,
and tensor mesons. We give numerical evaluations for the
hadronic light-by-light contribution of these states to a,,. The
presented formalism allows one to further improve on these
estimates, once new data for such meson states will become
available.

1 Introduction

The anomalous magnetic moment of the muona,, = (g—2)/2
is one of the most precisely measured quantities in particle
physics. It has being playing a vital role in testing the frame-
work of quantum field theory since its development more than
half a century ago, as well as in searching for new physics
beyond the Standard Model (SM) of particles and interac-
tions, for a comprehensive review, see [1,2] and references
therein. On the experimental side, the present world average
for a,, is [3,4]

a, (exp) = (116,592,089 + 63) x 1011, )

which corresponds to a relative precision of 0.54 parts per
million. From the theoretical point of view, in the SM
a, is defined by electromagnetic (QED), electroweak, and
hadronic contributions. The dominant QED contribution,
which at present has been calculated including all terms up
to fifth-order in the fine structure constant [5,6], is known
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to an impressive theoretical precision corresponding with
da,(QED) = 8 x 10713, The much smaller electroweak
contribution, which has been calculated up to two-loop
order [7-10], is also known with good accuracy; its inac-
curacy da, (weak) = 2 x 10—, which is more than a factor
of 30 smaller than the present experimental precision. Within
the SM, the largest source of uncertainty is given by the
hadronic contribution, which contains two parts, the hadronic
vacuum polarization (HVP) together with the hadronic light-
by-light scattering (HLbL); see Fig. 1. The HVP has been
estimated based on data for ete~ — hadrons, data for
ete™ —> y + hadrons, as well as T decays, by several
groups [11-21]. A recent evaluation of the leading order HVP
has found [21]:

a,(1.0. HVP) = (6,886.0 +42.4) x 1071, )
The next-to-leading order HVP has been estimated as [19]

a,(n1l.o.HVP) = (—98.44+0.7) x 1071, (3)
The HLbL, although much smaller in size than the HVP, has
a comparable theoretical uncertainty. It has been estimated

by different groups to be

a,(HLbL) = (116 +39) x 10~
a, (HLbL) = (105 +26) x 10711

Ref. [1, 2], )
Ref. [22]. 5)

When comparing theory with experiment for a,,, the differ-
ence has recently been evaluated as [21]

a, (exp) — ay (theory)
= (312.5 4 57.6 (theory) £ 63 (exp)) x 107!, (6)

which corresponds with a 3.7¢ discrepancy. The different
analyses for the 1.o. HVP and HLbL contributions give results
which all agree within 1o [23].
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Fig. 1 The hadronic contributions to the anomalous magnetic moment
of the muon. Left panel hadronic vacuum polarization (HVP). Right
panel hadronic light-by-light contribution (HLbL). The gray blobs
denote hadronic intermediate states

In order to conclude whether this discrepancy is a sign of
new physics beyond the standard model, new experiments are
planned in the near future both at Fermilab [24] as well as at
J-PARC [25] to further improve on the precision. The Fermi-
lab experiment aims to reduce the experimental uncertainty
by a factor 4 to 8a,, ~ 16 x 10~ Such improvement also
calls to improve on the theoretical accuracy by at least a fac-
tor of 2 in order to obtain a definitive test for the presently
observed discrepancy. As the theoretical uncertainty is totally
dominated by the knowledge of the HVP, Eq. (2), and the
HLbL, Eq. (4), the main effort on the theoretical side will
be to improve on both estimates. For the HVP, new data
from ongoing experiments at Novosibirsk and BES-IIT will
provide valuable experimental input to further constrain this
contribution. It was estimated in Ref. [23] that such data will
allow us to reduce the uncertainty in the HVP by around a
factor of two, down to 8a, (1.o. HVP) = 26 x 10~!!. For
the HLbL scattering, new data are expected from KLOE-2
for the y*y — ¥ transition form factor at very low photon
virtualities, and from BES-III for the reactions y*y — X,
where X = 79, n, n’, 2. Such data do require a theoretical
analysis in order to further constrain the HLbL evaluation.

