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1 Introduction

The notion of distribution amplitudes (DAs) [1] refers to matrix elements of nonlocal light-ray
operators sandwiched between the hadron state and the vacuum. The physical interpreta-
tion of DAs is transparent in the infinite momentum frame [2], in which case DAs correspond
to momentum-fraction distributions of partons in a hadron at small transverse separation.
Equivalently, DAs can be related to the transverse momentum integrals of the hadron’s
Bethe-Salpeter wave functions that appear e.g. using the formalism of the light-cone quan-
tization [3]. Schematically,

|k [<p
o) ~ / Pk s, k).

The natural application of DAs in phenomenology are exclusive hard processes with
large momentum transfer which can be calculated using factorisation methods. Apart from
meson/baryon electromagnetic form factors, this includes a large class of phenomenologically
very interesting B meson decays, such as weak decay form factors [4], the non-leptonic decays
B — MjM,, where M; is a light meson [5], and also rare radiative and semileptonic decays,
B — M~ [6] and B — M¢+¢~ [7], which involve flavour-changing neutral currents and are
heavily suppressed in the Standard Model, but sensitive to new-physics effects. For these
processes, the shape of the DAs is very important: in B — py vs. B — K*v, for example,
the size of SU(3) breaking in the relevant DAs is presently the dominant source of theoretical
uncertainty [8]. All these decays will be studied in detail at the forthcoming LHC, which
makes the detailed investigation of the various leading and higher-twist DAs both timely and
relevant.

The crucial point and main technical difficulty in the construction of higher-twist DAs is
the necessity to satisfy the exact equations of motion (EOM), which yield relations between
physical effects of different origin: for example, using EOM, the contributions of orbital
angular momentum in the valence component of the wave function can be expressed (for
mesons) in terms of contributions of higher Fock states. An appropriate framework for
implementing these constraints was developed in Ref. [9]: it is based on the derivation of
EOM relations for non-local light-ray operators [10], which are solved order by order in the
conformal expansion; see Ref. [I1] for a review and further references. In this way it is
possible to construct self-consistent approximations for the DAs, which involve a minimum
number of hadronic parameters. Another approach, based on the study of renormalons, was
suggested for twist 4 in Refs. [12],[13]: this technique is appealing as it allows one to obtain an
estimate of high-order contributions to the conformal expansion which are usually omitted.
In Ref. [14] we have generalized this approach to include SU(3)-breaking corrections and
have shown how to combine renormalon-based estimates of “genuine” twist-4 effects with
meson mass corrections.

In a series of previous papers, Refs. [15] [16], we have developed the corresponding for-
malism for vector mesons. In Ref. [I7] the analysis of twist-3 DAs of light vector mesons, p,
K* and ¢, was completed, including all SU(3) and G-parity-breaking effects. In this paper,



we put together the last missing pieces, completing the study of the corresponding DAs of
twist 4, with the main emphasis on the calculation of SU(3)-breaking effects in the relevant
hadronic matrix elements. These corrections come from different sources:

e SU(3) breaking of hadronic parameters: these effects are known for twist-2 and -3
parameters, see Refs. [17, 18], but have not been studied for twist-4 parameters before;

e G-parity-breaking parameters: these are of parametric order my —m, and vanish in the
limit of equal quark mass, i.e. for p and ¢. For twist-2 DAs, they have been calculated,
to lowest order in the conformal expansion in Refs. [15] (18, [19, 20, 21], and for twist-3
DAs in Ref. [I7]; they are unknown for twist-4 DAs;

e explicit quark-mass corrections in m,+m, to DAs and evolution equations: these affect
only higher-twist DAs and are induced by the QCD EOM which relate twist-4 DAs
to each other and to twist-2 and -3 DAs. The mass corrections to vector meson DAs
have been calculated to twist-4 accuracy in Ref. [I6]. Quark-mass corrections to the
evolution of DAs under a change of the renormalisation scale have so far only been
calculated for twist-3 DAs [17].

We shall study all these effects in this paper. The corresponding analysis of light pseudoscalar
meson DAs, m and K, can be found in Refs. [9] [14] 22].

In addition, in this work we present a new analysis of the parameters of the twist-4 DAs
of the p meson. This update is long overdue: the “standard” values for these parameters
can be traced back to a nearly 20-years-old work, Ref. [23] (see also [16]), and are in fact
crude estimates obtained by dividing the leading QCD contribution to the relevant correlation
functions by the typical hadronic scale. In this work we present, for the first time, a complete
treatment of the twist-4 matrix elements within the QCD sum rule method. In particular,
we resolve a puzzling discrepancy between the estimate of a certain next-to-leading order
(NLO) parameter, in conformal spin, in Ref. [I6] and in the renormalon model [13].

The presentation is organised as follows: in Sec. 2] we introduce notations and shortly
review twist-2 and -3 DAs. In Sec. [l we introduce the complete set of chiral-even and in
Sec. Ml chiral-odd twist-4 DAs. The conformal expansions of all DAs are worked out to NLO
accuracy in conformal spin and reduced to a minimum number of non-perturbative hadronic
parameters by solving the EOM constraints. In Sec. B, we present models for these DAs,
based on the calculation of the hadronic parameters from QCD sum rules. We summarise
and conclude in Sec. [6l. Details of the QCD sum rule calculations are given in the appendices.

2 General Framework

2.1 Kinematics and Notations

Light-cone meson DAs are defined in terms of matrix elements of non-local light-ray operators
extended along a certain light-like direction z,, 2? = 0, and sandwiched between the vacuum



and the meson state. Following Ref. [14], we adopt the generic notations

S (), Vag (u), - (2.1)

and

for two- and three-particle DAs, respectively. The superscript A denotes the polarisation of
the vector meson: A =|| (L) for longitudinal (transverse) polarisation. The first subscript t =
2, 3,4 stands for the twist; the second, M = p, K*, ..., specifies the meson. For definiteness,
we will write most expressions for K* mesons, i.e. sg bound states with ¢ = u, d. Whenever
relevant, we will include quark-mass corrections in the form m, £ m,, which allows one
to obtain the results for ¢ mesons by m, — ms. The variable u in the definition of two-
particle DAs always refers to the momentum fraction carried by the quark, u = u,, whereas
u = 1—u = ug is the antiquark momentum fraction. The set of variables in the three-particle
DAs, a = {aq, a, a3} = {as, a5, a,}, corresponds to the momentum fractions carried by the
quark, antiquark and gluon, respectively.

To facilitate the light-cone expansion, it is convenient to use light-like vectors p, and z,
instead of the meson’s four-momentum P, and the coordinate z,:

1 r2m3.. 1 a?
z:x—P—:EP—\/xP2—:E2m2*}=x {1— K}——p—+0x4,
M K Mm%(*|: ( ) K K 4(2]))2 2 ”zp ( )
1 mi.
pu:PM_§Zu plz(' (2.3)

The meson’s polarization vector e® can be decomposed into projections onto the two light-
like vectors and the orthogonal plane as follows:

(N (N (N 2
A evz ev’p \n evz e« \)
= pr Pt AT T (p“_ 2pz Z“) e 24

We also need the projector gjy onto the directions orthogonal to p and z,

1
1
9w = G — ];(puzu +pu2‘u) ) (25)
and will often use the notations
a, = a,z", b, = bp" (2.6)

for arbitrary four-vectors a, and b,,.

The dual gluon field strength tensor is defined as é,w = %GWMG””. Our convention for
the covariant derivative is D, = d, — igA,. Sometimes, a different convention for the sign
of g is used in the literature: D, = 0, + tgA,. The sign of g is relevant for the parameters
of three-particle DAs.



2.2 Conformal Expansion

A convenient tool to study DAs is provided by conformal expansion, see Ref. [I1] for a
review. The underlying idea is similar to partial-wave decomposition in quantum mechanics
and allows one to separate transverse and longitudinal variables in the Bethe-Salpeter wave-
function. The dependence on transverse coordinates is formulated as scale dependence of
the relevant operators and is governed by renormalisation-group equations, the dependence
on the longitudinal momentum fractions is described in terms of irreducible representations
of the corresponding symmetry group, the collinear conformal group SL(2,R). The main
rationale behind using the conformal expansion in the present context is that the EOM
always relate contributions of the same spin; a truncation of the conformal expansion to a
certain order is, therefore, consistent with the EOM.

To construct the conformal expansion for an arbitrary multi-particle distribution, one first
has to decompose each constituent field into components with fixed Lorentz-spin projection
onto the light-cone. Each such component has conformal spin

j=5+s),

N | —

where [ is the canonical dimension and s the (Lorentz-) spin projection. In particular,
[ = 3/2 for quarks and [ = 2 for gluons. A quark field is decomposed as ¥, = A9
and ¢_ = A_1 with spin projection operators Ay = 7,7./(2pz) and A_ = 7.7,/(2pz),
corresponding to s = +1/2 and s = —1/2, respectively. For the gluon field strength there
are three possibilities: G| corresponds to s = +1, G, to s = —1, and both G, | and G,
correspond to s = 0. Multi-particle states built of fields with definite Lorentz-spin projection
can be expanded in irreducible representations of SL(2,R) with increasing conformal spin.
The explicit expression for the DA of an m-particle state with the lowest possible conformal
spin j = j1 + ...+ jm, the so-called asymptotic DA, is given by [9]

L(21 4+ 25m) 2,1 21 2m—1
. 5 Q Q coeap™
L(2j1) - T(2)m) = 7

Multi-particle irreducible representations with higher spin j +mn,n = 1,2,..., are given by

(2.7)

¢as(0517 Qg, -y am) =

polynomials of m variables (with the constraint » ;"  a; = 1 ), which are orthogonal over
the weight function (2.7)). For the two-particle DAs these are Gegenbauer polynomials, a
convenient basis of orthogonal conformal polynomials for the three-particle DAs is given in
App. A of Ref. [11] (see also [24]).

The anomalous dimensions of higher conformal amplitudes do, generally, increase loga-
rithmically with the conformal spin, but a complete analysis of twist-4 anomalous dimensions
is still lacking. It follows that all DAs approach their asymptotic form in the asymptotic
limit ay — 0, i.e. at the scale y — oo. For practical applications one usually assumes that
the conformal expansion is converging fast enough, so that a truncation after the few first
terms is sufficient. The renormalon model of Refs. [12, [I3] presents an attempt to test this
assumption, by giving an upper bound for possible higher-spin contributions.



