JLAB-THY-***

Gauge invariant spectral analysis of quark hadronization dynamics

Alberto Accardi, 2 * Caroline S. R. Costa,® T and Andrea Signori®* *

! Hampton University, Hampton, VA 23668, USA
?Theory Center, Thomas Jefferson National Accelerator Facility,
12000 Jefferson Avenue, Newport News, VA 23606, USA
3 Department of Physics, University of Turin, via Pietro Giuria 1, 1-10125 Torino, Italy
4INFN, Section of Turin, via Pietro Giuria 1, I-10125 Torino, Italy
(Dated: Wednesday 19" July, 2023)

We study the Dirac decomposition of the gauge invariant quark propagator, whose imaginary
part describes the hadronization of a quark as this interacts with the vacuum, and relate each of its
coefficients to a specific sum rule for the chiral-odd and chiral-even quark spectral functions. Working
at first in light-like axial gauge, we obtain a new sum rule for the spectral function associated to the
gauge fixing vector, and show that its second moment is in fact equal to zero. Then, we demonstrate
that the first moment of the chiral-odd quark spectral function is equal in any gauge to the so-called
inclusive jet mass, which is related to the mass of the particles produced in the hadronization of
a quark. Finally, we present a gauge-dependent formula that connects the second moment of the
chiral-even quark spectral function to invariant mass generation and final state rescattering in the
hadronization of a quark.
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I. INTRODUCTION

The confinement of the strong force directly connects the propagation of quarks and gluons with their
hadronization, namely their transmutation into massive and colorless hadrons. On the one hand, the proper-
ties of partonic propagators in QCD can be theoretically investigated with techniques ranging from continuum
methods [1-10] to effective theories and model calculations [11-15] and to lattice calculations [16-26]. On the
other hand, hard scattering processes with hadrons in the final state allow one, at least in principle, to probe
the discontinuity of these propagators thanks to the optical theorem. In fact, as shown in Refs. [27-29], the
moments of the quark propagator’s spectral functions can be explicitly connected to specific integrals of quark
fragmentation functions (FFs) and furthermore directly enter the cross section of certain inclusive hard scat-
tering processes. Thus, apart from their intrinsic interest, understanding the analytic properties of the quark
propagator and of its associated spectral functions becomes of practical relevance for the phenomenology of
hadron structure and of hadronization [30, 31].

In this paper, we elaborate on the gauge invariance of the so-called fully inclusive jet correlator introduced
in Refs. [27, 28], namely of

dt¢ .. Tr
Z,;(k;w) = Di e 2
i (k;w) 1sc/(27r)4e .

where |(2) is the interacting vacuum state of QCD, v the quark field, W; o are Wilson lines that ensure the
gauge invariance of the correlator, and w is an external vector that determines the direction of their paths, as
discussed in detail later. 7 represents the time ordering operator for the fields whereas 7 represents the anti
time ordering operator [32, 33]. For sake of brevity we omit the flavor index of the quark fields and of Z. The
color trace averages over the incoming quark color quantum number. One can show that the correlation function
in Eq. (1) is related to the correlator for the single-hadron quark fragmentation functions at the operator level,
by a sum over the flavor and spin of the produced hadrons and an on-shell integration over the four-momentum
of the same hadrons [28]. Thus, E;;(k;w) represents mathematically the inclusive limit of the hadronization
mechanism. Moreover, as extensively discussed in Refs. [27, 28], the jet correlator Z can be written as the
discontinuity of the gauge-invariant quark propagator:

= . d*€ e Tre
Eijlking) = DISC/ (2w)4ek5 N,

where the Wilson line is W = WyW7.

The form of E given in Eq. (1) describes the hadronization of a quark into an unobserved jet of particles. It
is relevant to calculate the cross section of processes with unidentified jets in the final states, for example for
inclusive electron-proton Deep-Inelastic Scattering (DIS) [29, 31, 34, 35] and of Semi-Inclusive electron-positron
Annihilation (STA) [29, 36, 37]. Its emergence from factorization theorems is connected with the endpoint
kinematics for the considered processes, see e.g. Refs. [38, 39].

The form of Z given in Eq. (2), instead, is a gauge-invariant generalization of the quark propagator, and
makes possible the mentioned connection between quark propagation in the vacuum and hadronization. This
connection is valid at the operator level and, after some formal manipulations, produces a sum rule that links the
first moment of the chiral-odd quark spectral function (identified as the nonperturbative mass of the propagating
quark) to the average of the produced hadron masses weighted by the chiral-odd scalar quark fragmentation
functions E [27, 28].

While in Refs. [27, 28] the calculations were limited to the light cone gauge, in this paper the study of the
gauge invariant propagator = is extended to a generic gauge. It is shown that the sum rule for the chiral-odd
spectral function presented in Refs. [27, 28] is in fact formally valid in any gauge. Moreover, a novel sum rule
for the quark spectral function associated to the gauge fixing vector in light-like gauges is derived. Finally, a
complete calculation of the twist-4 component of the jet correlator is presented, together with a sum rule for
the second moment of the chiral-even spectral function.