The aim of the present work is to provide an improved
estimate for the HLbL contribution, by considering sin-
gle meson contributions beyond the leading pseudoscalar
mesons (7°, 1, '), which have been evaluated in the pio-
neering work of Ref. [26]. We will incorporate available
experimental input as well as constraints from light-by-light
scattering sum rules [27,28] to estimate the effects of axial-
vector, scalar, and tensor mesons to the HLbL contribution.
The framework which will be presented will also allow one to
further improve on the estimate, once new data, in particular
from BES-III, for such meson states will become available.

2 Meson pole contributions to the hadronic
light-by-light scattering

The HLbL contribution to the muon’s anomalous magnetic
moment is a O (a3) correction to the Pauli form factor due
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to the second diagram in Fig. 1. It may be isolated from the
vertex matrix element

(=) il O] ™) = (=ieya(pT*(p', pu(p), (1)

where p (p’) denote the initial (final) muon momenta, when
considering the classical limit (p’ — p = k — 0) by using
a projection operator technique [29]. This amounts to the
two-loop integral representation

d4 d4 1
aﬁ”L = lim ieG/ ql4 / q24 ) 2
k—0 Cm)*J @2 giqyk —q1 — q2)
1 1
X
(p+q)* —m? (p' — q2)* —m?
x T (g1, k—q1 =42, 42) Mo (@1, k=41~ 2. 02),
(3)

with the projector
2 k242m*
2am =) |1 me—amry P P
©)

where m denotes the muon mass. Furthermore, in Eq. (8) the
leptonic tensor 7 is given by

Au(p', p)=

" (g1, k — q1 — q2, 92)
=Tr[(p+m)A° (P, p)(B +m)y (' — ¢ + m)
x yY(p +d +m)y*]. (10)

The tensor I35 (q1, g2, g3) denotes the light-by-light
vacuum polarization tensor. In this work, we will consider
the contributions of a single meson with an arbitrary spin to
IT, which have the general form:

(ie)* Mo (g1, k — g1 — 42, 42)

i pled By (1 —

= Muv(a}(q1, k — q1 — 612)l(I]:_Q2)—(2k_A(/I[22)
X Mo, 181(q2, —k)

i Pleb Bk — gp)

(k —q1)> — M?

XM g1tk — q1 — q2, q2)

iP (g1 + q2)
+M i e} (415 42)
e (g1 + q2)> — M?

XMy g1k — q1 — q2, —k), (1D

where the three terms correspond with the three topolo-
gies shown in Fig. 2. In Eq. (11), the Lorentz amplitude
M, 1a1(q1, q2) describes the transition from the initial state
of two virtual photons with momenta ¢; and ¢» to a C-even
(JP*) meson with mass M. Depending on the spin J of the
meson, the amplitude M, (o} has different Lorentz struc-
tures: for the case of a pseudoscalar (J© €C=0"1anda
scalar (JP€ = 07) meson the amplitude is a rank two ten-
sor, for the case of an axial-vector (/¢ = 11t1) and a tensor

+M,u.(r,{a}(ql s _k)
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Fig. 2 The single meson contributions to the hadronic light-by-light
scattering

(JP€ = 2+%) meson it is a rank three tensor and a rank four
tensor, respectively. The projector P for spin J entering the
meson propagator is defined by the spin sum

J

o=—J

12)

where the 5,{,a} denote the corresponding polarization tensors.
In the following, we give the specific expressions which we
use for the transition amplitudes and the polarization sums
in our calculation. The transition amplitudes are defined in
such a way that the non-perturbative physics is contained in
the meson transition Form Factors (FFs). It is important to
note that these FFs depend on three invariants in the general
case [1,2]. However, mainly due to the absence of reliable
information about the off-shell dependence on the virtuality
of the exchanged meson we will assume, for the following
estimates, the pole-dominance approximation for the FFs:

F(qi. 43, (@1+a2)") =F (7. q3. M*)=Fpty+,+(qi. 43).
(13)

where qlz, q% denote the two photon virtualities, and
(g1 + ¢2)* denotes the meson virtuality.