2.3 Twist-2 Distributions

The twist-2 DAs gb” . of K* mesons are defined in terms of the following matrix elements
of non-local operators (& =2u—1) [15]:

(0la(e) s (—2) [ K (P, ) = me{ﬁfa /Oldue"f“[!;wu)ﬁ Aol 0]

) 1
W _p e / du ¢€PT gk
+ (eu "y ) ; ue™" gy e (u)

(Pr)? M. /OldueiﬁP:c [ K- (u )+¢2K*( )—2¢>§;K*(u)] +,,,}7 (2.8)

(Olg(z)ops(—x)[K*(P,A)) =

. ! . 1
i fre {(eff)P,, —eMP,) / du P [QSQLK(U) + 1 M. 0’ G- (u)]
0

PNy

e 1 1
(B = Poay) (g e [ due {6l (0) = o) = b (o)

1 m. (! Pz
+3 (ef[\):c,, — ez, P—I; / du €7 [thpen (1) — dpee ()] + .. } : (2.9)

0

The above relations also include twist-3 and -4 two-particle DAs. The dots stand for further
terms in 22 which are of twist 5 or higher. The normalisation of all these DAs is given by

/01 duo(u)=1. (2.10)

The conformal expansion goes in terms of Gegenbauer polynomials:

Q’L(uﬂ)_6uu{1+za“l (1 C* (2u 1)}- (2.11)

n=1

In this paper, we include terms up to NLO in conformal spin, i.e. truncate after n = 2. The
dependence of the Gegenbauer moments a,, on the renormalisation-scale i has been reviewed
in Ref. [I7], together with the numerical values of a, and the decay constants f‘”/l; these
values are given in Sec.

2.4 Twist-3 Distributions

To twist-3 accuracy, there is a total of four two-particle DAs and three three-particle DAs.
Two of the former, (;33 k- and (;33 i+, have already been defined in the previous subsection.



The other two are given by

— k 1 ro 1 7 X
(01g(2)yuy58(—2) | K" (P, X)) = 3 [”(*mK*eM d (’\)pazﬁ/ du €'P ngK(u), (2.12)
0
1
OS2I (PN} = = ifie (V2. [ dueol.) (2.13)
with the normalisation
I1(L)
. +m,
du ) () = 1 — LT T 2.14
/0 i =1- B (2.14)

The three-particle DAs are given by:
(01(2)9G p- (v2)72758(—2) [ K* (P N) = freomge- (p2)2e3@) e (0,p2) + ..
(01G(2)9Gp: (v2)inas(—2) | K*(PA)) = freompes (p2)2eU30) g (v, p2) + ..

(01a(2)9G=5(v2)0255(—2)|[K*(P,A)) = fieemic-(e™2) (p2) - (v, p2) (2.15)

where the dots denote terms of higher twist and we use the short-hand notation

F(v,pz) = /Dge_ipz(a2_0‘1+”°‘3).7-"(a) (2.16)

with F(a) a three-particle DA. « is the set of parton momentum fractions o = {a, ag, a3}
and the integration measure Dq is defined as

/Dg = /1 dadasdas 6 (1 . Zai> . (2.17)

0

The above DAs are not independent of each other, and their mutual interrelations have
been unravelled in Ref. [I5], including quark-mass corrections. Explicit expressions for the
conformal expansion are given in Ref. [I7], together with the p-dependence of hadronic
parameters. Numerical values are given in Sec. [l

3 Chiral-Even Twist-4 Distributions

In this section we derive expressions for the chiral-even two- and three-particle twist-4 DAs
of the K* to NLO in the conformal expansion. The corresponding expressions for the p
were obtained in Ref. [16]. In this paper we include also G-parity-violating and explicit
quark-mass corrections. We compare the resulting DAs obtained in conformal expansion
with those following from the renormalon model developed in Ref. [13]. Numerical estimates
of the hadronic input parameters and the resulting DAs are discussed in Sec. [5l



We start with the three-particle distributions. The analysis closely follows that of Ref.[16].
There are four chiral-even K* three-particle DAs of twist 4, defined as [16]

(01@()7u7159Gap(v2)s(=2) | K" (P, X)) =

€

)
N ~ eVz ~
= Du (61,11);3 e J_gpa) i B e (0,92) + (Daghy, — P59, P e @l e (v, p2)

(N
ez ~
+ Py (Paz8 — D2a) w f}l{*m%\lfﬂ;,{*(v,pz) +..., (3.1)

(01q(2)i7u9Gap(vz)s(=2)|[K* (P, A)) =

e 5
= fhomie ®l . (v, p2)

A
= Py (eﬂipﬁ e J_gpa> Flomice®) e (0,02) + (Pagh, — Psgi,) ©

eW 2
+ Py (Pazs — Da2a) (o) fK*mK*\IfﬂK (v,p2) +...; (3.2)

the dots denote terms of twist 5 and higher.

\IflL - and \IILL s« correspond to the light-cone projection «,.G., which picks up the s =
+1/2 components of both quark and antiquark field and the s = 0 component of the gluon
field. The conformal expansion then reads:

U e (@) = 1200 @03t + ¥ (an — az) + 93 (3az — 1) + .. ],

\AI}LLK*(Q) = 120a1a2a3[~(|]| + J'ﬂ(al —an) + @Zg(?)ag -1 +..] (3.3)

G-parity implies that, for the p and ¢ meson, @bg = Q = ~! = 0, whereas for the K* meson
Q, wg and ﬂ are O(ms — my).

In turn, the DAs @4k~ and &)4;1(* correspond to the light-cone projection v, G, which
is a mixture of different quark-spin states with s, = +1/2,s; = —=1/2 and s, = —1/2,s; =
+1/2, respectively. In both cases s = +1 for the gluon. We separate the different quark-spin
projections by introducing the auxiliary amplitudes ®'' and ®!T, defined as

(01(2)9G o (v2) 1701578 (—2) [ K (P, A)) = fleeme (e 2) (D9, — pogl )@ (v, p2)

(01@(2)9C (02) 1 vay5725(—2) [ K* (P,A)) = freeme. (€M) 2) (D92, —pugiu)q)“(v,m)(- |
3.4

The distributions CDLL - and CAISLL - are then given by

Duk-(@) = 5[ @ a) + B(0)], Puxela) = 5 [#@) -2 (@)].  (35)

! In the notation of Ref. [16], @ﬂ;K* =, \IJLLK* =7, &)L‘;K* =9, @LK* =



®' and ®!T have a regular expansion in terms of conformal polynomials:

3
(I)Tl(g) = 600&20&3 |: (T]l + (Zﬁl(O@ - 30&1) + (b;l <Oé3 - 5042):| ,

1 (a) = 60002 { S ot (o — 3an) + 3! <a3 - gal)} : (3.6)
For the p and ¢ meson, G-parity implies
@Ep(d))(al, ag) = @i?p((b)(ag, ay), (3.7)
so that gbgl = gbl“E For K*, we write
o' =0l +0l, ol =ol -0, (3.8)

where the 91' are the G-parity-violating corrections. Using (3.5]), we readily derive the fol-
lowing expressions:

! . (@) = 3002 { 11— as) + ¢! [as(1 — a3) — 6aas)]
b a1 = ) = S0+ )| = (o ) o)+t + 5 50a = 308},

(IDH x (@) = 3003 {9”( asz) + 9! [a3(1 — ag) — 6aag]

+ 6 [ag(l—ag)—g(afmg)] —(al—ag)[ It ”—I—;(5a3—3) Q]} (3.9)

In addition, we introduce one more three-particle DA = u4 o (@) [13]:

ey
(01821109 DG (02)5(=2) | K*(P.A) = fieemieopop == e (0,p2) - (3.10)

The Lorentz structure p,p, is the only one relevant at twist 4. Because of the EOM DO‘GQB =

—g Zq qt"vpq, where the summation goes over all light flavors, Eﬂ; s« can be viewed as

describing either a quark-antiquark-gluon or a specific four-quark Fock-state of the K*, with
the quark-antiquark pair in a colour-octet state and at the same space-time point. The
conformal expansion of = _4 i+ starts with the conformal spin j = 4 and reads

= (a )—840a1a2a3[ ”+...}, (3.11)

where & I'is dimensionless. The dots stand for terms with higher conformal spin j = 5,6, ..,

which are beyond our accuracy. ” was not considered in Ref. [16] because §(|)| is G-odd and

the first G-even term only occurs at the next order in the conformal expansion, for j = 5.

2This implies, in particular, that only one of the DAs Dy, ,(¢) and 54; p(¢) 18 dynamically independent.
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Egs. 33), 39) and (BII]) represent the most general parametrization of the chiral-
even twist-4 DAs to NLO in the conformal-spin expansion and involve 13 non-perturbative
parameters. Not all of them are independent, though. In the following, we shall establish
their mutual relations and also express all leading order (LO) and the G-even NLO expansion
coefficients in terms of matrix elements of local operators.

Except for = H4 i+, the asymptotic three-particle DAs correspond to contributions of the
lowest conformal spin j = js + j; + j; = 3. The parameters ¢ , g and 6’(']' multiplying
the asymptotic DAs can be expressed in terms of local matrix elements as

o . 1
<0|ng0¢57ﬂ’y5S|K (Pa )‘)> f Mg~ 3[{* { (%) (Pﬁp gmﬁ{*gm) — (Oé > /6)}
f m3e. (. (69)9[3;1 - eﬁ?’gau) : (3.12)
. " 1
<O|ngaﬁz'7us|K (Pa )‘)> meK*'%gK* { ™ (PBP 3 m%{*gﬁu) - (a — ﬁ)}

A
fK K*K’4K* (69)9@ - ‘3(5 )gau) . (3.13)

Here we adopt the generic notation that ( are G-conserving and x G-breaking parameters.
(3, k3 are twist-3 and (4, k4 twist-4 parameters.

Taking the local limit of Eqgs. (B.1]) and (3.2)), and comparing with the above definitions,
one obtains

1 1 1
¢g:_§CK*+ C4K*a 9(|)| 3’€QK*+3HL|K*7
2 1 ~] 2
wﬁ - 3 ’KL!K* 3 ’fL'K* ) (|)| ~ 353 C kT3 C4K* : (3.14)

The results for gbg and @ZQ agree with those obtained in Ref. [16], the others are new. Note
that the “twist-4” DAs receive contributions from both twist-3 and -4 operators. This is due
to the fact that the standard counting of twist in terms of “good” and “bad” components
introduced in Ref. [25] differs from the definition of twist as “dimension minus spin” of an
operator. See also the discussion in Sec. 2.2 of Ref. [15].

