downl oaded: 27.12.2020

.org/ 10. 7892/ boris. 144754 |

https://doi

source:

PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: November 3, 2019
REVISED: January 19, 2020
ACCEPTED: February 24, 2020
PUBLISHED: March 17, 2020

Longitudinal short-distance constraints for the
hadronic light-by-light contribution to (g — 2),, with
large- N. Regge models

Gilberto Colangelo,” Franziska Hagelstein,® Martin Hoferichter,>® Laetitia Laub® and
Peter Stoffer®
@ Albert Einstein Center for Fundamental Physics,
Institute for Theoretical Physics, University of Bern,
Sidlerstrasse 5, CH-3012 Bern, Switzerland
b Institute for Nuclear Theory, University of Washington,
Seattle, WA 98195-1550, U.S.A.
¢Department of Physics, University of California at San Diego,
9500 Gilman Drive, La Jolla, CA 92093-0319, U.S.A.
E-mail: gilberto@itp.unibe.ch, hagelstein@itp.unibe.ch, mhoferCuw.edu,
laub@itp.unibe.ch, pstofferQucsd.edu

ABSTRACT: While the low-energy part of the hadronic light-by-light (HLbL) tensor can be
constrained from data using dispersion relations, for a full evaluation of its contribution
to the anomalous magnetic moment of the muon (g — 2),, also mixed- and high-energy re-
gions need to be estimated. Both can be addressed within the operator product expansion
(OPE), either for configurations where all photon virtualities become large or one of them
remains finite. Imposing such short-distance constraints (SDCs) on the HLbL tensor is
thus a major aspect of a model-independent approach towards HLbL scattering. Here, we
focus on longitudinal SDCs, which concern the amplitudes containing the pseudoscalar-pole
contributions from 7%, 7, n’. Since these conditions cannot be fulfilled by a finite number of
pseudoscalar poles, we consider a tower of excited pseudoscalars, constraining their masses
and transition form factors from Regge theory, the OPE, and phenomenology. Implement-
ing a matching of the resulting expressions for the HLbL tensor onto the perturbative
QCD quark loop, we are able to further constrain our calculation and significantly reduce
its model dependence. We find that especially for the 7% the corresponding increase of
the HLbL contribution is much smaller than previous prescriptions in the literature would
imply. Overall, we estimate that longitudinal SDCs increase the HLbL contribution by
AalI;SDC = 13(6) x 107, This number does not include the contribution from the charm
quark, for which we find a§%*™ = 3(1) x 101,
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1 Introduction

Current Standard Model (SM) evaluations of the anomalous magnetic moment of the muon,
a, = (9—2),/2, differ from the value measured at the Brookhaven National Laboratory [1]

aS® =116 592 089(63) x 10~ (1.1)

by around 3.50. In the near future, the new Fermilab E989 experiment [2] will be able to
reduce the experimental uncertainty by a factor 4, and the E34 experiment at J-PARC [3]
will provide an important cross check, see ref. [4] for a comparison of the experimental
methods. Therefore, the theoretical calculation of a, needs to be improved accordingly.

The uncertainty of the SM prediction mainly stems from hadronic contributions, such
as hadronic vacuum polarization (HVP), see figure 1 (a), and HLbL scattering, see figure 1
(b). Since the HVP contribution can be systematically calculated with a data-driven
dispersive approach [5-9], lattice QCD [10-16], and potentially be accessed independently
by the proposed MUonE experiment [17, 18], which aims to measure the space-like fine-
structure constant «(t) in elastic electron-muon scattering, the HLbL contribution may
end up dominating the theoretical error.!

Apart from lattice QCD [27-29], recent data-driven approaches towards HLbL scat-
tering are again rooted in dispersion theory, either for the HLbL tensor [30-35], the Pauli
form factor [36], or in terms of sum rules [37-41]. In all approaches, the most important
HLbL contributions are the m%-pole and other pseudoscalar-meson-pole contributions, see
figure 2. The strength of these pseudoscalar poles is determined by the transition form
factors (TFF's), which in turn can be reconstructed from dispersion theory [42-47], leading
to [46, 47]

al PO = 62.6739 % 1071, (1.2)

!Note that higher-order insertions of HVP [5, 19, 20] and HLbL [21] are already under sufficient control,
as are hadronic corrections in the anomalous magnetic moment of the electron, where recently a 2.5¢
tension between the direct measurement [22] and the SM prediction [23] using the fine-structure constant
from Cs interferometry [24] emerged [25, 26].
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Figure 1. Hadronic contributions to (¢ — 2),: (a) HVP, (b) HLbL. The pink blobs symbolize
hadronic intermediate states.
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Figure 2. Pseudoscalar-pole contribution to (¢ — 2),. The cyan dots indicate the TFF of the

pseudoscalar meson.

in agreement with determinations from lattice QCD [48], Canterbury approximants
(CA) [49], and Dyson-Schwinger equations (DSE) [50]. Since the central value (1.2)
is close to earlier model-based calculations, e.g., within lowest-meson-dominance-+vector
(LMD+V) models [51], the second-most important aspect of the dispersive approach apart
from rigorous uncertainty estimates is the clear definition of the pseudoscalar intermedi-
ate states in terms of physical, on-shell form factors, in contrast to earlier notions of a
pion-exchange contribution, see ref. [52], which involve the model-dependent concept of an
off-shell pion. This becomes particularly important when combined with other intermediate
states, ensuring that the pseudoscalar poles are consistent with, for instance, the dispersive
definition of two-pion intermediate states [34, 35], which in turn are determined by the cor-
responding on-shell quantities, in this case the helicity amplitudes for y*y* — 7 [53-58].

However, in contrast to HVP there is no closed formula that resums all possible inter-
mediate states (in terms of the cross section for ete™ — hadrons [59, 60]), in such a way
that the consideration of exclusive channels will break down eventually, irrespective of the
complications when extending the dispersive formalism to higher-multiplicity intermediate
states. Therefore, to control the regions in the (g—2), integral where either two or all three
independent photon virtualities become large, additional constraints are required. In close
analogy to HVP, where perturbative QCD (pQCD) becomes applicable in the high-energy
tail of the dispersive integral, such constraints arise from the OPE and pQCD. In the regime
where all three virtualities are large it was shown recently [61] that the pQCD quark loop
indeed arises as the first term in a controlled OPE, with the next order suppressed by
small quark masses and condensates. For the case in which one virtuality remains small,
the leading OPE constraint was derived in ref. [62], by reducing the HLbL tensor in this
limit to the triangle anomaly and its known non-renormalization theorems [63-66].2

2These non-renormalization theorems strictly apply only in the chiral limit and to the non-singlet com-
ponents. Instances where additional corrections for the singlet component arise are pointed out throughout
the discussion of the various SDCs in sections 2 and 3.



The latter constraint decomposes into longitudinal and transversal contributions. As
noted in ref. [62], the longitudinal part is intimately related to the pseudoscalar poles, but
cannot be saturated by 7°, 7, 1/ alone, nor by any finite number of poles. As a remedy
it was suggested to drop the momentum dependence of the TFF at the vertex to which
the external photon is attached, see figure 2, which leads to a substantial increase of the
pseudoscalar-pole HLbL contribution. Based on an LMD+V model for the 7% and vector-
meson-dominance (VMD) models for 7, ’ from ref. [51], this increase was found to be
13.5x 10~ for the 7° and 5 x 10~'! each for  and 7. This shift has been included, in one
way or another, in subsequent estimates of the total HLbL value [52, 67]. In fact, as we will
show below, with modern input for the TFFs the corresponding increase would become
even larger. While there is no doubt that the SDC is important — it is, in fact, one of the
few constraints on the mixed-energy regions in which one photon virtuality remains small
— modifying the expression for the pseudoscalar poles in this way is not compatible with
the dispersive description of the four-point HLbL tensor [31-35] and spoils consistency with
other intermediate states in the same framework.

In this work we address the question from a different standpoint: already in ref. [62]
it was observed that while a finite number of poles cannot saturate the SDC, an infinite
tower of them potentially can — dropping the TFF at the external vertex has in fact been
described in ref. [62] as a model for the resummation of the tower of pseudoscalar states.
Here we present explicit constructions that implement the Melnikov-Vainshtein (MV) con-
straint in terms of an infinite tower of excited pseudoscalars, constraining their properties
from Regge theory, all available SDCs, and phenomenology wherever possible [68]. Given
all these constraints the resulting models for the HLbL tensor prove remarkably rigid,
without altering the low-energy properties. Since phenomenological information on ex-
cited pseudoscalars, especially their TFFs, is scarce, we do not attempt to construct TFF
representations that apply for arbitrary kinematics, but concentrate on minimal models
that cover the space-like region needed for (g —2), and at the same time are able to fulfill
all SDCs. Systematic uncertainties are estimated by comparing two such representations,
either based on a truncated or untruncated Regge sum for the TFFs themselves, as well as
the available phenomenological constraints, see appendices D and E. Moreover, our model
is only needed for the low-energy part of the (¢ —2), integral: above the energy where the
matching occurs, we calculate the integral with the quark loop. This strategy also ensures
that the estimate of the asymptotic region still applies in the chiral limit, in which the
excited pseudoscalar states decouple, see section 5.3, while at low energies phenomenolog-
ical input is needed either way to account for the effect of quark-mass corrections. All this
leads to a more reliable estimate for the impact of the OPE constraints on the total HLbL
contribution. To this end, we first review the expression for the pQCD quark loop and the
known OPE constraints on the HLbL tensor in sections 2 and 3, adapting the conventions
to the language suitable for the decomposition of the HLbL tensor from refs. [33, 35|, in
which the expressions for both the pseudoscalar poles and the pQCD quark loop become
remarkably simple. Next, we present in section 4 the explicit construction of large-N.-



inspired Regge models? implementing the OPE constraints and derive the consequences
for HLbL scattering and (g — 2),. In section 5, we match the resulting expressions for the
HLbL tensor to the pQCD loop to obtain a first estimate of the scale where the description
of the HLbL tensor in terms of hadronic intermediate states and its asymptotic properties
should meet. A more detailed comparison to the results obtained with the MV model is
provided in section 6, before we summarize our main results and discuss future develop-
ments in section 7. Technical details and alternative evaluations that are used to estimate
the systematic uncertainty are collected in the appendices.

2 The hadronic light-by-light tensor

2.1 Lorentz decomposition and (g — 2), integral

Throughout, we follow the conventions for the decomposition of the HLbL tensor and its
contribution to (g — 2), from ref. [35]. Starting point is the HLbL tensor defined as the
four-point function

2% (g1, g2, g3) = —i/d4w dtyd'z em Wt yta R 0T (j#(2) (y)j*(2)57(0)}0) (2.1)

of the electromagnetic current

- (L 7 i T . 2 1 1

J :wQ7 wa w: <U,d,3) ) Q:dlag §7_§7_§ ) (22)
and momenta assigned as g1 +g2+¢3 = g4 — 0. Its Lorentz decomposition in terms of scalar
functions II; is written following the Bardeen-Tung-Tarrach (BTT) prescription [69, 70]

54
A7 = N T, (2.3)
=1

where the II; are free of kinematic singularities and thus amenable to a dispersive treatment.
However, this decomposition does not allow for a projection onto independent Lorentz
structures, given that there are only 41 independent helicity amplitudes for fully off-shell
photon-photon scattering. Moreover, two of these redundancies only occur in four space-
time dimensions [71]. A given expression for the HLbL tensor is thus most conveniently
projected onto a subset of 43 Lorentz structures

43
A7 =3 BT (2.4)
i=1
The functions II; are no longer free of kinematic singularities, but the form of their singu-
larities follows from the projection of the BTT decomposition. The necessary projectors
are provided in ref. [33]. Next, only a subset of the structures T} VAT actually contributes
to (9 — 2),. To make this explicit it is convenient to perform another basis change

54 54
H,uu)\o _ Z T{W/\Uﬂi _ Zﬂ#ukaﬂi’ (2‘5)
=1 =1

3For brevity we call our large- N-inspired Regge models simply large- N, Regge models.



in such a way that in the limit ¢4 — 0 the derivative of 35 structures 7" A% Vanishes. The
19 structures T7/“*” that do contribute to (g — 2), can be chosen as [35]

THAT = A7 =1, 11,13, 14, 16, 17, 50, 51, 54,
A 1
Ao Ao Ao Ao
T4 = 5 (T + T + T ™) (2.6)
In this way, the 19 relevant linear combinations of scalar functions are

I, = 10 + q1 - gollar,
Iy =T — q1 - g3 (Tho — Tla2) — g2 - g3 (Tlap — Tu3) + q1 - g32 - g31T31,
Il; = [y — Ilyg + g2 - g31131,
7 = Ty 4 Ty + Tz — Ty7,
Tl39 = 39 + 4o + Tlyg,
M54 = Typ — Ty3 4 M54, (2.7)

together with the crossed versions

I, = Co3 [II ], 5 =Cy3[Il],  TI5=Cas[IL], Mg =Ci3[ILy], Ts=Cia[II7],
Ilg=Ci2[Ci3[I7]], Iio=Ca3[ll7], II13=Ci3[lL], 1114 = C12[Cos [1I7]]
I1y1 = Ci3 (7], Il =Cos[Ii7], Ms0=—Ca3([Il54], Il51=Ci3[I54], (2.8)

where the crossing operators C;; exchange momenta and Lorentz indices of the photons ¢
and j

Coalf] = fu o v,q1 < @), Culfl:=f(p <o q ¢ —aq), (2.9)
and multiple operations are understood to act as in the example C12[Cas[f(q1, 2, q3,q4)]] =
Ci2[f(q1,93,92,94)] = f(q2,43,q1,q4). In addition, the II; preserve the crossing symmetries

I, = Ci2[IL], Iy = Cio[Ily], Ty = Cia[lie],
12139 = 612 [ﬁ39] = ClS [ﬂ39] = ..., ﬁ54 = —612 [ﬁ54] . (210)
The II; defined in this way display all crossing symmetries that survive in the limit ¢4 — 0
and are thus particularly well suited for the HLbL application. In consequence, only the

six functions (2.7) need to be specified, with all the rest following from crossing symmetry.
In terms of these functions the HLbL contribution to (g — 2), becomes

203 [ > ! N 1
aELbL: 37T2/0 dQl/o dQQ/_ldT\/ﬁCﬁCB;Ti(QthT)Hi(Qsz,T)» (2.11)

where Q1 = |Q1] and Q2 = |Q2| denote the norm of the Euclidean four-vectors and we
have used the symmetry of the kernel functions under g; <+ —gs to reduce the sum to only
12 terms. The remaining kernel functions T;(Q1, @2, 7) are listed in ref. [35] and the 12
scalar function II; simply correspond to a subset of the II;

1:-[1 :ﬂla 1:[2 :f-[Qa ]-:[3:f[47 1:-[4:115’
Il5 = 117, Tl = Ilo, IT; = IIyo, Iy = 10y,
Iy = 117, Iy = Tz, Iy, = IT50, Iy = 1T54. (2.12)



They are evaluated for the kinematics

s = QZ’% = _Qg = _Q% _2Q1Q27—_Qg’ = C]% = _Q%’ U = (ﬁ = _Q% qz =0, (2'13)

where s, t, u are the Mandelstam variables of the original HLbL scattering process. Finally,
we quote an alternative formulation of (2.11) based on the parameterization [72]

Q% = z (1 — iCOS(;S— g\/gsinqb),

3 2
Q3= ? (1 - gcosqﬁ—i— g\/gsinqﬁ> )
3= Q1 +201Qur + Q3= (1 + reoso). (214)

This variable transformation leads to

00 1 o 12
/ dZE?’/ drm/l—rQ/ do ZE(QMQ%T)I:LL(QI»Q%T)» (2.15)
0 0 0 i=1

3
HLbL _ @

B 43272
which often facilitates the numerical evaluation.

2.2 Pseudoscalar poles

The pseudoscalar poles only appear in I (and by crossing symmetry in ﬂ273)

ﬁP—pole . FP'y*’y* (Q%a Q%)FPWW* (qg) (2 16)
A '

with Fpy«ys(q},q3) the doubly-virtual TFF, Fp,.«(¢%) = Fpy+4+(¢?,0) the singly-virtual
TFF, and P = 7% 1,7 (see ref. [33] for the detailed derivation). The TFFs are normalized
to the two-photon decays according to

(P —yy) = F2 Fpyy = Fpyeys(0,0). (2.17)

They are defined by the matrix element

i / d*a e (O[T (@) (0} P(a1 + 42)) = €uvas 45 6 Froeor (7. 43)- (2.18)

In the chiral limit, the non-singlet normalizations are determined by the Adler-Bell-Jackiw

anomaly [73-75]

3 1
E FI%FP'Y'Y = 2771_2004, Ca = §TI'(Q2)\G), (219)
P

with Gell-Mann matrices A\q, A\g = /2/31,

1 1 2

Cy=2,  Co=——7= Co=_= (2.20)

and decay constants defined through Fg:

(01AL(0)[P(p)) =: ipuFp, (2.21)



which is in general a 3 x 3 matrix. Ignoring for simplicity any possible mixing between the
7Y and the other two states, this takes the form:

F30 0 F30 0
Fp=10 FE}F, |=|0 FPcosfg Fesinfs |, (2.22)
0 F) E) 0 —F%sinfy Fcosbp

where, after the second equality sign, we have already introduced the standard two-angle
mixing scheme between 1 and 7. For the pion a = 3, the corresponding low-energy theorem

3 1
M on2F, 5 Am?F,

Fo (2.23)
is very close to phenomenology, while for 7, 1 chiral corrections and mixing effects need to
be taken into account. In particular, we stress that due to the renormalization of the singlet
current F 2 is not actually an observable quantity, and the corresponding « corrections [76,
77] need to be considered when relating the normalization, asymptotic constraints, and 7—
n’ mixing parameters [78-82]. In the present work, we will take the 1, ' normalizations
from experiment, so that the singlet corrections become most relevant when comparing
the asymptotic constraints and -7’ mixing parameters in different schemes. As described
in section 4.2, we studied the impact of different such determinations on the numerics,
with the result that the corresponding variations were numerically irrelevant in view of the
accuracy anticipated for the pseudoscalar TFF models discussed in the following sections.

In addition to the normalizations, the pseudoscalar TFFs are subject to the (leading)
asymptotic constraint [83-85]

¢p()

P pp—Toe (2.24)

1
Fpyers (—Q3, —Q3) :42@1@%/0 dme?
a 1

which for the asymptotic wave function ¢%(x) = 62(1—=x), and again ignoring o corrections
for the singlet component, produces the limits*

: 2 2\
Q121LnOOQ Fpyy(—-Q%) =12 CuFp,

a
lim Q*Fpyers(—Q% —Q%) =4  CoFp. (2.25)
Q2—o00 -

In view of (2.19), multiplying these limits by Fp,, and summing over P one obtains an
expression which depends neither on decay constants nor on mixing angles. Moreover, the
block form of the matrix (2.22) leads to two separate combinations with such a property:

1

6
: 2 2 2 2
Fro. £1m Q Froyes (—Q%, —Q%) = —C5 = 62

: 6 1
D Fryy Jim Qe (—Q%=Q%) =4 FpFpnCa= 5 3 Ci =55, (220)
P=nn’ P,a a=0,8

4As argued in ref. [86], the first limit goes beyond a strict OPE, but is consistent with the phenomenology
of the ground-state TFFs; see, e.g., refs. [47, 49].
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Figure 3. Quark-loop contribution to HLbL scattering.

. AN
Yy | Y

[
Ll

and similarly for the asymptotic limit of the singly-virtual TFF. Beyond the singlet «;
corrections that describe the scale dependence of F}% [78-80], there are genuine pQCD cor-
rections to the TFFs suppressed by ay at scales related to the photon virtualities [87]. The
impact of such next-to-leading-order pQCD corrections was studied in ref. [47] in the con-
text of the pion TFF, with the result that even for the ground-state pion the effect is small
and safely covered by the uncertainty estimated from the onset of the asymptotic region.

2.3 The perturbative QCD quark loop

The quark-loop contribution to HLbL scattering is shown in figure 3, indicating the different
permutations that need to be considered. Compact expressions for the BTT scalar functions
can be obtained as follows: we use a Feynman parameterization for the loop integrals and
project the result onto the scalar basis functions I, [33, 35]. We find all necessary BTT
functions II; in the limit ¢4 — 0 by taking this limit in the appropriate order, so that the
Tarrach poles drop out. Then we combine the functions II; according to (2.7) to obtain
the scalar functions II;. Due to the limit g4 — 0, one integral can be carried out and we
are left with a two-dimensional Feynman-parameter integral. The result for the integrands
contains spurious kinematic singularities, but the residues of these poles vanish when the
Feynman integrals are carried out. Therefore, we can subtract these poles and obtain a
representation that is manifestly free of kinematic singularities

R 1 1 11—z
quark loop 4 )
IT; = ?Nc Qq—wwz /0 daL‘/O dy Ii(x,y), (2.27)
where
162(1 —z—y) 16zy(l —2z)(1 — 2y)
I €, = - - )
i(zy) A2, A132A39
_ B2ey(l-22)(e+y) (1 -z -y)* (¢~ 3 +q5) 3200 -a)z(@+y)(l—z—y)
Iy(z,y) = A3 - A2
312 312
~ 32zy(1 — 22)(1 — 2y)
JACSEYAND)
64zy?(1 — 2 —y)(1 — 2z)(1 —
SR ' (B UL ()
132
3222y%(1 — 22)(1 — 2y)
117(.%,’!/) = - )
A%12A12
64zy(l —z —y)((2z — 1)y* + 2y(2z — 3) + (1 — ) + )
I3g(w,y) = A3 ;
132
~ 16zy(1 -z —y)(1 —22)(1 - 2y)(z —y) 1 1
Isa(w,y) = TN An A ) (2.28)



and

A =mg — zyq; —x(1—z —y)q; —y(l — = — y)qp,

2

q

2 2 2

Ay =myg—x(1 - )i —y(1 —y)gj. (2.29)
In principle, it is also possible to extract the results by projecting onto the singly-on-shell
basis II; [35]. However, it turns out that this method is less straightforward, because
different spurious kinematic singularities appear, which have to be subtracted again and
make the calculation more complicated.