For a pseudoscalar meson ('P), the transition amplitude is
defined by

MP G @) = —ie*epapaah Fpyo(at.q3).  (14)

The spin projection operator for J = 0 has a trivial form:

P(q) = 1. 15)

A scalar meson (S) may be produced either by two trans-
verse or by two longitudinal photons [30,31]. As the main
contribution to the magnetic moment comes from the region
of small photon virtualities, the contribution of the transverse
amplitude is dominating. Furthermore, there is no empiri-
cal information on the structure of the longitudinal FFs at
present. Thus in this work, we will only consider the trans-
verse part of the scalar meson production amplitude which
is described by

MEq1. ) = =2 LR R, (g1, 92) Fsyey+(F, 43),
(16)

where the symmetric transverse tensor R*" is defined by

1
R*(q1,42) = =" + L {(a1 - @) (91" 43 + @5 47)

—q1 9y a5 — a3 4} 41}

a7
and X = (q1 - 92)* — 4743

Although the production of an axial-vector meson (A)
by two real photons is forbidden by the Landau—Yang theo-
rem [32,33], an axial-vector meson can be produced in two-
photon processes when one or both photons are virtual. Exist-
ing phenomenological analyses have used the expression for
the transition amplitude derived from a non-relativistic quark
model calculation [34-37]:

M,(Zf}gz (q1.92)

=i’ pura [(qu,‘i —q{q1,) 45 — (@385 — a5 q2,) qf]

NI (g}, q3) (18)
M2 Ay*y*q71,43)-
Note that a general discussion of the Ay*y™* vertex, has

to allow for three independent Lorentz structures [30,31].
However, as no phenomenological information is available
at present to disentangle the three helicity structures, we will
use the simplified vertex of Eq. (18) in the present work.
According to Eq. (12) the projection operator for spin J = 1
is

p*p?

P(p) =g — -

(19)

In this work, we also consider the two-photon production
of tensor mesons (7). For the light quark tensor mesons,
the experimental analyses of decay angular distributions for
yy cross sections to 7T ~, 7979, y7°, and Kt K~ chan-
nels have shown [38] that the J = 2 mesons are produced
predominantly (around 95 % or more) in a state of helic-
ity A = 2. In addition, it has been shown in Ref. [39] that
when saturating sum rules for y y scattering by lowest lying
mesons, the tensor meson decay coupling into two photons
with total helicity A = 2 is much larger than the decay
into two photons with total helicity A = 0. We will therefore
assume in all of the following analyses that the hadronic light-
by-light amplitude for tensor states is dominated by the helic-
ity A = 2 exchange. Therefore, the two-photon decay rate
isT",, (T(A=2)) ~T,,(7), and we will safely neglect
the contribution of the remaining four helicity amplitudes.
The relevant part of the Lorentz amplitude for the dominant
process y*y* — T (A = 2) can be parameterized as [28]

5 (q1-q2)

T
M,fuz()yﬂ (q1,q2) = e T Mp,vaﬁ (g1, 92)

x Frye(qi, q3), (20)
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with

M;waﬂ = {Rp,a(('ha 6]2)Rvﬂ(Q1, q2)
1
8(611 + ¢2)? [(QI q2)? — 6]1 5

X [(cn + 9% (q1 — ¢2)e — (@7 — 43)(q1 + q2)a]

] uv(CII, 42)

< [@+a @-as—@l - @+as |} @D

The projection operator for J = 2 has the form

1
Pozﬂ,yé = (KayKﬂS + KQBK/S)/) - gKaﬁKy& (22)

N =

with Kaﬂ = —8ap t+ PaPﬁ/Pz-

By an appropriate change of variables one can show that
the first and second diagrams of Fig. 2 give equal contribu-
tions to Eq. (8). Thus, the two-loop integral for a,, may be
defined as a sum of two terms:

aLPL — fim —ef dq d*g> 1
U k—0 Qm* ] Qm)*qig3k — q1 — q2)?
1

1o+ a2 —m2][(p + k — q2)? — m?2]

