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Higher twist in electroproduction: Flavor nonsinglet QCD evolution
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We present results for the one-loop anomalous dimension matrix of flavor nonsinglet twist-4 operators of
lowest spin that contribute to the leading moment of the F, structure function in deep inelastic electron-nucleon
scattering. We analyze the flavor structure of the anomalous dimension matrix and decompose the leading moment
of F; into separate flavor channels. In addition to building on previous work with higher-twist operators, these
results can provide a benchmark for future work that generalizes to include the higher moments as well. We
include non-perturbative input from the lattice and phenomenological estimates of the twist-4 matrix elements
and estimate the twist-4 contributions to the leading moment of F,. The results suggest that the overall twist-4
contribution may be suppressed due to either cancellations among the twist-4 terms or inherently small twist-4

matrix elements.
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I. INTRODUCTION

In this paper we report on a computation of the leading
log Q7 evolution of the twist-4 contribution to the flavor
nonsinglet, leading moment of the F, structure function and
provide phenomenological estimates of the resulting effects.
Our study is motivated broadly by one of the major challenges
for nuclear physics: understanding the dynamics of quarks and
gluons, as determined by the QCD Lagrangian, and explaining
their connection to the hadronic degrees of freedom. The twist
expansion in QCD is a useful tool that is well suited for this
challenge. The property of asymptotic freedom of QCD allows
one to calculate sufficiently inclusive hadronic observables,
at asymptotically high energies, in terms of the perturbative
quark and gluon degrees of freedom. This phenomenon is
often referred to as quark-hadron duality. One of the simplest
examples of this duality is the process ee~ — hadrons which
is described well by the quark-level process ee™ — g away
from thresholds. Similarly, deep inelastic electron-nucleon
scattering is described by electrons scattering off free quarks
in the asymptotic region.

However at low momentum scales, where the strong cou-
pling «; is large, multiparton correlations become important
and lead to violations of quark-hadron duality. These correla-
tions are embodied in higher twist effects. At sufficiently low
scales, QCD is nonperturbative and the hadronic bound states
of quarks and gluons become the relevant degrees of freedom.
Despite this, there are several examples where low energy
hadronic observables, averaged over appropriate intervals,
exhibit behavior that reveal the underlying connection to the
quark and gluon degrees of freedom. Bloom and Gilman
[1-3] first observed that electron-nucleon scattering in the
resonance region is related to the deep inelastic scaling
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regime. In particular, they observed that even in the region
of low momentum transfer (Q?), dominated by the highly
nonperturbative dynamics of nucleon resonances, the nucleon
structure function F(x, Q%) exhibits logarithmic scaling in
Q? when averaged over appropriate intervals in Bjorken-x.
Furthermore, the resonance structures seen in F»(x, Q2) as
a function of the Bjorken-x, slide along the deep inelastic
scaling curve for increasing Q2. This logarithmic scaling in
Q2 of the structure function F, is described by the DGLAP
evolution of the leading twist parton distribution functions
(PDFs). This manifestation of quark-hadron duality which
relates the resonance region to the deep inelastic scaling
region is known as the Bloom-Gilman (BG) duality. At low
values of Q2, one expects the onset of power law behavior
corresponding to contributions from higher twist terms in
the operator product expansion (OPE). Such behavior would
signal a clear violation of BG duality and give a direct probe
of multiparton correlations in the nucleon.

Detailed studies of the BG duality and its violation
can provide insight into the dynamics of the quark-hadron
transition and have lead to a large experimental effort. Since
the early days of the SLAC-MIT [3] experiment, a wealth
of data (for a comprehensive review see Ref. [4]) on structure
functions has been accumulated over a wide range in x and Q2.
A large fraction of this data [5-11] is on the proton structure
function sz (x, Q%) which is now the best measured quantity
in deep inelastic electron scattering. Data is also available on
deuterium [12] and heavy nuclear [13] targets in the high-x
and low Q7 region. The data on the structure functions in
the resonance region has been compared to the scaling curves
obtained from global fits [14,15] of the PDFs and DGLAP
evolution. The resonance peak structures seen in the FZP (x, 0%
structure function are observed on average to oscillate around
the scaling curve. In particular, the average of the structure
function over all values of x, including over all resonance
peaks, exhibits scaling behavior. Furthermore, the average of
sz (x, 0?) over individual resonance peaks is also observed
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to follow the scaling curve and is known as /ocal BG duality.
Similar scaling behavior is also observed for deuterium and
heavy nuclei targets.

In modern field-theoretic language, quark-hadron duality
can be quantitatively formulated [16,17] in terms of the
operator product expansion (OPE). The Cornwall-Norton
moments of the F, nucleon structure function,

1
MO (0% = f dx "2 Fy(x, 07), (1)

0
can be expressed schematically in terms of the OPE as

/A2 5 oi
i =2k

Here k runs over all positive integers and the indices n, 7, i
denote the spin, twist, and type of operators, respectively. The
twist is defined T = d — s, where d, s denote the dimension
and spin of the operator O! . The Wilson coefficients C!_
are perturbatively calculable as an expansion in o (Q?)
and exhibit logarithmic scaling in Q%/u? with p being an
appropriately chosen input scale. The nonperturbative nucleon
matrix element of the operator O'_ is denoted by (O! ) and
has been scaled to an appropriate power of a typical hadronic
scale A ~ 1 GeV. The power law behavior in Q? of the various
terms in the OPE is determined by the twist t. The leading twist
(r = 2) nucleon matrix elements are given by the moments of
the standard PDFs. Quark-hadron duality corresponds to the
dominance of the leading twist terms which are determined by
the scattering of electrons from almost free quarks weighted
by the PDFs. Logarithmic corrections to Bjorken-scaling are
determined by the standard DGLAP evolution of the PDFs.
Violations of quark-hadron duality arise from the higher twist
terms in the OPE as power corrections in 1/ Q2. These higher
twist terms encode long range multiparton correlations in the
nucleon and are expected to become important at low Q2.

In the language of the OPE, the observed BG duality
corresponds to unexpectedly small contributions from the
higher twist terms to the lowest (n = 2) moment of the F,
structure function at low Q2. The higher moments of the
structure function, weighted more by the large x resonance
region, are expected to be more sensitive to higher twist effects.
A recent analysis by the CLAS collaboration [11] found
that the moments of the sz (x, Q%) structure function were
dominated by the leading twist terms down to Q% ~ 1 GeV?,
implying correspondingly small higher twist effects. For
the lowest moment, after accounting for kinematic power
corrections, the higher twist contributions were less than about
5% of the leading twist moment for Q% > 1GeV?. These
results were obtained through a detailed study of the Q2
behavior of the collected data.

The high quality of available data allows for a systematic
study of higher twist correlations, providing a window into
quark-hadron duality violations and nucleon structure. One
limitation for such a program is the lack of precise theoretical
knowledge of the renormalization group (RG) evolution of the
higher twist operators. Given the absence of this theoretical
input, the CLAS collaboration considered the effects of twist-
4 and twist-6 contributions, in addition to the leading twist
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effects, using a simple ansatz [18,19] that parameterizes these
contributions to the moments of the structure function as

2 v 2
M50 = m(Q*) +a [Z((f; } o

20 4
+Cl,(,6) [M} ,u_ 3)
a(uwy] 0

where 7,(Q?) is the leading twist contribution, a!¥ and
a'® parametrize the twist-4 and twist-6 nucleon matrix
elements respectively, and y® and y® are effective anoma-
lous dimensions parametrizing the RG evolution of twist-4
and twist-6 operators respectively. With the parametrization
written in Eq. (3), the CLAS collaboration interpreted the
unexpectedly tiny higher twist contribution to the moment
as being due to a conspiracy of cancellation between twist-4
and an oppositely signed twist-6 contribution. From a rigorous
theoretical perspective, however, the situation is considerably
more complex, as higher twist contributions are determined by
a large number of operators that mix under RG evolution. Both
the contributions from these matrix elements and the details
of their mixing are ignored in Eq. (3). A basis of operators at
twist-4 along with their tree level Wilson coefficients was first
given in Refs. [20,21], in the transverse basis in Ref. [22], and
more recently using the soft-collinear effective theory (SCET)
in Ref. [23]. A conformal basis of higher twist operators was
constructed in Ref. [24] and a one-loop analysis of conformal
higher twist operators is presented in Refs. [24,25].

Higher twist operators in QCD are also of interest for parity
violating deep inelastic scattering (PVDIS). As part of the
12 GeV upgrade at JLab, new experiments [26,27] will
measure the electron polarization asymmetry,

OR —OL

AgrL p——— 4)
in parity violating deep inelastic scattering off a deuteron
target over a wide range of Q2 and x to subpercent level
precision. The impact of the logarithmic running of higher
twist operators is one effect one must account for when
interpreting the asymmetry. Due to the high precision of the
measurements, hadronic uncertainties including higher-twist
effects must be investigated carefully as they can potentially
cloud theoretical interpretations of deviations from standard
model (SM) predictions. The effects of higher twist contribu-
tions to this parity-violating asymmetry were recently studied
in Refs. [28,29]. Based on the argument by Bjorken [30] and
Wolfenstein [31] it was shown [29] that this asymmetry can be
a powerfufl probe of quark-quark correlations in the nucleon.
For a deuterium target, Ag, is sensitive to a single four-quark
operator involving up and down-quark fields

1 () = 3@y *ux)d )y d(0) + ( < d)] ~ (5)

which is a twist-4 operator. As pointed out in [29], combining
high precision data taken over a wide range of x and Q2
from future PVDIS experiments at JLab as well as electron
ion collider (EIC) data, may allow a separation of higher
twist contributions to A g, from the charge symmetry violation
(CSV) effects depending on their relative sizes. In order to do
so however, one must have an accurate determination of the
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FIG. 1. Renormalization of 4 Q operators. The diagrams in (a) are self-renormalization graphs. The graphs in (b) are annihilation graphs.

size of the matrix element of the operator in Eq. (5) as well as
accurate knowledge of its mixing with other twist-4 operators
under the renormalization group.