As a cross check of (2.28) we have evaluated light-quark loops for ¢ = u,d, s with
4 _
.=
loops. The latter agree well with the known analytic expressions [88], while apart from

(constituent) quark mass myg, including a factor N, g=uds Qg =2 /3 as well as the lepton
the electron loop the results are well reproduced from the heavy-mass expansion [89].
Throughout, for the matching to our Regge models in section 5, we use the pQCD quark
loop with my = 0, given that even in configurations where chiral corrections for the light
quarks ¢ = u,d, s can be controlled within pQCD, they only enter at subleading orders.
As a first application, we consider the contribution from the charm quark. Assuming
that this contribution is fully perturbative, with mass m, = 1.27(2) GeV [90], the quark
loop evaluates to af[l(mp = 3.1(1) x 107!, In analogy to the light quarks, one would expect
the most important non-perturbative effect to be related to the pole contribution from
the lowest-lying c¢ resonance, the 7.(15) with mass m,, 15y = 2.9839(5) GeV and two-
photon width I'(n.(1S5) — v7v) = 5.0(4) keV [90]. Using a VMD-type form factor with scale
set by the J/W¥ (as suggested by a significant branching fraction BR(J/¥ — n.(15)y) =
1.7(4)% [90]), this leads to the estimate aZC(ls) = 0.8 x 107! (this estimate agrees with
the LMD result azc(ls) = 0.9(1) x 10~ from [91]). Given the relatively low scale set by

m. one may also expect oy corrections in a similar ballpark. Altogether, we estimate

a1 = 3(1) x 1071, (2.30)
while the b-quark contribution is already suppressed to the level of 10713 and the t-quark
loop to 10715,

3 OPE constraints for the hadronic light-by-light tensor

3.1 OPE for the asymptotic region

The first term in the OPE for the kinematic configuration in which all three momenta are
large coincides with the pQCD quark loop. This has long been suspected in the literature,
including ref. [62], but was only demonstrated recently in ref. [61], by working out the next
order in the expansion. While at leading order all quark masses can simply be put to zero,
this is no longer true at subleading orders. In fact, it is the presence of quark masses and
condensates that numerically suppresses the next-to-leading order corrections.



In the limit ¢7 = ¢3 = ¢3 = ¢° the expressions for the pQCD quark loop simplify to

R 4 ~
QCD __ QCD __
PP — St PP — o,
[PQCD _ _ 1 1 (E
P g 33 — 16v/3Cly 3 )|
N 4 T
PP — % 133 16y/3C1 (—
7 2437245 V3Cly 3/
N 16 s
TIPRCP — ~2v3 0l (%
17 817246 3 -2V3Cl, 3/
1o L B PRIV Yo (il (3.1)
39 24372¢6 23 )|’ '

where the Clausen function is defined as

Cly(z) = —/ dtlog
0

t
2sin | . 3.2
sm2‘ (3.2)

This result again includes the factor 2/3 due to N, and quark charges, after summing over
q=u,d,s.

3.2 OPE for the mixed regions

The OPE constraint derived in ref. [62] applies to the case where one virtuality remains
smaller than the others, Q% < Q% ~ @2, also referred to as the mixed regions. This
constraint traces back to non-renormalization theorems for the V'V A correlator [63, 64],
which had been used before in the context of the electroweak contributions to (g —2),, [65,
66]. Explicit pQCD calculations at two- and three-loop order exist [92, 93], but the main
argument in ref. [62] was that the non-renormalization theorems allow one to address
the regions in which both perturbative and non-perturbative aspects might be important.
We first review this derivation, while casting the results in a form suitable for the BTT
decomposition of the HLbL tensor.

The central object is the OPE for two electromagnetic currents:
(g q2) =i [ dta dtye O I (@) 1), (33)

We consider large momenta ¢ = (¢1 — ¢2)/2 flowing through the currents and expand the
operator product into a series of local operators. For |G| > Aqcp, the coefficients can be
calculated in perturbation theory. At leading order in «y, only two-quark operators are
generated, hence the matching can be easily obtained by inserting the operator (3.3) into
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external quark states and expanding the diagrams for large momenta ¢:

i(1q(p2) 1" (g1, g2) 1¥q(P1))
= 2m)*6W (g1 + g2 + p1 — p2) [ﬂq (p2)i® Q2+ zzl :qf;;_n;z% Vuq(p1)

i(py —d, +mq)
(p]?— qsﬁz - mgﬂ Uq(pl)]

+ g (p2)i® Qi

_ . -y (j)\ L
= (2m)*6W (g1 + g2 + p1 — P2)iUg(p2)i Q2 [ — 2je A“qq%% — 2" CT;’

— (9" +14"g" =7 g") <;2(p1 +p2) — W%) + O(é_g)] ug(p1), (3.4)

where we used

YAy = ghoyY 4 g oyt — gy — e Py (3.5)
with €123 = +1. Introducing the scalar density S(z), the axial vector j¥'(z), and the
energy-momentum tensor 0*¥(x) with flavors weighted by the squared electric charges,

S(z) = ¥(x) P MY(), G (z) = v(2) Q@ ys(z), 0(x) = %J)(w)QQV“@W(:v), (3.6)

<_
with the quark-mass matrix M = diag(m,,, mg, ms) as well as the derivative 0_ = 3 -0,
we read off the matching for the OPE:

—1 -z 22 AQL ¢ 2 [0}
Mol ) = [ atse 0002 | = 2 s i) = 5 (0l +02) — 9822)

4 /. . . I 2 e
+ W (quagua + quaeua - guuqaqﬂeaﬁ) - ?QMVS(Z) + O(q 3):| . (37)
The first term reproduces the expansion given in ref. [62], but differs in sign just because

of different conventions (they use €123 = —1).
Applying the OPE to the HLbL tensor in the limit Q? ~ Q3 > Q3,Q? we then find

at leading order

% ) » o B s
Mo (g1, g2, 93) = @%aﬁqa / dia dby e~ @t T =19 (0| {58 (1) 11 (y) o (0)}|0)

2’L N —4Q2-x _iQa- . . .
— 2 nsd” / dhz dby e~ 959y (O[T () ()70 ()72 (0)}]0)

2 .
= ?Euyaﬂqaw)\oﬁ(_q& (J4)7 (38)

where the correlator W, is defined as

Wwp(ar,q2) =i / d'z d*y e THEIO T, (), ()55 (0)}1]0). (3.9)

Introducing the vector and axial-vector currents

Aa

V(@) = dlabp i), AL) = Py

5 ¥(x), (3.10)
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where {A\g, \p} = 4/34p + 2dgpeAe, we also define the correlator

Wiki(an @) =i [ dlodly @ e TV AN, (311)
Performing the flavor decompositions

D 2C.AL(z),  julz) =) 2D.Vi() (3.12)

a=0,3,8 a=3,8

with C, defined in (2.19) and D, = 3Tr(Q\,), we write the correlator (3.9) as

Wiwelar, @2) =4 Y C2W(q1,q2), (3.13)
a=0,3,8
where
bc 3,8

The Lorentz decomposition of the V'V A correlator is chosen as [64]

W (a1,42) = == | — i (6. @3, (a1 + @2)?) epapafas (a1 + ¢2),

872
+ —
+ wT(a) (Q%v qgv (QI + Q2) ) nurp =+ wT( )(Q%v qga (ql + q2)2)tuup

‘HDT( )(q17Q27(q1 +42)%) 0, (3.15)

with the following Lorentz structures:

tZyp = €,upaﬁq1VQ?QQ - ez/paBQQMQ?QQ/B —q1- q26uupa(ql - Q2)a

n ad+a— (g + @)

Eyuaﬁq(lxqg(QI + q2)p7

(@1 + q2)?
4 — @ 8
— _ (e}
t,wp = ((Q1 - Q2)p - m(fﬂ + Q2)p> €uvapdi 92
Loy = €upap@indds + €upaptondias — a1 - Geuwpala + a2)°. (3.16)

In the massless limit, one finds at one loop the contribution of the axial anomaly [73, 74]

2N,
(1 + ¢2)%

For the non-singlet contributions a = 3,8, this result is modified neither by higher-order

W (@ (o + )?) = (3.17)

perturbative [94] nor non-perturbative contributions [95], while the singlet contribution is
affected by the gluonic U(1) anomaly.

In the chiral limit, the factor C? in (3.13) arises naturally due to the flavor decom-
position. One factor of C, stems from (3.12), the second factor emerges as follows. We
consider singlet and octet parts of the axial current and define

C 2 CYA/ ca abcTrr
WIBV%(QLQQ) = \/;5b Wqu(qla Q2)7 W/—l’)«UP(QL QZ) =:d b Wqu(ql7 Q2)7 (318)
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which implies

Wi = Co (\[ > Db) pwps Wﬁﬁf0)=ci< > Dchd“”C)WW. (3.19)

b=3,8 ¢ " pe=338

The coefficients can be simplified to

1
\[ZDb \[ > DyTr(QN) = %Tr(QQ) Co,

b=3,8 b=3,8
4
> DyD.d™ = Z DyTr(Q\.)d?e = Z DbTr<Q<{)\a,)\b} — 35ab>>
b,c=3,8 bc 3,8 b 3,8
- (0. 9)) = ¢, (3.20)
4 ) bl

hence both singlet and octet components lead to another factor C,.
In pQCD and in the chiral limit, the following non-renormalization theorems were
derived in [64] for the non-singlet part of the axial current:

(wf +wp) (@1 +a2)? 63, 47),

(41,65 )?) —
0= ('IIJ; + wT)(q%’ q% 2) (wT + wT ((ql + q2)27 q%v Q%)v
(01 + 22)*, 65, 47) = (w +07) (a1, 65, (01 + 02)°) + (wf + @) (a1 + 02)*, 43, a7)
2q2 - (1 + @2
+ (qg)wﬂ(ql +a2)%,43,47)
1
2q1 - @2
2 wT(( T +q2) 7Q§7Q%) (321)

The transversal functions in these relations are subject to non-perturbative corrections.

In the following, we will use the OPE constraints as they arise at leading order and
in the chiral limit. Both the anomaly constraint (3.17) and the non-renormalization theo-
rems (3.21) receive quark-mass corrections [96].

3.3 Projection onto BTT

In this section, we derive the asymptotic constraints that the leading-order expression (3.8)
of the OPE imposes on the scalar BT'T functions II; (2.7) entering the master formula for
a,. One might be tempted to simply project the OPE expression (3.8) onto the BTT
scalar functions. However, there are several problems with such an approach. First of all,
the leading-order expression of the OPE is not manifestly gauge invariant: the contraction
with (g1 — g2)* vanishes, but the one with (g1 + g2)* does not. Due to ¢ = —g2 + O(1) this
does ensure gauge invariance at O(1/§), while for the subleading orders relations with the
matrix elements of the energy-momentum tensor are needed to restore gauge invariance.

At leading order, gauge invariance could be restored by applying a gauge projector

/ Q2qul Q1 q/f/
eummq%—q;)ﬂﬂw@ﬁq%(gz - 2 )—emﬂqs(gz —q) (3.22)
2 1
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which does not alter the O(G~!) terms of the OPE expression. The subsequent projection
onto BTT and extraction of the scalar functions II; could then be performed immediately.
However, this procedure is not uniquely defined: the BTT structures themselves become
degenerate depending on the order of the expansion for large ¢. This implies that the
leading-order OPE only constrains certain linear combinations of scalar functions ;. In
an assignment of these constraints to individual scalar functions ambiguities are introduced.
For the longitudinal amplitudes the linear combination of scalar functions that is uniquely
constrained happens to coincide with II;_s, but for the transversal amplitudes the situation
becomes more complicated. We proceed as follows in order to determine this ambiguity ex-
plicitly and to work out the exact form of the OPE constraint at the level of BTT functions.

First, we remember that the HLbL tensor is linear in the external momentum ¢4. Due
to the relation

0
H,ul/)\p = _QZWH;W)\U (323)
44

following from gauge invariance, it is enough to consider the derivative with respect to ¢f
and then take the limit g4 — 0, as required for (g — 2), kinematics. The BTT functions
II; in this limit are unambiguously defined, hence they have their own proper expansion
in 1/, which we would like to constrain usmg the OPE. The derivatives of the Lorentz
structures 7T} multiplying the functions II; in the tensor decomposition (2.5) however
contain several terms with different scaling for large §. For instance, for the tensor

structure T4 YA% one finds
0 MUVAC 1 uA 2 o _vp 1 uA 2 ~O VP AP VO
TT 4(q % -9 q3><q?,g —q59" )+§(q3q?,—9 q3)(qg —{"g )
q4 q4=0
1 . )
-3 (qé‘ @ — g"q3 - q) (Qé’ g — )
- (qéf @ — g3 - d) (q“’g”" —~ dpg””), (3.24)

where the first term scales as O(¢"), the second and third terms are of O(§), and the last
term is of @(g?). This illustrates that a certain coefficient of the expansion in 1/§ of a
scalar function II; can contribute to different orders in the expansion in 1/¢ of the full
HLbL tensor, i.e., to different orders of the OPE. Vice versa, in order to determine the
leading-order OPE constraint on the BTT functions, we e.g. have to consider terms up to
and including O(g?) in IT5. We now write the scalar functions II; as a generic expansion
in 1/G and sum up the scalar functions times (derivatives of) tensor structures. Collecting
in the resulting tensor terms according to the scaling with ¢ and requiring equality with
the leading-order OPE limit (3.8) determines the expansion coefficients of the 19 BTT
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functions relevant in the (g — 2), limit as
I = 2wr(¢3,0,43)£(¢°) + O ),
fls = 3 (wf +7) (a3, 0.63) 5 @) + & + oY + 0™,
fly = § (wf +157) a3 0. D) F(@) + e + ¥ + O™,
I =" + 057",
s = —c + 0(379),
Iy = cé ) 4 oG,

N 4 R 1 .
Mo = — 525 (wr + w7)(g3,0,43) f(§%) — 2 (C?) + CéB)) — ey — o} + 07,
~ 1 o
i =53 (CéQ) — e - 2C§53)> — o} + 7 + 0,
q
H13 = —Cé ) + O(A_4)
. 4 o R 1 e
Iy = T 3¢2 (wy + wT)(Q?Q,707Q?2;)f(q2) - CT ( '+ C§54) +0(§7%),
- L@ @) 4 ) -6
H16=*2q2<05 >+Cl6 +0(@),

4 . 1 -
Lo = 225 (wf + 7) (63,0, (6%) + g5 (7 + ) + O,

2q
. ) 9 B ) 1 -
50 =15 = ?(@ + 7 )(q5,0,43) f(G*) ( e q2)0§3)) +0(G77),

3 24>
2 L r@ @ (5) 4
H54:2q'*2(c5 —Cg )+C54 +0(q ),
1, =0(q""), i€{2,3,4,17}, (3.25)
where
1@ = 5 PRorS Z T (3.26)

(n)

and the remaining ambiguities are parameterized by functions ¢, ~ behaving as c ~1/q",
which are subject to certain crossing-symmetry relations following from (2.8) and (2.10).
Note that the small dimensional quantity that makes the expansion parameter dimen-
sionless can be any of the small scales, e.g., the small momentum or matrix elements of
the operators in (3.7). Due to the scaling of the tensor structures, the neglected terms
in (3.25) affect the HLbL tensor first at O(1/4?) and therefore cannot interfere with the
leading-order OPE. This result spec1ﬁes the configuration Q3 ~ Q3 = —¢®> = —¢*> > Q3.
The related limits for small ¢? or ¢3 follow directly from crossmg symmetry.

Since the longitudinal amplitude wy, only contributes to I11 5, we will refer to these
scalar functions as the longitudinal ones, and accordingly to the remaining II; as the
transversal contribution. The non-trivial constraint on the non-singlet part of the latter
emerges from the corresponding limit of (3.21)

wr(g3,0,q3) = 2(wi +073) (43,0, 43), (3.27)
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but in contrast to the anomaly condition (3.17), which is exact in the chiral limit, this
relation does receive non-perturbative corrections. As noted above, the projection (3.25)
shows that only the OPE constraints on the longitudinal amplitudes are free from ambigu-
ities, whereas all those on the transversal ones are affected by them. The presence of these
ambiguities is not a problem per se: it simply means that at leading order the OPE only
constrains certain linear combinations of BTT functions. We also note that the ambiguities
would be moved to higher orders if the next terms in the OPE were included.

For asymptotic values of ¢3, the OPE constraints can be compared with the pQCD
quark loop evaluated in the chiral limit and for ¢? = q% = ¢, q% /¢* — 0,

. 2
pQCD __
Hl - 37r2q2 qz
~pQCD _ #pQCD 2
15 = I - 97r2 2q 2’
R 2
H%QCD HpQCD _ HpQCD _HpQCD QHpQCD _QHpQCD _c (3.28)

9m2qtqd’

These expressions perfectly agree with (3.25) if we use the non-renormalization theorem in

the form (3.27) and set the ambiguities an)

to zero, which demonstrates that the OPE con-
straint and the pQCD quark loop coincide in the appropriate kinematic limit [97] (neither
chiral effects nor a corrections related to the gluon anomaly in the singlet channel matter
in this limit). We stress that one could impose the OPE constraints on the transversal func-
tions without having to deal with these ambiguities by first building linear combinations of
the BTT functions that are free from them. In principle, one could even use the freedom
in the projection at a given order to simplify expressions, e.g., at leading order one could
choose the c( " in such a way that the only non-vanishing contribution arises in H50 = H51

2/q (wT +wT) (43,0,43) f(¢*). However, such a simplification would no longer hold at sub-
leading orders, therefore, we keep here the general form (3.25) that shows directly how the
OPE limit corresponds to the pQCD quark loop (3.28) evaluated in the same kinematics.
In the following we will focus on the OPE constraint on the longitudinal contribution,
which can be unambiguously assigned to the BTT functions ;5 already at leading order.

3.4 Relation to pseudoscalar poles
Separating the longitudinal OPE constraint into flavor components one finds

6 1

mw=-—(2=—_ - 3.29
1 7T2q2q2 3 67T2q2q27 ( )

. 6 1
8 = C2+C 3.30
1 2q2q2( st 0) 27r 2 2’ ( )

which due to (2.26) matches precisely onto (2.16) when the meson masses and, crucially,
the momentum dependence of the singly-virtual form factor are neglected. This is the basic
premise of the model suggested in ref. [62]. We stress that for the non-singlet component
these relations are exact in the chiral limit, see section 5.3 for an extensive discussion of
this point. For non-vanishing quark masses and, in the case of the singlet, due to the gluon
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anomaly they do receive corrections. However, at low energies, where such corrections
matter most, we always use the full dispersive result that automatically corresponds to
physical quantities, while (3.29) and (3.30) are only implemented for asymptotic values of
the virtualities qf.

The OPE constraint becomes potentially valuable in the context of the mixed-energy
regions, where both a description in terms of hadronic intermediate states and pQCD
have limited applicability. In practice, the constraint is rigorous once all momenta are
large compared to Aqcp to ensure that quark-mass corrections can be neglected. The
Regge approach in the next section is our proposal for an explicit implementation of the
OPE constraint, following a remark made in ref. [62]: while the 1/¢3 behavior in (3.29)
and (3.30) cannot be obtained with any finite number of pseudoscalar poles, an infinite
sum over excited states can produce the required asymptotics.

4 Regge models for the pseudoscalar-pole contribution

Assuming confinement, in the large- N, limit of QCD [98] the spectrum of the theory in
any sector (set of quantum numbers) reduces to an infinite number of narrow resonances.
One should not expect the spectral functions in this limit to be close to those of QCD with
N, = 3 locally: a series of d-functions does not look like the continuum observed in nature
for any spectral function. On the other hand, one expects the large- N, limit to provide a
good approximation to QCD on average, and in particular to reproduce to a reasonable
accuracy its global properties such as asymptotic limits. There is a vast literature on the
subject that shows that these theoretical considerations can be used with good success to
build large- N, models that simultaneously satisfy low- and high-energy constraints [99-104].

The aim of the present section is to construct a large-N. Regge model in the pseu-
doscalar and vector-meson sectors of QCD that allows us to satisfy the SDCs discussed
above via an infinite tower of pseudoscalar-pole contributions. The logic we follow in the
construction of the model is very simple: we seek minimal models, in terms of algebraic
form and number of free parameters, that are able to satisfy all known constraints, both
of experimental as well as of theoretical nature, i.e., phenomenological constraints wher-
ever available and all known high- and low-energy limits. Accordingly, we construct these
large-N. Regge models with the application to HLbL scattering in mind and thus work
with physical quark masses. We will comment on the chiral limit and the potential role of
axial-vector resonances in section 5.3.