What about the scale-dependence of these parameters? The relevant local twist-4 op-

erator mixes with operators of lower twist for m, # 0. Neglecting O(m?) corrections, the

S

mixing is given by

(7 e 8 Qs 2 1 Qg 2
(quafyf)gGHaS) (q7a75gG,ua3) (1 ———1In ) +—-—1n 'u

9 7 5 0 by ma @) (315)

The matrix element of the derivative operator on the right-hand side vanishes for vector
mesons, so that C4K* renormalises multiplicatively even for mg # 0. Resumming the loga-
rithm, to LO accuracy, one has

Do (u?) = L2002y, (3.16)

9



with L = o (1) /s (115)-
The scale dependenee of l'iL' 5+ can most easily be derived by observing that this parameter

is related to a! and quark masses by the QCD EOM [19]:

|3 e me—mg Mg —my (3.17)
K 20 1 gl dmge 2m?.
Taking into account the known scale dependence of a , fie» and my ,, one obtains
3
e (1) = Kige- () = 55 (L% = 1) ) (1)
2 2
_ (L16/(3ﬁo) _ ) fre- (1) [ms — mg)(13) 4 (Ls/ﬁo _ 1) [m; —m ](Mo) (3.18)

To NLO in conformal spin, the discussion becomes more involved. As explained in Ref. [9],
for massless quarks the corresponding contributions can be expressed in terms of matrix
elements of the three possible G-parity-even local quark-antiquark-gluon operators of twist
4. These three operators are not independent, however, but related by the QCD EOM. One
is left with only one new non-perturbative parameter, w, K*B which can be defined as

_T. = 4, = .
(01 [iDy, 9Goue] 6355 — 5 (10)a9Guerer55| K (P.A) + (1 = v) =
=2f gl Ol (NP, +eVB,) . (3.19)
The scale dependence of J)ﬂ i+, for massless quarks, is given by
&HK*(NQ) = LM% CJLJK*(M%) .

For massive quarks, the twist-4 operator mixes with operators of lower twist. These lower-
twist operators have the same Dirac structure as in ([3.13]), but additional derivatives acting
on the fields. This means that, in terms of DAs, <I>|i s~ Mmixes with wg o Eq. (213), which in

turn mixes with the three-particle twist-3 DA CDQ; oo Bq. (Z13]), which itself mixes with twist-
2 DAs [17]. As the numerical impact of the admixture of mg times lower-twist parameters is
negligible for all cases investigated so far (twist-3 and -4 pseudoscalar parameters [14] and
twist-3 vector parameters [17]), we refrain from working out these relations.

For massive quarks, one has to distinguish between G-parity-conserving and G-parity-
breaking contributions. G-parity-conserving corrections do not involve new operators, and
the difference to the massless case is mainly due to corrections proportional to the meson
mass. This case is described in detail in Refs. [15, [16]. Here we just quote the results obtained
in Ref. [16]:

1oy 5 3 I [

12a 12 3K*+_ 3K*+ w3K*—|—— 4K* s

I _
1= 16 8 2

3In the notation of Ref. [16], &) . = Gwi.

10



1

3

1

———a”+§C” +—w —Wsps + TW
2 = 12 2 4 3K* 16 3K* ) 3K* 4K*»
o LT 3 2
1 — 4 2 12 3K* 8 3K* 4 4K*
~ 2 9 _ 21 _
) = 3 e — 16 Dhe + T Dl » (3.20)

where the terms in a,, I

3fces Wapes and &L’ K+ are mass corrections. wsy. and &! K+ are twist-3
parameters and have been discussed in Ref. [17].

The G-parity-breaking contributions, on the other hand, involve a different set of local
operators and in particular

71:DegG¥s = —g> > (q0:t"s)(§:t") ,
Y=u,d,s

which determines the normalization and the leading conformal spin contribution to the DA

”
—

=)+ () defined in Eq. (3.10). Hence, a complete treatment of G-parity-breaking corrections

to twist-4 DAs requires also the inclusion of Eﬂ; i+ 1t is beyond the scope of this paper
to work out the corresponding relations between the matrix elements of local operators
and expansion coefficients. Instead, we adopt a different approach and estimate G-parity-
breaking corrections of conformal spin j = 4 using the renormalon model of Ref. [13]. The
general idea of this technique is to estimate matrix elements of “genuine” twist-4 operators by
the quadratically divergent contributions that appear when the matrix elements are defined
using a hard UV cut-off, see Ref. [13] for details and further references. In this way, three-
particle twist-4 DAs can be expressed in terms of the leading-twist DA gbg; K

DI () — Ll [Prrelon) _ dae (o)

RS 6 K 1-— g 1-— (6%) ’
BIR (@)= ~cl (1) | Oy (32)

R 61—y l—ay |

LR 1y [edhy (o) ol (as)]
\Il . *(a) - - *

4; K\ = 3 41K (1 _ a1>2 (1 — Oé2)2
GILR o [aadhie(an)  andy e (@n)
\Il . *(a) - - *

R 3T (1 —a)? (1 —ag)?
LS 3 KT 1—o 1—ay '

where, in contrast to Ref. [I3], we do not assume that gbg; (1) is symmetric under the

exchange u < .
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The expressions in (3.2I]) do not rely on conformal expansion and contain the contribu-
tions of all conformal partial waves. Projecting onto the contributions with the lowest spin
7 = 3,4, we obtain

IR _ g R _ T [ P

0 ) 1 12 4K* 2 20 1 4K*>
g L e S I e

0 3 4K*» 1 4 ap 4K*> 2 192 4K*»

R _ Lo IR _ T R T

0 3 4K*) 1 ].8 4K*> 2 9 4K*>

R R 7 R 7

1

6" = 201Gk - (3.22)

These results have to be compared with those in Eqs. (3.14), (8.20) in the limit that all con-
tributions from twist-2 and twist-3 parameters are set to 0. It follows that in the renormalon
model ]

&szz—g, (3.23)
which has the same sign as, but is larger than the result from a QCD sum rule calculation,
sce Sec. Bl Also note that in the renormalon model 9} = 6 = 0, in contrast to (3I4). This
is due to the fact that the contribution in KJHK* in (B.14)) is obtained as the matrix element
of the operator (813) which vanishes by the EOM (up to a total derivative), see (B.I7]).
Therefore, against appearances, this contribution has to be interpreted as “kinematic” mass
correction induced by the non-vanishing K*-meson mass rather than a genuine twist-4 effect.
The complete expressions for the G-odd parameters @H, Q, 9!72 and §(|)| will contain mass
corrections in terms of lower-twist parameters, whose determination is, as said before, beyond
the scope of this paper.

We are now in a position to derive expressions for the chiral-even two-particle DAs of
twist 4, ¢4 s« and w4 e+, which are defined in Eq. (2.8). From the operator relations collected

in App. [Al we obtain:
4|1|;K* (u) = Q;K* - 2_/ dal/ da2 — 2(1)2 k(@) + ‘1’4 K*(_)]

cmmy fh d
m: —my fiee 4 (3.24)

3;K*

e Wb =26 () = o)) =4 [ o [0 (0) = 86 () + 30 (0]

d ("
~ g [ day /0 dos = (o = 2 =) 20} . (a) + ¥ (0)
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ms—i—mq&

M f”

— w (3.25)

The latter equation has to be integrated with the boundary conditions qﬁﬂ; o (0) =0 =

l; (1) which implies the relation (3.17) between a and “41{* The boundary condition
arises from the conversion of the matrix element of Eq. (Al for the K* into a relation for
lL s« This derivation of (B:I7) is equivalent to that given in Ref. [19].

@b” corresponds to the projection s = —l for both quark and antiquark and hence, in

the absence of quark-mass corrections in my :t m,, has an expansion in terms of Cp 1/2 (&). It
can be split into contributions from genuine twist-4 parameters which are defined in terms
of local twist-4 operators and kinematic Wandzura-Wilczek-type and mass corrections:

T4 WW
e () = et (u) + s (). (3.26)
L'}]{VW contains corrections explicitly proportional to m, & m,, of which we only keep the
leading terms in (ms & m,)', but neglect higher powers! We then find
174y = 20 o 100 — 50l /2
prcs(U) = — 3 4K o/ 7(§) + (100; — 50, ) C377(E)

9 2 40
ﬂﬁﬂw=1+Q%&ﬁgﬂ)ﬁﬂo+(4—?ﬂ+—ﬁw)qﬂo

3
9 20 16

(36— 1)+ af 5 E(5E7 ) + 2 - (367 — 1)

+g wi3p-E(56% — 3) — 1—16 Aage« (356% — 30€% + 3)} . (3.27)

ﬂ. 5+, on the other hand, has no regular conformal expansion and contains logarithms even

in the chiral limit. We solve the integral relation (3.25) by substituting all DAs on the
right-hand side by their conformal expansion to NLO, implementing the boundary condition

l; o (0)=0= LL «(1) by eliminating HHK* in favour of a| according to (ZI7), and dropping
terms in (ms £ m,)" with n > 1. Like with w4 e+, we distinguish between genuine twist-4
and mass corrections and write

e (1) = Nt () + Sl (w) . (3.28)

“The terms in (my + m,)? actually diverge for u — 0,1, which is however largely irrelevant for phe-

nomenological applications.
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We then find:
2
it = a0 [ cl+ (5ol + 2ob) 70 )

- 1
— 843!, {8 (21 — 136%) + u*(10 — 15u + 6u”) Inu + @*(10 — 154 + 6u?) ma}
1
+ 804/ {u3(2 —u)lnu —a*(2 —a)lna — 3 (3¢% — 11)} ,

o 1 17
ﬂ:\[/(\/yv(u) = 30uu” { (1 + ﬁ 2 + —C ) (50 Iy 2 = >‘3K* -z AQK*) 05/2(5)

5
1 (9 7 3
+E (7 ap + CK +_ ” _ZWZL'K*) 03/2(5)}
14 1
+2{—2a£ 5 Nee + 3w gK*}{guu(Ql—BgQ)

+u*(10 — 15u 4 6u”) Inu + @*(10 — 154 + 64°) Ina }

+4 {a! - 4?0%;2[( } {u3(2 —w)Inu— @32 — @) Ina — % (3¢2 — 11)}

ms+my fi

M K= fI”(*

0
(K — at)CY(€)

1
6u {2(3 + 16a3) + 2

)
b (Bt - at) 60 - M0 O )

ms + my fI%*

M K= flll(*

s — e 2
TG fLGuu{ (10“31{* + 85 l) C’f/Q({)

+ 24 {(1 = 3ay +6ay)u*Inu+ (1 + 3a; + 6ay)u’Ina}

10 1 1 7 2
120 <— +lar— ﬁwng*) C32 ) + ( Aijer + = - L) 26

1 2 1 2
+ (g ay — 305 ﬁwslm) CIP(6) + — 35 A3 Cg/z(ﬁ)}

+wff< {(5u? — 23 — 54at — 108a%) Ina

M~ fK

—(5u® — 23 + 5da;” — 108ay ) Inu} . (3.29)
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Recall that @ = 1 —u and £ = 2u — 1. The DAs for K* = (¢5) mesons are obtained by
replacing u by 1 —wu. Both (320) and ([B.28)) agree, for the p meson, with the results obtained
in Ref. [16].