In light of these experimental developments as well as the
broader goal of eludicating the transition from perturbative
to non-perturbative features of nucleon structure, we have
undertaken the present study. Our goal in this work is to
compute the one-loop anomalous dimension matrix for flavor
nonsinglet twist-4 operators at lowest spin, including all
mixing effects. Our calculations of the anomalous dimension
matrix are an extension of previous works [32—-34] where parts
of the one-loop anomalous dimension matrix were computed.
In particular, the graphs of Fig. 1(b) were not included in
previous analyses, and our results for the graphs of Fig. 1(a)
differ from those computed in [32]. We defer the calculation
of the RG evolution of gluonic operators and twist-4 operators
of arbitrary spin for future work. To this end, we have also
listed the isosinglet flavor operators which mix with gluon
operators.

‘We have combined our perturbative calculations with input
from the lattice [35] and phenomenological estimates [36]
to provide illustrative computations of the evolution of the
isovector, flavor nonsinglet contribution to F; in a range of
Q2 so as to make contact with the CLAS analysis [11]. We
demonstrate that theoretically one expects a relatively tiny
overall twist-4 contribution to the moment in the resonance
region, having a magnitude that is consistent with the CLAS
analysis. We also show that within twist-4, cancellations or
enhancements can occur between different flavor channels
contributing to the leading moment of F5. Thus, a suppression
of the twist-4 contribution may be due either to cancellations
between different operator contributions or to relatively small
individual matrix elements themselves. Our key results can
be summarized in Eq. (56) and Figs. 7 and 8. These results
demonstrate that probing higher twist effects in the leading
moment of F, would require a substantial improvement
in experimental precision. In particular, the observation of
any breakdown of cancellations due to Q? evolution would
likely require a substantial reduction in experimental error.
As a corollary, we also note that a complete QCD analysis

of twist-4 contributions will require new nonperturbative
computations of the twist-4 operator matrix elements, as
the illustrative results given in our study have required
making an ansatz about the values of several of these matrix
elements.

This paper is organized as follows. In Sec. II we review
the standard formalism of the operator product expansion
(OPE) and establish basic notation. In Sec. III, we review
the leading twist basis of operators and list the basis of quark
and gluonic twist-4 operators. In Sec. IV, we present both
the Feynman diagrams and renormalization factors for the
basis of operators introduced in Sec. III, and in Sec. V we
introduce a power counting scheme to ensure the anomalous
dimension has a consistent power in the strong coupling. In
Sec. VI we organize the basis of twist-4 quark operators in
terms of the irreducible representations of the flavor group
SU@3)s. In Sec. VII, we discuss the flavor structure of the
anomalous dimension matrix. In Sec. VIII we list the tree
level Wilson coefficients used to plot the leading moment
of F,. In Sec. IX, we plot the leading log evolution of the
Wilson coefficients, and in Sec. X we estimate values for the
twist-4 reduced matrix elements based on lattice computations
and model independent estimates. Finally in Sec. XI, we
present our results for the leading log evolution of F>(x, Q2).
We discuss these results and comment on future work in
Sec. XIIL.

II. GENERAL FORMALISM

In this section we review the formalism and relevant
notation for electron-nucleon deep inelastic scattering (DIS).
The differential cross section in the one photon exchange
approximation is given by

d*o o’ E e

aar ~ grp ©
where €2 is the laboratory solid angle of the scattered electron,
E’ is the energy of the scattered electron, L, is the leptonic
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tensor
Ly = 2(kuk;, + k) ky — gk - k). @)

In L,,, k*, and k'* denote the initial and final electron
momenta, respectively, and W*" is the hadronic tensor given
by
WH* =ImTH"",
®)
T = i/d“x "I (N|T (J,.(x)J,(0)|N),

where J# is the electromagnetic current of the struck quark
and g* = k" — k'* with g> = — Q2. The above form of WH"
follows from the optical theorem in which the imaginary part of
the forward Compton amplitude is related to the cross section
for fully inclusive scattering off the initial state nucleon (N).
Lorentz and gauge invariance dictate the following general
form for the hadronic tensor:

q"q" v
WMV=< q2 _gu>Fl(X, Qz)

P P F(x, 0?
+ (P/_L_ zqqu) (Pu _ zqqu) 2('x Q )’
q q

v

where P" is the initial nucleon momentum, v = P - ¢ and
Fy » are dimensionless structure functions. The moments of
these structure functions can be written in terms of the OPE as
shown in Eq. (2) for F,.

The structure of the product of electromagnetic currents
given in Eq. (8) at light-like distances is given by Wilson’s
operator product expansion, see Refs. [33,37,38]

X X - n 2 0T, (y... Ay
J<§>J<—§> =D > CrD)OF -t (0) xy, . Xy,

n=0 i,t
©))

where we have suppressed the Lorentz indices on the currents.
The operators appearing on the RHS of Eq. (9) are symmetric
and traceless in indices (1 . .. i, and thus have a definite twist
(dimension-spin) denoted by .

The structure functions F; are determined by both the
Wilson coefficients and the matrix elements of the operators
in Eq. (9), the Fourier transforms of C ;fr(xz) are related to the
moments of the structure functions, e.g.,

1
/ dx X2y 5(x, 09~ 3 C1L(ON IO O)IN).
0 X
J

(10)

The dependence on Q2 is controlled by the anomalous
dimension of the operators in Eq. (10). The bare (OF'®’) and
renormalized (O}') operators of Eq. (2) are related by

Oy =z OY, (11)

where Z,/; denote the renormalization constants. They are, in
general, matrices since different operators of a given spin n
mix under renormalization. From the scale invariance of the
bare operators one can derive the RG evolution equations

d

M

O =—v" 0, y'= Zf;”’kﬂazfi’w (12)
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and from the pu independence of the moments it follows that
the Wilson coefficients satisfy the RG equation

d _. L
2l =il
dl,l, nt ‘}/n

nt’
which can be solved to give

Ci(Q* /12, ) = ) Cl.(1,8(t")
J

XT[GXP{—/ dt’)/m(é(t/))H . (14
0 ji

Where t = 1/21n(Q?/u?), and () is the running coupling
in QCD. In what follows, we will evaluate y,’ and its
eigenvalues for the nonsinglet, twist-4 operators. Our main
phenomenological task will then be an evaluation of Eq. (10)
in the resonance region.

% 13)

III. OPERATOR BASIS

In this section we review the basis of operators that appear
at twist-2 and twist-4. At twist-2, it is well known that
there are just two towers of operators for a given spin n.
The multiplicatively renormalizable flavor nonsinglet (NS)
operators are

- A
NS -1 a
O =1""'S |:1//f YDy, ... Dy, > 1/ff:| — trace terms,

s)

and the two types of flavor-singlet operators that mix under
renormalization are

O o =1V 'S[¥y ¥, Dy, .. Dy, ¥y] — trace terms,
Og;ﬂ'l---ﬂn = 21'1\”2S[F5|0(DM2 ...Dy,, | F;f;“] — trace terms.

(16)

Here v/ denotes a quark field of flavor f and F*# denotes the
gluon field strength tensor and A, is an SU(3) ; generator. The
operation S reminds one to symmetrize the Lorentz indices
in brackets. The operators in Eqgs. (15) and (16) are thus
completely symmetric and traceless in the indices uy, ..., i,
and transform under irreducible representations of the Lorentz
group of spin-n. The anomalous dimension matrix for the
flavor singlet operators takes the schematic form

a’, a'’
Aep  Geg

n
88

renormalization graphs for operators O;;; P and O(S;; Lttty
respectively. The off-diagonal entries come from graphs that
mix these two operators. The flavor nonsinglet operator Ogs
undergoes multiplicative renormalization since it cannot mix
into the flavor-singlet operators (92, Os.

The situation for twist-4 is more complicated. In general
the operators at twist-4 can be classified into several types
which mix at the one-loop level. The specific number of

operators grows with the spin-n unlike the case at twist-2.

The diagonal entries a%, and ap, arise from self-
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A complete basis of twist-4 operators with tree level Wilson
coefficients was first given in Refs. [20,21] and parts of the
anomalous dimension matrix were computed at one loop in
Refs. [32-34]. The ‘canonical’ basis in Refs. [20,21] was
constructed by requiring that the time-ordered product of
electromagnetic currents is expanded in terms of operators
that (a) are totally symmetric, (b) traceless, and (c) contain
no contracted derivatives. In this paper, we extend the work
of Refs. [32-34] and compute the full anomalous dimension
matrix of flavor non-singlet operators at twist-4 and spin-2.
The operators at twist-4 that contribute at spin-2 are given by

~>112k5

A-QMO = gyppd'd’ waRA w,

A QXD = gypr, Ad d YR UrAdT TaYR,
A-QND = g pd d yr g pd Y
A QIO = gppr, Ad d Yr LA Ty, (18)
A-QND =g pd'd wumf““ L
A QD = eyt pd A Y P pad” T Ty
A-QIR =y d Fysd” Ty,
A-QNO =igppd fd" "y,

where A is alight-like vector, A - Q,, = A#t - AP Q, s

d=iA"D,, fP=FPA, and *fF =eP°TF, A,. The
subscripts R, L on the quark fields denote the chirality so
that ¥g | = &T”Sw. In this paper we compute the anomalous
dimension matrix of the operators listed in Eq. (18), however
in the small x-Bjorken domain, we expect purely gluonic
operators to make the main contribution. For twist-4, in
addition to the quark operators listed above, we list purely
gluonic operators as well [39]:

A0S =T F d" Fop),

—4—k—t —k —¢
A0 = fed fsd ],
—n—4—k—{

[

[fd ™ f8d fud £l 19
[ —n—4—k—¢
[

A-OfF®D =Tr

fud " fPd fad £,

—n—2—t

A - 084D — Ty

—t
A- 080 = Fopd f7].
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IV. RENORMALIZATION OF TWIST-4 OPERATORS

The renormalization of the twist-4 operators listed in the
last section is complicated by the large number of mixings
present. In this section, we classify the operator basis into
distinct types to better organize the calculation of the one-loop
anomalous dimension matrix that determines the RG evolution
at leading order. In Eqs. (18) and (19), the operators Q,ll — Qfl
are four-quark operators, Q7, O3 are two-quark operators, and
Q8! — QY are pure gluon operators which we symbolically
denote as4Q, 20, and G type operators, respectively. In terms
of this classification, the anomalous dimension matrix then
takes the following schematic form:

y’;lQ%4Q V:QHZQ y4Q—>G
Vo = yn2Q—>4Q VZQ—>2Q y”2Q—>G , (20)

where y*974C is a matrix that arises from the self-
renormalization graphs of the 4Q operators, 2¢~4¢ denotes
contributions from graphs that mix the 2Q operators into 4Q
operators, and so on. Recall that we are restricting our analysis
to spin-2 (n = 2), flavor nonsinglet twist-4 operators. At one
loop, Fig. 1(a) shows the QCD self-renormalization graphs
of the 40 type operators. The graphs of Fig. 1(b) contribute
to the 40 — 4Q self-renormalization after using the QCD
equations of motion which were not considered in previous
work. Figure 2 shows the self-renormalization of the 2Q
operators, and Fig. 3 shows the 2Q — 40 mixing graphs.
For the graphs in Fig. 2, we have chosen to compute using the
background field method [40].