This research line connects two aspects of QCD (and two research communities) which are intertwined,
namely the study of the analytic properties of the quark and gluon propagators and the study of hadronization
via scattering processes with hadrons in the final states. This article is devoted in particular to the properties
of the quark propagator, and addresses in a sistematic way the calculation of the quantities which are relevant
for hard scattering processes, namely the moments of the spectral functions and their gauge independence.
The motivation behind this work lies, in part, in the possibility to express the jet mass as a moment of the
chiral-odd quark spectral function in a generic gauge and not only in the light-cone gauge. In this gauge,
in fact, computations are considerably more involved [1, 40] and, to the best of our knowledge, absent for
quark spectral functions. Our results provide additional motivation to push forward with these calculations.
Furthermore, the moments are also instrumental to determine mass corrections to semi-inclusive processes at
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sub-leading twist and to investigate higher-twist fragmentation functions [30, 41]. This connection is timely
given the growing interest for higher-twist effects from the point of view of perturbation theory [42-44], the
current and future experimental measurements [36, 37, 45-50] and the recent phenomenological analyses in this
direction [29, 36, 37, 51].

The paper is organized as follows. In Sec. IT the Dirac structure of the gauge-invariant quark propagator is
discussed, together with the related coefficient functions. Sec. III features the spectral representation for the
propagator, taking into account also the contribution from a light-like gauge-fixing vector v. Sec. IV presents a
comparison between the expressions for the coefficient functions obtained in the light-cone gauge [27, 28] with
those obtained in a generic gauge. In Sec. V the results are summarized.

II. GAUGE INVARIANT QUARK PROPAGATOR

As shown in Refs. [27, 28], the gauge invariant quark propagator (2) can be further rewritten as a convolution
of a quark bilinear operator and the Fourier transform of a Wilson line connecting the quark fields:

Zij(kw) = Dlsc/d4 zSZj(p, V)W (k — p;w, v)|Q), (3)

where
i5(00) = [ 5 €T U 0), @
W(k —p; w,v) = / (;54 S BP0, & w,v). (5)

In the definition (3), k denotes the quark 4-momentum, |§2) is the interacting vacuum state, and the tilde sign
marks functions in the momentum space. The 4-vector w defines the direction of the Wilson line [27, 28], which
is introduced in order to guarantee the gauge invariance of the correlator, and will further be discussed below.
One then easily sees that = prov1des one with a gauge-invariant deﬁmtlon of the two-point quark correlator
<Q|zS |Q2). The quark operator iS and the Wilson line W may furthermore depend on the 4-vector v defining
an axial gauge; in non-axial gauges v can still formally be used as a label reminding one of the dependence of
these two quantities on the gauge fixing condition.

The convolution representation in Eq. (3) is convenient because it allows a direct connection between the
gauge invariant quark correlator = and the spectral representation of the gauge-dependent quark propagator,
that will be exploited and further studied below. The quark spectral representation has been extensively
explored in recent years since its properties and analytical structure can possibly shed light on confinement [5,
14, 15, 52-55]. Spectral properties of gauge invariant quark correlators have also been discussed in [56] beside
the aforementioned Refs. [27, 28]. It is also worth emphasizing once more that the jet correlator Z is in itself
is gauge invariant, whereas the quark operator iS is not, and therefore the LHS of Eq. (3) is independent of v.
Building on Refs. [27, 28], we will exploit this fact to derive novel sum rules for the quark spectral functions in
Sec. III and IV.

Following Refs. [27, 28], we work in light-cone coordinates (see Appendix A) and boost the quark to large
momentum in the light-cone minus direction so that its components satisfy k= > |kr| > k™, where |kr| ~ O(A)
and kT, k% ~ O(A?), and A is a power counting scale of order of the nonperturbative QCD scale Aqcp. We
can then consider the gauge-invariant correlator integrated over the subdominant ¥+ component of the quark
momentum :

1
Jij(k™ kring) = i/korEij(k;w =ny), (6)

which phenomenologically describes the inclusive hadronization of a high-energy quark into a jet of particles
along the quark direction of motion, and we call “inclusive jet correlator”. It is precisely the integration over
k™ that allows one to derive sum rules for the quark spectral functions. Note that, in the definition of .J, we
follow Ref. [28] and choose the Wilson line to lie in the plus light-cone w = n direction. The full shape of the
considered Wilson line is discussed in detail in the mentioned reference, but only its projection on the light-cone
plus axis and the transverse plane matter in the calculations to be performed in this paper. Namely we will
only need to consider the simpler Wryp (€1, &) = W(0™,£T, &€7) transverse-position-dependent Wilson line
and the Weon(67) = W(0~,£T,07) light-cone Wilson lines, defined as

Wrmp (€7, €r) = U, [07,0%,07;07, 00", 07 U, [07,007,07;07, 00", €| Uy, [07,007, &1 07,¢F, 7] (7)
Wcoll(g )EWTMD(f 70T):Mn+[0 ,0 70T;O ,£ 7OT]7 (8)



where U, [a; 0] is a straight Wilson line from a to infinity along the v direction,

Uy as 0] = P exp (ig /0 " ds v A, (a+ 5v))>, )

where P denotes the path-ordering operator, and with slight abuse of notation U, [a; b] = U, [a; 0] U, [00; b]. In
Egs. (7) and (8) one recognizes, respectively, the staple Wilson line used in TMD factorization theorems, and
the light-cone Wilson line used in collinear factorization theorems.