The above expressions provide a self-consistent model of the twist-4 DAs which includes
the first three terms of the conformal expansion. As mentioned above, one shortcoming of
the model is that G-parity-breaking terms in wg and eﬂ,g are not known exactly, but only in
the renormalon model, Eq. ([3:22]), which misses meson mass corrections. Numerically, the
neglected parameters may be of the same size as the included ones.

An estimate of the size of higher orders in the conformal expansion can be obtained using
the full renormalon model for wﬂ;’fTﬁ and QSLT(AL In this case, one has [13]

1 I u [
I TaR, \ 2 i 2K+ (v) e 2;K*(U)
4;K* (u) — 3 4K * du {U/u dU 7/1]2 u ] dU 71_)2 5

LTaRr, 8 e ) [ u—v
4K (“)—g AK* dUT u+u”+ (u—v)ln —
0

v

+/u1dUM{u+u2+(v—u)1n”_“”. (3.30)

v2 v

As explained in Ref. [13], the renormalon model does not take into account the damping of
higher conformal-spin contributions by the increasing anomalous dimensions and, therefore,
only provides an upper bound for their contribution. The most important effect of these
corrections is to significantly enhance the end-point behaviour of higher-twist DAs in some
cases, which can be important in phenomenological applications, for instance D — (7, K)
form factors [26].

4 Chiral-Odd Distributions

The analysis of chiral-odd DAs proceeds along similar lines and, except for the inclusion
of G-odd contributions, replicates that performed in Ref. [I6]. We first define the relevant
three-particle DAs:

(017(2)00p9G u (v2)s(=2) | K*(P, A))

oy
= frc-Me 507

= [PaPud5, — PoPuIay — PaPudi, + PaPuday) Psik- (v, p2)

A A A A 1(1
+ fieemie[paeD)gh, — paetngm, — paelogd, + poelgm, | @i (v,p2)
A A A A 1(2
+ fieemice [Puel a5, — Pucl 3900 — PoeTogs, + Poel 300 Pk (v, p2)
e 0 e e o190 () )
Py PaPpu€] g2y — PBPu€ v — PaPv€) gZu T PBPvE | o 2u]® gk« \U, D2
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Jic- e A A A 1(4
+ %[pameigw _pﬁpueiy)za papyeg_;Zg —i—pﬁpyeigza]q) ( )(U pz) o, (4'1>

(017(2)gGu (v2)s(=2) | K* (P, N)) = ifitomie. [efgpy — VPt (0,p2) + .
(01(2)igGu (v2)158(—2) [ K*(P,N)) = ifjemie. [eXp, — eD0p Wi (v,p2) + ...

<0|Q(z)0’uugDaGaﬁ('UZ)S(_Z)|K*(P> )‘)> = Zf&*m%{* 651)1])1/ - egf\gpu Db EAJL_,K* (U,pZ) +..
(4.2)

The twist-3 DA ®g . was already mentioned in Sec. 2} the twist-4 DAs are related to those
defined in Ref. [16] by ® jﬁ; = TZ-(A‘), Uik =S and \Tfi;K* = S; Eix- was first introduced in
Ref. [13]. As usual, the dots denote terms of higher twist.

As the matrix element in (£1]) is G-odd, the DAs <I>4 i are, in the limit of equal mass
quarks, antisymmetric under the exchange of a; and as, whereas \Ifi; o+ and \Tfi o+ are sym-
metric. In order to resolve the conformal structure of @ig?*, it is useful to exploit the fact
that 0,75 is not independent of 0, and to define the “dual” matrix element

(01d(2)i00p759C 0 (v2)5(—2)| K*) = r.hs. of @) with & — & (4.3)

One easily finds

4 = 1(1 1(3 T 1(2 1(4
Orp = Oip, O = 0, P = —al,
*1(3 1(1 =14 1 2
(1)4;%1 - _(I)4;§<Z ; (1)4;%1 = —% g{* : (4.4)

@ig* nd <I>4 K correspond to the Lorentz spin projection s = +1/2 for both quark fields

and s = 0 for the gluon. Hence the conformal expansion reads, to NLO:

O, () = 12001asas(¢g + 1 (cn — an) + ¢3 (3az — 1)]

~0, % (a) = O (@) = 12000003]0¢ + ¢1 (a1 — as) + d5 (3az — )] (4.5)

Here ¢y, are G-violating and ¢;- is G-conserving; the same applies to o
The conformal expansion of Elf; 5« starts at j = 4 and reads, to NLO accuracy:

S (@) = 8400100038y . (4.6)

The remaining DAs do not correspond to fixed values of the Lorentz-spin projection s.
Like in the chiral-even case, we introduce auxiliary amplitudes with a regular conformal
expansion:

(01(2)7:7p9G (02)s(—=2)| K* (P, N)) = i feemiien (2)[eD0p — eCp U1 (v, p2),
(01G(2)7:7i759G 0 (v2)s(=2) [ K* (P, N)) = ifiemie (p2)[e s — eQp UM (v, p2), (4.7)
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and, similarly, two more distributions W' and W by replacing 7.7, — 7,7.. The DAs in
(#1) and ([A2) are then given by:

1 ~ 1 ~ ~
Vik-(@) = 5 (PHa) + ¥ (), Wig(a) = 5 (¥Ha)+¥(e),
1 ~ 1 ~ ~
it (@) = 5 (W)~ ¥(@), ~8iRl(a) = 9iil(e) = S (T (a) - T (a)).
(4.8)
Ut and WU have a regular expansion in terms of conformal polynomials, to wit:
U(a) = 60asas { it (as = 3aq) 4+l (ag — gag)} ,
3
U'(a) = 600102 [ T+ i (g — Ban) + ! (a3 -~ §a1)] : (4.9)
Again G-parity ensures that for the p and ¢ mesons ¢J b= wi”. For K*, we write
it =t ot =t -0 (4.10)

where the ;- correspond to SU(3)-breaking corrections that also violate G-parity. Introduc-
ing an analogous decomposition of U and W' in terms of ;- and 6", we then find

Vi (@) = 3003 {45 (1 — az) + 97 [as(1 — a3) — 6]

+ Qﬁ;_ |:Oé3(1 — 043) — g(@% + Oé%):| — (Oél — 042) [9& + 0639% + % (50&3 — 3)9;‘:| } s

Ui (@) = 3003 {6 (1 — as) + Ui [as(1 — ag) — 6asas)
oL 3, 9 2 0L iR N
+ wg 043(1 — Oég) — 5(041 + 042) — (Oél — Oég) 90 + 04391 + 5 (50&3 — 3)92 s
@igl (Q) = —3OOK§ {5&‘(1 - Oé3) + /é} [063(1 — 043) - 60&10&2]

+ 52l {043(1 —a3) — g(a% + a%)} — (o — ) [{Eol + 043@% + % (5az — 3){%} } :

@i%i (a) = 3003 {0y (1 — a3) + 01 [a3(1 — a3) — 6]

iy [agu a) - g(o@ + a%)} _ (a1 — an) [woi gt + % (5as — 3)@} } @)

Our next task is to relate ;- and ;- to local matrix elements. To LO in the conformal
expansion, the relevant matrix elements are [16]

«

(OdgGapsl K (P, N) = i fibmic.Ciice (0 Ps — eV P
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(01@gCasinss K™ (PN) = i figmie.Chce (B — VB).

1
(0179 G038 K* (P N)) = frem’k. {;@K* (€15 + eV P.) + e (VP = eg*)Pa>} ,
(4.12)

where again ¢ denotes G-parity-conserving parameters and x G-parity-breaking ones. The
twist-3 parameter k. was investigated in Ref. [I7]. Taking the local limit of (1)) and (Z.2))
and comparing with the above, one finds

wé_ = sz_K* ) @Dd_ = sz_K* )
1 1 ~ 1 1
G% = EH?)LK* + g’iiK* ) ‘Z% = 6’£§K* - g’iiK* )
1 1 ~ 1 1
Oy = _6"{3’,_]{* - g"fiK* , O = _E@K* + g’@fw : (4.13)

Whereas (jg-, ZéfK* and r3p. are independent parameters, ;. depends on quark masses
and a; by a relation that is analogous to Eq. (3I7) and was obtained in Ref. [21]:

1 I Ms — M ms—m

1 1 K Ms q s q
= — - ) 4.14
Fars = gt [ 12mpg- 4m3.. (4.14)

Like with IiL'K*, the scale-dependence of ki follows from that of the parameters on the
right-hand side and is given by

)

1
) FGa T e

1
e (17) = R () + (L% — 1) 5 ai (uf) + (L% —

m2 — m21(u2
. (Lg/go . 1) [ s 2q](:u0) (415)

4mi,.
with L = a,(42) /as(2). In the limit of zero quark mass, the parameters (7, ¢Z renormalise
multiplicatively [23]:

(CZ + @T) (u?) = L7 /% (<4T + 54T> (15), vy =3C4 — §CF7

(=) )y =p /P (=) (), 7= =404 — 40 (4.16)

Again, these simple scaling relations will receive corrections from terms proportional to the
quark masses. These corrections are unknown, but based on the experience with pseudoscalar
twist-4 matrix elements [14] we do not expect them to be large.