Below we review in schematic notation, the ingredients
that go into the anomalous dimension calculation. The bare
and renormalized operators are related as

0} = ZV0, @)

where the subscript b on the left-hand side (LHS) indicates
a bare operator and the operator on the right-hand side
(RHS) denotes the renormalized operator and Z* denotes the
renormalization constants. The indices #, j run over the basis
of operators. We also denote the renormalization factors for
the massless fermion wave function and the strong coupling
constant as Zy, and Z,, respectively, so that the bare (b) and

Ty gy
Yy oxw W

FIG. 2. Feynman diagrams for the renormalization of 2Q operators.
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X X

I
X,

FIG. 3. Feynman diagrams for 20 — 40 mixing.

renormalized quantities are related as

Vb =VZy¥, g = nZ,g. (22)

The renormalization constants can be expanded around
unity as

Zy=146Zy, Z,=1+08Z,, (23)

where § Zy, and § Z, denote the contributions from higher order
perturbative diagrams.

We have found that the anomalous dimension for y*¢—2¢
is zero as one expects on general grounds [25]. Consequently,
only the y, 27, »972C and y,27*® blocks of the
anomalous dimension matrix are relevant. We break the matrix
Z of Eq. (21) into the component blocks Z42-4C | 72020 'and
Z224€ corresponding to mixings among the 4Q operators,
the 2Q operators, and the mixing of 2Q operators into 4Q
operators, respectively. As mentioned previously, the 40
operators do not mix into the 2Q operators and since we restrict
our analysis to flavor nonsinglet operators we do not include
the pure gluon G-type operators in the basis. The Z*24¢ and
72?229 renormalization matrices can be expanded around the
unit matrix as

72020 _ 1 + §729 2Q 740,40 _

=1482C4C  (24)

while the off-diagonal block Z?2*¢ gets nonzero contribu-
tions starting at one-loop and is written as

72040 — 572040 (25)
We now have all the necessary notation to discuss the

extraction of the one-loop anomalous dimension. We outline
the steps for the 40 and 2 Q operator renormalization below.

A. Four-quark operators
The bare 4 Q operators have the schematic form
4 27 -
0,° = i Vo Tn s,
where we have suppressed flavor indices and the Lorentz and

Dirac structure. The renormalized and bare 4Q operators are
related as

O4Q — (Z—1)4Q,4Q O4Q 2 25 1!/1!/‘(//‘(//
+(Q28Zy +28Z, — 5249 Ay 212 Gy, (26)

where the second term above is just the counterterm and
determines the renormalization matrix § Z*¢-*€ . Once § 24242
is extracted from the counterterm above, the anomalous
dimension matrix is given by is given by

d
du

4040 _

y = (z*e4Q)y 1y —z4eAC, 27

B. 2Q operators

The bare 2Q operators have the schematic form

= Y8 Fp¥p. (28)

where Fj, denotes the bare field strength tensor and we have
suppressed flavor indices and Lorentz and Dirac structure.
There renormalized 2(Q operator is related to the bare
operators as

0 _ (z-1y0e20 OZQ +(z71)ese OZQ

= VgFy +(8Zy —82°220) YgFy
+(Z7YOCZL Zo g YTY YTy, (29)

where the two terms in the first line above correspond to
mixing among the 2Q operators and the mixing of the 2Q
operators into 4Q operators, respectively. The combination
g» Fp remains unrenormalized in the background field method,
and the last two terms in the second line of Eq. (29) denote the
counterterms and the anomalous dimension components are
given by

p20-20 _ (72020)-1, d 4 520020
d b
" (30)
y20-40 (ZZQ,4Q)—1MiZZQ,4Q'
dp

For one-loop renormalization, Eq. (29) simplifies to
0% = YgFy + (82 — 8212020) ygFy
+@Z AT g YTy YTy,

where the superscript (1) on the renormalization constants
indicate the respective one-loop contributions.
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O O

FIG. 4. Left: A representative Feynman diagram illustrating
operator G4 mixing into G3, an order g correction to Gs. Right:
The Feynman diagram illustrating the mixing of G3 into G4, which
is order g3.

V. CONSISTENT POWER COUNTING IN POWERS OF g

Before proceeding to the calculation of the anomalous
dimension, we address an issue concerning consistent treat-
ment of orders in perturbation theory [20]. Using abbreviated
notation, we collectively call O; = (Y¥)?, O, = Y F, G3 =
FD?F, and G4 = F3. A close look at the mixings among
0 — G4 reveals that Zg, g, is order g> whereas Zg, g, is
order g as shown in Fig. 4. One can readily see that the counting
inconsistencies persist when computing the mixings Zg,_, o,
as well. It is desirable to write the anomalous dimension in a
scaled form y;; ~ g>d;; when computing Eq. (10). This form
of y renders direct calculations of the integral

Texp [_ ?(g’)]
B(g")

to be quite simple. However, a leading log evolution of the
operators O; — G4 leads to an anomalous dimension matrix
which is not proportional to one consistent power in the
coupling, e.g.,

€19}

v & 0 0
2 2
- &gV21 & Vxn 8V23 & Vi
DNl DS ) ; .32
8 V2 8V & V4
0 v gy &y

A form of the mixing matrix proportional to g? in lowest
order can be regained by an appropriate rescaling of the twist-4
operators. We have chosen the following redefinitions:

01— WY, 0, — gWFy),
G; — FD*F, G4 — gF>.

Of course, the dominant logarithm is independent of such con-
ventions. After these redefinitions, the anomalous dimension

PHYSICAL REVIEW C 88, 025202 (2013)

matrix has a homogenous scaling in the strong coupling

yu vz 0 0

~ 2| Y21 V22 V23 Y24
~ . 33
SRR I Y2 Y33 Va4 (33)

0 v vz yu

VI. FLAVOR STRUCTURE

In this section we discuss and establish notation for the
flavor structure of the twist-4 operators. The structure of the
anomalous dimension matrix can be organized according to
flavor structure since QCD with massless quarks preserves
flavor symmetry. The electromagnetic current entering in the
forward Compton amplitude in Eq. (8) is given by

) = oy QY ), Q= : (/\3 + L/\8> . (G4
2 V3

where ¥ is a column vector in flavor space so that ¢ =
(Yu, Ya, ) and Q is the electromagnetic charge operator
acting on v and can be written in terms of the SU(3),
Gell-Mann matrices A; as shown. The twist-4 operators from
the OPE of the product of electromagnetic currents in Eq. (8)
can be classified in terms of their transformation properties
under SU(3) ;. Schematically, the 40 and 2Q operators have
the following flavor structures:
40: AV QYU QY. B)Y QY.
20: 0¥ 0%V,

where the precise color and Dirac structure is suppressed. The
flavor structure A) in Eq. (35) arises from the first handbag
diagram of Fig. 5. The second diagram of Fig. 5 generates
both B) and C) flavor structures where the flavor structure in
B) arises after an application the gluon equation of motion
(EOM) for the external gluon. These flavor structures can then
be decomposed into irreducible representations of SU(3) s with
definite isospin (/, I,) and hypercharge (Y = 2Xg /\/§) [41].
Since the charge operator Q is a linear combination of A3 and
Mg all these operators have I, =Y = 0.

The flavor decomposition of the 40 operator of type A) in
Eq. (35) is given by

(35)

2
VoY YOy = f o/l + — Oflf‘+30?lé‘
2 8A+ 2 084 _ ﬁOI,A
m I= 3\/— 1=0 3 1=0°
(36)

IS T TR

FIG. 5. Left: Double handbag diagram with flavor structure ¥ Qv Q. Middle: Feynman diagram with flavor structure ¥ Q1. Right:

Feynman diagram with flavor structure ¥ Q> Y.
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and the flavor structure vy Q% that appears in the 4 Q operators
of type B) and 2Q operators of type C) in Eq. (35) is
decomposed as

YOIy = 0)0 + Ofh,
7 12 8,C 8,C G7N
YO =00+ 0,5
The superscripts on the operators on the RHS of Eqgs. (36)
and (37) denote the SU(3) s representation and the subscripts
denote the isospin representation of the SU(2); subalgebra of
SU(3) . The labels (A, B, C) are included to remind the reader
the specific flavor structure given by Eq. (35). For notational
convenience we define “meson” fields that make the flavor

PHYSICAL REVIEW C 88, 025202 (2013)

structure of quark bilinears manifest as

nt =du, K =3u, k“:ds,
1 -

ns = ——=(dd + itu — 255),

T

nozL(ﬂd—ﬁu) K°=sd, K = —iis
V2 ’ ’ ’
1 _

" = —(iiu + dd + 5s),

LIV

T = —ud.

In terms of these fields, the flavor structure of type A operators
appearing on the RHS of Eq. (36) is given by

1
oA ~ %[2710710 +rxtr  +n "],
1 _ _
ol ~ ﬁ[(KOKO + K K+ (KR + K"K ™) + 3 ns + nsm )],
3
027,A ~
7 e

1 1 1 _ 3
(77 —ntrT —a ) — E(KOK0 — K KM — E(KOKO — KK+ 5778778] ,

(38)

31 2 1 - 1
01 ~ —\E [§(K0K° + KK+ SR+ KK = (g + nsﬂo)} :

1 1 1 i}
o4 ~ 7 [(nono —atnT —ant)— z(KOKO — K KH)-— E(KOKO —KTK)— ngng] ,

1 _ _
0,4 ~ —ﬁ[(nono —atn = )+ (KK — K KT+ (K°K® — KYK™) + ngnsl.