With these Wilson lines, the integrated correlator in Eq. (6) can then be used in perturbative calculations
of inclusive DIS structure functions [29] and semi-inclusive electron-positron annihilation [36, 37], where it
coiuples respectively, to the nucleon’s transversity parton distribution function and the polarized (e.g. A) hadron
transversity fragmentation function. In these processes, the “inclusive jet correlator” J is used instead of the
free quark propagator to describe the hadronization of a scattered quark in the so-called end-point kinematics
of the process [34, 35, 38, 57|, where the invariant mass of the final state is limited, and the produced hadrons
are kinematically constrained into a narrow — yet unobserved — jet of particles along the quark’s direction of
motion, thus earning its name.

Keeping in mind the outlined phenomenological applications — but independently of these — one can leverage
the strong k=~ > |kr| > kT ordering to give the inclusive jet correlator in Eq. (6) a “twist” decomposition
controlled by a power counting scale A [27, 28]:

K A?
R e

Jk™ kr;ng) = %a(k_)’y+ + kA— CETI+ (k™)

w(k™ k7)Y (10)
where v* are Dirac matrices and we suppressed the Dirac indices for simplicity. Notice that we did not include
time-reversal odd (T-odd) structures in the decomposition (10), since these are not allowed in the fully inclusive
hadronization of a quark described by the inclusive jet function J [28]. On the contrary, T-odd structures
would be allowed in less inclusive observables, such as with identified jet (see e.g. Refs. [58, 59]) or in one- and
two-particle semi-inclusive measurements [30]. Likewise we have not included any parity odd (P-odd) structures.

The a(k™),((k™) and w(k™, k%) are, respectively, the twist-2, twist-3 and twist-4 coefficients of the jet
correlator, and can be obtained by projecting Eq. (6) onto suitable Dirac structures. Denoting the projection
of J onto a generic Dirac matrix ' by

I 1 I
[F]: —_ — + E*
J _Tr[JQ} 2/dk Tr[ 2} (11)
one finds:
1 -
a(k™)=J0"1 = 2/dk+Tr[E 72] , (12)
k~ k—1 I
-y gm_r = + ==
(k) =" A2/dk: Tr[ 2}, (13)
2

wk™ k%) = (kA>2JW1 = <kA) %/dk*Tr [E 7;} . (14)

We will discuss the calculation of these coefficients in detail in Sec. IV, but it is already worthwhile comparing
the free propagator of an on-shell quark of mass m decomposed in light-cone coordinates,

m? + k2

F+m=k %"+ +ml+ T (15)
and the the quark-jet correlator (10) in its final form, namely,
J(,{;k.n)_m k=T 4+ § +M—H+Mf (16)
y W, T ) — 4(271')3 k- Y T J 2%— Y .

In the latter formula, the “jet mass” M; corresponds to a mass term for the hadronizing quark [27, 28] and the
“jet virtuality”

KJ2 = u? + T]2 (17)

receives contributions from the invariant mass initially produced in the quark fragmentation process (u?), and

from the transverse broadening of the jet of particles due to final state interactions (77). The 6(k~) factor



in front of the curly brackets appears because the discontinuity of the jet correlator is summing over all real

particles production processes in the final state [28], and the M; and Kf factors are k-independent because

of the Lorentz covariance and gauge invariance of the jet correlator =, as we will also explicitly prove later.
Comparing the free quark propagator (15) to the jet correlator (16), we can thus interpret the twist-3 O(1/k™)
coefficient as a gauge-invariant nonperturbative generalization of the quark’s current mass,

mWMj 5 (18)

with M; summing over the masses of the quark hadronizatio products [27, 28]. The twist-4 O(1/(k™)?) coefficient
can be similarly interpreted as a gauge-invariant nonperturbative generalization of the quark’s invariant mass,
that now includes a contribution from all hadronization products.

m? e K7 (19)

It is worth emphasizing the M; and Kf are gauge invariant quantities, although the separation of the latter
into invariant mass produced during hadronization and transverse broadening of the final state depends on the
choice of gauge (see Sec. IV). As with any multiparticle state, K J2 is not constrained to be equal to M 32 as it
happens for a perturbative quark.

III. SPECTRAL ANALYSIS IN THE LIGHT-CONE GAUGE

The jet correlator = is by definition gauge invariant, contrary to the quark operator iS appearing in Eq. (3)
which depends on the gauge choice. This has been made explicit with the inclusion in the arguments of S of
the 4-vector 4-vector v that defines the axial gauge condition

v-A=0. (20)

The vector v can in principle be spacelike, timelike or lightlike. For our puposes, it suffices to consider the
light-like axial gauge,

v? =0, (21)

in which case the most general form of the quark bilinear is given by:
i855(p,v) = 830", p - 0) P, + VPP 8 (070 0) Iy + Bo(P%,p-v) fy (22)

where 3;(p?,p - v) are spectral operators that are functions of all non-trivial Lorentz scalars that can be built
with the 4-vectors p and v, namely p? and p - v. Note that we omitted structures proportional 5 and [p,yﬁ
because of parity and time-reversal invariance.