4.1 Large-N. Regge model for the pion transition form factor

The pion TFF describes the transition of a pion into two photons. VMD, LMD, and
LMD+V models for the pseudoscalar TFFs are widely used [51, 105], cf. figures 4 and 8.
In this work, we use an untruncated large- N, model for the TFF, in which the pion couples
to the photons through a tower of isovector, I¢ = 1, and a tower of isoscalar, I¢ = 0™,
vector mesons, JI'¢ =177, e.g., the p and w, respectively. Here, a tower of p (w) mesons
means an infinite sum over radially-excited p (w) mesons. The contributions from a ¢
instead of an w are subdominant, see appendix A, and thus will be neglected for the pion.

17 -



Figure 4. Pion TFF in the large- N, limit.

The standard large-N, ansatz for the pion TFF (see refs. [106, 107]) reads:

1 1
Fﬂofy*v*(_ %) _Q%) = Z GﬂVpr FVP FVW 1 2 + 1 3 ] ) (4.1)
VT Dy, Dy, Dy, Dy,
where
Dy := Qf + Mg, (4.2)

Fy, and Fy,, represented by blue dots in figure 4, are the current-vector-meson couplings
and Grv,v,,, the cyan dot in figure 4, is the coupling of two vector mesons to the neutral
pion. We stress that the couplings in (4.1) are Q2 independent as required by the large-
N, approach (combined with analyticity): the contribution of a given intermediate state
is fixed by its imaginary part, which for narrow resonances is a d-function, which freezes
any Q? dependence. Indeed the latter could be interpreted as coming from the continuum
between resonances, which is suppressed in the large- N, limit. Another potential source
of @Q%-dependent corrections to (4.1) is related to subtraction terms: while (4.1) follows
from an unsubtracted double-spectral representation for the TFF, introducing subtrac-
tions would produce single-propagator terms and, eventually, a polynomial. However, for
a d-function subtractions are not necessary, and even before taking the large- N, limit the
pQCD behavior of the TFF implies that an unsubtracted representation holds. As argued
in ref. [47], the advantage of using an unsubtracted dispersion relation, in favor of a sub-
tracted variant that could suppress some of the high-energy input, is precisely that it allows
one to manifestly incorporate the correct pQCD asymptotics. The large- N, ansatz (4.1)
corresponds to this scenario. In the following, the vector-meson spectra are assumed to
obey a radial Regge model, see figure 5:

2 2 _ 2 2
My, = My, = My +npoy,
M, = M, ) = M2 +n, 02, (4.3)

where 0, and o, are the slope parameters of the Regge trajectories, n, and n,, are radial
excitation numbers, and the ground-state masses are M, = M 770y = 775.26(25) MeV and
My, = My (789) = 782.65(12) MeV [90].

Having fixed the masses of the towers of vector resonances, our model for the pion TFF
still has an infinite number of parameters, namely the couplings Gv,v,,, Fv,, and Fy,. One
could in principle reduce the number of free parameters to a finite one by imposing a certain
algebraic dependence of these couplings on the excitation numbers n, and n,,, as has been
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Figure 5. Radial Regge trajectories of the isovector p and isoscalar w and ¢ vector mesons.
The states w(782), w(1420), p(770), p(1450), ¢$(1020), #(1680), and ¢(2170) are from PDG [90].
The states w(1960), w(2205), p(1900), and p(2150) are extracted from ref. [108]. The errors are
defined as AM? = T'M [108]. The solid magenta lines are from ref. [109] with o2, = 1.54, 07 =
1.39 GeV?, and 03 = 1.54 GeV?. The turquoise bands are from ref. [108] with o2, = 1.50(12) GeV?,
02 =1.43(13) GeV?, and oi = 1.84(6) GeV?2. The green dotted lines with slope 02 = 1.11 GeV? are
based on the lattice calculation of ref. [110]. The orange dot-dashed lines with slope o = 1.87 GeV?
are based on the p — 27 decay [106, 111].

done for the masses. In doing so one would have to be able to satisfy low- and high-energy
constraints for the pion TFF, which we recollect here from (2.23) and (2.25):

1

chiral anomaly [73-75]: Froy, = m; (4.4)
BL limit [84, 85]: lm Q*Fro,-(—Q%) = 2F; (4.5)
Q2—00
. o . 2 2 9\ _ 2F%
symmetric pQCD limit [114]: lim Q~Froys\ (—Q%, —Q7) = —. (4.6)
0300 3

One immediately notices that while the Q> dependence of each individual term in (4.1) is
compatible with the Brodsky-Lepage (BL) limit, the symmetric pQCD limit can only be
satisfied after resumming the series of vector resonances. To this end, the coupling constants
must be arranged in such a way that the Q=% behavior of the individual terms becomes a
Q2 behavior after resummation. That this is possible was shown in refs. [106, 107].

In addition, the pion TFF has been measured quite well in the singly-virtual case [115—
118], and our model for the TFF would have to describe the data. For the doubly-virtual
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Figure 6. Radial Regge trajectories of the 7, 1, and 1’ pseudoscalar mesons. The states 7w(140),
m(1300), 7(1800), n(548), 1n(1295), n(1760), n'(958), n'(1475), X(1835), and 7/(2225) are from
PDG [90]. Note that the states n(1760), X (1835), and n’(2225) are omitted from the PDG summary
tables. The state 1(1440) is from PDG ’00 [112]. The states 7(2070), w(2305), (2100), 1(2320),
and 7/(2010) are extracted from ref. [108]. The state 1'(2070) is taken from [113, table 26]. The
errors are defined as AM? = T'M [108]. The solid magenta lines are fits from ref. [109]: 02 = o7 =
03,, = 1.39 GeV2. The turquoise bands are fits from ref. [108] which exclude the ground states of
the pion and the n: 02 = 1.27(27) GeV? and M, = 766 MeV as in (4.9), o7 = 1.33(11) GeV? and
M, = 591 MeV as in (4.38), and 0727, = 1.36(14) GeV2. The 7(1440), X (1835), and 7/ (2070) states
(purple squares) correspond to a different assignment of n") excitations suggested in ref. [113,
table 27]. The dot-dashed purple lines correspond to our fits of these alternative trajectories:
02 =1.38GeV? with M, = 0.652 GeV, and 02, = 1.81 GeV>.

case a recent dispersive analysis has shown that data for related processes and theoretical
arguments constrain the behavior of the TFF in that kinematical region [44, 46, 47]—a

constraint we will also take into account.

Imposing all these constraints on the model (4.1) by adjusting its free parameters is
technically cumbersome, especially if we consider that we must still add a third sum over
the tower of pseudoscalar mesons, J©¢ = 0=, cf. figure 2, with which we aim to change
the large-Q? behavior of the whole HLbL tensor. In particular, we will implement the
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SDCs on II; introduced in (3.1) and (3.29):

o0

SDC for the mixed region [62]:  lim lim f[;r(n)_pde(—QQ, -Q?%,-Q3%)
Q3—00Q?—00 o
s . - Fw(n)’y*'y* (_QQa _QQ) Fw(n)'y'y* (_Qg)
=— lim lim 5 5
Q3—00Q%—00 n=0 Q3 +M7r(n)
1 1 1
__ =t 4.7
. . . > ~m(n)-pole N2 N2 N2
SDC for the asymptotic region:  lim ZHl (—Q%,—Q°,—Q7)
Q2%—00
n=0
=~ lim iFw(n)v*v*(—Q27—Q2>Fw<n>w(—Q2)
Q*=o0 1= Q2+ M,
4G 1 (48)

9308 CE QY

Here, Fi(n)y+y+ is the TFF of the n-th radially-excited pion and a radial Regge model is
assumed for the pion masses starting from the first excitation, see figure 6:

) M? n =0,
My =19 - (4.9)
M2+no? n>1,

where M, = 134.9770(5) MeV is the 7 mass [90].° Given the complexity of implementing
all these constraints simultaneously in terms of the general couplings of the Regge model,
we therefore adopted a different approach:

1. we allow the ground-state pion to couple only to the ground-state p and w mesons,
and the n-th pion excitation to couple only to the n-th p and w excitations;

2. we subsume the effect of the vector-meson excitations that we have just eliminated
into a @? dependence of the numerator multiplying the resonance propagators;

3. the latter Q? dependence will be parameterized in simple terms with as few free
parameters as necessary to satisfy the constraints listed above.

The first step is motivated by the fact that non-diagonal couplings are suppressed by the
reduced overlap of radial wave functions with different numbers of nodes [106]. For the same
reason we are only considering the leading S-wave vector-meson trajectories and neglecting
the D-wave daughter trajectories. In appendix B we will consider an alternative model that
already for the pQCD limit of the TFF itself, cf. (4.6), uses the Regge resummation from

®Note that while for the MV SDC, which is derived based on the V'V A triangle, the flavor decomposition
into pion, 7, and 7’ is unambiguously given by CZ2, see (3.29), the decomposition presented here for the
SDC in the asymptotic region (3.1) is not unique. We choose to adopt the same separation as for the MV
constraint.

5Note that the ground-state is treated separately because for the Goldstone bosons a strong non-linearity
of the Regge trajectory is expected [119].
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ref. [106], but for the main text we restrict the presentation to the most economical form
sufficient to fulfill all constraints simultaneously. This strategy leads us to

2 2 2 2
F, (—Q%-Q) = — MM, | MM, (4.10)
m(n)y*y* L) =5 on Dl D2 o7 D .
™ )Py pm) )
M, M, Q13
X | Canom + €A — +cp——5— tCdia
+Q% ( M2M2 M2M?2 ) . ME,” M2, }
N2 1 2 2 1 CBL T CA— 5 CB 5 ,
A\ Lo Loy Loy Py A A
where .
MZ, = 3 (Mi(n) + Mp2(n)> , QL =Q7+Q3, (4.11)

and A = O(1 GeV) is a typical QCD scale introduced to make all model parameters (Canom,
CA, CB; Cdiag; cpr,) dimensionless. The second mass scale Mgiag is determined by fitting the
experimental data, it parameterizes the doubly-virtual behavior of the TFF.

With this parameterization, the three conditions for the TFF of the ground-state pion
from (4.4)—(4.6) can be expressed as follows:

1

anomaly: 1 = Capom + A2 (CAME’O + CBME,O) ; (4.12)
BL limit: 1= — M? M? MM | 4.13
11maitc: = W Canom +,0 CBL -0 + CA A2 ) ( . )
s
. . 3MZM;
symmetric pQCD limit: 1= 16,2 F2A2 Cdiag- (4.14)

Since the mass scales M, M,,, M, o, and A as well as w2 F, are of about the same order,
all coupling constants that appear in the constraint equations (4.12)—(4.14) multiplied by
ratios of these mass scales are expected to be of O(1). M_ (, on the other hand, is much
smaller, so that the coupling constants multiplied by it (cpr, and ¢p) are expected to be of
O(A? /Mio) ~ 100, otherwise their role in the equations would become irrelevant.

Of course these three conditions are not sufficient to determine all five model pa-
rameters. Two more constraints follow from resumming the contributions of all excited
pseudoscalars to the HLbL amplitude, see (4.7) and (4.8). Details on the evaluation of
infinite sums over rational functions can be found in appendix C. The MV SDC for the

mixed region translates into:

MZM? Lopn Lon
= — 4.15
oaz |(aten)y Hlea—es)), (4.15)
where cgiag from (4.14) has been used and
a; 2 2
Lij = log ;12‘, Aij =0; — Uj . (4'16)

J
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™ n n

Canom —1.670 — —
ca 6.794 2.542 2.635
e —252.346 —23.535 —23.706
Cding 1.218 0.401 0.502
CBL 141.688  18.721  18.877
Mgiag 1.519 0.898 0.898

Table 1. “Natural” model parameters of the large- N, Regge models for the pion, i, and " TFFs.
Note that here we rescaled the 77(’) parameters c4, cg, and cgr, with a factor of C’;];) JN.

The second SDC concerns the limit Q? = Q? = oo, for all i = 1,2,3. It also involves cy4
and cp, but now in a different combination together with cgjag:

9 M4M4 2 2 2 2
L= S {CA A |75 (Al Lpr = A Lium) + Dy
+ b Ay [ (Bp02 = 20%) A2 Lpr — (Spo0 — 20%) A2 Liw + (Apr + Aur) QM}
—2eacp |02 (04 + 04) (A2+Lpn — A2 L) + S (0AAL Liw — 032 L)
~ Qpur (025 — 73 = 08) | = cangen |02 {oh + 02(0% — 202)} AL L
— 02 {0l + 02(02 — 202)} A%, Lo + (025 — 20202) QM}
+ CdingCa Ao [ag<a§ —202) A2 Lpr — 02(02 — 202) A2, Loy — 02 QW} } (4.17)
with
Qiji = (012 — 0]2-)(0,% - a?)(a,% — ajz), i = a? -+ a?-. (4.18)

In appendix F.1, this system of equations is solved analytically. Here, we discuss
numerical values for all parameters, also summarized in table 1, based on the following
choice of Regge slopes [108]:7

o7 =127(27)GeV?, o) =143(13)GeV?, o7 =1.50(12) GeV>. (4.19)

Furthermore, we use F; = 92.28 MeV, A = 1GeV, and other input from the PDG [90].
The constant cqjag is independent of all the others and is directly determined by (4.14):

Cding = 1.218. (4.20)

Once this is fixed, equations (4.15) and (4.17) determine c4 and cp. Since the second
equation is quadratic it has two solutions, but one can be readily discarded because the

"From figure 5 of ref. [108] we extracted M, = 766 MeV.
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Figure 7. Singly-virtual 7° TFF. The large-N,. Regge model, “Model 17 (4.10), is indicated by
the dashed pink curve. Our alternative TFF model, “Model 2” (B.1), is indicated by the solid cyan
curve. The gray band with the dotted curve is the dispersive result from refs. [46, 47]. The data
are from CELLO [115], CLEO [116], BaBar [117], and Belle [118].

two-photon couplings of the excited pions become unreasonably large, and so do the values
of the constants ¢4 and cp. The physical solution gives:

cA = 6.794, cp = —252.346. (4.21)
Having determined ¢4 and cp, (4.12) determines canom to the value:
Canom = —1.670, (4.22)
and finally (4.13) fixes the remaining parameter:
cpr, = 141.688. (4.23)

As expected, all constants are of O(1), with the exception of cpy,, c¢g ~ O(100).

Since there is no direct empirical information on the doubly-virtual 7° TFF available,
we fit our model parameter Mgjag to the dispersive description of the 70 TFF from refs. [46,
47]. To find the best fit, we minimize the estimated variance:

. 2
2= 1 ]mi‘ f(= %,jv_Qg,j) _fdata(_ %,ja_Q%,j) (4.24)
Jmax — P Afdata(_ %,j’ _Q%,j) 7

where jmax is the length of the data set and p is the number of fit parameters. Here, f is
our model and fdata is the dispersive TFF.® The sum is over jyax = O(2x 104) selected

J=1

8Since the error band of the dispersive TFF is asymmetric, for each kinematic point its smallest value
was extracted to obtain Afdata(—Q%’j, —Q%yj).
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Figure 8. 1 and 7' TFFs in the large- N, limit.

points in the region of 0 < Q1 < Q2, where Q3 € [0,40] GeV?. As a result, we obtain
Maiag = 1.519 GeV with x? ~ 0.37.

The singly-virtual TFF of the ground-state pion is shown in figure 7. The large-N,
Regge model presented above is labeled as “Model 1.” In appendix B, an alternative TFF
model, to which we refer as “Model 2,” is introduced, based on a Regge resummation
for the TFF itself. Both models give a reasonable description of the experimental data,
while Model 1 shows better agreement with the dispersive TFF in the intermediate-Q
region. In appendix F.2, both models are shown also in the doubly-virtual region and
further compared to the dispersive TFF [44, 46, 47|, a prediction from lattice QCD [48],
and a result from DSE [50]. We stress that neither model should be evaluated for other
than purely space-like virtualities, both are constructed in such a way as to provide an
efficient implementation of all constraints relevant for the space-like region, but do not
properly incorporate the analytic structure required to continue to time-like virtualities.
In addition to our fits to the dispersive 7% TFF, we also checked that the 7¥ contribution
to (g —2), is reproduced correctly

m0-pol _ —11 m0-pol _ —11
an Po| g =643 %107, ampele| =645 x 1071,
azo_pde}[m, a7 = 62.6 752 x 1071, (4.25)

Finally, as detailed in ref. [47], effective-field-theory constraints on the pseudoscalar-pole
contributions [120, 121] are automatically encoded in the TFF phenomenology, for the lead-
ing constraint in its normalization, for the subleading one in the momentum dependence.

4.2 Large-N,. Regge model for the n and n’ transition form factors

Analogously to the pion case, our large- N, Regge model for the n and ' TFF's shall satisfy
the following five low- and high-energy constraints, cf. (2.17), (2.25), (3.1), and (3.29):

normalization: F&P =0.2739(48)GeV~1[90],

my

F% =0.3413(76) GeV ™~ [90]; (4.26)
BL limit [84, 85]: ng Q?*Fypyr (—Q*) =12C5 F,

— 00

lim Q*Fyyye (—Q%)=12Co Fy; (4.27)
Q2%2—0c0

symmetric pQCD limit [114]: Q12im QQan*v*(—QQ,—Qz):4Can,

—00

m Q2 Fyper (—Q% —Q?) =4Co Fy; (4.28)
Q2%—oc0
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SDC for the mixed region [62]: QQLHOOQELHOOZH”U) p01e —Q*-Q*—Q3%)
O (n)y*y* ( Q Q ) 70 (n)yy* ( Q?‘))

=—Ilim lim
Q3+ Mo )

Q%—)oo Q2%2—o0

n=0

6Cn 1 1
= 02 (4.29)

~n()(n)-
SDC for the asymptotic region: Ql2iglooZH717 (n) pOIe(—QQ,—QQ,—QQ)

Ctm ian (= Q%= Q%) Fy) () (— Q%)

Qo0 = Q2+ M)
2
4 Oy 1
s (4.30)

92 Za:0,3,8 Cg Q1

Here, as compared to (2.25), we now use the notation

1 1
Fr= Za: Calys Py = Za: CoFy. (4.31)
Furthermore, we introduced:
o2 (F8 cos 0g — 2¢/2F 0 sin 90) (FO cosfy — 2v/2F8 sin 98)
no 108 FOF% cos (6p — 63) ’

(2\/§F8 cos fg + F¥sin 90) (2\/§F0 cos by + F8sin 98)
108FOF8 cos (6p — 6s) '

2
2 = (4.32)

as follow by separating the n and 7' contributions to (2.26) according to (2.22). These
coefficients fulfill Cg + Cg/ =CZ+C2=1/12.

Switching to the n and 1’ we face the problem that, since these are I = 0 mesons, they
couple to isovector-isovector and isoscalar-isoscalar vector mesons, so to same-mass vector
mesons only (ignoring ¢-w mixing), see figure 8. Taking the limit M,y = M) = My ()
in our parameterization of the pion TFF (4.10), we obtain a significant simplification:

MA M?2 22
F s~k (02 _2) X v Vin) QlQQ
m(n)y*y* (=Q1,-Q3) ~ Pl

5 |Canom + ¢4 + cai
Dz, e A2 BA2(Q% + M3

(4.33)
V(n)~V(n) 1ag)

Since two free parameters dropped out, this parameterization cannot satisfy all relevant
low- and high-energy constraints.

Fortunately, via vector-meson mixing in the isoscalar sector, there is a possible con-
tribution of a mixed ¢-w term to the TFFs of the n"), which would be absent in the case
of ideal mixing. The ¢—w coupling to n) will certainly be small when compared to the
same-mass vector-meson couplings, see table 2, but since it contributes where the others
cannot, it is important to retain.
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™ n n
pw 1.154 — —
pp  0.032 — —
pp — 1.248 1.022
ww — 0.139 0.114
oo} —  —0.256 0.314
Pw — 0.015 —0.002

Table 2. Pseudoscalar-vector-vector couplings derived in appendix A: C’{;1 v, with P =m,n, 7’ and
Vi = p,w, ¢ as defined in (A.9) and (A.10).