Fptyeye(qt, (k — g1 — g2)*) Farys (K2, q3)
X 5 T,
(k — g2)? —
Fatyry+ (@}, 43) Faty» y*((k q1 — )% k2)
+ 2 k
(g1 +q2)= —

(23)

where 112 = T1,2(q1, k — q1 — g2, g2). Here, T} is given
by the contraction of the first two terms in Eq. (11) with the
tensor THV*7; whereas T» is defined by the contraction of
TH*9 with the third term. Computing the Dirac traces (for
which we used the computer algebraic system FORM [40]),
we find that 77 and 75 contain a set of structures of three

types:

) (qy - k)
[(q2- )2 — g2k2]

(q1-%)'(q2 - k) (q1

a1 -k (q2 - k), ,
(g2 - k)2 — g3k?

Before taking the limit X — 0, we first need to eliminate
the dependence on the spatial direction of k. Since the trace
under consideration projects to a scalar, we may average the
Q (k) dependence over all spatial directions without changing
the result for a,,:

dQ (k)
/ o a (k) =ay. 24)

After taking the limit k — O explicitely, we integrate the
angular dependence on (q;) and €2(q). For the angular
integrations, we use the technique based on the properties of
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the Legendre polynomials. Given a particular parametriza-
tion of the FFs, the angular integrals may be performed ana-
lytically. We will give more technical details in a forthcoming
publication. In this work, we will use both monopole (M) and
dipole (D) parameterizations of the form

FNie (47 43) 1 1
= 5 TR, (25)
Fay+y=(0,0) (1= ai/A%) (1= a3/A%)
FD K% 23 2
My*y (4t 43) _ 1 1 .26

Fayr 00~ (1= g2/n3) (1-a2/a3)

where Ay (Ap) are the monopole (dipole) mass parameters,
respectively, which are to be determined from phenomenol-
ogy.

After working out the angular integrations analytically,
we perform the remaining integrals numerically. For conve-
nience, we perform a Wick rotation for the energy component
of the four-momenta ¢g; and ¢»> and carry out the numerical
integration in polar coordinates. In particular, we make the
change of variables

0% = Qicosyi, |Qil = Q;sinyy, (27)

where Ql? = —ql.z. The resulting four-dimensional integral
for the case of a monopole FF takes e.g. the form

afPt = — <2J+ DI Fptyy+(0,0)]?
x]on ]wa /OOdQ / dyr ! !
J 10 1 2 2 2/A2+1Q2/A2+1

Tl(Qh Q21 wls W2)
Q> — 2imcos Yy

» 1 sin® ¥y sin® ¥ )
0% + M2 Q1 + 2imcos |

+02T>(01, 02, Y1, ¢2):| : (28)

where the factor [(Q1 + Q2)? + A2]7]
expressions for 7j and 75 and in the third diagram a factor

[(Q1 + Q2)? + 2im(Q) cos Y1 + Qa2 cosy)]

absorbed into Tz.

is absorbed in the

has been

3 Result and discussion

To test our formalism, we have firstly applied it to the case of
pseudoscalar meson exchanges. This case had been worked
out in Ref. [26] using the Gegenbauer polynomial technique,
where for pole parametrizations of the FFs the HLbL con-
tribution to a,, had been given by a two-dimensional numer-
ical integral over Q1 and Q». We checked that using e.g. a
monopole FF, the result obtained from Eq. (28) is in exact
agreement with the result of [26]. Due to the more com-
plicated vertex structure for axial-vector, scalar and tensor
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mesons, the Gegenbauer polynomial technique cannot easily
be extended, which is why we resort to the four-dimensional
expression of Eq. (28). Using this formalism, we subse-
quently discuss our estimates for the HLbL contribution to
a,, due to axial-vector, scalar and tensor mesons.