The last operator 0,1’:% in Eq. (38) is a flavor singlet and can
mix with the pure gluon operators and will not be considered
in the rest of the analysis. The flavor structure of operators of
type B in Eq. (37) are given by

1
OS,_B __7_[0 /’
=1 % n
(39
OS,B ~ _Lngn/ + zn/n/
I1=0 \/1—8 3 ’
and the flavor structure of the two quark operator ¥ Q> is
2
0)5 ~———7",
32 40)
ove L 2 L
1=0 3\/5 3\/6

VII. STRUCTURE OF THE ANOMALOUS
DIMENSION MATRIX

In this section, we expand the discussion of Sec. IV on the
structure of the anomalous dimension matrix to incorporate
the flavor structure discussed in Sec. VI. Equations (36)—(40)
give the SU(3) flavor decomposition of the 4Q and 2Q type
operators. The conservation of flavor in massless QCD implies

that the 0?221’0 operators in Eq. (36) will not mix with
operators living in a different representation of SU(3) or with
those in a different isospin subgroup. On the other hand, the
octet operators 0;;’=A1 and 0;3,231,0 can mix with each other. Thus,
the analog of Eq. (21) that relates the bare and renormalized
operators for O%LZ,I,O (dropping the A label) is diagonal:

0iL, P 0 0 0iL,
o, =| 0 Py O o7, |, @
07,/ 0 0 P/ \0¥,

where the vector O?’ is a six-dimensional column vector
corresponding to the Dirac and color structures of the 40

27 flavor representation with isospin I appearing in Eq. (36)

227 1(0,0) 2(0,0) 3(0,0) 4(0,0) 5(0,0) 6(0,0\T
01 - (Qn:Z ’ Qn:Z ’ Qn:Z ’ Qn:Z ’ Qn:2 ’ Qn=2 )27,1’

42)

where the superscript 7' denotes the transpose. Note that there
are no 20 operators in the 27 representation of SU(3);.
The renormalization constants IP; are thus 6 x 6 matrices.
The anomalous dimension matrix for the 27 operators is
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given by
P iJP (43)
Yio = K1 du I-

The octet sector of the anomalous dimension matrix is more
complicated. Operator types (A, B, C) in Eq. (35) all contain
flavor-octet operators, and in general, these three operator
types will mix under renormalization. For flavor structures of

S84
o0;" =

58, BC
oy

With these definitions, the bare and renormalized operators are
related as

5?"4 }L[ M[ 518A (45)
oo ) =\ w J\opee)

The matrices I, M, N, Q are then 10 x 10 matrices which
have the form

4Q—>4Q IL4Q—>2Q
:( 2040 ILZQ—>2Q)
I
4Q~>4Q Nie—2e
I
= ( 2040 M%QaZQ)
4Q—>4Q Nie—20 (46)
I
2Q»4Q N20-20
I
4Q~>4Q Q4Q42Q
I
Q- ( )
4 202
QIQ% 0 QIQ% 0

The IL; and N; matrices encode the renormalization structure
of the 40 and 2Q operator structures for the 8A and 8 BC
representations, respectively. The matrices M; and Q; encode
the mixing of the 40 and 2Q operator structures between
the 8A B and 8C representations. Many of the submatrices in
]L], M[, N[, Q[ vanish
L40-20 _ 12040

_ 72020 40—-20
- HJI - IMII

= N;¢7 = Q27 =0 7
All but the ]L4Q%2Q vanish since only 4 Q operators appear in
0% The remaining sub-blocks M[}2~2¢, N7¢72¢ @7¢~2C
Would give rise of mixing of 4Q into 2Q operators (see
Appendix A for more details). However, it is known on general
grounds that such mixing does not arise. A recent modification
of the BFKL formalism in Ref. [25] has shown that operators
containing a larger number of fields are forbidden to mix into
operators containing a smaller number of fields at one loop.
We have verified these results with explicit computation.

VIII. WILSON COEFFICIENTS FOR n =2

Having outlined the flavor structures of the twist-4 con-
tributions, we now present the Wilson coefficients for the

5(0,0) QS(OZO), 0.0.0, O)

1(0,0) 2(0,0) 3(0,0) 4(0,0)
(Qn:Z ’ Qn:Z ’ Q n=2 ° anz s Q n=2

1(0,0) 2(0,0) 3(0,0) 4(0,0)
(Qn=2 ’ Qn=2 ’ Qn =2 > Qn:Z ’ Q

PHYSICAL REVIEW C 88, 025202 (2013)

type A) and B) one encounters only four quark operators while
for C) one has the two-quark operators. For convenience, we
embed those of type A) in a ten-component vector 5;“ and
combineﬁthose of type B) and C) into a §econd ten component
vector, 0% 8C . The first six entries of O%8C are filled by the
0%8 (40Q) operators and the last four operators are filled by
0%€ (20) operators,

8,A,I’ (44)

5(0,0) 6(0,0) 7(0) (1) 8(0) 8(H\T
n=2 > Qn=2 H Qn:2’ Qn:2’ Qn:2’ Qn=2)8,BC,I'

twist-4 20 and 4 Q operators at leading spin. According to the
formalism established in Ref. [20], the Compton amplitude
at twist-4 naturally divides into two pieces arising from the
graphs of Fig. 5:

—i / d*x & T, () (0] = X, + Y. (48)

The Y, term arises from the double handbag-type diagrams
(corresponding to the first and last diagram in Fig. 5) and the
X, term arises from the remaining diagrams. The explicit
calculations of X, and Y, are given in detail in Ref. [20],
and we summarize the full form of these expressions in
Appendix B. For a leading moment (n = 2) analysis, these
expressions simplify greatly. The Y,,, term is given by

4_g 1o 02(0»0)

T=4n=2 _
Y - g M n=2,p1 12’

Tlﬁ)mz = ng}ljlgll)lz _ (g}ljlqv + gﬁ“qﬂ)q“z + gwqmquz’

(49)
and the X, term is given by
T=4n=2 _ 8 |94 v
K T 240 [qz gﬂ]
0 3(0 3
x{2¢-0,5-3¢-0,5 -34- 0,5}
& [g,w_ p'q" + p'q" qu"p”}
24° p~q (p-q)?
x{ 09+ 1 54 0" +5q. O,Z“);}.
(50)

Here g - O is shorthand for ¢, ...q,, O"#*, while the
explicit form of the operators appearing in X,, and Y, in
terms of the canonical operators of Eq. (18) is [20]
A 02(0 0 _ AL lei(o,zm IA. Q4(0 0y AL Qg(o’zo)»
A-08 =40, (51)
3(1) 7(1)
A- On:2 =—-A. Qn—Z’
A-OO =702 128019 + A 050

Note that the first term in the RHS of Eq. (50) contributes to
the longitudinal structure function F; while all other terms in
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Egs. (49) and (50) contribute to F> whose moments we analyze
in this work.

The foregoing decomposition does not yet reflect any flavor
structure. To avoid introducing unwieldy notation, we simply
indicate this structure below:

A - oﬁi’;” Flavor Structure A: 27,8,
A - (’)Zg Flavor Structure B: 8, (52)

A 0382" Flavor Structure C: 8.

We now apply these results to the forward matrix elements
of the vector current correlator in Eq. (48). Several steps are
required: (i) expressing the matrix elements in terms of those
of the individual twist-4 operators Q',*.); (ii) decomposing the
current-current product in terms of the various flavor structures
A), B), and C); and (iii) expressing the latter in terms of the
operators associated with their SU(3) flavor decomposition
given in Eqgs. (36) and (37). Starting with the first of these
steps, we write the matrix elements of the twist-4 canonical

Ay = A200 _ 9 g40.0) 4 46.0.0
Ap = A20.0 4 9 f40.0 4 46.0.0)

Ac = A0 - A7.(D

The tensors e,,, and d,,,, are written in full in Appendix B. The
coefficients of d,, contribute only to the F structure function
whereas the coefficients of e, contribute to the F; structure
function [20].

‘We now express the leading moment of the isovector part of
F, in terms of the foregoing matrix elements. In doing so, we
also carry out the SU(3) decomposition following [32]. The
result is

M'{z2],r:4(Q2)
= 1 2 )
= [ dxn Pl 09 = 575 2 { e,

—i-\/il_SCi'j(Qz)Ai,j +Cyl (01 Ay +CET(0) Ag’f}
(56)

= M»(Q?) + Msa(Q?) + Msp(Q%) + Msc(Q?). (57)

We have introduced the notation A7 for the matrix element of
0?1, appearing in Eq. (38). The subscripts A, B, C indicate
the specific flavor structure of each operator, e.g., that Ap
is the matrix element of an operator of type ¥ Q> ¥ and
Ac is the matrix element of type ¥ Q*vr, respectively.! The
explicit factors of 2/+/10 result from the SU(3) decomposition
of the A, B, C type operators while the C/ZJ’J(QZ) are the

'For the flavor 27, the subscript A is clearly redundant, as only the
structure A can yield a 27 after SU(3) ; decomposition. However, we
retain the subscript in this case for overall uniformity of notation.

PHYSICAL REVIEW C 88, 025202 (2013)

basis operators as

(N] Q;l(lljl«i) IN) = AED (pmpuz - %Mz%/gmuz) . (53)

where the A factors are reduced matrix elements encoding the
nonperturbative multiparton correlations. Second, using this
form for the matrix elements in Eqs. (49) and (50), we write
the n = 2 component of T, as

Tpr = —i / dtx e (P T [P
w*d,, 5 1
wre,, [1 3
- fran-2ack, (54)

in agreement with Ref. [36]. Here, we have defined »® = 1/x%
and have indicated the flavor structures of each matrix element
for clarity, introducing the shorthand notation:

Flavor Structure: ¥ Qv Qr,
Flavor Structure: ¥ Q>y ¥,

Flavor Structure: ¥ Q2.
[

corresponding Wilson coefficients. The index j runs over all
relevant operators in the canonical basis in Eq. (18) [20]. The
values of the Wilson coefficients at an appropriate input scale
(discussed below) are given in Table I.

One may ask whether it is possible to isolate experimentally
the 27-plet and octet contributions to the leading moment.
To this end, we note that for unpolarized DIS processes, the

photon couples to a current we denote by Jem = V3 + %Vg,

where V signifies the vector nature of the current, and we
have defined V/* = xﬁ%y“w. Following [32], a similar flavor
decomposition can be done for the electroweak charged
current. The charged current contains both a strangeness-
changing piece and a non-strangeness-changing piece. For
the strangeness-changing part of the charged current, the
isovector 27-plet and octet moments are expressed as linear
combinations of moments of F, extracted from neutral and
charged current DIS processes (see Ref. [32] for details) so

TABLE I. Tree-level Wilson coefficients C, ,ﬁv J (Q(z)) evaluated at
the input scale Qy. Here, N denotes the SU(3) multiplet while j
runs over the set of isovector canonical operators in Eq. (18). We
have not included Wilson coefficients for operators with j = 8(0)
and j = 8(1) as these coefficients all vanish at the input scale.