In summary, our large-N, Regge model for the ) TFFs reads:
F

@) a
Fn(’) (n)y*~y* ( Qla Q2) % [Fs(’))(n)'y*'y*( Q Q2) + F((/))(n ( le Q%)} )
(4.34)
where the two parts parameterize the same-mass and mixed vector-meson contributions,
respectively:
2 292 4
Fla) ") A QRTQ3 My,
(/) ( Ql? QZ Z CVV 1 + Cdlag 4 P) 5 1 D) s (435)
" V=pw,¢ My (@3 + Mgio,) DV(n)DV(n)
) 5 e M3, — M3 M2, — M,
Fn<’)(n)'y*'y* (_ 1 _QQ) = C(j)w 1+ca A2 +cB A2
M ;M 2 M(%M 2 M? M_%
><<D D +D2 D >+ CBL + €A A27 +cp Az’
w(n)~ é(n) w(n) ¢(n)
2 M2M? M2M?
X g;( ¢D2 ~ T pt )} (4.36)
+ w(n) ¢(n) w(n) ¢(n)
Here we again use the short-hand notations from (4.11), with the modification that
2 2 2
M2, = (M o E M) - (4.37)

All meson spectra are assumed to follow a radial Regge model. For the ¢ meson, we use
the analog of (4.3). For the n and 7’ mesons, we distinguish:

M? n =0,
Mp,y =9 .1 ) : (4.38)
Mn +no; n=>1,
and

with the ground-state masses M, = 547.862(17) MeV and M, = 957.78(6) MeV [90].
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Figure 9. Comparison to the doubly-virtual " TFF data from BaBar [122]. The large-N. Regge
model, “Model 1”7 (4.34), is indicated by the pink bands with the dashed lines. Our alternative
TFF model, “Model 2” (B.1), is indicated by the solid cyan lines.

The normalization coeflicient is defined as:
N=CJ,+Cl, +Cly+2C] (4.40)

where C{Z v, are the pseudoscalar-vector-vector couplings derived in appendix A, and ng
is the parameter that measures the deviation from ideal mixing. By construction, each
vector-meson pair contributes (up to normalization) exactly C"]/D1 v, B0 E )

To simplify the parameterization, equation (4.36) only contains terms which are unique
to the ¢—w contribution, and the n-dependence has been removed from the numerator
of (4.35). In this way, (4.36) is used to satisfy the BL limit for the ground-state () TFF
as well as the two SDCs on the HLbL tensor.

The constraint equations following from (4.27) and (4.28) read:

F
BL limit: 1= L Loy

2 2 n 2
= NTateE, | Oy + CluME + ClM; (4.41)

pp

M2, M2 M2 o\ |
A Y

+2C3, <M42r,o —egLM? § —ca—5— —cB A2

Cgp + Cz?)w + CZ¢ AQF,W’Y Cling
N 8CsF,

symmetric pQCD limit: 1= (4.42)

where the same equations hold for the 1’ with the obvious replacements (including Cg —
Cp). The MV SDC for the HLbL tensor in the mixed region translates to:

C" 2n2CsF, Fyn M2 M? L L
1= e O e [os b ep) R 4 fea—ep i ] (aay)
n

Awn Adm 7
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where cgjag has already been inserted. The SDC for the HLbL tensor in the asymptotic
region becomes more complicated due to the presence of additional mass scales:

C” m2F2 M2M? 4C7’ M2M2
MY TeTw w ) 2 2 2 2
=3 16C2A1 Qﬁ, G| Qg + 7 (B Lo — A L) |
W)

+cpAg [ (Bgw0y — 204) Al Loy — (Bgw0y — 205) A, Ly + (Bgy + Auy) Q¢wn]
+2cacp [0727 (75 + %) (AyLon — A%y Lum) + Sew (05A5 Lun — 04 AL, Lay)

20" o2 (A o+ Do)
— Qyy, 022¢w _ gt afj } F CdinaCn M op p \=p
77( K ¢ ) ® Ap¢pr Apn

1
QA2 A2 (A Aun) Lon — Ay, (92 02Ay, L
+QP¢HQW”Q¢W[ dun Ty Bos B (Bgn + Bun) Loy g ( puwn%p=éntipd

clA

pp—wn

+02,0 AWLW)}} o Am[ TAA2 (Dgy+ Duy) Loy — 20503, Ly,
W)

Gy

02 Ao,

+ Qgun (303‘5 a¢a 50’¢a + 30 ) } +
Gwn)

2042, Lo

+ 203A2w (Agn + Auy) Lo + Qg (0’¢0' — 30! — 3U¢U + 5020 ) })

- v (Aijipﬂw {G?)AAﬂ:w - Q/xanplandMn {ngnagAmAMLm
24,0 A B L + L DA L) } %";AAW [2(c403, + 73AL,) Ly
— 204 A2, Loy + Qoun (0502 + 04y — 30507 + 0507) } SW [203A§’men
pun=én
-2 (af:Ain - O’%Azw) Ly + Qoo (U;l) + 03503 + 02072] - 3030727) ])] . (4.44)

In appendix G.1, the above system of equations is solved analytically. In the following,
we discuss numerical values for all input parameters. The couplings C V are collected
in table 2. They are calculated based on (A.9) with the phenomenological n—r' mixing
parameters [123, 124]:

F® =1.26(4)F;, F°=1.17(3)F,, 6= —21.2(1.6)°, 6= —9.2(1.7)°, (4.45)

and the ¢—w mixing angle #y = 36.4° [90]. The parameters ng)’ which describe our choice
for the splitting of the SDCs on the HLbL tensor into n and 1’ contributions, evaluate to:

Cr~0.027  C2 ~0.057, (4.46)

as follows from (4.32) with the n—n' mixing parameters in (4.45). The decay constants

F,0), on the other hand, are not deduced from the 7—n mixing parameters, but fit to
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Figure 10. Singly-virtual n TFF. The large-N. Regge model, “Model 1”7 (4.34), is indicated by
the pink band with the dashed curve. Our alternative TFF model, “Model 2”7 (B.1), is indicated by
the solid cyan curve. The purple band is the CA result from ref. [49]. The dark blue dotted curve
is the RCST result from ref. [125]. The data are from CELLO [115], CLEO [116], and BaBar [126].

experimental data for the singly-virtual n{ ) TFFs:

F, = 139737 MeV,
Fy =793 MeV, (4.47)

with an estimated variance of x2 ~ 1.1 and x? ~ 0.9, respectively. The errors are increased
in order to cover the Padé approximant predictions from refs. [49] and [81] for n and 7/,
respectively. The large error on F, may be partly due to the fact that it is not clear when
the asymptotic BL limit sets in, accordingly, we will keep the full range in the error analysis.
Maiag is fit to the recent BaBar data for the doubly-virtual ' TFF [122], see figure 9. The
resulting value Mgi,e = 898 MeV (with X% ~ 1.6) is used for both the n and 7’ large-N,
Regge model. Furthermore, we use the Regge slopes collected in (4.19) as well as [108]:”

op = 1.33(11) GeV?, o7 = 1.36(14) GeV?, 0 = 1.84(6) GeV?. (4.48)

The final model parameters (ca, ¢p, Cdiag, CBL) are summarized in table 1, where we
rescaled the numerical values with C’Zw JN ~ 0.0129 and CZ:U JN ~ —0.0017, respectively,
to show that all parameters are of “natural” size.

The singly-virtual TFFs of the ground-state n and 1’ are shown in figures 10 and 11.
The large-N. Regge model presented above is labeled as “Model 1.” The alternative TFF

9From figure 3 of ref. [108] we extracted M, = 591 MeV.
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Figure 11. Singly-virtual 7/ TFF. The large-N. Regge model, “Model 1”7 (4.34), is indicated by
the pink band with the dashed curve. Our alternative TFF model, “Model 2” (B.1), is indicated
by the solid cyan curve. The purple band is the CA result from ref. [49]. The dark blue dotted
curve is the RCST result from ref. [125]. The data are from L3 [127], CELLO [115], CLEO [116],
and BaBar [126].

model, introduced in appendix B, is referred to as “Model 2.” The model error of the
large-N. Regge TFF's is propagated from the errors of the input parameters op, oy, Fp,-,
Fp, as well as the n—n' mixing parameters, see (4.19), (4.26), (4.48), (4.45), and (4.47).
While Model 2, for which we do not provide an error estimate, runs outside the error band
of the Model 1 7' (n) TFF for some low (intermediate) values of @2, both models give a
good description of the experimental data and, thus, come out close to the results from
CAs [49] and fits within resonance chiral symmetric theory (RCST) [125].1° In appen-
dices G.2 and G.3, both models are further compared to CA, RCST, and DSE [50], and
the decomposition of Model 1 into 2p, 2¢, 2w, and ¢w contributions is illustrated. We stress
again that neither model should be evaluated for other than purely space-like virtualities.

Both the ground-state 7 contribution to (g — 2),,

ajyPo'e = 1647153 x 107, AP o = 178 x 107

= 16.3(1.4) x 1071, (4.49)

}Model 1

n-pole
ay | [49, 128]

The RCST result is reproduced from fit 2 in ref. [125] and PDG input for the masses of p(770), p(1450),
p(1700), w(782), w(1420), w(1650), $(1020), $(1680), and $(2170) [90].
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Assignment 1 Assignment 2 Assignment 1 Assignment 2

1 7(1295) 0.0354 n(1440) 0.0351 7/(1475) 0.0594 X(1835) 0.0561
2 n(1760) 0.0171 n(1760) 0.0169 #/(2010) 0.0305 #/(2070) 0.0281
3 n(2100) 0.0111 0.0110 7/(2225) 0.0203 0.0185
4 n(2320) 0.0082 0.0081 0.0151 0.0137

Table 3. Two-photon couplings, Fp.~, of excited n) states from the large- N, Regge model (4.34),
in units of GeV~!. “Assignment 1”7 and “Assignment 2” refer to the assignments of ") excitations
shown in figure 6 and suggested in refs. [90, 108] and [113, table 27], respectively.

and the ground-state 7’ contribution to (g —2),

"-pol _ +0.6 ~11 ’-pol. _ ~11
a, poe‘Model p = 14877 x 1077, 4, 7" | \foder 2 = 16:1 X 1077,
QP g 1oy = 14:5(1.9) x 1071, (4.50)

are reproduced correctly with our n) TFF models.

4.3 Comparison of two-photon couplings

Apart from the Regge slopes for the trajectories of pion, 1, 1, as well the vector mesons,
phenomenological input for the excited-pseudoscalar contributions could in principle be
provided by their TFFs. Even though the normalizations are poorly known, it is still
important to verify that the two-photon couplings implied by our Regge models compare
reasonably to the available phenomenological constraints. For the first excited state in the
pion trajectory, there is a limit

Fr(1300)7 < 0.0544(71) GeV ™1, (4.51)

see appendix D, which is indeed satisfied by Fr(1300), = 0.050 GeV~! from our Regge
model. Nothing is known about the two-photon coupling of the 7(1800) and even heavier
excited pions.

The situation is more involved in the n(") sector. As alluded to in the caption of
figure 6, the spectroscopy of excited n(") states is contentious, especially regarding the role
of the states below 1500 MeV. Table 3 collects two possible assignments of states to Regge
trajectories. The first interpretation, favored by ref. [90], considers the 7(1295) the lowest
n excitation and differentiates between 7(1405) and 7(1475) states. The latter is considered
as the first n excitation, while the 1(1405) is described as a glueball candidate. In contrast,
ref. [113] argues that there is only a single state below 1500 MeV, the 7(1440), which should
be interpreted as the first n excitation. The X (1835) is identified as suitable candidate for
the first 1’ excitation, although its quantum numbers are not yet established. In both
cases, the 1(1760) emerges as the second 7 excitation.

The available constraints on the two-photon couplings of n(/) are collected in table 4,
see appendix D for details. The results from the second column are valid under the assump-
tion that the branching fractions listed in the PDG are accurate, while the third column
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Fpyny[GeVT]

P direct indirect assuming dominance of
n(1295) — < 0.030 nrm, KK
n(1405) <0.122 < 0.033 nrm, KKt
n(1475) < 0.195, > 0.041(6) = 0.041(6) KKr
n(1760) > 0.014(2) = 0.014(2) n'nm
X (1835) < 0.235 < 0.022 n'nmw

Table 4. Constraints on the two-photon couplings of excited n'") states, as collected in appendix D.
The column labeled “direct” includes constraints that follow directly from branching fractions listed
in the PDG, while the column labeled “indirect” lists results obtained when assuming that the
channels from the last column are dominant.

assumes, in addition, dominance by some decay channels (given in the last column). For
the 7(1295) only an indirect limit is available, in the first assignment the two-photon cou-
pling of the 7(1295) comes out slightly larger. Note, however, that the very existence
of the 7(1295) is called into question in ref. [113], with the fact that in contrast to the
n(1475) this resonance has not been seen in the <7 reaction as one of the arguments.
The 1(1405) is discarded in either assignment of Regge trajectories. However, in the sec-
ond assignment the 1(1440) would be interpreted as a single state instead of 7(1405) and
n(1475), see also ref. [129], in such a way that for the comparison the two-photon couplings
of both states should be considered. Remarkably, the measured value for the 7(1475),
Fy(1475)yy = 0.041(6) GeV ™1, agrees perfectly with F 1440y, = 0.035 GeV~! from Assign-
ment 2. In Assignment 1, where the 7(1475) is considered the first 7’ excitation, there is
still reasonable agreement. Next, the experimental result for the 7(1760) nicely confirms
the two-photon coupling implied by both assignments, since a tiny correction beyond the
dominant n'77 channel would suffice to bring the numbers into complete agreement. Fi-
nally, the two-photon coupling of the X (1835) in Assignment 2 fulfills the direct limit but
not the one assuming dominance of n’wm, which may indicate that in case this assignment
is correct, other channels besides n’wrm may play a role (as indeed suggested by other de-
cay channels listed in the PDG). Moreover, the significance of the two-resonance fit from
ref. [130] used to obtain the much stricter limit is only quoted at 2.8 0. Taken together with
the fact that not even the quantum numbers of the X (1835) are firmly established, it thus
seems difficult to draw meaningful conclusions on its two-photon coupling at this point.

Altogether, we conclude that the two-photon couplings implied by our large- N. Regge
models are well compatible with the phenomenological constraints. In particular, for the
cases where measurements and not just limits exist, the 1(1475) and the 7(1760), the
resulting couplings are close to the ones that our large- N. Regge models would imply. The
same is true for our alternative TFF model (B.1), see figure 19, whose couplings are similar
to the ones of the large- N, Regge models. We stress that the detailed comparison depends
on the assignment of observed states to Regge trajectories, but in both variants considered
there is reasonable agreement with the two-photon phenomenology of excited 17(’ ) states.
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Figure 12. Sum over radially-excited pion, 7, and 7’ contributions to (g —2),, as defined in (4.53).
The dotted curves are the extrapolated values Aaf -poles
gray lines indicate the contributions from the lowest (observed) pseudoscalar excitations shown in

figure 6. All results are calculated with the Model 2 TFFs (B.1).

corresponding to the limit ny.x — 00. The

4.4 Excited-pseudoscalar contributions to (g — 2),

The ground-state pseudoscalar-pole contributions to (g —2),, calculated based on our TFF
models, are given in (4.25), (4.49), and (4.50). The uncertainty on the predictions from
Model 1 is the propagated error from the input parameters op, oy, Fpyy, Fp, and the n-1’
mixing parameters. In all cases we observe good agreement with the literature [46, 47, 49,
128], which demonstrates that in addition to fulfilling the various SDCs, our Regge models
capture the properties of the TFFs most relevant for the g — 2 integral.

In the following, we derive the contribution to (g—2), originating from radially-excited
pseudoscalar mesons. The large- N. Regge models introduced in the preceding sections and
the alternative model discussed in appendix B are constructed in such a way as to describe
not only the ground-state pseudoscalar TFFs, but also the TFFs of excited pseudoscalar
mesons. Phenomenological input on these excited states enters mainly in terms of their
masses as contained in the Regge parameters, while the infinite sum restores the correct
asymptotic properties of the HLbL tensor, which cannot be achieved with a finite number
of pseudoscalar-pole contributions. Moreover, for some of the excited states limits on their
two-photon couplings are available, see appendix D as well as the discussion in the previous
subsection, which shows that the couplings implied by our Regge model are consistent with
the available constraints from phenomenology.

With the large-N. Regge model, we can calculate the pseudoscalar-meson tower ex-
actly, i.e., we can perform the infinite sum over pseudoscalar-pole diagrams with excited
pseudoscalars. For Model 2, we sum over the lowest n = 100 radially-excited pseudoscalars
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(P =m,n,7n") and then fit a saturation curve,
Aa/]j—poles(nmax) _ AaP-poles o (AaP-poles _ aO) e—b (Nmax)® (452)

in order to extrapolate to infinity. Here, we defined:

Mmax

Aaﬁ'p(’les (Nmax) Z a p"le (4.53)
with the infinite-summation result denoted as:
Aaf’poms = Aaf'p(’les(oo). (4.54)

The saturation curve procedure is illustrated in figure 12, where for reasons of clarity only
every other data point is plotted above n = 4. The fits start from ny.x = 1 and describe
the data perfectly. The dotted lines indicate the extrapolated values for Aau_pdes and
illustrate the good convergence of the summation already at nmax = 100. This procedure
has been verified with the large-N. Regge model, for which the sum is already saturated
at Nmax = 100.

For the full pseudoscalar-pole contributions to (g — 2),, we obtain:

o0 o0
D apmpolel L =67.1(0.4) x 1071, Y an(wole] = 68.4x 107,
oo oo
1 _ +1.1 11 _pol _ ~11
Zaﬁ(” PO oae 1 = 19:9 %07 x 1071, ZGZ(”) PO foder 2 = 22:1 x 1071,
n=0 n=0
o o
/( 1 —11 /( 1 —11
Zaz Fpole| o aq=21.3(1.2) x 1071, Zaz Fpole| gy =242x 1071,
= n=0
D
Zaﬂ(n )-pole + an(n) -pole + an '(n) pole‘M el 1 — 108. 3+ 2 x 10—11 (455)
n=0

where the uncertainty of the Model 1 prediction is solely estimated based on the error

propagated from the input parameters on 2711000 S(N)_pde. Isolating the contribution from

excited pseudoscalars, one finds:

_pol - -pol -
Aay es‘Model L =2.7(0.4) x 10 s Aay P eS‘Model , =39x10 11’
A POl 0.9 —11 -pol ~11
ag eS‘Model 1= 34107 x 1071, AayP® es’Model p =43 x 1077,
/_bol _ —11 /_pol _ —11
ﬁaz po es‘MOdel L= 65(11) % 10 ) AGZ po. es‘Model 9 = 8.2 x 10 . (456)

The difference between the Aaﬁ'pdes results from Model 1 and Model 2 can be used to

quantify the systematic uncertainty of our prediction:

Aaj P = 2.7 (04)modet 1 (12)syst x 1071 = 2.7(1.3) x 1071,
Aa/Poes = 34103 1 (0.9)gys x 1071 =341 x 107,

Aal PO = 6.5 (1.1)podet 1 (1.7)syst x 1071 = 6.5 (2.0) x 1071, (4.57)
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Figure 13. Contribution of the pQCD quark loop (with vanishing quark mass) to a, from the
region Q12 > Qmin With the contribution from Q3 below Quin damped by Q%/(Q3 + A?) (plus
crossed). The total contribution from II,_12 is shown in black, together with the partial ones
from II; 5 (red) and I3 15 (blue). The pQCD contribution with common lower cutoff in all Q; is
reproduced in the limit A — oc.

With the alternative assignment of () excitations in the radial Regge trajectories [113],
see dot-dashed purple lines in figure 6, we obtain:

AalPo® =34 %1071, Ag] PO = 6.4 x 1071, (4.58)

indicating that the net effect is remarkably insensitive to the assignment of the 7, n’ Regge

trajectories. Expressing C,?(/) through the experimental Fn and an, see left-hand side

yy

. .. (- .
of (2.26), instead of the n—n' mixing parameters, leads to a decrease of aj, Poles ¢hat is
well within the uncertainty quoted in (4.57). Our final result for the sum of pion, 7, and
n' states is:

PS-poles __ m-poles n-poles n’-poles
Aa, = Aay, + Aay + Aay,

=12.6712] yjoder 1 (B-8)syst x 107
—=12.6(4.1) x 10711, (4.59)

For Model 2 (Model 1) roughly 50% (80%) of Aaj,> P*** is generated by the lowest (ob-
served) pseudoscalar excitations listed in figure 6. This can be seen in figure 12 where
Aafj’pOleS(nmax) is shown for Model 2.

5 Matching quark loop and Regge model

5.1 Matching at the level of (g — 2),

The simplest and most instructive matching to the massless pQCD quark loop proceeds
at the level of the (g — 2), integral. The asymptotic pQCD region where all Q; are large
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can be captured by imposing the condition that all @); be larger than Qumi,. To be able
to add the mixed regions, where one virtuality is smaller than Qun, in the quark-loop
integration, one needs to dampen the contribution in the additional integration region,
since it is already partly covered by the ground-state pseudoscalar poles. To this end, we
introduce the suppression factor Q2/(Q? 4 A2) for the virtuality Q < Qmin, while retaining
the cut that at least two Q; > Qmin. In this way, the limit A — oo reproduces a common
lower cutoff on all Q;. The results are shown in figure 13 for the total (1:[1,12) as well as
for longitudinal (II; 2) and transversal (II3 1) contributions separately.