3.1 Axial-vector mesons

For an axial-vector meson, it is conventional to define an
equivalent two-photon decay width to describe its decay into
one quasi-real longitudinal photon (with virtuality Q%) and
a transverse (real) photon as [31,36,37]

2

ry, = lim

0 Q72 T (A= yivr), (29)

which allows us to express the FF normalization entering the
Ay *y* vertex of Eq. (18) as [28]

3 4 .
[Fay, (0, 0)] i azrw. (30)

Phenomenologically, the two-photon production cross
sections have been measured for the two lowest lying
axial-vector mesons: f1(1,285) and f(1,420). The most
recent measurements were performed by the L3 Collabora-
tion [36,37]. In those works, the non-relativistic quark model
expression of Eq. (18) in terms of a single FF F 4, +,+ has
been assumed, and the resulting FF has been parameterized
by a dipole form as in Eq. (26). Table 1 shows the present
experimental status of the equivalent 2y decay widths for
f1(1,285), and f1(1,420), as well as the phenomenological
values for the dipole mass parameters Ap.

Using these values, we can calculate the HLbL contribu-
tions of f1(1,285) and f1(1,420) to a,, which are shown in
Table 1. Both contributions sum up to a value of 6.4 x 1071,
which is roughly one order of magnitude smaller than the
dominant HLbL contribution to a,, due to the 79 [26]. We
like to emphasize that our estimate for the two dominant
axial-vector meson contributions is based on available exper-
imental information. In this way, we are also able to provide
an error estimate, which derives from the experimental uncer-
tainties in the equivalent 2y decay widths and from the FF
parameterization.

Table 1 Present values [42] of the f1(1,285) meson and f}(1,420)
meson masses M, their equivalent 2y decay widths f‘w ,defined accord-
ing to Eq. (29), as well as their dipole masses Ap entering the FF of
Eq. (18). For f‘yy , we use the experimental results from the L3 Collab-
oration: f1(1,285) from [36], f1(1,420) from [37]

M (MeV) [, (keV) Ap (MeV) a, (10711
f1(1,285)  1,281.840.6 3.5+0.8  1,040£78 50+2.0
f1(1,420)  1,4264409 32409 926+78 14407
Sum 6.442.0

ks
“\\\n "

\\\\\\\\n\\\\\‘ee‘\:\:\;:. ‘
T

E‘;\\\ |
0.10
0.05
Pa
20 \ R, 10.00
1.5% \\\\\‘\‘“\\;“ s
0, [Gev] 1.0 \ \n\‘lil»»w

05 Q1 [GeV]
00

Fig. 3 The density p, as defined in Eq. (31), in units 10710 Gev—2,
for the axial-vector meson fi(1,285). Left panel corresponds with left
two diagrams of Fig. 2, right panel corresponds with right diagram of
Fig. 2

In order to have a better understanding which region of vir-
tualities in the axial-vector meson FFs is contributing mostly
to this result, it is instructive to define a density function p,
as

abbL = dQi dQ2 pq(Q1, 02). (31)
0 0

We show the dependence of p, on the photon virtualities O
and Q», which enter the HLbL scattering diagram, for the
axial-vector meson f1(1,285) in Fig. 3. One notices that the
dominant contribution arises from the region around Q| ~
0> ~ 0.5 GeV. One also sees that the contribution beyond
Q1,2 > 1.5 GeV becomes negligible.

3.2 Scalar mesons
We next proceed to the estimate for scalar mesons (S). The
normalization of the FF corresponding with two transverse

photons is related to the two-photon decay width of the scalar
meson as [28]

@ Springer
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Table 2 Scalar meson pole

a, [107'1] (Apm = 1 GeV) a, [107'1] (Am =2 GeV)

—0.19+£0.05 —0.61£0.15

—0.54 +£0.21 —1.84+£0.73

—0.20 £0.07 —0.63+£0.21
—-09+0.2 —3.1+0.8

contribution to a, based on the Iyy (keV)

present PDG values [42] of the

scalar meson 2y decay widths fo(980) 0.29+0.07

Tyy f(1,370) 3.8+1.5
ap(980) 0.3+£0.1
Sum

2 1 4
[FSy*y* (, 0)] = Mm Fyy. (32)