Gl j=1j=2j=3j=4j=5j=6j=70)j=701)

ciioo 1 0 -2 0 1 0 0
cy 0 1 0 -2 0 1 0 0
cy/ 0 58 0 54 0 5/8 0 0
cyoo0 0 0 0 0 0 1/16  —1/16
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that we can write

1 1
27 Y P _pqeny .~
Micinm = 10 {3(M2 M) 2 sin20¢
x (My" + My* — M3" — Mf“)}, (58)
and
V15 1
8 en
Ml:l,n:Z = 10 {z(M;'P - M; ) + 2 sin26c

x (MyP + MyP — M3™ — Mg")}. (59)

Thus, through a combination of experiments it is in
principle possible to isolate specific flavor structures that
contribute at twist-4 to the moments of F5.

IX. LEADING LOG RG EVOLUTION

In this section we present results for the Wilson coefficients
of the flavor nonsinglet twist-4 operator combinations. Within
each flavor representation, the RG evolution is affected by
mixing between various operators in the canonical basis. The
evolution of the Wilson coefficients in flavor representation R
is then given by

2 t
ck (%, g(t)) = Z Cf(l, g(O))Exp|:—/0 df/J/[g(l/)]i| ,
J

Ji

(60)

where ¢t = 1/21n(Q?/u?) and the subscripts i, j label the
Wilson coefficients of the canonical operators in Eq. (18).
The Wilson coefficients C JR(I, £(0)) correspond to the values

obtained in the matching calculation at u> = Q2. For leading
log running, the C jR (1, g(0)) correspond to the tree level values
obtained from the OPE. The Wilson coefficient on the LHS
of Eq. (60) corresponds to the value of the Wilson coefficient
after RG evolution from the initial scale Q2 to the final scale
w?. With one loop running the evolution of the strong coupling
is given by

g*(0)

2 _
S EE TS

(61)

where By = 1/(4m)*(11/3C4 — 4/3Tyny) and g(0) corre-
sponds to the strong coupling evaluated at u> = Q%. To
solve the evolution equation, we first diagonalize the one-loop
anomalous dimension matrix so that

vjilg®)] = &*(t) Rjm dme R}, (62)

where d,, = 8,,¢d,, is the diagonalized matrix with eigenval-
ues d, and R denotes the appropriate rotation matrix. The
anomalous dimension matrix elements y;; for the various
canonical operators in different flavor representations are
presented in Sec. VII. The evolution equation for the Wilson

PHYSICAL REVIEW C 88, 025202 (2013)

coefficients can now be written as

2
/,L
£(0)d, [

t
= ckq, g(0))Ex —/dt’—R-m o
jzm j ( g( )) P|: 0 1 +2/30g2(0)l/ J mi
(63)
The Wilson coefficients are evolved from the scale Q2 to the
scale of the nonperturbative matrix elements which we denote

as u? = Q% and refer to as the input scale. Thus, in terms of the
latter the Q2 dependence of the Wilson coefficients is given by

2
cft (Q ,gao)) = CF(1,g(0)
05 “~

[ [ v 80y ]
xexp| — dt’ ——————
0 1+ 2p0g*(0)’

X RjmR !, (64)

where ty = 1/21n(Q2/Q0) and Cf(l, g(0)) are the tree-level
values determined from the OPE at the matching scale

05 = 0.

The above expression can be simplified further to give

2
cf (%, g(m)) =) Cr(,g(0)
0

j.m

07 %
—2} RjnRoi,
o

x [1 + Bog?(0)In

(65)
where
1
g0 =—74 (66)
Boln &
so that
v (Q )_ ] In(0%/03)7 %
“ (Qo’g(t‘)) _,Z,,, Cf(l’g(o))[1+ ln(Qz/Az)}
X RimR,!, (67)

InFig. 6, we plot the RG evolution of the Wilson coefficients
in the isovector combination. We have used the input scale
Q3 =5 GeV?, corresponding to the scale at which existing
theoretical evaluations of the nonperturbative matrix elements
have been performed (see Sec. X below) and the tree-level
Wilson coefficients given in Table I. We have chosen ny =3
in Fig. 6 which is consistent with the SU(3) )s decomposition.
At the top of each plot, the notation C¥ ;. denotes the
Wilson coefficient in representation R and of the type A, B, C
corresponding to flavor structures ¥ Qv Qvr, ¥ Q*Yr i,
and ¥ Q> respectively. Note that we evolve the coefficients
to smaller rather than larger values of Q2 since we are
interested in the kinematic regime relevant to the CLAS
analysis and since the scale Q3 associated with existing
theoretical matrix element input lies above this region.

Several features emerge from Fig. 6. First, several of the
Wilson coefficients that vanish at the input scale become
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C/(0H00%)

PHYSICAL REVIEW C 88, 025202 (2013)

C/H(0%00)
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j=2,6
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0
0
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FIG. 6. Evolution of Wilson coefficients using Eq. (67). The flavor representation of each coefficient is indicated at the top of each plot
[see Eq.(56)]. As input to Eq. (67), we have taken A = 0.3GeV and ny = 3.

nonvanishing and significant in magnitude at lower scales due
to operator mixing. Second, the coefficient Cg” for j =7(1)
changes sign, going through zero near Q2 = 2 GeV?2. All other
coefficients increase in magnitude with decreasing Q>. We
find no satisfying explanation for the particular behavior of
Cg’" for j = 7(1) other than that its tree-level value is rather
small and that there exist various contributions from operator
mixing having opposite signs. Together, these features lead
to the possibility that significant cancellations among various
operator contributions may occur at one scale—leading to a
suppressed twist-four effect—but that these cancellations are
broken at other scales by the Q2 evolution. Alternately, the
overall twist-four contribution to the leading moment may
be relatively small at all scales due to suppressed values of
the operator matrix elements at the input scale. We explore
these possibilities in the following sections.

X. HIGHER TWIST MATRIX
ELEMENTS—THEORETICAL INPUT

In order to obtain a prediction for M,{zzl’rz 4(0?), we now
require values of the hadronic matrix elements of the twist-4
operators at the input scale Qg [see Eq. (56)]. Knowledge
of higher twist quark and gluon correlators in hadrons is of
fundamental interest in order to understand the structure of
baryons and mesons on the basis of QCD. These matrix ele-
ments are between hadronic states, making model independent
computations challenging. However, there do exist attempts in

the literature to compute twist-4 matrix elements at leading
spin on the lattice [35]. Due to the complicated mixings with
lower dimensional operators however, the analysis performed
in [35] was restricted to operators of the specific flavor
channels outlined in Sec. VI. An alternate phenomenological
approach was used in Ref. [36]. In what follows, we draw on
the results from these two studies to determine nonperturbative
input for an initial, illustrative analysis of M=) __,(0?).

Before proceeding we observe that the aforementioned
matrix element calculations provide only partial input for
the evaluation of the RHS of Eq. (56). The lattice study of
Ref. [35] gives only a value for the combination A% appearing
in Eq. (55), at the input scale, while the work of Ref. [36] gives
only the octet contributions ASB,C. Away from the input scale,
one no longer has the specific linear combinations given in
Eq. (55), owing to the evolution of the Wilson coefficients. A
robust prediction for the evolution of M=) ._,(Q%) would
require values for the individual contributions to A4 p c.
Moreover, we could find no evaluation of the octet contribution
A8, nor do there appear to exist any computations of the
matrix elements whose Wilson coefficients vanish at the input
scale but become non-zero at lower scales. Consequently, we
will adopt some reasonable ansatz for the individual matrix
elements, motivated by the computations that do exist but with
the caveat that a complete computation will require values for
all matrix elements.

To proceed, we first consider the combination A1247. The 4Q
operators introduced in Ref. [35] have been evaluated on the
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lattice using Wilson fermions in the quenched approximation.
Phenomenological constraints for twist-4 2Q operators were
estimated in Ref. [36]. The reduced matrix element of the 4Q
operator A,247 shown in Eq. (56) at an input scale of Q% ~
5GeV? was computed on the lattice and found to be

AV = (104 £1.6) x 1074 GeV2E. (68)

We take this to be the value of the reduced matrix element
Afg appearing in Eq. (56). Neglecting the Q? dependence
associated with evolution, the corresponding contribution to
the Nachtmann moment for F; at leading spin is then [35]

1

M0 = [ ar e 00
0

0.001()™”

~ 000

Ay
- (69)
We note that the matrix element of AIZZ;I:I causes the moment
to be quite small relative to the flavor nonsinglet twist-2
operator, whose corresponding contribution is 0.14 at the same
input scale (see Refs. [42,43]).

We could find no corresponding lattice computation of .Ai
which appears in Eq. (56). As a benchmark, we first take its
value to be equal to A7 at the inputscale Q3 ~ 5 GeV?, though
a larger magnitude for A is possible (see below). This leaves
the twist-4, 4 Q operator of type B) and the 2 Q operator of type
C). We were also unable to find lattice calculations of these
operator matrix elements in the literature. As an alternative,
we use the phenomenological estimates obtained in Ref. [36]
that rely, in part, on information extracted from DIS data from
both CERN and SLAC. The 20 and 4Q operators studied in
Ref. [36] have the forms

¢ = ig¥(Dy, Fualy“ysQ*Y, (70)
Qc2u = Yy QT Y YTy (1)
After integrating by parts, the 2Q operator Q% is the tree-
level 2Q combination for the octet combination appearing in
Eq. (54):
i" = lg &(Duﬁva + FvaDM)yaVS sz
e T(— D Fou + Fo By 75 0°
e lgW(_ /J.Fva+Fva p.)y VSQ lﬁ
= op” — o’ (72)
Following [36], we denote the reduced matrix elements these

operators A¢ and A?, respectively. For the proton (neutron)
they are written

A = Qu Ky + Q0 Ky (73)
A = Qi Kita + Q7 Ky (74)
where
2ig _ -
Kiw = 372 \PIEDs, oy y ulP), (75
2
Ki =~ (Play,t'w) @y c'wl Py, (76)
2 - -
Ki = o5 (Pldy,cd) @y )Py, (77)
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and ¥, = 1/+/2(yo + y3). The neutron matrix elements can
be obtained from isospin symmetry and the strangeness
contribution has been neglected to simplify the analysis. The
range of possible values for K and Kf (see Ref. [36] for
details) are

—0.585GeV? < K¥
<

—0.318GeV* < K2

—0.238 GeV?, (78)

<
< 0.203 GeV?>. (79)

The values for Kdg’2 were then computed by introducing a
flavor ansatz, e.g.,

e2 f dx(d(x) + d(x))x
“ [ dx(u(x) + a(x))x
Where u(x), d(x) are the twist-2 parton distribution functions
and B = 0.476 at Q> =5 GeV?>. Finally, the isovector com-

bination corresponds to the difference .A‘;’Z — A$? the final
results are

K$?/K = p. (80)

Al = A2 — A2 =11 - BK?,
(1)
AL = A} — AF = 11— BK§

from the range of K g ’2, the final values for the reduced matrix
elements appearing in Eq. (56) are

—0.10GeV* < A%
—0.06GeV? < A%

—0.04 GeV?,

(82)
0.04 GeV?.