The gauge condition (20) is in fact invariant under a v — v rescaling of the gauge vector. This implies that
the operators 531 can only depend on P2,

33(p°,p-v) = 33(p%), 51(p%,p - v) = 51(p%), (23)

while

2
Solp?,p - v) = o sor?). (24)

where the p? factor is included at the numerator for dimensional purposes only. Thus, the quark operator in
the light-cone gauge has the restricted form (omitting the Dirac indices):
2
.S o ~ P
iS(p,v) = 33(p*)p + Vp*5:1(p*) I + ESO(PQW (25)

For later convenience, we also decompose each one of the 8;(p?) operators into “physical” (6;) and “non-physical”
(@;) contributions,

5i(p?) = 6:(p*) 0(*)O(p™) + @i(p?) [1 — 0(p*)0(p )], (26)

where the presence of 8(p~) ensures that only positive-energy states appear in the Hamiltonian spectrum and
(p?) guarantees that the quark field excitations vanish out of the light-cone.



The quark propagator can be given an integral representation of the Kéllén-Lehmann type [60, 61]:

Tr

c . & - do? 10(02)
N @Sl = [ -

2
2m)4 p2 — o2 + iOg(a ) (27)

where here p(o) is a matrix in Dirac space:

p?
p(0*) = p3(P*)p + VD p1(p +7Po( °)p- (28)
With the discontinuity at p? in the integrand evaluating to (—27i) p(0?) 6(p? — 02) 0(p~), we find that

N QUSEI = 600, (29)

and one can easily see that only the physical operators are discontinuous,
N Q6 (p*)19) = pi(p?)/(2m)?, (30)

fﬁ:mwﬁnm ~ 0. (3)

and by virtue of Eq. (30) can thus be called “spectral operators”.

Compared to expressions often found in literature, and in particular in the Refs. [27, 28] that this paper
elaborates on, Eq. (28) contains an additional spectral function po(c?) corresponding to the % Dirac structure.
When v is chosen proportional to n, this new term can bring additional contributions to the twist-4 coefficient
w(k™,kr) in Eq. (14) (see also Ref. [28]). This is however not the case due to a novel sum rule for the new
spectral function pg that we derive below as a consequence of the gauge invariance of the jet correlator.

The starting point to derive the sum rule for py is to consider the J (¥l projections of the integrated jet
correlator onto v~ or 4+, and utilize the decomposition (25) of the quark bilinear operator:

JOT = Disc / dk* / d*p

The gauge invariance of J ("] then implies that the second term on the right hand side must vanish for any
(light-like) vector v:

(5 0") () + S S0P | Wk = pm0) - (32)

v-n 2 I -
o7k = Dise [ ai [ atp I T 15y 2 (k- g )i) = o, (33)

where ¢T is introduced as a convenient shorthand, and the + superscripts refer, respectively to the traces of J
multiplied by v~ and v, respectively. Taking v = n, the function ¢~ (k™) vanishes identically, but for ¢+ (k™)
we have

2 Tr +
o707) = yoise [ [ L TE@a?) [ e O W), (34

where we have written the measure as d*p = dp® d?>pr dp~/2p~ and the integrations over k&t and pr have
produced the collinear Wilson line Weo(€1). With the specific v = ny gauge vector choice and by virtue of
our choice of staple-like Wilson lines in the w = v direction in the definition of the jet correlator, the collinear
Wilson line reduces to the identity matrix in color space: Weon(€) = I. Using then the decomposition of the
operator §g in terms of the operators 69 and &g given in Eq. (26), the discontinuity can be calculated using
Egs. (30) and (31):

_ 1 (k) [
(kT = dp® p* po(p?) . 35
) = g [, A ) (3)
By virtue of Eq. (33), we therefore obtain a new sum rule for the po(p?) quark spectral function:
/ dp® p? po(p®) = 0. (36)
0

By defining the n"-moment of a generic spectral function p as:

e 2 ( 2\n/2 2
ptm = / dp® (p*)"" p(p?), (37)
0



one can express the sum rule in Eq. (36) simply as péQ) = 0. Notice that this term could in principle have

contributed to the twist 4 projection J "1 of the integrated jet correlator in a generic axial gauge [28]. However,
with the sum rule Eq. (36) one can explicitly see that this projection does not depend on gauge-related quantities
such as pg, as it may be expected on the basis of the gauge invariance of J. Sum rules for ps and p; in the
light-cone n - A = 0 gauge were discussed in Ref. [27, 28] and will be further examined in a generic gauge in
the following section.