When going to virtual photons, unfortunately no empirical
information is available at present for the Sy*y* transition
FFs. We will assume a simple monopole behavior of the FF.
The monopole mass Ay is considered as a free parameter,
which we will vary in the expected hadronic range Ay =
1 —2 GeV, in order to obtain the numerical estimates for a;,.
We show our results for the HLbL contribution to a,, due to
the leading scalar mesons fj, fé, and ag in Table 2. We find
a negative contribution of the scalar mesons to a, which is
in the range —1 to —3 (in units 10~!1), when varying Ay in
the range 1 to 2 GeV.

Note that in this work we do not include the contribu-
tion from the low-lying and very broad f,(500) state, which
requires a full treatment of the HLbL contribution to a,, due
to 27 intermediate states [41]. Such a treatment goes beyond
the pole model framework described here.

3.3 Tensor mesons

In this work, we also estimate the HLbL contribution to
a, due to tensor mesons (7). The dominant tensor mesons
produced in two-photon fusion processes are given by
f2(1,270), a>(1,320), f>(1,565), and a>(1,700); see Table 3.
As described above, we will assume in our analysis that
the tensor meson is only produced in a state of helicity 2.
This allows one to express the normalization of the domi-
nant (helicity-2) FF entering the 7y *y* vertex as [28]

2 5 4
=V mal yy. (33)
At the present moment there is unfortunately no direct exper-
imental information about the Q2 dependence of the ten-
sor meson transition FFs. One can, however, resort to other
phenomenological information based on exact forward sum
rules for the light-by-light scattering. For y*y — X fusion
cross sections, with one real photon () and one virtual pho-
ton (y*), three super convergence sum rules were derived in
Refs. [27,28]. Applied to the y *y production of mesons, this
leads to intricate relations between transition FFs of pseu-
doscalar, axial and tensor mesons. In order to saturate these
sum rules, one obtains approximate expressions for the dom-
inant tensor meson transition FFs, given the knowledge of the

[FTV*V* (0, 0)]

@ Springer

Table 3 Tensor meson pole contribution to a, based on the present
PDG values [42] of the tensor meson masses M and their 2y decay
widths '),

M (MeV) r,, keV) a, (Ap=15GeV)[107!]
£(1,270) 1,275.1£1.2 3.03+£0.35 0.79 & 0.09
£(1,565) 1,562+13  0.70+0.14 0.07 +0.01
a>(1,320) 1,3183+0.6 1.00+£0.06 0.22=+0.01
ax(1,700)  1,732+16 0.30 £0.05 0.02=+ 0.003
Sum 1.1+0.1

transition FFs for the pseudoscalar mesons. In particular, it
was shown in Ref. [28] that the 1, and 1’ transition FFs con-
strain the transition FF for f>(1,270) and the ° transition FF
constrains the corresponding transition FF for the a>(1,320)
state. We found that these relations can approximately be
expressed by choosing a dipole form for the tensor meson
transition FF with dipole mass parameter Ap = 1.5 GeV.
We use this estimate in calculating the HLbL contribution to
a,, due to tensor mesons, which is shown in Table 3. We see
that the four dominant tensor meson contributions add up to
a contribution to a,, of around 1 (in units 10—,

3.4 Comparison with previous works

Our results can be compared with previous estimates for
axial-vector and scalar mesons, which are shown in Table 4.
For tensor mesons, our results are the first estimates.