NN

For A%, we take the central value in this range. However for
.ASB, it is possible to choose a range of values both positive
and negative and have chosen three representative cases,
A = —0.06GeV?, Ay =0.0GeV?, and Az = 0.04GeV?>.
We assume a theoretical uncertainty in each value to be of the
order of the lattice uncertainty for the 4 Q matrix element Af
in Eq. (68). A summary of all matrix element inputs is given
in Table II.

We now observe that in order to predict the logarithmic
corrections to the 1/Q? scaling of the M,{§21’T=4(Q2), we
require knowledge of individual operator matrix elements that
contribute to Af‘g and A%‘ ¢ since the Wilson coefficients for
the contributing operators (labelled *;*’) do not have identical
evolution. The matrix elements of these operators at the input
scale [see Eq. (55)] are constrained by the values listed in
Table II. These constraints are insufficient to compute the
individual values of the matrix elements appearing on the RHS
of Eq. (55) however. To do so and for purposes of illustration,
we have assumed several relationships among the A/ ®D.
To illustrate our method, we introduce a shorthand for the
four-quark operators of type A and B appearing in Eq. (55)

ALS = AT £ 245 4 AT, (83)

AL = AP £ 2473 4 AT (84)

where j denotes the flavor structures of the 4Q operators and
takes the value A or B [see Eq. (55)]. The integers (1-6) specify
the individual matrix element of the basis operators appearing
in Eq. (18), and ¢ denotes the presence of an SU(3) color

generator. Using the above relationships, and the computation
of the A% matrix elements from the lattice, we have the
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TABLE II. Reduced matrix elements used in computing M;'Z) ._,(Q?). Note that the input for the A% represent two

different ansatz.

Operator Flavor rep. Value Method

A YOUY QY —10.4 x 107* GeV? Lattice [35]

A8 YOYY QY —10.4 x 10~* GeV? AS ~ AV L
A YOYY QY —10.4 x 1073 GeV? A8~ 10 x AY |Lon
AS VLo VAVAVS —0.06 < Ap < 0.04 GeV? Phenomenology [36]
A v Oy —0.1 < Ac < —0.04GeV? Phenomenology [36]

following constraints for the 4(Q operators:
ANt = L(AL - AL, (85)
AN = LA 4 ALY — AA2, (86)

Thus, A%* is determined by the lattice values for A% and
Af’c, while A4 remains unconstrained. We take the value of

A2 0 be 25% smaller than the matrix elements A% and use
a similar set of relations for the ,AjB:’(C) matrix elements. The
above procedure is applied to all 4Q matrix elements regardless
of flavor. The values of the octet matrix elements of type A (A%
appearing in Table II) are taken to equal the flavor 27 matrix
elements.

For the two-quark operators, the analysis in [36] along with
Eq. (72) constrains the combination

AC — A7’k:0 —A7’k:1. (87)

We have made the following ansatz to compute the individual
matrix elements (A7¥=01):

AP0 = — AT = S AC (88)

This leaves the 2Q matrix elements A%*=0! appearing in
Eq. (18). We have assumed these matrix elements are equal
to A7*=01"A complete Table of each matrix element, their
flavor structure and the methods used to compute them can be
found in Appendix E.

XI. LEADING MOMENT ANALYSIS

Using the input discussed above, we show illustrative
results for the 27 and 8 contributions for values of Q2
in the resonance region in Fig. 7. Under the assumptions
used for the matrix elements, the twist-4 contributions to the
moment are typically quite small in the resonance region. For
Ai ~ Aiﬁm, the flavor octet contribution to the moment
is determined largely by the .4z ¢ matrix elements since
Aigle is quite small. Moreover, for positive values of A8,
cancellations occur within the octet sector, further reducing
the overall octet contribution.

The total contribution to M=) ._,(Q?) is given in Fig. 8.
We plot two representative cases for differing values of .4%.
In the left-hand plot, we have taken A% ~ A% | a. In the
event that the behaviors of the leading proton and isovector
moments are similar, this value would be disfavored by the
CLAS data. CLAS has measured the twist-4 moment to be
positive (Ref. [11]) in the range of 0? shown in Fig. 8. In
the right-hand plot, we have taken A% ~ 10 x A% | . Here,

a range of small positive values of A% yields an isovector
moment which is qualitatively similar to the CLAS data for
the proton. It is possible, then, that the CLAS data provide
a hint of a hierarchy among the twist-4 operator matrix
elements, though a definitive statement will require data on
F, for the neutron as well as an improvement in overall
experimental precision. At present, the experimental error on
the determination of the twist-4 contribution to the leading
moment of the proton F, structure function is +0.015 for
Q?* ~ 1 GeV? [4,11], while the magnitude of the leading twist
contribution to the isovector moment is & 0.1 throughout
the indicated region. The systematic error in obtaining the
moments from data consists of genuine uncertainties in the
data, as well as uncertainties in the evaluation procedure.

For comparison to the theory predictions, we note that
the CLAS data for F; is extracted from electron-proton DIS
and thus is not the linear combination of moments shown in
Egs. (58) and (59). The experimental data are also not separated
into flavor singlet and nonsinglet channels, and thus include
the effects of the gluonic operators shown in Eq. (19). One can
see from Fig. 8 that the experimental precision in extracting
the leading moment for higher twist does not yet allow one to
disentangle the separate flavor channels computed here. Next
generation experiments may be required to probe the higher
twist flavor contributions to the leading moment of F;.

Finally, we explore the possibility that the twist-4 contri-
bution may be suppressed at one scale due to cancellations
between operator contributions and that Q2 evolution may
lead to a breakdown of this cancellation at other scales. In
Fig. 9, we have tuned the values of A% and A8C such that the
total octet contribution to the isovector moment cancels the
flavor 27 contribution at Q% ~ 2 GeV?. The total moment is
given by the dashed curve in Fig. 9. The chosen values of the
reduced matrix elements are consistent with Table II and are
given by

A% = (25, —1.3, 25, —1.0, 25, —1.8)7 x 107* GeV?,

(89)
A8 = (25, —1.3, 25, —1.0, 25, —1.8)7 x 107* GeV?,

(90)
A% = (1.96, 1.96, 1.96, 1.96, 1.96, 1.96)" x 107> GeV?,

o1)
A8 = (—0.035, 0.035, —0.035, 0.035)" GeV>. (92)

The sum of the 27 and octet moment is given by the dashed
curve in Fig. 9 which vanishes at the input scale of Q2 =
5GeV?. At smaller values of Q?, the dashed curve deviates
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FIG. 7. (Color online) Flavor decomposition of M=} ._,(Q?), using the logarithmic evolution discussed in Secs. VIII and IX and the
matrix elements in Table IV. The values of the A octet matrix elements are shown above each plot. The notation {Q%) follows the notation in
Table IV. The specific values listed above each plot are used for all type-B matrix elements contributing to the moment. Central values were

used for the two-quark octet operators for each curve.

from zero. We have multiplied the moment by Q? so that one
can see more clearly that the spoiling of this cancellation is
due to QCD evolution. The magnitude of the departure from
this cancellation is well below the present CLAS experimental
error, so an observation of this effect—should it be realized
in nature—would again require significant improvements in
experimental precision, at least for the leading moment.

=07

0.4 ‘
(O3=0.01
0.3} (03)=0.00 1
(0%)=-0.0015
0.2f 1
S
 Olf 1
=
0.0
—0.1F ]
02 . . .
025 2 3 4 5
0’[GeV?]

FIG. 8. (Color online) Total contribution to M/=!

XII. CONCLUSIONS AND OUTLOOK

In this work, we have provided the first complete computa-
tion of the logarithmic evolution of twist-4 contributions to the
flavor nonsinglet, leading moment of the structure function F,.
Our results can be employed to analyze future deep-inelastic
scattering experiments carried out in the resonance regime,

(0%)=10x(0%))

0.4 :
(0%)=0.01
03r (03)=0.00 ]
(0%)y=-0.0015
&< 0.2+
S
oy
0.1+
0.0
— 1 1 1 1 1
0 1 2 3 4 5
Q*[GeV?]

:2,,:4(Q2), see Bq. (56). In the left-hand plot we have taken A% ~ A%’ |1, in the right-hand

plot we have taken ASA ~ 10 x Afj |Law- In each plot, the three curves represent different values for the reduced matrix element A%. ‘We have
taken the central values appearing in Table IV for the A% matrix elements for both plots.
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FIG. 9. (Color online) We have tuned the values of A% and A%
to cancel against the flavor 27 moment at Q> ~ 5GeV?. The chosen
values for the reduced matrix elements, shown in Egs. (89)—(92), are
consistent with Table II. Each value is an element of a column vector
which multiplies the corresponding Wilson coefficient in Eq. (56). A
complete list of the reduced matrix elements including the methods
used in arriving at their final values can be found in Table IV. We
have multiplied all curves by Q? to illustrate the breaking of this
cancellation is due to QCD evolution.

going beyond the simple ansatz given in Eq. (3) and utilized
in Refs. [11,18,19]. In the present instance, we have used our
calculation to carry out an illustrative phenomenological study
the magnitude and Q2 dependence of the leading moment,
drawing on existing lattice computations and phenomenologi-
cal determinations of a subset of the operator matrix elements
and plausible ansatz for the others. Despite lacking a complete
set of non-perturbative QCD matrix element computations, we
are able to draw a few broad conclusions from our study:

(i) Theoretically one expects the overall scale of twist-4
contributions to the leading, flavor nonsinglet moment
to be small and consistent in magnitude with the results
obtained from the CLAS analysis [11].