IV. TWIST EXPANSION IN A GENERIC GAUGE

As discussed in Ref. [28], the a(k~) and ((k ™) coefficients of the integrated jet correlator (10) can be directly
evaluated in the light-cone gauge by using the convolution representation (3) and the Dirac decomposition (22)
of the quark bilinear operator. In the following, we will instead obtain expressions for these coefficients without
committing to a choice of gauge and show that they are actually invariant in form and not just numerically
due to gauge invariance. Moreover, the strategy employed will also allow us to complete the calculation of the
twist-four projection, which is more involved and was only partially carried out in Ref. [28] in the light-cone
gauge. Here, we complete that calculation and extend it to a generic gauge.

A. Twist two projection

Using the definition (12) and after integrating over k™ and pr, the twist-2 a(k™) coefficient can be written
as

1. Ty, dE* ot
(k™) = 3Dise [ [y TE@Isalr?) [ G e W) ) (39)

Notice that the domain of integration of p? extends over the entire real axis. The physical region, however, is
constrained to p? > 0 and p~ > 0 as previously discussed. Using the quark operator decomposition given in
Eq. (26), the only non-vanishing contribution to a(k~) comes from the physical operator &3 (p?):

(k™) = Dise [ " di? G @oal) L)1),

C

where

o0 + o
L(k~) = /0 dp~ / 612%6“5 =P Wan(e™). (40)

1. Light-cone gauge

In the light-cone gauge, the collinear Wilson line reduces to the identity in color space and the result of the
integral above is straightforward,

(k) = / Sy Sk —p) = 0(k). (41)

and the twist-2 coefficient takes on a particularly simple form,

o) = gy [ e2), (42)

where we have used the properties (30)-(31) of the spectral operators, and the “lcg” superscript on the
gauge-dependent spectral function emphasizes that, thus far, this sum rule has only been established in the
light-cone gauge. Exploiting, furthermore, the normalization property of the p3(p?) spectral function, namely
15~ dp?ps(p*) =1 [60, 61], one also finds
(k™)
k7)) = —=5%. 43
0(k") = g5m (43)
Due to the gauge invariance of the integrated correlator J, and therefore of its Dirac coefficients, this result is
valid in any gauge, as we will explicitly verify next.



2. Generic gauge

For the calculation in a general gauge, in which the Wilson line cannot be handled in a trivial way, it is
convenient to define the dimensionless variables

y=¢ETkT and c=p Jk™ . (44)
Using these new variables and inverting the order of integration, I>(k~) can be written as
Bk) = [ 52 M (o) Waon k). (15)
where we have defined
w- (y) = /O " doe-ivsian(i)a _ m6(y) [1 + sign(k™)] = 27w (y) O(k™). (46)

Indeed, the uy- (y) function is nothing else than a half-plane Fourier transform [62]:

/OOO dw e = 7§(z) £ i P @) : (47)

The Cauchy principle value P(1/x) is to be understood in a distributional sense, integrated over a test function
fothatis (P (3), f(x)) = [T deP (3) f(2) = limesor fo .t L) — 7 £(0). Hence, P (1) = imd(x). When

— 0o y

using Eq. (46) into Eq. (45) the § function sets the Wilson line to unity, and one finds
- (k™) 2 2
k)= —-= d 4
a(k™) 2(277)3/0 P~ p3(p”) (48)

independently of the chosen gauge. Furthermore, fOOC dp? p3(p*) = 1 by virtue of the canonical commutation
relations [61], and one arrives at

alk™) = . (49)

B. Twist three projection

We can now apply the method that has just been discussed to calculate the twist-three (k™) coefficient.
Using its definition (13) and integrating over k™ and pr one obtains:

_ 1 [> . Tre . _
) = g5 [t Diseg @IV AR B, (50)
where I3(k™) is defined to be:
_ _ [ dp~ A€t v -
I _ i€ (k™ —p7) +). 1
) = [ [ Weanl€¥) (51)

1. Light-cone gauge

As in the twist-two case, the I5 integral can be directly evaluated in the light-cone gauge, leading to I3(k~) =
0(k~) Therefore
_ (k™)
km)=—"—"=5M; 52

where
M= [ an? i o) (5)
is the chiral-odd jet mass [27-29] and “lcg” emphasizes that plfg (p?) is to be understood as the spectral function

calculated in the light-cone gauge. While the numerical value of M; must be the same in any gauge due to the

gauge invariance of the Dirac coefficients of the integrated jet correlator J, the same is not a priori true of the

sum rule (53): in principle, in a different gauge the relation might be of the form M; = p§1)+“0ther terms”.

Nonetheless, the invariance in form of Eq. (53) will be proven in the next subsection.