The Regge models in the preceding section predict a ratio AaZ’"l / AaZO near the ex-
pectation (CZ + C2)/C3 = 3. Similarly, we obtain Aazl /Aaj, close to 2, as suggested by
the scaling with Cg, / C?] (4.32). To first approximation, the implementation of the various
asymptotic constraints on the HLbL tensor thus reproduces the simple scaling that origi-
nates from the weight factors (2.20) appearing in the V'V A triangle. For the mixed regions
this behavior is exact due to (4.7) and (4.29), as long as the low-energy properties of the
HLbL tensor are not disturbed, while for the asymptotic region it is a consequence of the fla-
vor decomposition chosen in (4.8) and (4.30). The fact that the results from the summation
of excited pseudoscalars confirm these expectations indicates that the pQCD quark loop
dictates, if not the overall size of the effect, at least its decomposition in the various isospin
channels. This is an encouraging sign that the model dependence which is intrinsic in the
approach we are following here is mitigated by the QCD constraints. To understand even
better the extent to which this mitigation occurs we analyze here in detail the matching be-
tween the Regge models and the quark loop integral, after introducing appropriate cutoffs.

For Aags_p()les ~ 13x107 ! figure 13 suggests scales A and Qi around 1.4 GeV. In ad-
dition, the pQCD quark loop would predict an additional increase from the transversal am-
plitudes around 4 x 10~ but for these scales the interplay with axial-vector resonance con-
tributions needs to be studied in more detail. In the following, we will instead focus on the
comparison of our Regge model and the pQCD quark loop in the longitudinal amplitudes.

5.2 Matching of short-distance contributions

Beyond the matching at the level of (g — 2),, it could be instructive to also compare the
specific contributions to the BTT functions in the various kinematic domains. However,
once the respective scaling with the virtualities is factored out, we find that the coefficient
converges relatively slowly to its asymptotic value. We conclude that it is rather the
convolution with the kernel functions T; that becomes important to assess the relevant
scales of the SDCs for the HLbL contribution.

This is illustrated in figure 14, which shows various contributions to a, as a function of a
lower cutoff on all three virtualities @);, as well as in figure 15, which shows the opposite case
of an upper cutoff on all three virtualities ;. The ground-state pseudoscalars are saturated
by 90% for Qumax = 1.5 GeV, while for the excited pseudoscalars only about 25% of the total
contribution comes from this energy region. By construction, their contribution asymptot-
ically matches onto the one from the pQCD quark loop, and figure 14 shows how fast that
asymptotic limit is reached after convolution with the (¢—2), integral kernels: at 1.5 GeV it
is saturated by 70%, or about 80% if the tail of the ground-state pseudoscalars is included.
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Figure 14. Contribution to a, for @; > Qmin: the longitudinal part of the massless pQCD quark
loop (dotted black), the ground-state pseudoscalars (long-dashed red), their excitations from the
large-N,. Regge model (blue), the sum of both (orange), and the short-distance implementation
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Figure 15. Same as figure 14, but for Q; < Quax-
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The mixed region is more difficult to illustrate, especially for the corresponding OPE
constraint, because in addition to the hierarchy Q% < Q3 ~ Q3 the small virtuality still
needs to be large compared to Aqcp, otherwise chiral corrections will become important.
For that reason, the low-energy part of the integration region was suppressed by the second
cutoff A in figure 13. To obtain some measure of the size of the mixed-region contribution,
figure 16 shows the remainder if for a given cutoff ).yt both the regions where all Q; < Qcut
and all Q); > Qcut are subtracted. For the ground-state pseudoscalars at Qcyt = 1.5 GeV,
this produces the remaining 10% beyond the low-energy region, while the asymptotic re-
gion @Q; > Qcut is already largely negligible. For the sum of excited pseudoscalars, it is
instructive to further scrutinize the decomposition at this scale into low-energy (25%),
mixed (40%), and asymptotic (35%) regions. As concerns the contribution from the lowest
excitations, in Model 1, the low-energy region is entirely saturated by the sum of the first
three excitations, the mixed region by 80%, but for the asymptotic part of the integral
the higher excitations make up about 50%. This pattern suggests the interpretation that
indeed the lowest excitations are most important for the low-energy and mixed regions,
while the infinite tower of resonances restores the correct asymptotic behavior. In fact,
we find that the numerical impact of the integration regions where the OPE constraint
strictly applies, i.e., where both Q3 < @12 and Q; > Aqcp, is already very small, so that
in practice its main effect lies in constraining the TFF Regge models.

Altogether, this discussion indicates that at some point around 1.5 GeV the descrip-
tion of the HLbL tensor in terms of hadronic intermediate states should be matched onto
the one from pQCD. In particular, the implementation of the SDCs in terms of excited
pseudoscalars gives an indication how big an impact the intermediate regime may have (in
the longitudinal amplitudes): while from pQCD alone one may have guessed a contribution
around 5 x 10~ from the asymptotic region, for a value of Quin chosen at 1.5 GeV, the
excited pseudoscalars with masses in the same region will add a contribution of similar
size, covering also the mixed regions of the (g — 2), integral.

To quantify the matching between the quark loop and the description in terms of
hadronic states, one would need to define a concrete criterion for the matching scale. One
way to define an optimal scale could be to consider the difference between Regge model and
quark loop as a function of Qni, in combination with the uncertainties of each description
for a particular cutoff. For the Regge model, we can estimate this uncertainty as before,
but for the quark loop one would need to know the ay corrections and/or higher orders
in the OPE, which when compared to the leading-order quark loop would already entail
information about the scale where pQCD becomes an efficient description of the HLbL
tensor. Absent such calculations, we may obtain a first estimate by comparison to similar
pQCD uncertainties in inclusive 7 decays [131-136], given that we expect a matching scale
not too far off the 7 mass, which would suggest an uncertainty around 20%. Based on
the combined uncertainties of the Regge model and the pQCD quark loop, we then find a
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preference for a matching scale around Quatch = 1.7 GeV, leading to the decomposition
=8.7(3.6) x 10711,

aES—poles
=4.6(9) x 10711,

PS-poles __
Aa'u ‘Qmin:Qmatch
(5.1)

aq—loop ‘
K Qmin :Qmatch

Note that, in the first line, we also subtracted the very small contribution from the ground-

state pseudoscalars from the integration region Q; > Qmatch to avoid any double counting.
As expected, the comparison to (4.59) confirms that for the asymptotic part of the integral
it does not matter whether a description based on hadronic intermediate states or pQCD

is employed: this means that about one third (i.e., the second line) of (5.1) is a model-
independent part of the effect we have calculated. But how model dependent is the rest
and can we adequately cover this model dependence with our uncertainty estimate? There
are different uncertainties which need to be considered and we summarize all of them here:

e 3.6 units coming from the uncertainties in the parameters of Model 1, as given in (5.1),
obtained by stretching the uncertainties in the Regge slopes by a factor three;!!

e 1.7 units are obtained by varying the matching point by 0.5GeV (the main effect

comes from the lowest Qatch, which we vary to as low as 1.2 GeV);

e 3.8 estimated from the difference between Model 1 and 2, cf. (4.59).

All these uncertainties concern essentially the contribution below the matching point of
Qmatch = 1.7GeV, as estimated in the previous section. The outcome of our analysis for

11YWe thereby aim to cover scenarios in which other hadronic states could be used to implement the SDCs,
in which case the Regge slopes would differ; e.g., according to ref. [108], the Regge slopes of the axial-vector

a1 and fi trajectories are oy, = 1.36(49) GeV® and o7, = 1.27(64) GeV>.
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this part therefore reads:

PS-poles _ _PS-poles _ ) +1.7
Aa'u‘ a'u’ ‘Qmin:Qmatch o 8‘7(3'6)excmed PS —0.4

Qmatch (3.8)5375t X 10711
= 8.7(5.5) X 10—11’ (5‘2)

with a 65% uncertainty, which we consider as sufficiently conservative and, in addition,
covers the systematic effects related to the asymptotic behavior of the excited-state TFF's
as discussed in appendix E. Another observation corroborating this conclusion is that the
contribution to the central value due to the first three pseudoscalar excitations (whose
masses and, in part, two-photon couplings are constrained by phenomenology) amounts to
7.8 units out of 8.7. On the basis of these considerations we give as our final estimate

AalSPC = [8.7(5.5)ps poles + 4-6(9)g100p] X 1071 = 13(6) x 107, (5.3)

and stress that the contribution of the higher excitations (n > 3), which has been cal-
culated with our Regge model and is the most uncertain and model-dependent part of
our calculation, amounts to only less than 10% of the total. We conclude that our final
result (5.3) has a generously estimated uncertainty that we expect to cover the remaining
model dependence.

5.3 Chiral limit and role of axial-vector mesons

One may ask whether the implementation of the longitudinal SDCs adopted here would
work in the chiral limit: in this limit, excited pseudoscalars have a vanishing coupling to the
axial current and therefore would not be able to contribute to the fulfillment of the OPE
constraint.'?> However, there are known cases in which the chiral and the large-N, limits
do not commute, most notably in the context of baryon chiral perturbation theory. For
instance, if one first takes N. — oo and then m, — 0, the entire tower of excited baryons
contributes to the first non-analytic term in the quark-mass expansion of the nucleon mass,
while in the opposite order only nucleon intermediate states appear [137, 138], and similar
subtleties arise elsewhere due to mass splittings of order 1/N, [139]. Further subtleties in
the order of the chiral limit have been pointed out before even for the VV A anomaly itself:
the discontinuity of the fermion triangle loop function in the axial-vector virtuality vanishes
with the fermion mass, but in a dispersion relation the mass dependence is canceled and
produces the anomaly that survives in the chiral limit [140, 141]. While these examples
show that care is required when exchanging the limits, at least the implementation of the
large- N. Regge models described here does not allow any such subtleties to occur and is
meant to be used only away from the chiral limit.

If the excited pseudoscalar poles were to decouple in the chiral limit, an alternative
solution could be provided by axial-vector intermediate states, which do contribute in the
chiral and large- N, limits. For these mesons, however, only model-dependent calculations
are available in the literature so far,'® whereas a calculation based on a dispersive framework

12We thank Arkady Vainshtein for calling our attention to this point.
13They are either based on the relation to transversal SDCs [62, 142] or proceed in terms of Lagrangian
models [143, 144].
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is still lacking. Such a framework would allow one to express the contribution to HLbL
scattering in the most general way in terms of all TFF's of the axial vectors (which admit
three), as is the case for the pseudoscalars (which admit only one). Another significant
difference is that while for pseudoscalars the sum rules that guarantee the absence of
ambiguities in the evaluation of the HLbL contribution [35] are automatically satisfied,
this is not the case for axial-vector mesons. We believe that at present it is fair to say that
even the ground-state contributions of the latter are poorly understood.

Besides these theoretical reasons, there are also phenomenological ones that favor a
discussion in terms of pseudoscalars: while for the most relevant excited pseudoscalar reso-
nances, those in the energy range between 1-2 GeV, there is at least some information on the
phenomenology relevant for HLbL, the situation is even worse for the known axial-vector
resonances in the same mass range. This is related to the fact that for axial vectors a decay
into two real photons is forbidden by the Landau-Yang theorem [145, 146]: hadronic chan-
nels such as three pions are dominant with respect to suppressed decays to virtual photons,
which have been observed only for two ground-state axial-vector resonances [147, 148].

If a viable implementation of the longitudinal SDCs in terms of axial-vector resonances
were possible, it would have to look quite different from ours in terms of pseudoscalars ex-
citations. Besides the fact that different TFFs contribute, we observe that the axial-vector
contribution to IIy_5 does not resemble the pseudoscalar-pole contribution (2.16), in fact,
both in a Lagrangian-based approach and in dispersion theory the pole in ¢3 — m124 cancels
in the longitudinal BTT amplitudes. Based on what is known about the axial-vector TFFs,
we cannot preclude the possibility that a finite number of axial vectors could be used to
construct such a solution. If that were possible while being consistent with phenomenology
and the SDCs on the axial-vector TFFs, this would be an appealing solution, but the
necessary theoretical framework for carrying out such an analysis is not yet available. For
the moment we took the pragmatic point of view that we implement the longitudinal SDCs
in terms of the hadronic intermediate states that we can control best, both theoretically
as well as phenomenologically. Having adopted this strategy, we need to address the
question of whether our estimate of the systematic uncertainty is large enough to cover
the possibility of implementing the SDCs in terms of other hadronic intermediate states.

We believe that we can answer positively this question under the reasonable assumption
that even in an alternative scenario the matching to pQCD will occur in the range we have
considered. In this case the contribution from the quark loop will remain unchanged and
all we need to discuss is the excited-pseudoscalar-pole contribution estimated as 8.7(5.5) x
10~". About one unit out of nine comes from excited states with n > 3: if these were
not needed to satisfy the SDCs, this contribution would have to be dropped, a possibility
amply covered by our uncertainties. The bulk of the contribution comes from excited states
with n < 3, and as we have discussed in section 4.3 and in appendix D, the estimate of
their two-photon couplings we have obtained by requiring that the longitudinal SDCs be
satisfied is compatible with what is know from phenomenology. Our uncertainty estimate
covers the present phenomenological uncertainties on these couplings and could be reduced
if the phenomenological information on them were improved. In the end, even if the SDCs
were to be implemented using axial-vector states, the first few pseudoscalar excitations
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would need to be included regardless, it is just that the pseudoscalar TFFs would not be
constrained by the HLbL SDCs.

In conclusion, we believe that the uncertainty related to the nature of the hadronic
states used in the implementation of the SDCs should be covered by the error assigned
in (5.2), an expectation that has been supported more recently by models in holographic
QCD [149, 150], in which the SDCs are implemented by summation of an infinite tower
of axial-vector resonances instead. Beyond the model context, assessing the role of axial-
vector resonances in the context of SDCs, especially the transversal ones, will first of all
require an improved understanding of their ground-state contributions.

6 Comparison to the Melnikov-Vainshtein model

In this section, we compare our implementation of the longitudinal SDCs to the one from
ref. [62], which is based on the observation that the modification
_ Fpyeqr (i, qg)FPw

= |y = Py (6.1)

fif-pole _ Fpyy (67, 03) Fpyy (43)
' g5 — Mp
of (2.16) ensures that both the normalization and the mixed-region OPE constraint (3.30)
are fulfilled.'* Since the form (2.16) of the pseudoscalar poles is a direct consequence of the
dispersion relation for the HLbL tensor, which we suggested in refs. [31-35] for the case of
general four-point kinematics, this modification is not compatible with the description of
other intermediate states in the same framework. However, the replacement (6.1) could be
justified by a dispersion relation for the HLbL amplitudes directly in the kinematic limit
relevant for (g—2),, i.e., for g4 = 0. In this limit it is not possible to work with a dispersion
relation in the Mandelstam variables s, t, and u at fixed qi2, because they cease to be
independent: s = ¢3, t = ¢35, and u = ¢7. This means that when writing dispersion relations
in the qi2 for g — 2 kinematics, there is no clear separation between the singularities of the
HLbL amplitude and those generated by hadronic intermediate states directly coupling to
individual electromagnetic currents, e.g., two-pion states as in figure 17: in this framework
the pseudoscalar TFFs can no longer be treated as external input quantities. The same
holds for higher intermediate states, so that in general the factorization of form factors and
scattering amplitudes of the intermediate state in question would cease to apply.
Nevertheless, we observe that, in principle, both forms of dispersion relations are per-
fectly legitimate — the transition from the dispersion relation for the four-point func-
tion [31-35] to a dispersion relation in the photon virtualities in the (g — 2), kinematic
limit amounts to a relabeling of contributions from different principal cuts. This is illus-
trated by writing the pseudoscalar pole (2.16) in our framework as
ﬂf—pole Fpyeys (¢f, q%)pr* (Ml%) Fpyeys (41, 43) (FPW* (qg) — Fpyyr (MIQD))

= + , (6.2
i~ 17 Ty 02

where the first term reproduces the pole in the alternative dispersive framework for (g—2),,
kinematics, while the second term does not contain a pole at q% = MI%. More precisely, the

14 A reply to the preprint [151], which appeared in response to our paper, is provided in appendix H.
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Figure 17. Dispersion relation for the HLbL tensor in the (g—2),, kinematic limit with singularities
from primary and secondary channels (27 state and pseudoscalar pole).

second term is the contribution due to intermediate states X in a cut through the TFF,
with the discontinuity determined by the sub-processes v*(¢g3) — X and a pseudoscalar-pole
contribution to v*(q1)v*(¢2) — X, as illustrated in figure 17. This piece is present even
in the alternative dispersive framework, which demonstrates that changing the dispersive
framework simply amounts to a reshuffling of contributions between different principal cuts.
Due to the mixed-region SDC, for large ¢ ~ ¢3 the second piece in (6.2) has to cancel
against the contribution from the infinite tower of higher intermediate states up to chiral
corrections. Since this is a key point in ref. [62], and the basis for the construction of the
MV model, it is worthwhile discussing in detail how this cancellation has to work. For
simplicity we concentrate on the pion contribution only (isospin-triplet component) and
include all other contributions other than the pion pole to f[‘;’ into a single function G:

~ ~ r-pol
1 = 117P(¢?, 62, 43) + G(a}, d3,43). (6.3)

From the requirement that (3.29) provide the leading term for asymptotic ¢? ~ g2, but
that it be exact (in the chiral limit) as far as the ¢3 dependence is concerned, it follows
that the function G must have the following asymptotic behavior:

2F,; Frope(q3) — Fi
T 2062, 62 g2 _ “fm Pryy*\43 Y
A g (G°,4%,a3) m0 3 2

(6.4)

mg=0

We stress that (6.4) is exact in the chiral limit, a property inherited from (3.29), which is
a remarkable and interesting result. The MV model (6.1) consists of taking the pion pole
as the only contribution to ﬂ:f . This effectively amounts to promoting (6.4) to an equation
valid for any value of ¢ and ¢3:

Fryy(g3) — 1
2 2 2 r 2 2 3
G(a1, %, 93) P wyeee (a1, 42) = 2 =
mg=0 q3

(6.5)

mq=0

While this provides a simple way to exactly satisfy (6.4), there is no physical justification
in support of such a very strong assumption. It is therefore not surprising that this leads
to uncontrolled numerical effects, which we have been able to quantify here. In addition,
we note that away from the chiral limit the residue in (6.2) contains Fpy.«(M3) instead of
Fp,, which at least for n") entails significant chiral corrections.
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Numerically, ref. [62] concluded an increase of 13.5 x 107! for the pion and 5 x 1071}
each for ("), based on the modification in (6.1) and the TFFs from ref. [51] (LMD+V for
the pion and VMD for n()):

AaPS-poles

i |y = 23.5 x 1071 (6.6)

However, we note that with modern input for the TFF's this number would increase substan-
tially: for the pion, our Model 1 implies an increase of 16.2 x 10~'!, which would increase
to 17.3 x 10~ if one used the dispersive TFF instead. Here, the change to the original MV
number mainly reflects the differences between the LMD+V model from ref. [51] and the
dispersive result for the 7° TFF [46, 47]. For n"), the differences are more severe because the
incorrect asymptotic behavior of the VMD form factors in the pQCD limit suppresses the
impact of taking the singly-virtual form factor to a constant. We find 10.0x 10~ and 12.1 x
10~ for n and 7/, respectively, which in total produces an increase of 38 x 10~ beyond
the pseudoscalar ground-state contributions, nearly three times the result given in (4.59).

Apart from the overall size, another key difference in our implementation concerns
the hierarchy Aaﬂ“pOIeS < AaZ’pOleS < Aazl'p‘)les found with the excited pseudoscalars,
see (4.57), while in ref. [62] the largest effect was found for the pion. The fact that

’_poles

AaZ’pOIES comes out much smaller than Aa), can be partly explained by the two-

photon couplings, Fjn)yy < Fy(n)yy, and also through the scaling of the excited state
TFFs in the BL limit, see figure 19.

This observation also has consequences for the matching to the quark loop. While
in our case the scaling of the flavor components follows essentially the expectation from
the weights C2, this is not the case for the MV model, and therefore it is less clear how
the matching to pQCD should proceed. In fact, as shown in figure 14, despite not being
implemented explicitly, the MV model also comes close to the pQCD asymptotics: the main
difference to our Regge model occurs in the low-energy region below 1 GeV. This matching
onto pQCD asymptotics is coincidental, however: by construction, the model saturates the
MYV constraint also in the limit in which all virtualities are large and therefore exceeds the
proper pQCD limit by a factor of 3/2. Since the asymptotic value is approached rather
slowly, the resulting curve happens to be close to the pQCD quark loop for the range of
Qmin displayed in figure 14.

Figures 14-16 also illustrate the origin of the difference between our implementations.
For the reference scale of 1.5 GeV, the low-, mixed-, and high-energy regions contribute
75%, 20%, and 5%, respectively, which demonstrates that indeed the approximations of the
MV model manifest themselves primarily in the low-energy region, where the dispersive
framework provides the best constraints and the contribution of higher states only leads
to a moderate uncertainty.

7 Summary and outlook

In this work, we studied short-distance constraints (SDCs) for the hadronic light-by-light
(HLbL) contribution to (¢ — 2),. We concentrated on the longitudinal constraints that
are intimately related to pseudoscalar-pole contributions. Since the HLbL tensor can only
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be constrained from data in the low-energy region, but not in the mixed- and high-energy
regions, SDCs are important for a model-independent approach towards HLbL scattering.
In sections 2 and 3, the Lorentz decomposition of the HLbL tensor from refs. [33, 35] was
used to formulate the known expressions for the perturbative QCD (pQCD) quark loop and
the operator-product-expansion (OPE) constraints on the HLbL tensor, respectively. The
OPE constraint in the symmetric region with Q? = Q2% = :2)) = Q% is given in (3.1), the
Melnikov-Vainshtein constraint [62] for the mixed region with Q3 < Q? ~ Q3 in (3.25).
Both are implemented including the singlet component, for which in addition to chiral
corrections also perturbative corrections arise.