(i) The suppressed scale may result either from all matrix
elements individually being small or a cancellation
between various twist-4 contributions.

(iii) The CLAS data may provide early hints of a hierarchy
among operator matrix elements, possibly indicating a
larger magnitude for the flavor 8 than for the flavor 27.

(iv) Additional data on F, for the neutron as well as
improvement in overall experimental precision will
be needed to further disentangle contributions from
different flavor channels as well as to observe a
cancellation scenario if it exists.

(v) A full QCD prediction for the leading moment re-
quires computation of several nonperturbative matrix
elements.

To amplify on these remarks, we note that the opposite
sign behavior in Fig. 7 allows for cancellation effects within
twist-4. Such cancellations have been alluded to as the reason
the higher twist moments are essentially independent of Q>
in the resonance region [11], leading to a scaling behavior in
the moment of F,(x, 0?) known as Bloom-Gilman duality.
Within past analyses, however, cancellations are typically

PHYSICAL REVIEW C 88, 025202 (2013)

found between the twist-4 and higher twist pieces in the twist
expansion. Here we find evidence that even within twist-4,
there is a possibility of cancellation independent of the higher
twist matrix elements being small. However, we note that the
twist-4 contribution to the moment is quite small over a wide
range of Q2. This suggests that the cancellation effects within
twist-4 may not in themselves be the cause of the twist-4
moment being so modest and that small size of the individual
matrix elements is also responsible.

This issue can be viewed as being due to the relative sizes
of the matrix elements. We note that the scale of both the
27 and 8 moments is set by the matrix elements of the twist-4
operators, and given different, possibly larger matrix elements,
one may see adequate variation in the moment at a higher scale
in Q2. The current experimental precision in extracting the
leading moment for higher twist does not allow a determination
of the separate flavor channels computed here. Thus probing
cancellation effects would require higher level of experimental
precision. From the theoretical perspective, one need not stop
at a leading moment analysis however.

Higher twist effects are expected to play a larger role at a
given Q2 for larger moment. Heuristically this is due to the
fact that the resonance region weights the large-x region more
heavily and is thus dominated by larger-n moments. This effect
is clearly illustrated in the CLAS data for ep scattering where
the moment is decomposed in terms of the parametrization
given in Eq. (3). It is thus desirable to compute the anomalous
dimension for the operators appearing in Eq. (18) for arbitrary
n since experiments are more sensitive to higher twist effects
for larger n. The technical challenges encountered in going
beyond the leading moment are quite demanding however,
both from perturbative QCD viewpoint and also from a
lattice QCD perspective. One of the main advantages in
performing a leading moment analysis is due to the already
existing lattice estimates of the tree level 4Q operators, and
we know of no lattice computation of these matrix elements
beyond leading spin that exists in the literature. Due to these
technical challenges, we leave a higher spin analysis of the
type presented in here for future work.
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APPENDIX A: ANOMALOUS DIMENSION MATRICES

We give here the anomalous dimension matrices for
operators introduced in Sec. VI. When computing the one
loop corrections to these operators, each operator was inserted
into a Green’s function with the same number of external
legs as the operator itself, and dimensional regularization
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was employed where d =4 — 2¢. For the 2Q Feynman  the anomalous dimension is, in general, a matrix in flavor

diagrams shown in Eq. (29), we have calculated each using space.

the background field method and have chosen the Feynman Following the notation in Sec. VII the 27-plet anomalous
gauge for all calculations [40]. Incorporating operator mixing, dimension matrix is
|
ol P O 0 il
o7, | = P 0 o7, |. (A1)
07,/ , 0 0 P o7,
1 35
5 £ 0 0 0 0
19 35
T ¢ 0 0 0 0
210 o ¥ 2 0 o0
8 2 6
Przio= 7> 127 20 (A2)
4 0 0 % 5 0 0
o 0o o o 4 2
119 35
0 0 0 0 5 %

The anomalous dimension matrix for the octet sector has the schematic form

6fﬁ . <]Ll=l M[:l) 5?,:141
5?,:31,6‘ b Ql:l Nl:l 5?2316‘ '

And each of IL, M, Q, N are divided according to the mixings between two and 4 Q operators

4040 4020 4040 4020
= 2040 2020 |’ = 2040 2020 |
Ly IL; N} N}

40—40 4020 40—40 4020
M, = (M, M ) 0, <@, Q; )
- 2040 2020 | - 2040 2020 | °
IMII MI 1 QI

For IL;_, the only nonzero sector is the four-quark mixing back to four-quark piece:

1

4 2 0 0 0 o0
w3 0 0 0 0
4040 2lo o WL 4 o o0
Lo = Lisi 0 where L?g?w S . 137 260
0 0 4721 0 0 % 3 0 0
11 35
6o 0 0 0 5 2
119 35
0 0 0 0 5 2
For M;_;, we find its anomalous dimension to be
17 17
0 5 0 5 0 O
64 64
ot 0 % 0 F 0 0
M5 0 ¢g2lo 0 0 0 0 0
M, = =1 h M4Q»4Q -
= ( 0 0) waere = a2|o 0 0 0 0 0
17 17
0 0 0 5 0 F
64 64
0 0 0 % 0 %

The anomalous dimension for Q;_; ¢ vanishes. For N,_; the anomalous dimension has a schematic form

. (N?S?“Q ')
I=1 = 5
20—40 20-20

NI:I NI:I 10x10
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where the nonvanishing sectors of this matrix are

w
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15
5 5 0 3 0 O
119 58 67 1151 415 19 25
' o 0 5 00 Rz A
2 47 2 193 187 31 16
Ni0—40 _ 8 0 0 2 6 0 0 N2220 _ 8 72 24 9 9
=T ax2 o 8 o8 g 7|7 EL T ap2 | 80 21 s s )Y
6 18 6 144 144 72 72
15 11 13 29 23 59 107
o0 0 7 3 7 % % ® 16
67 119 58
0o 0 0 % ¥ 7
16 o0 _8 9 _8 181
27 72 27 4 7 T
2l -2 & 12 _1 2z
2040 _ 27 36 27 18 27 36
e T4z |1 o -2 L _1 (A8)
27 72 27
-1 4 2 _7 _1 _4
27 144 9 24 27 144
The matrix IL;_( has only one, nonvanishing piece
43 0 0o 0 o0
T 2 0 0 0 0
4040 2 47
Lz T 0 sg-a0_ & |0 0 5 7 00
Lo = where L,Z,)7% = ) 27 20 (A9)
0 0 0 0 7 5 0 0
1 35
6o 0 0 0 5 2
119 35
0 0 0 0 g 2
Similarly Ml;_, has only one sector which does not vanish, it is
17 17
0 5 0 5 0 O
64 64
0 5 0 F 0 0
M3Z74¢ 0 210 00 0 0 0
Moo= [ '=° where M2 = £ (A10)
0 0 47210 0 0O O 0 O
17 17
0 0 0 5 0 F
64 64
00 0 F 0 F
Finally, this leaves N;_g:
N;Z>4e 0
=
Nj=o = N2O40  N20-20 . (Al11)
1=0 1=0 10x10
The three nonvanishing sectors of N;_ are
113 15
5 5 0 2 0 0
119 58 67 151 415 19 25
® 9 0 5 00 Tar w8
2 n 4 93 187 31 _16
Nie—40 _ 8 0 0 3 s 0 O N22—20 _ 8 72 24 9 9 (A12)
=0 Taprl g o 21 8 o &0 =0 T 42| 89 120 587 s |
18 6 12 144 14 T2 72
15 11 13 29 23 59 107
o0 0 3 37 3 5% 2% &® 16
67 119 58
0 0 0 % T %
1o o0 _8 9 _8 181
27 72 277 4 7 T
2| 8 3 38 B _16 23
N2e—40 _ 8 27 36 27 18 27 36 (A13)
I=0 42| L o _2 L _1
27 272 27
-1 _4 2 _7 _1 _4
27 14 9 2 27 144
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APPENDIX B: WILSON COEFFICIENTS

We list here the full expressions for the Wilson coefficients derived in [20]. Starting with the forward Compton amplitude,

Ty = —i / d*x e (N|T (J,,(x)J,(0)|N)

2 n q qv Y ;
Z (__> |:<gll—V - M_> Gu, - CL IOL 1o

2 2
in 9 q
2
— (81 8vinnd” — & vy — 8vpadpdpy + vy x4y - - - C2 1012 wi.. [Ln}
_ q”’qv "C” l _ 2 " 2 _ 2 n—2cn i
Z LiALn =\ =3 ) (PuPd” = Pudud - P = Pvauq - P+ gula - PYHa - PV TCA,
= Z [exoCL 1ALy + din €AY, ] B

i,n
In the second line above, we have parametrized the symmetric and traceless matrix elements in terms of the nucleon
four-momenta,

4 -4
(N |O(Ll)ur1 wIN) = (l)r (P, - - Pu, — traces)

=4 4
(NIO;)JI___M’JN) (’) (P, - - - Pu, — traces).