2. Generic gauge

In a general gauge, we can once again utilize the dimensionless variables y and o defined in Sec. IV A and
write

_ : . [d i _
L(k™) = sign(k™) / S0k (y) € Weon(y/k™) (54)
where vg- (y) is defined as
neg) = [ e, (55)
0 g

Note that the vy (y) function is conveniently related to the u;-(y) defined in Eq. (46) by

V- (y) = —isign(k™) ugp-(y). (56)
In order to deal with the Wilson line, we can then write the exponential appearing in Eq. (54) as a derivative,
e = —iaie“/, and perform the integration over y by parts. Repeating the same trick as needed, one sees that
Yy
_ - _ _ 1 _
Is(k™) = 0(k™) [ 3" (OyWean(w/k7)) | =007) ( 755 Wean(W/k7) ) (57)
n=0 y=0 Y y=0

Substituting this result into Eq. (50), one obtains

) = "5 [ Dise @V 1 02) (1 Wenlo/i)) 1), (55)

y=0

In the light-cone gauge, where Weon = I we recover I3(k~) = (k™) and the light-cone sum rule (53). In a
general gauge, we can expand Eq. (58) in powers of g and obtain

Ch) = 9(2’1_)/0 dp? Dlsc Q|fa1 {1+kA ()+o(kg)2} Q). (59)

Now, compare this to the light-cone gauge result given in Eq. (52), that depends on k&~ only through the 6(k™)
function. By gauge invariance of ¢, this must be true also of Eq. (59). But nothing in the RHS can generate
k~-dependent terms to cancel the explicitly written O(g/k~)™ factors when n > 0. Therefore all the terms of
O((g/k~)™) terms must vanish with the exception of the n = 0 term. Therefore, one obtains

M; = / dp* \/p? p1(p) - (60)

Recalling the definition of moments given in Eq. (37), this means that M; = P(1 ) is gauge invariant, even though

the spectral function itself is not. To the best of our knowledge, this is a novel spectral function sum rule.

C. Twist four projection

We now proceed to the calculation of the twist-4 w coefficient defined in Eq. (14). Its non-vanishing contri-
bution in a generic gauge is given by

_ k— 2 . Tr, R 2+ 2 __
st i) = (B0 i fart [0t T @lonts?) PR W = i) (61)

where we have written p - n_ = (p? + p%)/2p~. The integration over k™ simply sets the conjugate space
coordinate to zero in the partial Fourier transform of the Wilson line reducing this to Wpyp. In the term
term proportional to p? the integration over the transverse momentum then acts directly over Wrwp, further
reducing the Wilson line to its collinear W, form and simplifying the calculation. In a general gauge, where
Weon # L, the calculation is more complicated but can be performed by following the strategy employed for
the twist-2 and twist-3 coefficients. However, the integration of the second term in the integrand of Eq. (61) is
substantially more involved due to the presence of p3 which prevents one from directly integrating the Wilson
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line over its transverse momentum. We thus write Eq. (61), in general, as a sum of two terms and will address
these in turn:

w(k™, k1) = wi(k7) +we(k™, k7), (62)

where wy and w; are, respectively, the transverse-momentum-independent (“longitudinal”) and transverse-
momentum-dependent (“transverse”) components of the twist-4 coefficient:

k) = g [ 9 Dise G Qa1 (k)1 (63)
(b k) = @ /OOO dp? DiscTNr: Qs (P L (k™ k)|, (64)

where

2T

o k—\? d? : —~
It(k_”“T):/ dp_( ) / pr / S p2 ciér ) (k- — - ). (66)
0 p (27T)

=
i
I
S—
8
S

N\ 2

1. Light-cone gauge

In the light-cone gauge, the calculation of the longitudinal term is straightforward, and one finds

I8(k™) = 0(k™) (67)

() = s ) (68)
where

(u2)<s = / dp? 1 P () (69)

can be interpreted as the average invariant mass squared of the particles produced by the quark fragmenta-
tion [28].

The calculation of the transverse I; operator in Eq. (66) is more involved. First, we can eliminate the p2.
term by using

pr ST *TPT) = [(i97)2 + K + 2i ky - 87| 67 (kT —PT) (70)

where we shortened dr = 9/9€&r. Then, the integration over the term proportional to k3. presents no difficulty,
and proceeds as for I; in Eq. (67). In the remaining terms, integration by parts over d?£7 produces derivatives
of the Woyp Wilson line with respect to the transverse space coordinate. In the light-cone gauge, Wrnp
reduces to a transverse gauge link at light-cone infinity, which can also be set to unity by imposing advanced
boundary conditions on the transverse gauge fields, namely Ar(cot) = 0 [63, 64]. The transverse derivatives
are then identically equal to zero and we obtain a simple enough final result:

(k™ k) = 0(k7) k7,
Ccg(1.— O(k~ 2
Wi (k™ kr) = (2A)(2(2)7T)3kT. (71)

Together with Eq. (68) this leads to the full result for the twist 4 projection in the light-cone gauge,

(k™)

SRR = Gnenp

241 2
[(Hj) ¢+ k7. (72)
This has a simple interpretation: the invariant mass mg of the (single particle) quark is replaced by the non-
perturbative invariant mass u? of the particles produced in the quark’s fragmentation process, while the k2

contribution is of purely kinematic origin. However, unlike the twist-3 ( coefficient, this simple interpretation
is not gauge invariant as we will discuss next.
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2.  Generic gauge

In a generic gauge, the longitudinal I, and wy can be obtained by following the strategy deployed for the
calculation of the twist-2 and twist-3 projections. One obtains

L) = (k) [Wwwlmy/k-)] ,

y=0
we(k™) = M,/dpszps(p2)+0(,f)- (73)