The previous estimates for axial-vector mesons differ
quite a lot. The BPP estimate [43,44] is based on an extended
Nambu-Jona-Lasinio model in which both a 1/N, and chi-
ral counting was used. The HKS estimate [45-47] for axial-
vector meson FFs was based on a hidden local gauge symme-
try model. The MV estimate [48], which was also adopted
in JN [1,2] is an order of magnitude larger than the BPP
and HKS estimates, and around a factor 3 larger than our
estimate. The large value of Ref. [48] was obtained because
a constant FF was used at the external vertex to reproduce
the QCD short-distance constraints. Although such short-
distance constraints are surely important for the large Q?
behavior of the FFs, one can see from Fig. 3 that using the
empirical information for the f; (1,285) transition FF, the
region which dominates the HLbL contribution to a,, is for
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Table 4 HLbL contribution to a,, (in units 10~11) due to axial-vector,
scalar, and tensor mesons obtained in this work, compared with various
previous estimates. For our scalar meson estimate, we have quoted the
value corresponding with Apop = 2 GeV

Axial-vectors Scalars Tensors
BPP [43,44] 254+1.0 —7+£2 -
HKS [45-47] 1.7+ 1.7 - -
MV [48] 2245 - -
PdRV [22] 15+ 10 —-7+7 -
N/JN [1,2] 2245 —7+£2 -
This work 6.44+2.0 —3.14+0.8 1.1+0.1

virtualities around and below 1 GeVZ2. Besides, in case of the
two-photon production of axial-vector mesons, the helicity
amplitudes need to vanish in the limit of both real photons due
to the Landau—Yang theorem, which is not incorporated in
the QCD short-distance constraints. It has furthermore been
argued by PdRV [22] that the errors in the BPP and HKS
estimates were underestimated, and an intermediate estimate
with larger error has been suggested, which is in agreement
within 1o with our estimate.

For the scalar mesons, BPP has performed an estimate,
which was adopted by N/IN and PdRV (by increasing the
error bar to 100 %). Compared with the result of BPP, our
result also has the negative sign but is around a factor of 2
smaller in magnitude. Given that there is no empirical infor-
mation at all on the scalar meson transition FFs, future data
from BES-IIT would be mostly welcome here to better con-
strain this contribution.

For tensor mesons, no quantitative estimates had been
given so far. In Ref. [22], it has been noted that if the ten-
sor meson decays predominantly into two photons with total
helicity A = 0, its contributions to a, should be negative,
similar to the case for scalar mesons. In our analysis, we fol-
low, however, the phenomenological indication that at low
virtualities, the tensor meson decays predominantly into two
photons with total helicity A = 2 [38]. For the latter decay,
we find a positive contribution to a,,.

4 Conclusions

In this letter we have presented the formalism to calculate
the HLbL contribution to the muon’s anomalous magnetic
moment a, due to axial-vector, scalar and tensor meson
poles. In this way, we have extended the framework of
Ref. [26], where the leading HLbL contribution due to pseu-
doscalar mesons was evaluated. To allow for the different
Lorentz structures of the y*y* — meson vertex, we have
performed a combined analytical and numerical technique,
where the angular integrals over the virtual photon momenta

were performed analytically using the Legendre polynomial
technique, and where the resulting four-dimensional integral
for a;, was performed numerically. We validated our method
by reproducing the known result for pseudoscalar mesons.
To estimate the HLbL contribution to a, from axial-vector,
scalar and tensor mesons, we incorporated available experi-
mental input as well as constraints from light-by-light scat-
tering sum rules. For those mesons which have the largest
known couplings to two virtual photons, we obtained as esti-
mates

au(fi, f)) = (6.4+2.0) x 1071
o, (fo, f3,a0) = [(—0.9 4+ 0.2) to (=3.1 4+ 0.8)] x 10711,
au(fo, frra2,dy) = (1.1 £0.1) x 1071,

The size of such contributions is about an order of magni-
tude smaller than the dominant 7% HLbL contribution. Given
a new muon g — 2 experiment at Fermilab, which aims to
reduce the experimental uncertainty to 8a,, ~ 16 x 1071 it
is, however, crucial to further constrain the theoretical uncer-
tainty due to the HLbL contribution. In this respect, it would
be particularly helpful to have measurements of y*y* —
meson transition form factors with one and two virtual pho-
tons for axial-vector, scalar, and tensor states. As such infor-
mation will become available, in particular from future mea-
surements from BES-III, the formalism here developed can
be used to further improve on the estimate of the HLbL con-
tribution to a,.
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