Subsequently, we focused on the longitudinal SDCs, related to the pseudoscalar-pole
diagrams (2.16) by means of (3.30). While a finite number of poles cannot saturate the
SDCs, an infinite tower of them can [62]. To that end, we have constructed two models
for the transition form factors (TFFs) of ground-state and radially-excited pseudoscalar
mesons: our large- N, Regge model for pion, 1, and 7’ is described in sections 4.1 and 4.2,
and an alternative model using the Regge resummation from ref. [106] is introduced in
appendix B to estimate the systematic uncertainty (see also appendix E). While applicable
only in the space-like region as relevant for (g—2),, both models satisfy all relevant low- and
high-energy constraints for the TFFs — the chiral anomaly (normalization), the Brodsky-
Lepage limit, and the symmetric pQCD limit, see (4.12)—(4.14) and (4.26)—(4.28)—give
a good description of the experimental data, and reproduce the established results for
the ground-state contributions to (g —2),. In addition, with an infinite tower of excited
pseudoscalars, they restore the correct asymptotic Q>-behavior of the HLbL tensor in the
mixed- and high-energy regions, see (4.7) and (4.8), as well as (4.29) and (4.30).

Thus, it has been shown that the SDCs on the HLbL tensor, and in particular the
MYV constraint, can indeed be satisfied with an infinite sum over excited pseudoscalar-pole
diagrams, while maintaining the correct low-energy behavior. Our result (4.59)

AafSPeles = AgTPoles 4 AgPoles 1 AgPeles = 19.6(4.1) x 10711, (7.1)

derived from the large-N. Regge models alone, is significantly smaller than the original
estimate Aay|my = 23.5 x 107! from ref. [62], which was obtained by removing the
momentum dependence of the TFF at the external photon vertex. In fact, with modern
input for the pseudoscalar TFF's this effect would increase further to Aa,|yv ~ 38 x 101,
demonstrating the dangers of ad-hoc modifications of the low-energy properties of the HLbL
tensor. Indeed, we observe that by far the main part of the difference to our implementation
originates from the low-energy part of the g — 2 integral.

Furthermore, in contrast to ref. [62], we find Aa] P < AaP' < AaZl'pOIes. Accord-
ingly, the flavor decomposition into excited 70, n, i states follows roughly the expectation
from the coefficients determining the SDCs, motivating a matching of our hadronic imple-
mentation onto a description in terms of the pQCD quark loop. This matching, illustrated
in figures 13-16, shows that, as expected, the ground-state pseudoscalars are relevant only
at low energies, but about half the excited-state contribution comes from the integration
region of ); > 1 GeV, while the other half could be interpreted as an estimate of the mixed
regions. Since, by construction, the excited-state contribution asymptotically matches onto
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the one from pQCD, we then replaced the hadronic formulation in favor of the quark loop
in the asymptotic part of the integral, at a matching scale of Qunatch = 1.7 GeV obtained
from our best estimates of the uncertainties in the Regge models and pQCD corrections.
Due to the assumed pQCD uncertainties and variation of the matching scale, as well as
the inflated errors for the Regge slopes in Model 1, see discussion between (5.1) and (5.2),
the uncertainty of our final result (5.3)

AaySPC = [8.7(5.5)ps poles + 4-6(9)g-100p] X 10711 = 13(6) x 10, (7.2)

slightly increases with respect to (7.1), the advantage being that the asymptotic part of
the result is manifestly independent of the nature of the hadronic states in terms of which
the correct asymptotic behavior was restored. In this way, our final result mainly relies
on the Regge models for an estimate of potential contributions for which the asymptotic
constraints do not yet apply, and, while data is scarce, this is the energy region where at
least some phenomenological guidance for the excited pseudoscalar states is available. In
particular, this strategy ensures that since the excited pseudoscalars decouple in the chiral
limit, see section 5.3, our implementation of the asymptotic part of the integral remains
valid for vanishing quark masses, while for the low-energy phenomenology chiral corrections
are essential.

In the future, the matching to pQCD could be improved if explicit calculations of pQCD
corrections became available, a first step in this direction was already taken in ref. [61].
Moreover, the phenomenological analysis would profit from further experimental informa-
tion on the two-photon physics of hadronic resonances in the 1-2 GeV region, which holds
true not only for the longitudinal amplitudes but in general. In fact, to address the transver-
sal amplitudes, the effects of axial-vector resonances need to be understood in the context of
dispersion relations, especially given that their masses are much closer to the typical match-
ing scale found for the longitudinal SDCs in this paper. Work along these lines is in progress.
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A Anomalous pseudoscalar-vector-vector coupling

For the pion TFF, we only considered the coupling of the pion to a pw pair, see figure 4,
and neglected the contribution given by a p¢ pair. In the following, we motivate why the
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p¢ pair can be neglected for the pion, and derive the relative strength of 2p, 2w, 2¢, and
¢w contributions to the TFFs of the n and 7/, see figure 8.
In ref. [152], we find the Lagrangians for the anomalous pseudoscalar-vector-vector
coupling,
Lyve = —gvve € Tr (0,V,04V3®) , (A.1)

with gyve = 3¢%/3272F2, and the electromagnetic photon-vector interaction,

V2e 1 V2
ﬁem = . AH m%pﬂ + gmiwu - ?migbu = Au(gp'y Pu + Gy Wy + 9oy ¢M) ’ (A2)

with gy, the individual coupling strengths. ® stands for the neutral ground-state pseu-
doscalar mesons, denoted by 7°, n® and n(®:

70+ Ly® 4 \/gn(())
0

0

= 0 1 (8 2 (0

o 7 7r+\/§n()+\£77
0 0

0
» (A3)

0
~Zq® 4 \/g o)

and V,, stands for the neutral ground-state vector mesons, denoted by p,, qﬁ,(f), and ¢,§°):

8 0
put ol 1\ fTa : :
- 1 4(8) 2 4(0)
Vu= NG 0 —Put 5 du +\/;¢M 0 . (A4
: : -2+ ol

Note that the latter Lagrangian (A.2) for the neutral vector mesons is given in the ideal
mixing situation: p ~ 1/4/2 (uﬂ — dd), wn~1/V2 (uﬂ + dd) and ¢ ~ —s5. In general, we

use a ¢—w mixing:
b3 _ [ cos 0y sin Oy ¢ , (A.5)
oo —sin By cos by w

with 6y = 36.4° [90] which, however, almost corresponds to the ideal case (gideal =
arctan 1/4/2 ~ 35.3°). For the 57/ mixing, we use the short-hand notation:

DG
m n Ty Taz) \0f)

where the mixing matrix in the standard two-angle mixing scheme is given by:

—1
T—F. F8cosfy —Fsin 6, ’ (A7)
F8sinfg  FOcosb

with the mixing parameters introduced in (2.22).
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The coupling strengths of the pseudoscalar meson to two-photon interactions in the
VMD picture, see figures 4 and 8, can be reconstructed from the above Lagrangians, taking
into account the ¢—w and 17—’ mixings:

3 2
Ly o 47r;’2 el { 3\53 70 [@py Oawp (\/5 cos By + sin 9v>

_ \/ﬁﬁupy OaPp (cos Oy — V/2sin 0\/) }
+ 1 n [2 Oupv Oapp (T11 + \/§T21)
21/6
1
+ § (2\/§T21 - Tll) (8/,qu 8aw6 + 28u¢u 8a¢5)

+ éTn <COS 20y + 2v/2sin 29V) (Opwy Oaws — 20,0, Oadp)

2
~ 9 Ti1 (2\/5 cos 20y — sin 29\/) Ouwy 8a¢5]

1
=0 |20, Bups (Tio + V2 T0)
2\/677|: Mp Pﬁ 12 22

1
+3 (2\/5 Tyy — le) (Dt Oaws + 20,6 Dap)
+ % T (cos 20y + 2v/2sin 29v) (Ouwy Oaws — 20,0, Oap)

— 2\9/§ T12 (2\/§COS 29\/ — sin 20\/) auw,, aad)ﬁ:| } (A8)

A similar approach is chosen in ref. [153], where the contributions to the singly-virtual TFFs
are analyzed through the combination of pseudoscalar-photon-vector and photon-vector
interactions. The dependence of the electromagnetic photon-vector interactions (A.2) on
the vector-meson masses are canceled out by the vector-meson propagators. Our final
couplings read, for P = n,n/:

C;} =Ti1p +V2Tor,,

1 .
cf = [(00829\/ +2v25in 20y — )Thg, + 2\/§T21P} ,

1
ng) =-3 [(cos 20y + 2v/2sin 20y + DT, — 2\/§T21p} ,
2
Cﬁfﬁb = \gf(sin 29V — 2\/5 COS 29\/)T1[P, (AQ)

with I;, = 1, I,y = 2, and Ty given in (A.7). Similarly, we define for the pion:

Cho = % (\/§COS Oy + Sin0V> ,

g¢ = —2\3/5 (cos Oy — \@sinev> . (A.10)

Note that in (A.9) and (A.10) we divided all couplings by a common factor:
V3a/(4v2rF2). This is allowed because the relative strength of the different couplings
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/

™ n U
My, [MeV] 779 774 859
My, [MeV] 585 404 452
oy, [GeV?] 1252 1.593 1.577
oy, [GeV?]  0.076  0.034 0.060

A [GeV] 1318 1.318 1.318

Table 5. Parameters of the alternative model for pion, 7, and ' TFFs.

does not change. The large-N, Regge model for the n) TFFs is then constructed such
that each vector-meson pair contributes exactly C’{Z Va JN to where A is the nor-
malization (4.40).

Numerical values for 051 v, can be found in table 2. One can clearly see that C7,, > ng

Eyys

which is why we neglected the p¢ contribution to the pion TFF. Furthermore, one can see
that the ground-state n”) TFFs are dominated by the 2p, while the contribution from ¢-w
mixing is small. This is also illustrated in figures 30 and 33, where we show the 2p, 2w,
2¢, and ¢w contributions to the singly-virtual and doubly-virtual n) TFFs.

B Alternative model for pion, 71, and 0’ transition form factors

In this appendix, we present an alternative model for the pseudoscalar TFFs, which will
help us to study the systematic uncertainty of our g — 2 result. This alternative model uses
the Regge resummation from ref. [106] to satisfy the pQCD limit of the TFF, cf. (2.25). It

reads:

—(Q1+Q3)/A?

c1e

FP(n'y'y( Qla_ /da7 P)
0 M\2/1 (n—+1i) +Q%IE+Q%(1—$)}

Co |:1 — ef(Q%+Qg)/A2:| x(l — x)

+

b my
(M2, + @+ QB (1)

where P = 7,7, and the introduced mass spectra again follow a radial Regge ansatz:
2 2 . 2
MVl(i) - MVl tioy,
2 2 .2

The first term in (B.1), proportional to c¢;, corresponds to a variant of a large- N. Regge
TFF model with equal mass spectra for all vector mesons. The second term in (B.1),
proportional to cg, has an additional factor of z(1 — z) in the numerator, originating from
the asymptotic wave function, cf. (2.24). This term is crucial for the model to satisfy the
BL limit (2.25):

C2

lim Q?Fpy(—Q%) =

B.3
Q?—o0 20‘2/2 ’ (B-3)
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with

4F; 0‘2/2 for r,
2 = 24CxF, 0‘2/2 for n, (B.4)

24 CoFyy 0‘2/2 for 7/,

and the fit £, F,/ from (4.47). The exponential functions in the numerator, e~ (@1+QD)/ AQ,
shall support the VMD in the region of small momentum transfers, and suppress the
z(1 — x) correction which is only needed in the asymptotic region. Therefore, the real-
photon limit (2.17) is proportional to c¢;:

M2
FP’y’y - 4 Q;Z) ( V1> ) (B5)

O'V1

)] for m,
O'V1

with ¢()) the trigamma function and

le ™y [w(l)

| —

(+
€= le oy |00 (le >} for n, (B.6)
le n'yy [1/’ < )] for 7/,
whereas the symmetric pQCD limit (2.25), to leading order in Q?, is proportional to cs:
Q2 Fpes (<Q% Q%) = GSQVQ (B.7)

In this way, ¢; and co are fixed and the TFF model reproduces the chiral anomaly, the BL
limit, and the symmetric pQCD limit exactly.

Evaluating the SDCs of the HLbL tensor, cf. (3.1) and (3.29), we obtain for the mixed
region:

> Fp(nyyers (—Q% —Q*) Fp(n)yy (—Q3)
Q3+M12:>(n)

— 121m 121m
Q500 Q500 n=0
2
1 c5

3 P~ Vs

71'2 0’2
o L (1 - 022)] } (B.8)

with Lis the dilogarithm, and for the asymptotic region:

> FP(n)'y*'y ( Q Q ) P(n)yy* ( Qz)
Q7+ Mp,,

2
— 40"/2 A}JV2

— 12im
Q?%?—00 neo

2
1 c5

2 2 2 9
N Q‘lmgjggéAPV{UP (207, — 0%) Lpv, + 20pApy,
2 2

71'2 O'2
o L (1 - 022)] } (B.9)

2
— 20_‘/2 AIDV2
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Thus, both the mixed region and the asymptotic region acquire the correct Q? behavior,
as is discussed in detail in appendix C.
The model parameters My;, oy;, and A are determined as follows, see table 5:

e For the pion TFF we use My, = % [Mp(770) + Mw(782)] = 0.779 GeV; for the n and n/
TFFs we use for My, the pole-mass parameters of a VMD ansatz fit to the CLEO
data [116].

e For reasons of comparison, oy, is chosen to reproduce the values of the two-photon
couplings to the first excited pseudoscalars obtain with our large- N. Regge model:

Fr(1)yy ~ 0.0500GeV ™', F, ), ~0.0354GeV ™", F, 1y, ~ 0.0594 GeV .

Dy

Alternatively, one could use the phenomenological constraints on the two-photon
couplings listed in table 4;

e oy, is chosen to satisfy the MV SDC;

e For the pion TFF A and My, are adjusted to bring the model in line with the
dispersive description of the 7 TFF [44, 46, 47];'® for the n and i’ TFFs the same
A as in the pion case is used, while My, is fit to the available experimental data.

With the parameters in table 5, the MV SDC is satisfied to about ~ 2 x 1073 rel-
ative accuracy or better, and the two-photon couplings of our large- N, Regge model are
reproduced to about ~ 3 x 1074 relative accuracy or better. The SDC for the asymptotic
region, cf. (4.8) and (4.30), is not implemented in our alternative TFF model, however,
even without further adjustments it is reproduced to 117 % for the pion, 124 % for the 7,
and 120 % for the n’. Of course, one could also choose the model parameters differently and
implement the SDC for the asymptotic region precisely and the MV limit approximately.
Note that the parameters My, and oy, are close to the physical values for the masses of the
lightest vector mesons and the slopes of their radial Regge trajectories, cf. figure 5. These
physical values assure that the first term in (B.1) indeed resembles a large- N. Regge model.

In figure 18, the TFF presented in this appendix (Model 2) is compared to the large-
N, Regge model (Model 1) from section 4 for the lowest radial excitations of pion, 7, and
n’. A comparison to experimental data for the ground-state pseudoscalars is postponed
to appendices F.2, G.2, and G.3. The two-photon couplings Fp(,),, of the excited states
come out in close agreement between both models, see also figure 19. For Model 2, we
observe an enhancement of the excited-state TFFs in the low-@) region, especially for the
doubly-virtual kinematics. This enhancement becomes weaker with increasing A, since it
is an artefact of the interplay between the two terms in (B.1). Fitting both My, and A to
data for the ground-state n and n’ TFFs would lead to A < 1 GeV, and thus, exacerbate
the enhancement of the excited-state TFFs at low ). Therefore, we decided to use A =
1.318 GeV, as obtained for the pion, also for n and 7.

5We find A = 1.318 GeV and My, = 585 MeV with estimated variance x* ~ 0.33 for a fit of O(2x 10*)
selected points in the region of Q1 < Q2 and Q3 € [0,40] GeV?2.
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Figure 18. TFFs of the first n = 1,...5 radially excited pion, 1, and 1’ states. Comparison of
the large- N. Regge models from section 4, indicated by the solid curves, and our alternative TFF
model (B.1), indicated by the dotted curves. The left panel shows the TFFs in the singly-virtual
limit, the right panel shows the doubly-virtual region with Q2 = Q3 = Q2.

Note that for Model 1 the derivatives of the TFFs in the limit of zero momentum
transfer are not unique but depend on the direction, a consequence of the construction
in terms of Q% / Qi in (4.10) as a minimal way to implement the different asymptotic
limits. This can be seen when comparing the slopes of the singly-virtual and symmetric
doubly-virtual TFFs in the left and right panels of figure 18. The modifications of Model 1
described in (E.3) and (E.4) reduce the direction-dependence of the derivative at the origin.
However, the derivative of the TFFs is not needed for the evaluation of (g — 2), and the
alternative implementation in Model 2 does not exhibit this issue: in figure 18, the slopes
for Model 2 are always positive, but for Model 1 they change sign between the left and right
panels. Accordingly, this will be another systematic effect estimated by the comparison
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Figure 19. Two-photon couplings and BL limits of the excited-state pion, 7, and ' TFFs. The
blue, green, and red points (stars) are from the large-N. Regge model (alternative model) for
pion, 7, and 7', respectively. The blue bar indicates values excluded for Fy(;),~ by the empirical
estimate (D.1).

of the two models. We stress again that neither model has the required good analytic
properties to remain valid outside the space-like region relevant for (g — 2),, of which the
zero-momentum-transfer limit of the derivatives in Model 1 is one particular manifestation.

In the right panel of figure 19, the BL limits of the excited-state TFFs are shown. For
Model 1 this limit increases with the excitation number n until it reaches an asymptotic
value, but for Model 2 it remains constant. Since the true asymptotic behavior for radially-
excited pseudoscalar TFFs in the BL limit is unknown, the two models with different
asymptotics will allow us to understand the systematic uncertainty of our prediction for
the excited-state contributions to (¢ —2),. The symmetric pQCD limit of the TFFs, on the
other hand, is independent of the excitation number n for both models. The two-photon
couplings, which enter dominantly into the (g — 2),, integral, agree by default for n = 0
and n = 1, and also match perfectly for n > 2.

C Verifying short-distance constraints for the HLbL tensor

In this appendix, the mathematical formalism used to derive the behavior of the HLbL
tensor in the mixed-energy region, cf. (4.15), (4.43), and (B.8), and the high-energy region,
cf. (4.17), (4.44), and (B.9), is presented.

C.1 Polygamma functions and infinite sums over rational functions

The gamma function is defined on R as [154]:

I'(z) = /000 dtt*"te™t (C.1)

It can be analytically continued to a meromorphic function in the complex plane, with
poles at non-positive integers. In order to deal with the infinite sums over pseudoscalar and
vector-meson poles, we use the polygamma functions, which are defined on C as derivatives
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of the logarithm of the gamma function:
dm+1
(M) () .—
P (2) = Tl logI'(z). (C.2)

They are meromorphic in the complex plane and admit the following series representa-
tion [154]:

1 1
=7+ 2k (m - k+z) n=0,
(*1)n+1 n' ZZ;O:O W n > 0,
which is converging for any z € C except negative integers. With this, we can express an
infinite sum over rational functions. Let {f, }nen be a sequence of the form f,, = £ E g where
p(n) and g(n) are polynomials in n with deg(p(n)) < deg(q(n)). Let aj be the roots of
the denominator g(n). If all the roots are simple, the fraction f,, can be written as (partial

(M (z) = (C.3)

fraction decomposition):

fn = Z A ) (04)

n—«ow«
k=1 k

where m = deg(q(n)). In general, if one or more roots aj have multiplicity my > 2, the

m  mg A .

where m < deg(q(n)) is the number of distinct roots. It follows that:

formula becomes:

oo m mg

an = Z Z Z Ak Tk - Z Z mAk,Tk el (—ay,), (C.6)
k=1

n=0k=1r= 1 k=

provided that the series based on the sequence {f, },en is converging. This can be used to
compute the infinite sum over pseudoscalar poles, > >° ﬂ1 (n)_pde( —Q?,—Q3, —Q%), within
our large-N. Regge model for the TFFs.

C.2 Euler-Maclaurin summation formula

A key ingredient in the discussion of the SDCs for the HLbL tensor is the Euler-Maclaurin
summation formula, which describes the difference between an integral and a related sum,
see for instance ref. [155, chapter 8]. Notably, it can be used to derive asymptotic expan-
sions.

Let a < b and m > 0 be integers, and f be a function whose derivatives f™(z) are
absolutely integrable over the interval (a,b). Then the Euler-Maclaurin formula reads:

b m—1

b 1 B2S -1 —
> fk) = / dz f(2)+3 /(@) + FOI+ ) G /&) — F& (@) |+ R (0), (C7)

k=a s=1

where the remainder is given by:

b - x— |z
Ron(n) = / g Bom f;;g, 2)) pom) (), (C5)
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where |x] is the greatest integer smaller or equal to z, Bs are the Bernoulli numbers,
and Bs(x) are the Bernoulli polynomials.'® Using (C.11), we can find a bound for the
remainder:

R < (2272 2 [ o) (C.12)

In particular, if f(27) (z) does not change sign in the considered interval, the remainder is
bounded by (2 — 2'72™) times the first neglected term in (C.7).