The calculation of the NLO G-even corrections is pretty involved and presented in detail
in App. B of Ref. [16]. The upshot is that the six coefficients 11, @Zﬁz, + and g?sli involve
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three additional genuine twist-4 parameters (Q(135)):

9

6b= gk gwde + oo (QU) - T2 (@),

5 = —pr b+ el — oo (@) - (@),

v = e+ g+ oo (@) — o5 (@) + 1 (@),

i = ot e — o (QU) o QU + T Q)

U = o o — oo i+ o GQU) + 1 QY + (@),

W= ot - ede — e Q) - (QO) + (P ()

The precise definition of (Q®)) is given in Ref. [16]. wiz. is a twist-3 parameter and defined

in Ref. [17].

Existing numerical determinations of these parameters from QCD sum rules

are far from being precise, so we decide to estimate them using the renormalon model of

Ref. [13] instead. The model entails the following expressions
DAs in terms of ¢ .:

of the three-particle twist-4

1 1 =
B0 a) = 00N a) = G [“(f ey o _Ka(?)]
L(2),R L(4)R 1 | dog-(r)  dype(an)
Py (@) = P () = —§§4K* (i—al) - (i—a2) :
L L S
Vitie) = Tihe) = i | el )
Shi () = 2 | T (o) - 10k @) (419

which is similar to the results for the chiral-even DAs, Eq. (821]). The model implies the
following estimates for the G-conserving twist-4 parameters in (4.13) and ([@.I7):

10

LR
__<4K )

AK* = «Q(D»R =

_Ci_K* )
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The G-parity-violating parameters are given by:

~ 21 ~ 21

1R 1R 1R 1R

o =0, o =0, 2 = 20§4Ka1l7 2 = 20§4Ka1l7

~ 21 ~ 21
0" =0, 6" =0, ot = = Gt = 35 Ckear
21 ~ 21 3
pLR _ =1 Loat, gLR _ _ =1 Lat, LR _ 2.l 1
4K+ 4K+ 0 5§4K 1 (4.20)

As with chiral-even distributions, the above results provide an estimate only for the genuine
twist-4 contributions, but miss any mass corrections in terms of lower-twist parameters. This
is also the reason why ¢, 6%, ¢¢ and 6 vanish in the renormalon model, in contrast to
Eq. (£13).

Let us now turn to the two-particle twist-4 DAs gbi; - and @bj;K* defined in Eq. (2.9).
From the operator relations given in App. [Al we obtain:

@Dzll;K*(U) = —¢2l;K (u) + 2¢3 )

— 2 —_— dOél/ dOéQ { Oél — Qg — f)\I]iK*(Q)

Lome+m, |
- L b

(u), (4.21)

1 1(2 1(3
(R - elw) pre e

fK Mg

d u
o e (1) = —2¢ (ke (0) + o} +8 | dolvdie () - o)
0

o [ doa {2 a00) - 032 0)] - (o)

Qs

« Mg

| m, —m
4 = g (u). (4.22)
M pc* ’

fK

The boundary condition for ¢y . is ¢z.(0) = 0 = ¢gx.(1), which implies the relation
(#14). In the renormalon model, one obtains exact expressions for these DAs [13]:

J_,T4,R(u) -0

4;K*
’ — 0\ Gkpe(v
i_,KTf7R(U) = 8<4f_K* [/ d'U <U + (u o 'U) In u _ U) ¢2,K2( )
0 v o
! 1
v—u Pax-(v)
¢ —u)l : . 4.23
+/u v (u + (v —u)ln v ) 02 ] ( )
Like the chiral-even DA ¢4 K* %f;m corresponds to the projection s = —% for both

quark and antiquark and hence, in the absence of quark-mass corrections in mg £m,, has an
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expansion in terms of oy 2(5 ). The full ¢4L;K* contains corrections explicitly proportional to
ms £ my, of which we only keep the leading term in (mg + m,)*. To NLO in the conformal

expansion, (L2I]) yields:

3 3
wi_K*(u) =1+ <12'L€i_K* 5 all) 011/2(5) + (—1 + - ay — {<4K + C4K*}) 01/2(5)

1 3 ~ 1 -
+ {—5@(* — 12K35- — 3 Aajee + = atf +5 [eli - 5 (3; n 9;)} } CV2(¢)

5 3
+ ( 1 — Wiger — - a ) 01/2(5) +3 3 >\3K*Cl/2(§)

m,+my fle

Mg fK

{3 (1 + 6a“> +3dlci?&) +5 (4C3K* - 3@@) Cy%(€)

3 3~ 15 -
+5 (4&![(* U A!K*) Cy2€) + 22 (2. ~ Bl cw@}

Lp e e i {(1 3a!+6a)ulnu+(1+3a”+6a”)alnﬂ}
Mg fK
—_—

6™ 2 g (9a] + 106a))
M= fK*

|
ms - ms K*

+6
mK* f?*

{(1 ~3dl + 6a!) wlnw — (1 +3al + 6a2) alna} L (424)
Recall that w = 1 — u and £ = 2u — 1. The above expression refers to a K* = (sg) meson;
for K* = (¢5), one has to replace u by 1 — u.

The explicit formula for qbi; s from (L22) is very long and complicated, so we only give
the result for my +m, — 0:

_ 4 2 4
Gix-(u) = 30uu? { <§ Caigr — <4K TE T a%)

3. 1 L Ly [ nlL oL 5/2
= Kiaee — = Aajee e — 03 0; ——e
+(25 G gtk T g e T T +5 0% )& (©

3 1 4
v (5 + gt ) €3O - s M CE(0)
~ 1
+ (5}@;}(* —ay — 20¢2l> {—4u3(2 —u)Inu +4a*(2 — @) Ina + 5 utié (36 — 11)}

36 252 140
+ (2o — R et - 22 40y - 17 ()
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1
X {u3(6u2 — 15u 4 10) Inu + @*(6u* — 154 + 10) In @ — 5 ua (13¢* — 21)} .
(4.25)

Both (£.24)) and (£.25)) agree, for the p meson, with the results obtained in Ref. [16]. The
numerics of the above DAs will be discussed in the next section.

5 Models for Distribution Amplitudes

In this section we compile the numerical estimates of all necessary parameters and present
explicit models of the twist-4 two-particle DAs introduced in Secs. [3] and 4l The important
point is that these DAs are related to three-particle ones by exact QCD EOM and have to
be used together: this guarantees the consistency of the approximation. Our model thus
introduces a minimum number of non-perturbative parameters, which are defined as matrix
elements of certain local operators between the vacuum and the meson state, and which we
estimate using QCD sum rules. More sophisticated models can be constructed in a systematic
way by adding contributions of higher conformal partial waves when estimates of the relevant
non-perturbative matrix elements will become available.

Our approach involves the implicit assumption that the conformal partial wave expansion
is well convergent. This can be justified rigorously at large scales, since the anomalous
dimensions of all involved operators increase logarithmically with the conformal spin j, but
is non-trivial at relatively low scales of order u ~ (1-2) GeV which we choose as reference
scale. An upper bound for the contribution of higher partial waves can be obtained from the
renormalon model.

Since orthogonal polynomials of high orders are rapidly oscillating functions, a trun-
cated expansion in conformal partial waves is, almost necessarily, oscillatory as well. Such
a behaviour is clearly unphysical, but this does not constitute a real problem since physical
observables are given by convolution integrals of DAs with smooth coefficient functions. A
classical example for this feature is the yy*-meson form factor, which is governed by the

/du%qﬁ(u) ~ Zai,

where the coefficients a; are exactly the “reduced matrix elements” in the conformal expan-

quantity

sion. The oscillating terms are averaged over and strongly suppressed. Stated otherwise:
models of DAs should generally be understood as distributions (in the mathematical sense).

All relevant numerical input parameters for our model DAs are given in Tabs. [Il and 2],
at the scale p = 1 GeV, which is appropriate for QCD sum-rule results, and at the scale
i = 2GeV, using the scaling relations given in Secs. 3l and M to facilitate the comparison
with future lattice determinations of these quantities.

The parameters related to twist-2 matrix elements have been determined using various
methods; see the discussion in Ref. [I7]. Matrix elements of twist-3 operators were also
discussed in Ref. [I7]. Twist-4 matrix elements for the p were estimated a long time ago
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o
p=1GeV | p=2GeV || p=1GeV | up=2GeV || pu=1GeV | p=2GeV
L Mev] || 216(3) 216(3) 220(5) 220(5) 215(5) 215(5)
fiE MeV] || 165(9) 145(4) 185(9) 163(8) 186(9) 164(8)
al 0 0 0.03(2) 0.02(2) 0 0
at 0 0 0.04(3) 0.03(3) 0 0
al 0.15(7) | 0.10(5) 0.11(9) 0.08(6) 0.18(8) 0.13(6)
at 0.14(6) | 0.11(5) 0.10(8) 0.08(6) 0.14(7) 0.11(5)
I 0.030(10) | 0.020(9) | 0.023(8) | 0.015(6) | 0.024(8) | 0.017(6)
Al 0 0 0.035(15) |  0.017(8) 0 0
ol —0.09(3) | —0.04(2) || —0.07(3) | —0.03(2) || —0.045(15) | —0.022(8)
Kl 0 0 0.000(1) | —0.001(2) 0 0
wl, 0.15(5) | 0.09(3) 0.10(4) 0.06(3) 0.09(3) 0.06(2)
AL 0 0 —0.008(4) | —0.004(2) 0 0
K, 0 0 0.003(3) | —0.001(2) 0 0
wi, 0.55(25) | 0.37(19) | 0.3(1) 0.2(1) 0.20(8) 0.15(7)
AL, 0 0 —0.025(20) | —0.015(10) 0 0

Table 1: Decay constants and twist-2 and -3 hadronic parameters at the scale p = 1GeV and
scaled up to u = 2GeV. The sign of the twist-3 parameters corresponds to the sign convention for
the strong coupling defined by the covariant derivative D, = 9, —igAjt®; they change sign if g is
fixed by D, = 0, +igAf;t*. Numbers taken from Ref. [17], see also Ref. [§] for a detailed discussion
of the decay constants.

from QCD sum rules [16] 23, 27]. In this paper, we perform a complete reanalysis of these
parameters and also include G-parity-breaking effects relevant for the K* and SU(3) breaking
for the ¢ meson. The corresponding sum rules and plots are given in the appendices.