To calculate the transverse part one needs to evaluate I; and w;. The starting point is to use Eq. (70) to
remove the p2 dependence in the integrand of Eq. (66) with transverse derivatives. After integration by parts,
we are left with first and second transverse derivatives of the Wilson line. By symmetry arguments, the term
proportional to the first derivative can be shown to vanish upon integration. However the second derivative
of the Wilson line, that vanished in the light-cone gauge, will give a nontrivial contribution to the twist-4

coefficient. Upon recursively using e*¥ = fia%eiy as for the twist-3 calculation, we find that

RO ) = 007) | (6 - 08) (= s W o/ &) |

y,€r=0
B Ok™) [ 5. Tre, . (k% — 07) -
2y _ 2 Dis O 2 Q). 4
wt(k ?kT) (2A)2 A dp 18C Nc < ‘O’g(p ) [ (1 _Zay)Q VVVTMD(:’-//]€ 7£T) ) 0| > (7 )
Y,8T=
Expanding the latter in powers of g/k~ we find
_ (k™) ok—) [~ o Mo o g
k2) = k2 / % Dis Q 2 Q =
k™ k) = Rt oAy |, @ Do (o)1) +0 (). (75)
where
Jr = [~ 03 Wran (y/k ™. &1)] ¢ o - (76)

The detailed evaluation of the above derivative can be found in Appendix B. The result is

JT = ig DTAT(O) (77)

+ g

9

£Er=0

oo*
/ ds*DT(UnJO,OtsT;o,s*,&T]GT<0,s+,£T>un+[0,s+,§T;o,oo+,£T})]
0

where D = Or+igAr is the transverse covariant derivative and GT ~ is the field strength tensor, and repeated
transverse T indexes are contracted in the 2D transverse Euclidean space.

In the light-cone gauge, Jr and therefore w; vanish as already implied by Eq. (72). It is interesting to see
how this explicitly works out in the general expression we just derived. Indeed, in the light-cone gauge GT~ =
—0~ Ar and the integral in Eq. (77) evaluates to Dy A1 (00) — D Ar(0). The term evaluated at the origin then
cancels the first term in Eq. (77), and the term evaluated at infinity vanishes by imposing advanced boundary

conditions, meaning that indeed Jchg = 0. It is also interesting to notice that this cancellation is actually
quite general within the class of local contour gauges [65-67], to which the light-cone gauge supplemented with
boundary conditions pertain. The first term in Eq. (77) is actually a residual gauge footprint left behind by
not completely fixing the gauge. The contour gauge, in contrast, is by construction free of gauge redundancies
and, applied to the staple-like Wilson line that appears throughout this work, implies that Wpyp = I, leading
to Jr = 0 in any contour gauge.

The cancellation of the first term itself (if not of the whole Jr) happens in fact in any gauge. This can be seen
by perturbatively expanding the U contributing to the line integral of Eq. (77) in powers of g, and explicitly
integrating the leading term. The Jr operator is then proportional to g? and can be interpreted as describing
two gluon rescatterings along the Wilson line from 0% to co™.

We can now quote the result for the full w projection in a generic gauge. First, we plug Eq. (77) back in
Eq. (75) and add the longitudinal part of the w projection. Then, we realize that by gauge symmetry all terms of
order g/k~ must be zero, because in the light cone gauge w is independent of k£~ apart from the theta function,
but the lack of any dependence on £~ in the integrand in the second term in Eq. (73) prevents any cancellation
of the £~ in the higher order terms. Finally, we find that

0(k™)

SR OVECHE

(K3 + k7)), (78)
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where the jet virtuality
2 _ 2 2
K} =3 +7; (79)

gets contributions from two distinct sources. The first one is the invariant mass of the quark hadronization
products,

i = / dp* p* ps(p*) (80)
0

which is calculated as the second moment of the chiral-even spectral function in the considered gauge and, at
variance with M, turns out to not be gauge invariant as we shall see in a moment. The second source is the
transverse momentum broadening of the final state particles,

. [ Tr,
sz = (27r)3/0 dp® Disc Nrc

(Q65(p*)ig Dr (Ar(€r) + Z7(€T)) g0 V), (81)

with

+

Zr(ér) = ig /OOO dsTU,, [07,0%,&r;07, 5T, &r]GT (07, s, &r) Uy + [0, 5T, & 07, 00T, €7]|Q) . (82)

In interpreting this expression, one should keep in mind that A appears in Eq. (81) only as a residue of
incomplete gauge-fixing procedures, as remarked earlier, so that final state rescattering effects are effectively
contained in Dy Z7 only.

Because of the gauge invariance of the integrated jet correlator, the w coefficient is also gauge invariant.
However, the decomposition (79) in invariant mass of the hadronization products and transverse momentum
broadening in the final state is not. For example, in the the light-cone gauge with appropriate boundary
conditions no rescattering seems to occur because T;Cg = 0. On should however notice that, although final
state interactions seemingly disappear with the appropriate choice of gauge and boundary conditions, their
effect is subsumed into (,u?)lcg — in fact, embedded inside the chiral-even quark spectral function p}fg. In a
specific calculation, one would have to balance the simplicity of a vanishing line integral in Eq. (82), with
the added complexity found when solving the fully dressed quark propagator to obtain the quark spectral
functions. Indeed, the boundary condition for the gauge fields at light-cone infinity implies a specific choice of
pole prescription for the gluon propagator appearing in the calculation, which renders it more complex than
in, say, the Landau gauge (where, however, one would also need to calculate the 7; term).