The Euler-Maclaurin formula can be used to derive the asymptotic expansion of the
polygamma functions (C.2) at large z € R. To illustrate, consider the trigamma function
PN (2) =332, ﬁ Inserting f(z) = ﬁ, a=0,b=o00,and m =1 into (C.7) leads
to the asymptotic expansion:

1 1 1
/ do s g + a0, = £ gy + (o) (C.13)

where the notation of the remainder has been slightly modified compared to (C.7) in order

to highlight the additional z-dependence. The derivatives (™) (z) = (QC(QJ::)%

change sign and the first neglected terrn in (C.13) is given by (O+ ) = 1 . This implies

that |R1(o0, 2)| < (2 —2'~ 2)6z3 =5 5. In the next subsectlon we will be mterested in the

remainder generated by truncating the asymptotic expansion in (C.13) after the first term:

do not

P (2) = L Ry (00, 2). (C.14)
z
It follows from (C.13) that:
| Ro(0, 2)]

+R1(oo 2) + |Ri (00, 2)|

< 1
— 222

1
1 1 1 1 3
B T N G e C.15
T 222 0 423 T 222 422 4% ( )
where the last inequality holds when z > 1. For a general n € N, a similar procedure leads
o [154]:

_ 1 _ oo B _
w(n) (Z) N log(z) 2z Zk 2 kzk n= 0’ (C 16)
1( (n—1 k+n—1)! B :
(=) <( z”) 22n+1 + D e 2( %l ) Zkfn) n > 0.
16The Bernoulli numbers can be generated through:
1 —0,
B, = { o (C.9)
S s (B s>,

and the Bernoulli polynomials can be constructed accordmg to:

Bi(z) = Z (j) B._ja’. (C.10)

For 0 < z < 1, they satisfy [155]:

|Bas(x) — Bas| < (2 —2'7%°)|Basl. (C.11)

— 56 —



The asymptotic expansion (C.16) in combination with (C.3) is sufficient to de-
rive (4.15), (4.17), (4.43), and (4.44), and thereby fix the parameters of the large- N. Regge
models to satisfy the required SDCs on the HLbL tensor.

C.3 Short-distance constraints for the alternative transition form factor model

For the alternative TFF model, introduced in appendix B, the situation is more compli-
cated, because the summation over the pseudoscalar-pole diagrams involves three infinite
sums — one additional sum over vector-meson towers per TFF (B.1)—and only two of them
can be performed analytically. Therefore, one needs to use the Euler-Maclaurin formula to
extract the asymptotic behavior.

We first consider the mixed-energy region Q% ~ Q3 > Q% The terms in our TFF
model (B.1) with exponential weights in the numerator are suppressed and do not con-
tribute to the MV limit:

Z ﬁf(n)‘PC’le(_QZ, _Q27 _Q?’,)

- 0 41 1
i [ y(1—y)a(l —-’IJ)
= jgo/o Y 0 ! [Q3 + P(n)} [M\Z/Z(nH') + QQ} [MQ Va(nts) T Q3 y] i

cz 1 o= —y)z(l —x
62/0 dyzzz y(1 —y) (1 ) . (C.17)

e e { §+M2( )} {M‘z(nﬂ +Q2} {M‘%z(nﬂ +Q§y}2

=fnij(y)

The integration over the Feynman parameter x is trivial. Since the fy,;;(y) in (C.17) do not
contain any singularities in the space-like region and the integration domains are bounded,
the convergence is uniform and the commutation of integrations and summations is justi-
fied.!” Using (C.3), we can express the sums over i and j in (C.17) with trigamma functions:

ZH pole _QZ;_Qg)

60V2

2 2
w”ﬁ@@igfw”—ﬂﬂigﬂ (C.18)
P(n) 0\2/2 012/2

where we use the notations from (4.9), (4.38), (4.39), and (B.2), assuming for simplicity
that Mp = Mp. The remaining sum over n cannot be performed analytically. We can,

Formally, we use the dominated convergence theorem (in the setting of Riemann integrals) [155,
p. b4]:
Let (a,b) C R be an open, finite or infinite interval. Let {f,}nen be a sequence of real or complex functions
which are continuous on (a,b) and satisfy:

1. The series > oo, fn(z) converges uniformly in any compact interval in (a, b)
2. Either f:deZo:l\fn( ) <ooor Yo 1f dz | fn(x)] < 00
Then [} dw Y277, fu(2) = 320, [, do fu()
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however, rewrite the trigamma function as the first term in its asymptotic expansion and
a remainder, see (C.14):

= ~P(n)—pole
ZHI( )=p (—Q% Q2 -Q2)
62 1 0 (1 _ ) 0-‘2/ M\2/2(n) _|_Q2
— 28 / dyz 2 2 + Ry 00, —5——
6oy, Q3 + M}, (n) V T Q2 o,

o T Q3y
X Y L UV2 5 +RO<007 VQ( )2 k )
My, ) + @3y OV,

=: Hyiy(Q?, Q3) + 6 Hiry (Q%, Q3). (C.19)

Here, we defined:

_ s [y y(1-y)
S VP T ) e T

and included the remaining terms of (C.19) in 6Hy;,. The sum over n in (C.20) can
now be expressed in terms of polygamma functions, but the integral over the Feynman
parameter y is difficult to perform analytically. Therefore, we expand in Q? and Q% before
integrating over y. The assumption that the two operations commute will be checked a
posteriori. We find (Q? > Q3):

P (N2 N2\ _ ! {fﬁv(?/) ( 1 )}_ Ay < 1 >
HMv(Q,Qg)/Ody 00 +0 7°0 Q2Q3 +0 5201 (C.21)

with

2
P __ % 2 2 2 2 2 2
anry = 6 4 {20'p (20'V2 —O'P) LPV2_O'P (40V2_30P)

240’PO'V2
2 2
T i (1 - U) } (C.22)
6 o2,

An appropriate choice of oy, in aﬁv therefore reproduces the MV limit.

2
- 4O'V2APV2

Let us now verify that expanding before integrating in (C.21) was justified and that
6H1\1/D[V(Q2, Q%) is subleading. The first issue can be addressed numerically. We use the co-
ordinates defined in (2.14). The kinematics corresponding to the MV limit can be expressed
in those coordinates by setting ¢ = 7,

>
Ql Qz =Q*= (1 + 2) Q:QJ, =3 (1-7), (C.23)

then considering r close to 1, and finally taking the limit ¥ — oco. In figure 20a, we
study the function Q2Q§HﬁV(Q2, Q3) in (C.20) for different values of r using a numerical
integration over y. One can see that with r getting closer to 1 the curves tend to aﬁv and
this justifies the commutation of expansion and integration in this case.
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Figure 20. Numerical checks for the validity of commuting the expansion in Q? and @3, and the
integration over y in (C.19). In all cases, we can see that when » — 1 (MV kinematics), the curves
tend to the coefficients obtained by expanding in the virtualities first and then integrating over the
Feynman parameter y. Note that the scales on the y-axis vary between the plots.

We are left to study the error made by considering only Hﬁv and not the remainder
(5H1€[V, which can be decomposed into three terms:

SHipy(Q%, Q3) = 0H{1y(0.1)(Q% Q3) + 0 Hypy (1 0)(Q% Q3) + 6 Hypy(r 1) (Q%, Q3).  (C.24)

The notation can be understood as follows. From (C.18) to (C.19), two trigamma functions,
which stem from the doubly-virtual TFF Fp. -+ (Q?, Q?) (first index) and the singly-virtual
TFF Fpy+(Q3) (second index), were expanded in a leading piece (0) and a remainder (1).
In other words, (5HMV(1 0)
the leading term in the expansion of the trigamma function in Q3:

combines the remainder of the trigamma function in Q? with

5HI\P;[V(1 0) (Q2a Q%)

2 2
d?JZRo o0 My, +Q y(1—y)
’ 2
GUV v @+ M, | M, + @y
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c% /1 > ‘7%/ y —y)
S st b dy”z% [M%(n)i@} @3+ 23| (M) + @3

1 fﬁv(o H(®) 1 aMV(O 1) < 1 )
= gy VOO, _ MVED | o . C.
/ y{ v (o) |~ o o lag)  ©®

Here, we used (C.12) to show that the term is bounded from above, as can be done for each

term in (C.24). As before, it can be checked numerically that Hﬁv(o 1 indeed tends to

the result obtained by expanding first and integrating second, see figure 20b. We proceed
analogously for the two remaining terms:

(@ Q%)

2 y(1— M2 +Q3y
6 / (2 y)2 5 Ro (oo, 0)23>
o hon + @) @3+ M3, v

> y(1—y) oy,
- 80V2 / z_:

+Q2} [Q§+M2( )} [M‘Q/Q(n)—i-Q%yr

MVIO) (’)( 1 > _aMV(IO) (’)( 1 ) .
Q%] QS } eer T9\gqg) (@

which is checked numerically in figure 20c and:

5HMV(0 1)

OH v (1,1)(Q% @3)

00 2 2 2 2
G /1dyZRo oo M+ _yi=y) o M + @8
6oy, Jo L, Q3 + M3, ’ ’

n=0 GVQ
3¢3 / b y(l-y) oy,
< dy Z :
8 2 2 2
320y, Jo 0 QF + Mp, [M\%Q(n) + QQ} [M‘%Q(n) +Q3 y}
1 fﬁv(l 1)(y) 1 alC[V(l 1) 1
= d ’ —|— O == . + O 3 C27
/0 ’ { Q'Q} <Q4Q§> QQ} (Q4Q§> (€20

see figure 20d. The above considerations add up to:

SHEW(Q% Q) = O <Q?1Q§> , (C.28)

e., the error we make by keeping only the leading term in the expansion of the ™)
n (C.19) is subdominant.

When considering the high-energy region Q% ~ Q% ~ Q% = (Q?, the same technique
can be applied, but the situation simplifies slightly, since there is only one large scale. The
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pQCD constraint on the HLbL tensor reads:

ZH pole _Q27_Q2)

2 2 2
(1) MV2(”) +Q (1) MV2(” +Q%y C
2 P 3 P . (C.29)
+M P(n) TV, UVz

Similarly to the previous case, since the sum over n cannot be performed analytically,

60‘/2

we rewrite the polygamma function as the first term in its asymptotic expansion and a
remainder. This leads to:

_ & [ y(1—y)
Hloep(Q?) = —=% /0 dyn:(} {QQJFMIQD(R)] [ +Qz} [ o+ Q2 }
M, () +Q2) y(l )
[Q2+M1%(n)} [MZ +Q2 ]

2 y(1 - MZ +Q%y
JHy pQCD(0,1)( (@) = %~ / E v) Ry <OO, —)2 >,
Q2+ ,7\[2( )] {Mz +Q2} ov,

( M2 )+Q2>
00,7
—i—MQ 0'V2

n Q%
x Ry <oo, VQ(’2> (C.30)

O'V2

SH6opan (@

Analogously to H, I\ﬁ\/v the term HpQCD is treated as follows: the sum over n is performed, the
expression is expanded in @2, and the integration over y is carried out. The commutation
of the expansion and integration is checked numerically in figure 21. For the other terms,
6H§QCD(1’J)’ we use (C.15) and then proceed analogously to the leading term, see figure 21
for the numerical checks.

D Two-photon couplings of excited pseudoscalars

In this appendix we collect the phenomenological information that is available on the two-
photon couplings of the excited pseudoscalars listed in the PDG [90], in comparison to
the two-photon couplings of the first radially-excited pion, 7, and 1’ states as shown in
figure 19 for both the large- N. Regge and the alternative TFF model.

Phenomenologically, the two-photon couplings of the excited pseudoscalars are un-
known, but for many states some information on these couplings can be extracted either
from direct limits on the two-photon channel or from measurements of particular branching
fractions. For the excited pion states, the only available information concerns the 7(1300).
The blue bar in the left panel of figure 19 indicates values excluded by the limit

Fr(1300)7y < 0.0544(71) GeV 1. (D.1)
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Figure 21. Numerical checks for the validity of commuting the expansion in Q? and the integration
over y in (C.30). In all cases, we can see that the curves tend to the coefficients obtained by
expanding in the virtualities first and then integrating over the Feynman parameter y. Note that
the scales on the y-axis vary between the plots.

Since at present there is no measurement of the 7(1300) width and the two-photon branch-
ing ratio, the above bound is an estimate based on the available empirical information.
The 7(1300) decays predominantly into 37, e.g., into pm:'®

L(yy)I (pm)
Ftotal

[(7(77) s-wave)
I'(pm)

whereas the 7 f,(1300) and v decays are suppressed [160]. Assuming

< 856V [159], = 2.2(4) [157], (D.2)

I_\to‘cal ~ F(PW) + F(”(””)S—Wave% (D3)

this leads to:
[(w(1300) — ) < 272(34) eV, (D.4)

where the error is propagated from (D.2). The bound in (D.1) follows from (2.17) with (D.4)
and M (1300) = 1300(100) MeV. As one can see from figure 19, the large-N. Regge model

!8Note that the role of the S-wave component is not settled: while I'(7(77)s-wave/T'(pm) = 2.12 from
ref. [156] agrees with ref. [157], ref. [158] found a negligible S-wave component I'(7(77) s_wave /I'(p7) < 0.15.
In the latter case the limit on the two-photon decay width F(1300)yy Would become stricter by a factor
V3.2 ~ 1.8, in which case there would be some mild tension with F(1300)y~ implied by our Regge models.
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indeed satisfies the bound (D.1), it has Fr(1300), = 0.0500 GeV~!. Thus, even though it
is not possible to generate a suppression by inverse powers of the pseudoscalar mass in
our models, as seen in (2.17), the two-photon couplings of the excited pseudoscalars are
sufficiently suppressed by inverse powers of the excited vector-meson masses.

Similar constraints exist for several excited 7, 7' states. As discussed in the main
text, the assignment of Regge trajectories is not settled, so here we simply reproduce the
listing according to the PDG, see section 4.3 for a discussion of the phenomenological
implications. We stress that given that even the identification of states is contentious, the
experimental limits should be treated with caution and mainly serve as guidance that our
Regge models do not assume implausible values for the two-photon couplings. For the
1n(1295), M, (1295) = 1294(4) MeV, we have

L'(yy) (nm)
1_‘total

I'(yy)D(KK)

< 66eV [161], -
total

< 14eV [162). (D.5)

Assuming that the branching fraction into other channels can be neglected,' we would
conclude I'(yy) < 80eV and thus

Fyy(1295)7y < 0.030 GeV ™. (D.6)
For the 7(1405), M,(1405) = 1408.8(2.0) MeV, we have

['(yy)T(KKn) L'(yy)L ()

< 35eV [162], < 956V [161],
1_‘total 11total
I'(v7) 3
——— < 1.78 x 1077 [163|. D.7

Using the total width I, 1405 = 48(4) MeV as measured in the K K7 channel, the two
limits involving this channel imply I'(yy) < 1.73keV, while assuming that KKz and
nmw constitute the dominant decay channels would lead to a much stronger constraint
() < 130eV. The two limits on the two-photon coupling are

Fy1405)yy < 0.122GeV™', F 1405, < 0.033GeV ™!, (D.8)
respectively. Similarly, for the n(1475), M, 1475 = 1475(4) MeV, the PDG lists
L'(yy)T (K Kn)

Ftotaul

I'(vv)
I'(KKr)

which together with I';(1475) = 90(9) MeV implies the limit I'(yy) < 5.13keV or, assuming
the K K7 channel to be dominant, I'(yy) = 230(71) eV, leading to

= 230(71) eV [148], < 1.27 x 1073 [163], (D.9)

Fy1a75)7y < 0.195GeV™ Fy1475),, = 0.041(6) GeV ™" (D.10)
Next, for the n(1760), M, 760) = 1751(15) MeV, we have

L(yy)L (7t 7n™)
I‘total

= 28.2(8.7) eV [130], (D.11)
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which, assuming dominance of n'mm and including the neutral channel by means of the
relation T'(n/707%) /T(n'mT7n~) = 1/2, translates into

Fyy(1760)4, = 0.014(2) GeV ™. (D.12)
In case other channels do contribute, this number would have to be considered a lower
limit.

Finally, there is some information available on the two-photon couplings of the
X (1835),

L(yy)T(n'nt7™)
Ftotal

L'(vv)
L(nntn—)

< 83eV[130], < 9.80 x 1073 [163], (D.13)
where the two-resonance fit from ref. [130] only quotes a significance of 2.8 0. The combi-
nation of the two produces the limit I'(vyy) < 14.0keV, again a lot weaker than the limit
() < 124.5eV obtained when assuming dominance of the n'rm channel. The resulting
two-photon couplings are

Fx(1835)7y < 0.235GeV ™1, Fx(1835)7y < 0.022GeV ™. (D.14)

The above phenomenological constraints on the two-photon couplings are collected in
table 4, while the couplings from our large- N. Regge models with different Regge trajectory
assignments are listed in table 3.

E Systematic uncertainties and decay constants of excited pseudoscalars

The systematic errors quoted for Aa, in section 5.2 are based on comparing results from
two different models for the pseudoscalar TFFs introduced in section 4 and appendix B,
respectively. This has then been added to a conservatively estimated uncertainty coming
directly from the parameters of our models. By construction, our models link the TFF's
of the different pion, 7, or 7’ states such that a resummation is at all possible, but it is
clear that the details of the TFF's so obtained may turn out not to be realistic, at least for
the lowest lying excited pseudoscalars. Here, we explore this specific question in particular
for the first excited pseudoscalars, on which some information from the phenomenology is
indeed available. As we will show, if we adapt the parameters of our models presented in
sections 4.1 and 4.2 to be in agreement with phenomenology, or theoretical expectations,
we obtain shifts in our results which are well covered by the present error budget.

In section 4.3 and appendix D, we confirmed that our TFF models are well compat-
ible with phenomenological constraints for the two-photon couplings of 1(1295), n(1405),
n(1475), n(1760), and X (1835). In the following, we will be interested in the leptonic
decay constants, F'p(,), of the excited pseudoscalars, limiting our analysis to n < 3 states.
Since all pseudoscalar mesons, except for the Goldstone mode, decouple from the axial-
vector current in the chiral limit, the corresponding decay constants, defined in (2.21),
are suppressed. Note that contrary to the decay constants, the two-photon couplings are
non-vanishing in the chiral limit. At low @Q? it is the latter that are most relevant.
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There are several theoretical studies of the leptonic decay constants of excited pions,
e.g., based on lattice QCD [164, 165], QCD sum rules [166], quark models [167, 168],
or finite-energy sum rules [169, 170]. Experimentally, F(1300) can be measured in 7
decays. Presently, there is only an upper bound |Fy(1300)| < 8.4MeV [171], deduced
from the branching fraction Br(r — 7(1300)r;) < 10_4 [112]. The predictions in
refs. [166-170] are all in agreement with this bound. In the following, we will work with
Fr(1300) = 2-20(46) MeV [169], which implies Fy(1300)/Fr ~ 2%. For the n"), the suppres-
sion is expected to be weaker as it is given by the SU(3) chiral limit, thus, we assume

77“) / 0 R 20%. Furthermore, it is expected that the decay constants of the excited
states, Fp(y), are inversely proportional to the excited-state masses, Mp,), or the masses
squared [166, 170], which generates an additionally suppression for the decay constants of
the higher excitations.

We start by considering the symmetric pQCD limit of the TFF's, which for the ground-
state pseudoscalars is given in (4.6) and (4.28). The same relations also hold for the
excited pseudoscalars, replacing only the ground-state decay constants, i.e., Fp — Fp(y).
To change the asymptotic limit of Fp(;)yxy=(— Q?%,—Q?) for n = 1,2,3, we modify cqiag by
replacing (F.1) with

16A%7%F,
Cdiag = Cdiag + 5575 | Fr(1300) — Fxl (E.1)
iag iag 3M3M3 [ w( ) ]
and (G.1) with
N 8Cy

Cdiag — Cdiag + (E2)

Clp + Cllw + CJ A Fyppy Py = 2
and analogously for 7/, while keeping all other model parameters the same, cf. table 1.
Varying only the TFFs of the lowest excitations n < 3, it is ensured that the SDCs remain
intact. Applying this modification for n = 1 decreases Aa, by (0.22 + 0.27 4 0.45) x
107 = 0.94 x 107, where the individual numbers are the pion, 1, and 1’ contributions,
respectively. Note that we are removing the contribution from @Q; > Qmatch, as this region
is described by the pQCD quark loop, cf. section 5.2.

The BL limit of the pseudoscalar TFFs is not known for general n. Presently,
this limit is therefore not fine-tuned in our large-N. Regge models, as can be seen
in the right panel of figure 19. Here, we want to assume a BL limit constant in n,
limge o0 Fp(n)yys = limga_,o Fpyy+, which is also found for the alternative TFF model
introduced in appendix B. Replacing (F.3) with

1 2 2 2 CA 87T2F2
M2, [C”"mMm + Moy M) <A2 - MSM% ’ (:8)

CBL =

and (G.2) with

1 1\ 1
CBL = 2 2 ) { T A 22
(M¢<n> M) ChnMgMZ

_2ea (1 1 o 2
A (Mq%(n) ! Mﬁ(@) (1+ 2A2 (M = M3) = 2A2 (M¢ + M, )) , (BE4)

12CsFy N CppM}  CluM} Cly Mg]

2 2 - 2
Fyyy Mp(n) Miwy — My
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while keeping all other model parameters the same, this is achieved without changing
the two-photon couplings or other SDCs. Looking at the n = 1 case, Aa, decreases by
(0.49 +1.18 +1.92) x 10~ = 3.59 x 1071, This shift predominantly comes from a change
of the low-Q? shape of the TFFs and not from the different asymptotic limits.