For the chiral-even parameter Cﬂp we find Cﬂp = 0.07 £ 0.03, which agrees with our older

result dp = 0.15 £ 0.10 [I6] within errors. The change is due to updated input parameters.
Another parameter, Tuﬂp, was estimated, in Ref. [16], from a correlation function of currents
with different chirality, by dividing the leading contribution (a dimension-5 power correction)
by the typical hadronic scale. The result cNu"l'p = 0.1 £0.1 is a crude estimate. In this paper
we obtain @ﬂp = —0.03 £ 0.01, from a careful analysis of various sum rules. This result is
smaller than the previous estimate and negative, in agreement with the prediction based
on the renormalon model ([B.23). Th absolute size is smaller than the renormalon-model

prediction, which is not significant, however, as the intrinsic renormalisation scale at which
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I 0.07(3) | 0.06(2) 0.02(2) | 0.02(2) 0.00(2) | 0.00(2)
ol | —0.03(1) | -0.02(1) | —0.02(1) |—-0.01(1) | —0.02(1) |—0.01(1)
Lol =0.03(5) | —0.02(3) | —0.01(3) | —0.01(2) | —0.01(3) |—0.01(2)
G| —0.08(5) | —0.05(3) || —0.05(4) | —0.04(2) | —0.03(4) | —0.02(2)
ke || 0 0 —0.025(5) | —0.020(4) || 0 0
ki || 0 0 0.013(5) | 0.011(5) || © 0

Table 2: Twist-4 parameters at the scale p = 1 GeV and scaled up to 2 GeV. Sign convention for
the strong coupling ¢ as for twist-3 parameters in Tab. [Il

the model is valid is not fixed.

Another important result is that we find ¢ + &Zf # 0. This parameter is usually set
to zero, based on the observation that the leading contribution to the correlation function
of the corresponding quark-quark-gluon operator with the electromagnetic current vanishes
[23]. Similarly, as discussed in Ref. [13], there is no leading renormalon contribution to this
operator, which implies (- + Ej = 0 in the renormalon model. In App. [Cl we carefully
investigate a number of different sum rules for ;- + Ej, which are mutually consistent and
yield the results given in Tab. 2 with ;- + Zj # 0. On the other hand, our result for (; — Ej
is consistent with older estimates based on the analysis of the leading contribution to the
chiral-odd sum rules [23], albeit a factor two smaller.

The resulting four two-particle twist-4 DAs, as given by (3.26), (3.28), (4.24) and (4.25),
are shown in Figs. [[land 2. We use the renormalon-model predictions for all matrix elements
which are not known from a direct calculation. For (%, we use ¢ = (¢ — ()/2. The
SU(3) breaking is moderate in qﬁﬂ’L, but obviously more pronounced for ¢L|1|’l. This feature is
mainly due to the different shape of the asymptotic DAs which vanish at the end-points for
¢4, but are non-zero for 4. As is seen from the behaviour of 1/)4'1'; s+ in particular, Fig. [I] the
finite mass corrections in m, change the shape of the DA noticeably for u — 1; this result is
dominated by the terms linear in m,. Keeping all quark masses, the behaviour very close to
the end-points is given by m,(ms —m,) Inu for u — 1 and mg(ms — m,) Inu for u — 0. For
u — 0 the logarithmic term is dominant and causes the marked asymmetry in the dashed
(green) curve in the left panel of Fig.[Il For the ¢ meson, the logarithms vanish as m, — m.
A similar effect is at play for 5., Fig. B but is slightly less marked numerically. Due to
the dominance of these finite-mass corrections, the renormalon model alone gives only a
poor description of the full DAs, see Fig. Bl In particular the size of the apex at u = 1/2 is
considerably underestimated. The apex is actually dominated by the contribution of ag’l =1
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to the DAs, see Eqgs. (827)) and ([3:29). Technically speaking, this term is a mass correction
and hence not included in the renormalon model. Despite this shortcoming, the renormalon
model is very useful for estimating otherwise only poorly constrained higher-conformal waves
of twist-4 DAs, and in particular G-parity-breaking parameters.

6 Summary and Conclusions

In this paper we have studied the twist-4 two- and three-particle distribution amplitudes
of p, K* and ¢ mesons in QCD and expressed them in a model-independent way by a
minimal number of non-perturbative parameters. The work presented here is an extension
of Refs. [15],[16], 17] and completes the analysis of SU(3)-breaking corrections by also including
G-parity-breaking corrections in ms—m, to twist-4 distribution amplitudes. Our main results
are the expressions for twist-4 two-particle distribution amplitudes, Eqs. (3.20)), (3.28)), (4.24),
(#25), and the complete set of twist-4 input parameters, Tab. 2. With these results, a
complete set of light-meson DAs of twist 2, 3 and 4 is available for both pseudoscalar and
vector mesons.

Our approach consists of two components. One is the use of the QCD equations of
motion, which allow dynamically dependent DAs to be expressed in terms of independent
ones. The other ingredient is conformal expansion, which makes it possible to separate
transverse and longitudinal variables in the wave functions, the former ones being governed
by renormalisation-group equations, the latter ones being described in terms of irreducible
representations of the corresponding symmetry group. We have derived expressions for all
twist-4 two- and three-particle distribution amplitudes to NLO in the conformal expansion,
including both chiral corrections O(ms+m,) and G-parity-breaking corrections O(ms—my);
the corresponding formulas are given in Secs. [l and [l 'We have also generalized the renor-
malon model of Ref. [I3] to describe SU(3)-breaking contributions to high-order conformal
partial waves.

We have done a complete reanalysis of the numerical values of the relevant higher-twist
hadronic parameters from QCD sum rules. Our sum rules can be compared, in the chiral
limit, with existing calculations for the p [16, 27]. Whenever possible, we have aimed at
determining these matrix elements from more than one sum rule; we find mutually consistent
results, which provides a consistency check of the approach. Our final numerical results, at
the scales 1 and 2 GeV, are collected in Tab. Any substantial improvement of these
results will require input from alternative non-perturbative methods, in particular lattice
calculations.

We hope that our results will contribute to a better understanding of SU(3)-breaking
effects in hard exclusive processes and in particular in the decays of B, 4 and Bs mesons into
final states containing light vector mesons.
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Appendices

A Non-Local Operator Identities

For completeness, we quote the following non-local operator identities from Refs. [15] 21]:

a;iu(?(x)%é’(—x) - _i/ dv vq(2)269Gap(vr)Vus(—z)

+i(ms + my)q(x)s(—x), (A.1)

O a(as(—2)) = — i / 00 G(5)20 g Gons(v2)7,5(~ 1)

1

—i(mgs — my)q(z)s(—x), (A.2)

0uq(x)os(—x) = —i gx,, q(z)s(—x) —i—/_ dvvq(x)z,9G (ve)s(—x)

1

—i/_ dv q(x)z,9G . (v) oy, s(—x)

_(ms + mq)@(l’)’yvs(_l’% (A3)
9 1

o 1)) = —i0a(r)s(—x) + / v g(a)e,9G(vz)s(~)

—i/_ dvvq(x)z,9G o (vX)o,,s(—x)

+ (ms — mg)q(x)7,s(—2). (A4)

Here 0, is the total derivative defined as

0, {a(x)T's(~2)} = % (e +y)le +y, —2 + y]Ds(—z + )}

y—0

By taking matrix elements of the above relations between the vacuum and the meson state,
one obtains exact integral representations for those DAs that are not dynamically indepen-
dent.

27



B Chiral-Even Twist-4 Parameters

In this appendix we calculate the parameters A'JV and CJLILIV defined in Eqs. (8.12) and (3.19).
We shall obtain them from QCD sum rules, using various correlation functions of either
identical currents, so-called diagonal sum rules, or different currents, so-called non-diagonal
sum rules. We shall further distinguish between pure-parity (PP) and mized-parity (MP)
sum rules, depending on the parity of hadronic states that contribute to these correlation
functions.

Let us first consider the non-diagonal correlation function

2 / d*ye (0| Tq(2) g ua(v2)7°755(0)5(y)10a(1)|0) = (p2)° / Da e P2tz (),
(B.1)
where both currents have the same chirality. The integration measure Da is defined in (2.17]).
This is a MP correlation function, with both J” = 1~ and 0F states contributing. We have
calculated the OPE including condensates up to dimension 6:

Ol 2 1 1 1 /oy
m(a) = — 3p2 In _M—pQCklazoés{al( + } - = <—G2> d(a3)

o l—a;)  ap(l—an)f 6p2\7

+3Lp2%mq<qq> [as(as — 3)0(az) — azasd(a)|

+3Lp2%ms<ss> [ag(ag —3)d(a) — agdsé’(m)}

_ 3%2% [ 2In “_22 — ojIn(azas) + agag} [ms<QQ>5(a2) + mg(Ss)d(an)

+ [ grmen(ss) + gm.(5r9Gs)] (e

N pi [ (@) + 3mala09Ga)] 5(0)d(0s)

- ;—;wa8<qq><ss>6<a1>a<a2> . (B2)

In the local limit and zero quark masses, the result agrees with the calculation in Ref. [27].
In the product of §-functions §'(ay2)8(c + a2 + a3 — 1), § has to be integrated over before
J.

From (B.2]) we obtain the following sum rules:

Qg 4 o _ _
(Fiee)2mies Gl i M = - M LT = T(2, 50/ M?) } + = = (my{qq) + ma(5s))
187 9 7
2 oy - - 8 M?
—i—§ — (ms(qq) + my(ss)) {g +v9g —In o + I°(0, SQ/M2)}
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(qq) = (—0.24 4+ 0.01)3 GeV?® (3s) = (1 —03) (qq)

(gogGa) =mg (qq) (809Gs) = (1 — 65)(qogGq)
<% G2 > (0.012 £ 0.006) GeV* || (g3£G3) = (0.08 £ 0.02) GeV® 28]

= (0.84+0.1)GeV?, §3=02402, & =02+02
(2 GeV) = (100 + 20) MeV  «— (1 GeV) = (133 £ 27) MeV
as(mz) = 0.1176 £ 0.002 —— (1 GeV) = 0.497 + 0.005

Table A: Input parameters for sum rules at the renormalization scale u = 1 GeV. The value of my
is obtained from unquenched lattice calculations with Ny = 2 light quark flavours as summarized in
Ref. [29], which agrees with the results from QCD sum-rule calculations [30]. as(mz) is the PDG
average [31].