The sum over n is even, i distinguishes the type of operator, and n denotes the spin of the operator, we have also used the
shorthand expressions

qudv

ey = &uv — , (B2)
23 I 612
4= g, 4 Pudvtaop) 4> Pupv B3)
" " (p-q) (p-a)?*
2p-
w=— ’;2 . (B4)

The coefficients of the tensor e, contribute to F7, and whereas the coefficients of d,,, contribute to F,. The full expressions for
Y, and X, are [21]

YT=4 _ _i i 3 " TV-lM n
W =T > g™ ...q

4 n=2(cven) q
n—2n—2—k
x OlkD n! LU, qpndtkntr 1
L L Tt W (n—1—k—=D!' |n—k n-—1 k! k+1 [+1
! 1 1 (+k+D[ 1 1
Onir. = k! : BS
+ Oy KNn—1—k—D!|n—k +n—l + (=1 AT k+l+l+1 (BS)
= 27 q"q" n-3 n—3—k
XZV:4 =8 Z |:——2} YY) |:—2 j| —(n + DZ‘] OS(k) 2(n + 1)2 Z (d+1)q- OS(kl)
z q (n+2) q —
=2even = k=0 =0
n—3 n—3—k n—3 n—3—k
— 42 Z (k-l-1)(1’!—Z—k—l)q.OS(k,l)+2(n+l)Z Z (l+1)CI'OS(k’1)
k=0 =0 k=0 =0
= [y v 2 v
+ pUq* "
+2) =Dk + Dn — 1 = k)g - OF +|:guv_pq pq”  a’p p2}
k=0 P-q (r-q)
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n—1 n—3 n—3—k
-1 Sn+4
[ o - S g
k=0 k=0 =0
n—3 n—=3—k n—3 n—=3—k
S5n+4
— Y Y ket D —2—k— g O30 4 2D "+ 'S 4 1g - 0%
k=0 1=0 k=0 1=0
8 n—2
U )Z(—Mk + 1) —1-kyq - OZ“‘)”, (B6)
k=0
where
Th =g gl gl — (gh'qw + ¢ qu)a™ + gung™' 4™ (B7)
forn =2,k =1 =0, for example, we find
=4 n= 48 2(0,0)
YTV == 6 lfvm2 On:Z,muz (B8)
q
and
n= 8 |[4"¢" v 3
Xt = - | T ] (2g- 01— 39010 -3¢ O))
q q
g [ o P94 +pg" q2p’“‘p“} { L 5o, b s 70)
- & - -q-0,5+-q-0"+5¢g-0,5¢. (B9)
Zqﬁ[ p-q (r-9* |12 ) :
[
Using the parametrization in Eq. (53) reproduces the expres- = —}—‘Apl/_fA . ﬁ(zl'ya),SGaﬂpo +2yP g — 2y gPPYF pih

sion given in Sec. VIIL.

APPENDIX C: OPERATOR REDUCTION

Organizing the pole structure of the one loop corrections
to the 20 operators is a nontrivial task due to the appearance
of various noncanonical, gauge-invariant operators appearing
at the one-loop level. The following list of identities was used
repeatedly to remove each noncanonical operator in favor of
canonical ones:

Loy yPyX = yXg®l 4 y*ght —yPeex iyoySe*fxe,
2. (B YD gy = —i(DFy® — Dy,

3. Py S Dy) = i (D' yF — DPyh),

4. D> = DD — ;1y“. y*1[Da. Dgl,

5. DyF" = 3(IDy, [Dy, Dy11+ D*D, — D, D?),

6. [D, Dﬂ] = igFaﬂa

7. Dy =0,

8. [Dﬁ, Fﬂp] = g‘L’a Zf szfypttlwf'

As a simple example, one such noncanonical oper-
ator encountered in the one-loop analysis of Q(0 0 s

AFAY Wyuﬁ‘,D Y. Applying identity 4. and identity 1. we
find this operator is easily expressed in terms of a linear
combination of canonical operators:

= KA - DBB — Hy*, yP1[Dy, Dp)¥
— 15 XA - Dly*, yP1Da, Dsl¥
LA, yPA - DIy, yP1Fptr

12,0 - Dy yHE) — 00D iy
~ 19D pHy

(T Py +iv(d v

_%QZ:I + Q/%:r

An exhaustive proof that all noncanonical, gauge invariant
operators can be reduced to canonical form can be found in
[21].

APPENDIX D: RENORMALIZATION GROUP RUNNING

The n dependence of the coefficient functions on Q2 is
given by the solution to the RG equation

ICl

Il

Lo = (D1)

du
the standard solution is given by

Cr( Q7 /1P ) =)

J

X[GXP{—/O dl’)/nf(g(t/))” - (D2
Jji

And for a one-loop analysis, the T ordering can be dropped
when evaluating the integral. Using the operator rescaling
outlined in Sec. V in the strong coupling, we may write
vii(8(@)) Zgz(t)djl‘, and dropping the subscript n,t for

Cl.(1,gt')T
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TABLE III. Reduced matrix elements for the four-quark operators of each flavor representation. All values have been
computed at the input scale 5 GeV? and the third column summarizes the methods used to compute the final value.

J=A(=1,27)—F0v J OV Value (GeV?) Method

AS 5.2 x 1073 Lattice [35]

AC —10.4 x 10~ Lattice [35]

Ay 9.8 x 1073 Lattice [35]

A 0.0 Lattice [35]
Jj=AI=1,8 -y OV yOv Value (GeV?) Method

AL 52 x 1073 27 = 8A Assumption
A -10.4 x 107 27 = 8A Assumption
Ay 9.8 x 1073 27 = 8A Assumption
A 0.0 27 = 8A Assumption
J=B,(I=1,8 — 0> Uy Value (GeV?) Method

A —0.06 < AS < 0.04 Phenomenology [36]
Ay —0.06 < AS < 0.04 Assumption
j=CU=18- U Q%Y Value((GeVz) Method

AI=¢ —0.1 < A7=¢ < —0.04 Phenomenology [36]

simplicity the four-quark operators,

2
C; (%&W) =2 G0 ZO) Ry
J

x {——=1log | —
Bog? g\ Az

where R is a rotation matrix that diagonalizes the anoma-
lous dimension, and we have made use of the following
relations:

R;', (D3)

1
n=Aex (—),
P 2Bg?
2
=2 8
)= ——,
A 1420 g%t

(D4)

o L (g,
0T Grp \3 AT 3 )
1 02

APPENDIX E: MATRIX ELEMENTS

In this section we list the values of all matrix elements
used to predict M,=) ._,(Q?). In Tables IIl and IV we include
a brief description of the assumptions and denote the flavor
structure of each operator for clarity. Following the notation
at the end of Sec. X, we list the reduced matrix elements (A1)

ALE = AP £ 2 AT 4 AT,
Al = AT 2 A0 4 A5,

where the index j denotes the flavor representation and ¢
denotes the presence of an SU(3) color generator.

To make contact with the operators listed in Eq. (18), we
have written the reduced matrix elements using the notation
(Q7), where the index j denotes basis operator of type j
appearing in Eq. (18). For all operators appearing in Table IV,
we have set n = 2 and specify the k values for operators Q78

(ED)
(E2)

APPENDIX F: CONVENTIONS AND FEYNMAN RULES

In this section, as elsewhere in the paper, we contract all
free Lorentz indices with a light light vector A, where AT=0
to project out the symmetrized and traceless portion of each
operator. Following [21] we write

[ = DpFP,
[ = Dpya FP, (F1)
d=iA-D,
where
FO = 8,A% —3,A% —igfAb A
" K I " (F2)

D, =0, +igt?Al,

and the QCD vertices and propagators are

1 1
— I - gkg) + up <k§ — k) + —ki) + 8y (ks — ki)}, (F3)

§
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TABLEIV. Allvalues of the reduced matrix elements used in computing M=} ,_,(Q?%) atan inputscale of Q3 = 5GeV=.
The methods and assumptions used to arrive at these values are summarized in the third column.

N AR =
—_ — ~— — — —

=1.80) ¥ Q*y

—0.0015 < (Q') < 0.01
—0.0015 < (Q?) < 0.01
—0.0015 < (0% < 0.01
—0.0015 < (Q*) < 0.01
—0.0015 < (Q%) < 0.01
—0.0015 < (0% < 0.01

Value (GeV?)

Phenomenology [36]
Phenomenology [36]
Phenomenology [36]
Phenomenology [36]
Phenomenology [36]
Phenomenology [36]
Method

(I =1,27) ¥ Qv ¥ Qv Value (GeV?) Method

0" 25 x 1073 Lattice [35], & Eq. (85)
0% —13x 10 Lattice [35], & Eq. (85)
0% 2.5x 1073 Lattice [35], & Eq. (85)
0% ~1.0x 1073 Lattice [35], & Eq. (85)
0%) 2.5 x 1073 Lattice [35], & Eq. (85)
0% -1.8x 1073 Lattice [35], & Eq. (85)
[ =1,84) 0y J Qv Value (GeV?) Method

oY 2.5 %1073 27 = 8A, Assumption
0?) —13x 107 27 = 8A, Assumption
0% 2.5x 1073 27 = 8A, Assumption
04 —1.0x 1073 27 = 8A, Assumption
0°) 2.5 % 1073 27 = 8A, Assumption
0% —1.8x 1073 27 = 8A, Assumption
I=1,8B) VOV ¥ Value (GeV?) Method

o

o

0]

o

Q‘

0]

1

0

7,(k=0))

Q7.(k:l)>
QS.(k:O))
QS,(k:]))

P e e e S T S A e S A

—0.05 < (Q7*°) < —0.02
0.02 < (Q7*=%) < 0.05
—0.05 < (Q7F=°) < -0.02
0.02 < (Q7+=%) < 0.05

Phenomenology [36], & Eq. (87)
Phenomenology [36], & Eq. (87)
(Q®) = (Q7), Assumption
(Q% = (Q"), Assumption

= —igyht?, (F4)
Hoa
: pb —iap [ kokP
%I%ttmmv\:k—z{gﬁ—(l—f)k—z : (F5)
GLa b"b) — M (F6)
g k2?2 — m?c +ie’
where, in our calculations, we take m y = 0, and choose § = 1. The Feynman rules for the single gluon, 2Q operators:
7_ =2iA .L,aeaﬂvu, B,,5 UA'
N Q/;_o l .a Yty C{S D1 ’ (F7)
Ol = 2Dt P yPy g, A - py
8 =—(A- — gD TN -
= /g_o ( QY —4 u)a P1 . (F8)
Qi1 =L -qyu—¢r)T A pr
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Feynman rules for the two-gluon, 2Q operators:

PHYSICAL REVIEW C 88, 025202 (2013)

0l_o = igvpys P Ay {20,770 g} + it fPg0n A - p1}
+igypys € Ay {20,707 g2 + it f g A - 1}

— : (F9)
QZ=1 = —igVypYs ehpav Ay {ZAwr”r“ qvl + i‘L'CfCh”ngA . pz}
—ig ypys €' Ay {20,770 g2 + it f gan A - p2)
P, P, 0%y = g{(x*tP YA - q'y™* — ¢ A%) — (igTe fP) A%y A - p1)}
+g{(TP T AL - Gy — P AY) — (igTe fPNACYUA - po))
\12,&,10 - . (F10)

08, = g{—(T9TP M)A - g*y® — g2 A°) + (igT FPYA Y A - po))
+g{—(TlTA) (A - q'y* — ¢ AY) + (igTC fPNAC YA - pa)}
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