Combining the changes in (E.1) and (E.3), as well as (E.2) and (E.4), the total decrease
of Aa,, amounts to (0.62 + 1.27 +2.10) x 10711 = 3.99 x 107! if only n = 1 is modified,
5.26 x 10~ if also n = 2 is modified, and 5.82 x 10~ if n = 1,2, 3 are modified.

As a last point, we study the effect of non-diagonal couplings. To be more precise, in
our large-N. Regge models from section 4, we allowed the n-th pion, 7, or ' excitation
to couple only to the n-th p, w, and ¢ excitations, whereas now we allow the first excited
pseudoscalars to couple to the ground-state vector mesons. For the 7(1300), we modify

Frry [ 42002 1 1
Frayy (—Q1,-Q3) — Fr(1)yeye (= Q1,—Q3) — —* My Mg
7Y 2 DDz " DID?

1 |
—M?.\M? < + )
(D)™ w(1) 1 2 1 2
g D,yPlay  PoayPony

and generate the two-photon coupling through p(770) and w(782). For the first excited (),
we only express the dominant isovector-isovector part of the two-photon coupling through
p(770):

Fn(’)(l)f\/*y*(_Q% _Q%) — Fn(’) (1)y*vy* ( le Q%)
()

4
_ Ey(1)5, Crp M, _ My ) ] ) (E.6)
N DyD} - Doy Doy

These modifications lead to a decrease of (0.53 + 0.54 + 0.72) x 10711 = 1.79 x 107!,
Such non-diagonal couplings are also present in the alternative TFF model introduced in
appendix B.

All these modifications affect in one way or another the low-Q? behavior of the excited-
state TFFs, which could be constrained more rigorously if data were available. At present,
we observe that the corresponding changes, which tend to lower Aaq,, are well covered
by our final uncertainty estimate in (5.2). Since, on the other hand, the consideration of
Model 2 suggests systematic effects in the opposite direction, we leave the central value as
derived from Model 1, with uncertainties as assigned in (5.2).

F  Pion transition form factors Fy ()«

F.1 Large-N. Regge model

In this appendix, we describe the large-N. Regge model for the pion TFF, given in (4.10),
in more details. A comparison to experimental data and other parameterizations avail-
able from the literature is postponed to section F.2. Based on the constraint equations
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Figure 22. 7° TFF in the full space-like region for Q%,Q3 < 10GeV?. The large-N. Regge
model, (4.10), is shown in the left panel, and our alternative model, (B.1), is shown in the right panel.

n (4.14), (4.15), and (4.17), the model parameters should be replaced by:

1672 F2A?
Cdiag = W7 (F.1)
1
Canom = 1 — A2 (CAM+ ot CBM ) (FQ)
8r2F2 M3 1
CBL = — T 50 — (caM? o+ csM? ), (F.3)

M, CMZ, A

where the parameters related to the asymptotic limits of the HLbL tensor simplify to:

A2 A o [(ArpLa b b\> 1 1
S —4n’F, 1) (2 B Y (P F.4
“3 MgMp?[L v <AWLWqE ><2a+\/<2a> a<c 97r2> o (B4

with
Aﬂ' Lmu Aﬂ Lﬂ-w
a = Q,%w,jr |:f2(0'7ra0'p70'w) - Lﬂpr(Ufragcwo'p)] <Ug - 03, AWZpr) ,
A” 2Fﬂ' Lmu
b= ngf;{ 3 [fl(amaw,ap) — Lﬂpfl(aw,ap,aw)]

1 A A 2L
- MTZZ [02 f2(0'7r70'w’0'p) + A:ZUE; <f2(0'7r70p70'w) - L::f?(o'mo'unap)>] }7

A71'p A7ro.z 1 Aﬂ'paw fl (Uﬂa Op, Uw)
¢ 0w, 0p) 4+ PRI T Tw) F.5
2,0 Lnp | (472F7)? Lo, Jo(or,04,0p) 672 (F.5)
and the auxiliary functions
2 (4 4 4 2 2 4 2
g1(op,ovi,0v,) = 0p (0v, — 0y,) — Any, (0p + 0v,07,) + 01,07, L, (F.6)

g2 AVl‘/'QIJPVp

(

(0 yOViy OVs
fl(a OV, OV,

(

g
g
2 2 4 2
U gl(UP, UV170V2) + UP 92(0P7 UV170V2) + (UP - 20V1) Ov,0p LV1V27
=01

~— — ~— —
I

2 2 4 4 2
f2 op, UV17JV2 (O-P7O-V170-V2) - 92(0-P70-V170-V2) + (GPUVI - O'vl - O-VQ) Op LV1V2'

Here, the definitions from (4.16) and (4.18) are used.
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Figure 23. Singly-virtual 7° TFF in the low-Q region. The large-N, Regge model, “Model
17 (4.10), is indicated by the dashed pink curve. Our alternative TFF model, “Model 2”7 (B.1), is
indicated by the solid cyan curve. The gray band with the dotted curve is the dispersive result from
refs. [46, 47]. The blue band with the long-dotted curve is the lattice QCD result from ref. [48].
The green band with the dot-dashed curve is the DSE result from ref. [50]. The data are from
CELLO [115] and CLEO [116].

F.2 Comparison of data and literature: Fr ;) =

In this appendix, we compare our large-N. Regge model, “Model 17 (4.10), and our alter-
native model, “Model 2” (B.1), for Fir(n)+ to data and other parameterizations available
from the literature.

In figure 7, the singly-virtual 7° TFF is shown for Q% € [0,35] GeV?. In figure 23,
we focus on the low-@Q region and include a comparison to the recent lattice QCD [48]
and DSE [50] results. Our 7 TFF models, for which we do not display error estimates,
are in good agreement with the dispersive and lattice QCD TFFs, while we observe some
deviation of our Model 1 from the DSE prediction. However, the error quoted for the
DSE result in ref. [50], as pointed out therein, is only a rough estimate based on the
variation of their one model parameter and does not account for the total truncation error.
Therefore, we conclude that our 7° TFF models also agree with the DSE prediction in the
singly-virtual region.

In figure 24, we show the doubly-virtual 7% TFF in the low-Q region. Both lattice
QCD and DSE are able to give much more accurate predictions of the (pseudoscalar)
TFFs for doubly-virtual than for singly-virtual kinematics, as is obvious by comparing the
error bands in figures 23 and 24. In the symmetric region, Q? = Q3 = Q?, starting from
~ 1GeV?, the DSE predict a slightly larger 70 TFF than lattice QCD, see left panel in
figure 24. Our models for the 7% TFF run just between these DSE and lattice QCD pre-
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Figure 24. Doubly-virtual 7% TFF in the symmetric region Q% = Q% = @? (left) and in the region
where Q7 = Q% and Q3 = 2Q? (right). Legend is the same as in figure 23.
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Figure 25. Doubly-virtual 7° TFF in the symmetric region Q% = Q3 = Q? for Q2 € [0,40] GeV>.
Legend is the same as in figure 23.

dictions. Note, however, that the discrepancy in figure 24 is visually enhanced by showing
QzF,ro,y*,Y* (—Q?, —Q?) instead of Fropens (—Q?,—Q?). For doubly-virtual kinematics away
from the symmetric limit, see for instance Q2 = Q? and Q3 = 2Q? in the right panel of
figure 24, our 7° TFF models are in closer agreement with the lattice QCD prediction.

In figure 25, we show the doubly-virtual 7% TFF in the symmetric region for Q? €
[0, 40] GeV?. Both models, but in particular Model 1, are in perfect agreement with the
dispersive description [46, 47]. In figure 22, Model 1 and 2 are shown in the full space-like
region for Q?, Q% < 10 GeV2. One can see that their main difference is in the regions where
at least one of the photon virtualities is small.

G n and 7’ transition form factors F ) )y

G.1 Large-N. Regge model

In this appendix, we describe the large- N. Regge model for the n and 1’ TFFs, introduced
in section 4.2, in more details. A comparison to experimental data and other parameteri-
zations available from the literature is postponed to appendices G.2 and G.3.

All expressions are given for the 1, but hold as well for the " after obvious replacements
(including Cs — Cp). Based on the constraint equations in (4.42), (4.43), and (4.44) the
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Figure 26. 7 TFF in the full space-like region for Q%,Q3 < 10GeV?. The large-N. Regge

model, (4.34), is shown in the left panel, and our alternative model, (B.1), is shown in the right panel.
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Figure 27.

7’ TFF in the full space-like region for Q%,Q3 < 10GeV2. The large-N,. Regge

model, (4.34), is shown in the left panel, and our alternative model, (B.1), is shown in the right panel.

model parameters should be replaced by:

N 8CsF;,
iag = , G.1
Cq ag ng n ng + Cg¢ AQany'y ( )
Ui 2 Ui 2 n 2 4
- 1| CopMy + CowMi, + Cy My N 6CsF, MR CAM_70
M2, 207 CT Fppy +0 A2
M?Z M2
+)O _10
— CB—A2 , (G.Q)

where the parameters related to the asymptotic limits of the HLbL tensor simplify to:

A2
CA = —

B 2

Auy N 30,
Loy ClL,, 22 CsFy Frpyy M2 M2

GG D) e
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with

2
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Cdu Cy Cqu
X | s f3(00,00) — 5z F1(00,0p,00) — a5 [1(00,06,00) | |- (G.4)
(man )" Rz ag, Mo ) = g g

Here, the definitions from (4.16) and (4.18), the auxiliary functions from (F.6), as well as
fa(op,ov) = 30p — dopoi, + oy — 205 Lpy, (G.5)
are used. Note that for the 1’ one has to instead choose:

A2
=5

Ay N 3C7,
Loy ¢ 2mCoFyy Fypon MZM2

Awn’L¢n’ b b 2 1 403/
1 - - - — —
i <A¢m,Lwn, + > <2a * \/<2a> a\" " w2

as the physical solution for the quadratic equation (4.44).

G.2 Comparison of data and literature: Fj )y«

In this appendix, we compare our large- N, Regge model, “Model 1”7 (4.34), and our alter-
native model, “Model 2” (B.1), for F )y
from the literature. The error band shown for Model 1 is generated by propagating the

« to data and other parameterizations available

errors of the input parameters op, oy, Fy,y, £, F8 FO 6g, 6.

In figure 10, the singly-virtual TFF of the ground-state 7 is shown for Q2 € [0, 40] GeV?.
In figure 28, we focus on the low-Q region and include a comparison to the DSE result [50].
One can see that our models agree with the experimental data from CELLO [115] and
CLEO [116], but tend to a larger n TFF than CA [49] and DSE. In addition, Model
2 is larger than Model 1 for Q% < 2.4GeV?. This low-Q enhancement explains why
al vtodel 2 > AP Model 1, see (4.49).
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Figure 28. Singly-virtual  TFF in the low-@Q region. The large-N. Regge model, “Model 17 (4.34),
is indicated by the pink band with the dashed curve. Our alternative TFF model, “Model 2” (B.1),
is indicated by the solid cyan curve. The purple band is the CA result from ref. [49]. The green
band with the dot-dashed curve is the DSE result from ref. [50]. The data are from CELLO [115]
and CLEO [116].
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Figure 29. Doubly-virtual n TFF in the symmetric region Q3 = Q3 = Q? (left) and in the region
where Q2 = Q? and Q% = 2Q? (right). Legend is the same as in figure 28.

In figure 29, the doubly-virtual n TFF is shown for two kinematic situations: symmetric
momenta, and Q? = Q? and Q3 = 2Q?. Considering Model 1, we observe a slight tension
with the DSE prediction in the region of Q2 € [0.2,0.8] GeV?2. This tension should, however,
not be taken too serious, because both the DSE and our error band are only based on the
variation of input parameters and do not take into account all possible error sources.

In figure 26, Model 1 and 2 are shown in the full space-like region for Q3, Q3 < 10 GeV2.
One can see that their main difference lies, similarly as for the 7% TFF, in the regions where
at least one of the photon virtualities is small.
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Figure 30. 2p, 2w, 2¢, and ¢w contributions to the singly-virtual (top) and doubly-virtual (bottom)
n ground state (left) and first excited state (bottom).

In the left panel of figure 30, the ground-state n TFF is decomposed into the contribu-
tions from 2p, 2w, 2¢, and ¢w vector mesons. As expected, the TFF is dominated by the
isovector-isovector 2p contribution, followed by the isoscalar-isoscalar 2¢ contribution. The
¢w contribution (4.36), which was needed to generate enough freedom in our large- N, Regge
model to satisfy the BL limit of the TFF and the two SDCs on the HLbL tensor, is small.

In the right panel of figure 30, we show the TFF of the first (n = 1) radially-excited 7
state. In the doubly-virtual region, the relative strength of vector-meson pairs is compa-
rable to what one finds for the ground-state n. The 2p contribution is now slightly smaller
than the total TFF, and the ¢w contribution is now larger than the 2w contribution. In
contrast, the singly-virtual TFFs of the radially-excited 7 states will be dominated by the
¢w contribution. This enhancement is generated by the n-dependence in the numerator
of (4.36) through terms proportional to My ;. The two-photon couplings and BL limits of
the excited-state n TFFs are shown in figure 19.

G.3 Comparison of data and literature: F/(,)yx=

In this appendix, we compare our large-N. Regge model, “Model 17 (4.34), and our alter-
native model, “Model 27 (B.1), for F} (),
from the literature. The error band shown for Model 1 is generated by propagating the

« to data and other parameterizations available
errors of the input parameters op, oy, Fyy, Fy, F8 FO 0g, 6.

In figure 11, the singly-virtual TFF of the ground-state 7/ is shown for Q? €
[0,40] GeVZ2. In figure 31, we focus on the low-Q region and include a comparison to
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Figure 31. Singly-virtual n’ TFF in the low-Q region. The large-N. Regge model, “Model
17 (4.34), is indicated by the pink band with the dashed curve. Our alternative TFF model,
“Model 27 (B.1), is indicated by the solid cyan curve. The purple band is the CA result from
ref. [49]. The green band with the dot-dashed curve is the DSE result from ref. [50]. The data are
from L3 [127], CELLO [115], and CLEO [116].
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Figure 32. Doubly-virtual ¥ TFF in the symmetric region Q% = Q3 = Q? (left) and in the region
where Q7 = Q% and Q3 = 2Q? (right). Legend is the same as in figure 31.

the DSE result [50]. One can see that Model 1 agrees with the experimental data from
L3 [127], CELLO [115], and CLEO [116], as well as the CA [49] and DSE results. Model
2 tends to a larger n TFF for Q?> < 2GeV?. This low-Q enhancement explains why

n’-pole n’-pole
a |M0del 2 > ay, |Model 1, S€€ (450)

In figure 32, the doubly-virtual 7’ TFF is shown for two kinematic situations: sym-
metric momenta, and Q? = Q? and Q3 = 2Q?. Model 1 is in slight tension with the DSE
prediction for Q2 € [0.2, 1.6] GeV?2. This tension should, however, not be taken too serious.
A comparison of our models with the CA result shows perfect agreement for symmetric
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Figure 33. 2p, 2w, 2¢, and ¢w contributions to the singly-virtual (top) and doubly-virtual (bottom)
n’ ground state (left) and first excited state (bottom).

momenta. For large photon virtualities, both models agree with each other and give a
reasonably good description of the recent doubly-virtual ' TFF data from BaBar [122],
see figure 9.

In figure 27, Model 1 and 2 are shown in the full space-like region for Q%, Q3 < 10 GeVZ.
One can see that their main difference is, similar as for the n TFF, in the regions where at
least one of the photon virtualities is small.

In the left panel of figure 33, the ground-state n” TFF is decomposed into the contribu-
tions from 2p, 2w, 2¢, and ¢w vector mesons. As expected, the largest contribution to the
TFF is coming from the isovector-isovector 2p mesons, followed by the isoscalar-isoscalar 2¢
mesons. Unlike in the case of the n TFF, the 2¢ mesons gives a positive contribution to the
n' TFF, just like the 2p, 2w, and ¢w mesons. Thus, since the 2p contribution does not need
to cancel out a negative 2¢ contribution as it does in the n TFF, it appears to be smaller
than the total  TFF. The ¢w contribution (4.36), generated through ¢-w mixing, is small.

In the right panel of figure 33, we show the TFF of the first (n = 1) radially-excited
n' state. In the doubly-virtual region, the relative strength of vector-meson pairs is similar
to what one finds for the ground-state 1. The ¢w contribution is now larger than the
2w contribution, and the 2¢ contribution at low (. In contrast, the singly-virtual TFFs
of the radially-excited 7’ states will be dominated by the ¢w contribution, while all other
contributions are of negligible size. This enhancement is generated by the n-dependence in
the numerator of (4.36) through terms proportional to M, ,. The two-photon couplings
and BL limits of the excited-state n’ TFFs are shown in figure 19.
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H Reply to arXiv:1911.05874

The analysis presented here has been criticized in a preprint by MV [151], which appeared
during the review process of this manuscript. In this appendix we refute the main objections
raised therein:

1. We disagree with the claim that in the pion-pole contribution to HLbL the second
form factor has to be taken at q% = M?2, see discussion in the paragraphs from (3)
to (5). The claim is a consequence of the statement in the paragraph after (5) in
ref. [151]: “with obvious constraints on ¢, 4 in the form factors s = (¢1 + @)’ =
(g3 +q4)? = M2 This statement is incorrect. We recall that in the definition of the
TFF (2.18), translation invariance has already been applied and the resulting overall
delta function is not part of the TFF. In the unitarity relation for HLbL, the single-
pion intermediate state generates an imaginary part proportional to §(s— M2), which
however disappears when it is put into the dispersion integral to generate the pion
pole, i.e., no constraint on s is left. The independent variables in the HLbL process
are ¢, q3, q?%, q2, s, and t and the residue of the pion pole, i.e., the product of two pion
TFFs, can only depend on the first four. If one takes the limit g4 — 0 this implies
s = q% and t = ¢2, but by no means does it imply q% = M2. Of course one is free at
that point to separate the pure pole in q§ (with only its residue in the numerator)
from non-pole terms. Between the two different dispersive representations, a simple
reshuffling takes place, see (6.2) and the whole discussion in section 6.

2. As discussed in section 6, the MV model is based on an unjustified extrapolation
to low qu of the constraint at high qu. We have called this a “distortion” of
the low-energy behavior of the HLbL tensor in ref. [68], a description considered
unjustified in ref. [151]. Figures 14 and 15 very clearly illustrate this distortion.
An alternative solution to the SDCs based on a tower of axial-vector mesons in
holographic QCD has been presented in two papers [149, 150], which appeared after
ref. [151]. These alternative solutions to the SDCs have a very similar behavior as
the curves corresponding to our model in figures 14 and 15, and confirm that the
MV model [62] leads to a low-¢g* behavior of the HLbL amplitude that cannot be
explained in terms of any other physical states — in other words, a “distortion.”

3. After (18) in ref. [151] it is stated that: the model in the present manuscript “violates
the above equation and claims, effectively, that ¢/ ~ 1 also in the chiral limit.” This
statement is incorrect: in our model we are not able to take the chiral limit simply
because it is formulated in terms of effective parameters that are fit to data or the-
oretical constraints. It is not the point of the model to make any claim about the
behavior in the chiral limit. The underlying philosophy is to fulfill the SDCs only for
large qg, where the chiral limit becomes irrelevant, and not to rely on it at low q%,
because it would be a bad approximation and we can instead use known phenomeno-
logical constraints. Such a strategy is best carried out with excited pseudoscalars
because, unlike for axial-vector resonances, there are no ambiguities regarding their
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dispersive definition and because at least some information from phenomenology is
available. Section 5.3 explicitly discusses the issue of the chiral limit in our model.

. The conclusion of ref. [151] contains the following three statements: “there is no doubt

that: (a) this region ( %72 > Q%) provides the largest contribution to aELbL; (b) it
allows for an exact non-perturbative analysis of the longitudinal structure function
in the chiral limit and (c) it supplies strong evidence that corrections to the chiral
limit are small.” The first statement is plainly wrong, in particular for the model by
MV, which actually receives most of its corrections from the region Qi273 < Qilatch’
as can be clearly seen from figure 14. It is precisely this observation that leads to
the conclusion that the modifications in the low-¢? region are unphysical. Point (b)
is correct, by construction, but the question is whether the chiral limit is a useful
approximation at low ¢, which is the most important region for ay. This is claim
(c), which, unfortunately, is also not correct: the difference between the original MV
model (6.1) and the first term in (6.2) is such a quark-mass correction. In the case
of the pion the two expressions give contributions to aELbL that indeed differ by a
small amount (about 10%), but in the case of 7 and 1’ the difference is much larger,
about 100%, as anticipated in section 6.
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