1 jos 1 _ _
+6 <?G >+ NE (mgy(q9Goq) + ms(59Gas))

87Tas 167TOés _
Topage U0+ (5%} = gy a0} (5s). B3
(Fh2m2 il e M ba M* {1 —T(2,s0/M?)} — 1 a (mq{qq) + ms(ss))
KW 250277 648 = )

11 o _ _ 8 M?
g o maag)+ m(ss)) {5+ 22— 2+ 00,00/

1 jas 2 _ _
~5 < G > ~ 5o (Mald9Gog) +my(sgGos))

16mas ., 407TOés _
{(70)* + (55)*}

BCYEVWE ~ g 90580 (B.4)

where

1 o 2
I(a, so/M?) = WEL / dss®tems/M”

B.3) follows from (B.2)) by integration over Do with the weight factor 1, and (B.4) by
integration with weight factor (a3 —4/9)/2, see Eq. (8.19). The sum rules for p are obtained
by letting s — ¢ and those for ¢ by letting ¢ — s.

We evaluate the above sum rules using the input parameters collected in Tabs. [l and [Al
the results, for central values of the input parameters, are shown in Fig.[Al The sum rules
are dominated by the contribution of the gluon condensate; the impact of the specific value
of the continuum threshold sy is only moderate. The figure also shows that the impact of
SU(3)- breaking is very relevant: the contributions of the quark and mixed condensate reduce
the values of §4V and w w . In the Borel-window 1 GeV? < M? < 2GeV?, and including the
input-parameter uncertalnties given in Tab. [Al we find, at the scale p = 1 GeV:

¢l =007£003, &), =-003+001,
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Figure A: [Colour online] CJ;'V (left) and @ﬂv (right) from the non-diagonal MP sum rules (B.3))
and ([B4) as functions of M2, for central values of the input parameters. Solid [red] lines: p
(s0 = 1.5GeV?), long dashes [green]: K* (so = 1.8 GeV?), short dashes [blue]: ¢ (so = 2GeV?).
All parameters are evaluated at the scale p = 1 GeV.

b =002+002, &l =-002+001,
Cly = 0.00£0.02, @), =-0.02+001. (B.5)

We have added in quadrature all individual sources of uncertainty. The total error is domi-
nated by that of the gluon condensate.

For CJJK*, we also consider diagonal sum rules which can be obtained from the correlation
function

Iy, =i / d'z e (0T, (2)(1)1(0)[0) = pupy g (p*) — g I} (%) , (B.6)

with the current J/Y =q géw%vg,s. For p, HX , was calculated in Ref. [27], while the
SU(3)-corrections were calculated in Ref. [14], including contributions from condensates up to
dimension 8. The suitability of this correlation function for extracting ¢ JJ i+ 1 not immediately
obvious: I} contains contributions not only of vector mesons, but also of hybrid 0T mesons,
whose coupling to JX is much larger than that of the K™, ruling out the possibility to
construct a MP sum rule for CJJK*. This situation is qualitatively different from that of the
non-diagonal correlation function (B.Il), where the presence of 57, ¢ removes all contributions
from hybrid mesons. We hence focus on the PP function IT{". From Ref. [14], we quote

2 2
vi__% e, M Lo o\ oy M
=10 ? ln——p2_%<_G>p s

m —p
Qs _ — 1,2 p? s _ —\1.2 p?
+ 6—7T[mq(qq> + m4(3s)]p”In ——]92 + 181 [ms{(qq) + my(8s)]p”In ——]92
Smag ,_ 1 3 o3
5 (qq)(3s) 902 (9°fG")
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19 ay 2
— —a—[mq<QUqu> + mg(509Gs)|In _M—

144 7 p?

b i (q0gGa) + ma(579Gs)] In L
—_—— l’l—

124 7 [Ms0409Ga) +my(so9Gs)]In =2

2571'0[8 2 2 _\2 ]_8]_77'(1/5 2/ = _

16252 ol{aq)” + (38)7] — Wmo<QQ><SS>

T Qg _ _ ™ Qg _ _
+ 5 (22G) [my(qa) +mo(ss)] + 607 (226 Imotaa) +my(5s)]. (B.7)

The PP sum rule for dJK* is
2
< IH{) m([j(*( AILIK*)2 6_m%<*/M2 = subH¥> (B8)

where BsubH}/ is the continuum-subtracted Borel transform of H}/, which we define as

o

S0
Buw, [ ds L = [" sy
0 5 —p? 0

in terms of the dispersive representation of II{. For p, the above sum rule was derived and
analysed in Ref. [27]. It features a large negative contribution from the gluon condensate
which, for Borel parameters M? ~ 2GeV? and continuum thresholds s, between 1.3 and
3GeV?, drives the right-hand side of (B.8) negative. In Ref. [27] it was argued that this
large negative contribution signals the presence of a larger mass scale ~ 2 GeV in the spectral
density and is indicative for a breakdown of quark-hadron duality, at least if the usual simple
continuum model with only one resonance, the p, is used. A remedy is the use of a more
appropriate continuum model including higher mass states like p(1450). This automatically
increases sg, but it also turns out that the coupling of p(1450) to the gluonic current JX is
larger than that of p(770), which does not really help the determination of ¢ Jﬂp. An alternative
is to analyse (B.8)) for small M? ~ 1 GeV?, where duality still works and the suppression
of higher-mass resonances is effective. Numerically, the sum rule is then dominated by the
gluon and the dimension-8 condensate (Gq)(GogGq). Clearly such a sum rule cannot give an
accurate estimate of dv, so we only use it as a consistency check for the results obtained
from (B.3)) and, in particular, the large SU(3) breaking. The results from (B.8) are shown
in Fig. Bl Note that the breakdown of duality sets in the earlier, the heavier the meson.
Although it is not possible to extract precise values for dv, we see that the values are not
inconsistent with the results from the non-diagonal sum rule, (B.5]), and that in particular
the relative hierarchy, Q'l'p > dJK* > L}, is reproduced.

Our final results are given in (B.3). A comparison with earlier determinations is given in

Sec.
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C Chiral-odd Twist-4 Parameters

In this appendix we calculate

L =CigeE Z4J_K* . (C.1)
Like for CJJK*, we consider both non-diagonal and diagonal sum rules — the former for all
mesons, the latter only for p. We also consider PP and MP sum rules. To distinguish
between the results of these sum rules, the following notation proves convenient:

(C.2)

1L
(i ‘D(ND),PP(MP) )

Let us start with the non-diagonal sum rules for (i, yielding (3 . The relevant

‘ND,PP(MP)
correlation function is

115, =i [ e 0T (ag(Gi & 1Gu19)5(0) 5,00 ()]0

= o {1Bgas) = (0 ) = o - ) 3

b uaps) = 5 ) = [0 = B+ (g — 9009 J. (€3

The invariant functions H‘% and Hj contain contributions of 1~ and 17 mesons, respectively,
and can be separated by considering the two projections

2H:|: — M I/ﬁH:I: —_9 (pZ)2 H:I: H:I:
(pZ) 1 =~ %24 afur T p2 \%4 + Al
M = g9 11, = —6[ 11 — 115, (C.4)

In calculating Hfz, we use dimensional regularization and the identity
- 1 -
G — Gy = Z{UW, 00 G (C.5)
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in order to avoid ambiguities with the definition of the epsilon-tensor and the 5 matrix in d

dimensions. Here {...,...} denotes the anti-commutator. We find
2 2
C % g, M Lasr s 2= = BT o tsshag) — - (%
Iy, = 15,37 In —F T3, [ms(qq) + mq<ss)} In R as(5s){qq) 51 < - G >
+ 121 5 [mq(qaqu> + ms(sagGs)} 611)2 [mq(EUgGs> + ms(cjaqu>]
Qg Qs _ _
2 fma{) + m53)] — [ (55) + )]
2 2
-y oy lag _ ,u_ 87 1 jas
I, = 337 In 7 + 3 [ms(qq) +mq<ss>] In + — 0 as(8s){(qq) — 24 < G >
21 5 |mq(GogGaq) + my(509Gs) | — 6Lp2 mq(509Gs) + ms(GogGq)
1
OZS _ _ as _ _
2 fma{) + mg53)] — 2 [ (55) + )]
2 2 2
o Qo Lyasy Lo o
ty = 7203t —p? 12 < T G >1 —p?> 97 [ »(44) +mq(ss>] In —p?
1 ay 2 8 o 8 _ \9 _ 92
g mataa) +ma(ss) | 0 Lg = han(ss)aa) + gz o (55)” + (q)’]
1 Qg
+ gz Mel@9Ga) +ma(509Gs)] = 52 ) + my(ss)]
2 2 2
+ ity L (S Lo o
A +72 3P 2t 12 < T ¢ >ln —p? 97 [ s{44) +mq<88>} In —p?
1 o _ _ w2 8m 8m N2 . -2
- 57[ ) +ms<88>} I =% — g ets9(aa) — 5= s[<88> +(qq) ]
1 S _ _
~ oy [mq(qaqu) + szagGs)} ~ 5 [ms(qq) + my(Ss)] . (C.6)

Again, the correlation functions for the p meson are obtained by s — ¢, and those for ¢ by
q — s. The above functions allow one to derive the PP sum rules

2 —m2 2
(f&*) mlll{* Ci‘ND,PP e KT M = B, H\j; ) (07)

and correspondingly for axial-vector mesons. As discussed in Ref. [20], there are actually
two strange 11 mesons, K;(1270) and K(1400), which are usually interpreted as mixture of
a 3P, state, the K,, and a ' P, state, the K [32, [33]:

K1(1270) = K, cosfx — Kjsin 0k,
K1(1400) = K, sin 0k + Kjcos 0.
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Figure C: [Colour online] CﬂND’PP (left) and Cf!ND’PP (right) from the PP sum rule (C7), as
functions of M?, for u = 1GeV and central values of input parameters. Solid [red] lines: p
(s = 1.2GeV?), long dashes [green]: K* (so = 1.4GeV?), short dashes [blue]: ¢ (so = 1.8 GeV?).

The results of Refs. [32, [33] indicate that the system is close to ideal mixing, i.e. x ~ 45°. To
the accuracy needed here it is then sufficient to replace the two resonances by one effective one
with the mass my, = 1.34 GeV [33]. We find that the sum rules for (- and its axial-vector
equivalent are dominated by the gluon condensate contribution, which implies

(f;l)zrn}l(l Ci_(KlﬂND,PP ~ _(fé*ym[]l(* Ci_‘ND’pp (CS>

with ~ 30% accuracy. For (t, no single contribution is dominant, but one still finds that
¢+ and (*(K,) have opposite sign. This is similar to the situation with PP sum rules for
the G-odd twist-4 parameters k. and ki, discussed in Ref. [21], and has some impact on
the relative size of continuum contributions in PP vs. MP sum rules. We will come back to

this point below. In Fig. [, we show the results for ¢ The values of sq are chosen

‘ND,PP'

in such a way as to ensure maximum stability of ( i in the Borel parameter. Note

‘ND,PP
that the sum rules (C.7)) are quite sensitive to the value of the continuum threshold, which
we vary by 0.3 GeV?. Including this uncertainty and the variation in M?, in the interval
1GeV? < M? < 2GeV?, and the error induced by the hadronic input parameters, Tabs.

and [Al we find, at the scale u = 1 GeV:

() |yppp = —012£0.04,  (Z(p)|yppp =0.03£0.02,

= —0.07£0.02, (K"

=0.04 4 0.02,

ND,PP
CHO) [ yppp = —0-05£0.02,  (2(d)|yppp = 0.04+0.02. (C.9)

We have added all individual uncertainties in quadrature. The bulk of SU(3) breaking in
these quantities is due to the factor miy(fy7)* in (C2), with mi.(f7.)?/(m,(f,)?) = 2.2
and mj(f;)?/(m5(f,)?) = 3.8, which explains the relative hierarchy [¢i(p)| > [¢y(K*)| >
|(E(¢)]. For ¢+, one has a cancellation of several terms which renders the interpretation of
the hierarchy of the curves in Fig. [C] less clear-cut.
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Figure D: [Colour online] CﬂND’MP (left) and CHNDMP (right) from the MP sum rule (C.10),
as functions of M?2, for u = 1GeV and central values of input parameters. Solid [red] lines: p
(s = 1.0GeV?), long dashes [green]: K* (so = 1.2GeV?), short dashes [blue]: ¢ (so = 1.5 GeV?).

Let us now turn to the extraction of ({ from MP sum rules, which contain contributions
from both vector and axial-vector mesons. These sum rules are derived from the combinations
(Il + I1%) /p? and, thanks to the factor 1/p?, benefit from a smaller mass dimension than
the PP sum rules:

o 1
(fie) Ml Gl €™ = Baw = (I + 11%) . (C.10)

The corresponding results are shown in Fig. The sum rule for ¢ consists of

}ND,MP
only two terms: the quark-condensate and the four-quark-condensate contributions, with
the latter dominant. Such a sum rule, sensitive to higher-dimensional condensates, is not

reliable and we do not include its results into our final value for (. ¢+ on the other

‘ND,MP’
hand, does not receive any contribution from the four-quark condensate, and is dominated by

the gluon condensate. In contrast to (i is rather insensitive to the precise

‘ND,PP’ Cj:_‘ND,MP
value of the continuum threshold sg. The reason for this is the different sign of vector and
axial-vector contributions to the hadronic side of the sum rule: as mentioned above, the 17
and 17 matrix elements tend to have different sign, and hence the resonance contributions
to the sum rule tend to cancel, reducing the size of the continuum contribution. We choose
so for the MP sum rules slightly below that for PP sum rules, to account for the lower mass
of the 17 ground state as compared to the first 1~ excitation. Using again the hadronic
input parameters from Tab. @ and Tab. [A], and varying s, by +0.3 GeV?, and M? in the
window 1 GeV? < M? < 2GeV?, we obtain the following results for ¢+

p=1GeV):

}ND up (&t the scale

C(P) | app = 007 £0.03,  (H(K7)

=0.03£0.02,  (2(9)|yppp = 0£0.02.
(C.11)

We have added all individual uncertainties in quadrature. We do not give any results for

ND,MP

C JﬂND yp Pecause this sum rule is dominated by higher-dimension condensates and hence

not reliable. Again SU(3) breaking in the above numbers is dominated by the overall factors

35



m(fi7)? in (CI0). Both PP and MP non-diagonal sum rules agree about the signs of (i:
¢+ >0and (+ <0.

Let us now discuss the diagonal sum rules for (§ which can be derived from the correlation
function of two quark-antiquark-gluon currents:

1155, = i [ dye PO 9(G s £ 1Gu5)5)0)59(Gu £ 1G5 )a)(5)HO
= o { o) = ()] = fo o 3y

+ ]%{ [(puguozpﬁ) - (:u A V)] - [Oé A ﬁ] +p2(gaugﬁu - gaugﬁu)}ﬂji. (012)

Like for the non-diagonal correlation function (C.3)), the invariant functions I and I15*
contain contributions of J” = 1~ and 17 states, respectively, and can be separated by the

projections
2
(p2)’I™* = 2#2g" I, = —2(7? [H# + Hj;i],
3* = g5, = —6| 15 — 157 (C.13)
Obviously H‘J;(_ A = HV( A)- We calculate these invariant functions neglecting mass corrections
and find
2 3GB) 2 1
H++ - _ O{s 6 p <g f _ g _
2 3 FGS) 2 1
H++ - _ O{s 6 p _ <g f _ g G _
1 —p?  4r (PfG3)
H+_ — < G2> 21 — ~ -
v =Ty TR (@) + =51
23g% . _ 1
79){q09Gq)— ,
1 a P dx (FIGH T i1
I+ :——<—SG2> 2 5 (dg)? — 1
A 24\ 71 N sl — e s )
5¢> B
+ 516 @) {a09Ga) — ,
2 3003 2
__ Qs -p*  {¢°fG")  29¢° _ . _ 1
;" = — b1 - Gq)—
v w0 M + e 301 \da){dog Q>p2,
2 3 £13
__ o - (¢°fG%) | 13¢° 1
I, = - 6 - Gq)—= . C.14
A woot e 152 T 3op (39)(a09 q>p (C.14)
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Figure E: [Colour online] (¢;¢1)p for p from the PP sum rule (CI6) (solid [red] curve) and the
MP sum rule (C.I8)) (dashed [green] curve).
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Figure F: [Colour online] |[(f|p (left) and |(*|p (right), for the p, from the sum rules (C.I5)
and (CI7). Solid [red] curves: PP (so = 1.2GeV?), dashed [green] curves: MP sum rules (sg =
1.0 GeV?).

Without quark-mass corrections, the above results only allow the calculation of the p cou-
plings. We construct PP and MP sum rules for ((+)? and ((*)?, and also for the product

(¢

(f,)Pmi (C2) | pp = BounIli7 (C.15)

()P m () | pp = Baw Iy (C.16)
1

() (G| e = Bo— (I + 5%) (C.17)
1

(f5 )Py (GC) e = b (I~ +147) (C.18)

The results are shown in Figs. [Eland [El As Fig. [l indicates, both (C16) and (C.I8) predict
different sign for (i and ¢, which agrees with the result from non-diagonal sum rules, Figs.
and Dl In Fig. [E] we plot the results from (C.13) and (CI7). All four sum rules receive
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contributions only from perturbation theory and the dimension 8 condensate (qq){(GogGq).
For both sum rules for ¢, perturbation theory is dominant, whereas for those for ¢+, the
condensate is dominant. For ( f}D’MP it comes with a negative sign, which explains the fact
that the dashed curve in Fig. [[] (right) only starts at large M?: below that, the result is
imaginary. A possible explanation is the contribution of hybrid 1¥ states to the sum rules,
both for ¢+ ‘DMP and ¢+ ‘D’PP. Indeed, replacing the parametrisation on the left-hand side of
(C11) by a contribution of such a state, with a mass ~ 1.5 or 2GeV, and correspondingly
larger sy &~ 4 GeV?, the coupling becomes real. In any case, the dominance of the dimension-
8 term in (qq)(Gog(Gq) in these sum rules renders them unreliable and hence we discard their
results. As for ( i p» the sum rule is very dependent on sp, which totally dominates the error
budget. This is another manifestation of the fact that the currents in (CI2) have a strong
coupling to hybrid states. We finally find

—0.06 £ 0.02, —0.04 4+ 0.02. (C.19)

1 _ 1 _
<+ }D,PP - C+ }D,MP -

Our last task is to give final results for ¢+ and, equivalently, (% and (f,, according to
(CI)). Let us first discuss the p parameters, as only for those we have information from both
diagonal and non-diagonal sum rules. For ( i, we have three results, ( JHDPP and ( JHD,MP
from (C.19), dominated by perturbation theory, and CﬂND’Pp = —0.12 + 0.04, dominated
by the gluon condensate contribution. As none of these results is a priori “better” than the
others, we average over all of them to obtain our final result

((p,1GeV) = —0.10 £ 0.06 . (C.20)

The average is smaller than the MP sum result alone, which we take into account when
arriving at our final results for K* and ¢ from (C.9):

(L(K* 1GeV) = —0.06 £ 0.03, ((p,1GeV) = —0.04 £ 0.03. (C.21)

As for (1, the diagonal sum rules have to be discarded, whereas the non-diagonal ones yield
¢ f}ND pp = 0.03 £ 0.02, with the most relevant contributions from perturbation theory and
the dimension 6 condensate {gq)?, and (f‘ND vp = 0.07 £ 0.03, with the most relevant

contributions from perturbation theory and the gluon condensate. Here we obtain our final
result as a straight average of PP and MP sum rules and find, from (C.9)) and (CIT)):

(F(p,1GeV) = 0.054£0.05, (F(K*,1GeV) =0.0440.04, (4, 1GeV) = 0.0240.04.
) (C.22)
From (CJ), we also find the final results for (f;, and (j:

(i,(1GeV) = —0.03+£0.05, (fx-(1GeV) =—0.01+0.03, (5(1GeV)=—0.01+0.03,

(L,(1GeV) = —0.08£0.05, (i (1GeV) =—0.05+0.04, (i(1GeV)=—0.03=+0.04.
(C.23)

A comparison of our results with those from previous calculations is given in Sec.
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