V. CONCLUSIONS

This paper has completed the spectral analysis of the gauge invariant quark propagator initiated in Ref. [27, 28]
in the light cone gauge, and now extended to a generic gauge. In particular, the coefficients of the Dirac
decomposition of the gauge-invariant quark propagator (2) have been identified with specific moments of the
chiral even and chiral odd quark spectral functions. The gauge invariance of the formulas so obtained has been
investigated, and novel spectral function sum rules derived.

In Sec. IV A and IV B it is shown that the twist-2 and twist-3 coefficients a(k~) and {(k~) are proportional
in any gauge to the zeroth moment ng) and first moment pgl) of the chiral even and odd spectral functions,
respectively, even though the spectral functions themselves depend on the chosen gauge. The former result
squares with the well known [ dp?p3(p?) = 1 sum rule, which depends only on the properties of equal time
commutators of the quark fields, and is indeed independent of the chosen gauge. The latter result is particularly
interesting because it shows that the jet mass M; = [ dp? \/]?pl (p?) (a color-screened gauge-invariant dressed
mass for the quark) can always be interpreted as the dynamically generated mass in the quark fragmentation
process, and provides one with the means of actually measuring this, for example, in inclusive DIS [35] or
in semi-inclusive electron-positron annihilation [37]. On the theoretical side, the gauge invariance of pgl) is a
feature that should be confirmed by independent calculations.

In Sec. IV C the calculation of the twist-4 term previously analyzed in Ref. [28] has been completed. The
decomposition of this coefficient function in terms of the invariant mass of the hadronizing quark and the effect
of final-state interactions is elucidated. This decomposition is not gauge invariant, but the sum of the two
contributions is, with final state interactions disappearing in the light cone gauge.

Finally, the presence of an additional quark spectral function in axial gauges has been discussed in Sec. III.
With considerations based on the Dirac structure of the propagator and on the gauge invariance of the jet
correlator, it has been shown that the second moment of this spectral function, péz), vanishes identically. We
look forward to independent investigations of this new sum rule as well as numerical confirmations of the gauge

invariance of p(ll), for example, with a calculation of the light cone gauge quark spectral functions that is yet to
appear in the literature.
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Appendix A: Light-cone basis

In a given reference frame, we collect the space-time components of a four-vector a* inside round parentheses,
a* = (a’,a',a?, a?), with a® the time coordinate. We define the light-cone 4+ components of the a vector as

+ Lo, 3

a \/i(a +a°) (A1)
and collect these inside square brackets: a* = [a~,a™, ar], with ar = (a',a?) being the 2-dimensional com-
ponents in transverse space. The transverse component of a vector a* is a4, = [0,0, ar], such that a% = —a3.
Namely, the norm of ar is taken according to the Euclidean metric 67 = diag(1,1), whereas the norm of ar is
calculated using the Minkowski metric g** = diag(1,—1,—1, —1). Note that, in this paper, we consider highly
boosted quarks and hadrons with dominant momentum component along the negative 3-axis, namely along
the negative light-cone direction. Hence, we grouped the light-cone components inside the square parenthesis
starting with the minus component.

The light-cone basis vectors are defined as:

1
ny = —(1,0,0,+1) , (A2)

V2

such that nf_ =n? =0, n‘frn_ﬂ =1, and a* = a'ng,,. The transverse basis vectors in 2D Euclidean space are
n1 = (1,0) and ny = (0,1), corresponding to ny = [0,0,n1] and ny = [0,0,n2] in Minkoswksy space.

Following Ref. [68, 69], the transverse projector, g4, and the transverse anti-symmetric tensor, €7, are
defined as:

gy =g — niﬂni} (A3)

e =Py = et (A4)
where ¢g"” is the Minkowski metric, €#**? is the totally anti-symmetric Levi-Civita tensor (with €123 = 1).
Note that ¢g%’a, = af. projects a four-vector onto its transverse component, and €4’a, = € ar, rotates that
component by 90 degrees in the transverse plane.

Appendix B: Second derivative of a Wilson line

Here we outline the derivation of Eq. (76), which involves second derivatives of the staple-like Wilson line
with respect to the transverse direction. The derivative with respect to any point in the path can be cast in the
following form [70, 71]:

0 ) 0s®
@W(:% 17) = ZgW(I, S)Aa(s)

W (s,9)|5=5 + ig / Wz, 5)Gag ()W (s,9) 22 ds?, (B1)
Yy

OzH OzH

where y and x are the starting and ending points of the Wilson line, respectively. Applying Eq. (B1) to the
staple Wilson line given in Eq. (7) we get that the derivative of the Wilson line with respect to &7 is given by:

aE%WTMD(€+7£T) = igAr(ET, €r)Wrmp (E1,&r) + Z1(6T, €7) (B2)

where Z7 (£, &) is the line integral piece of the Wilson line derivative:

£+
ZT(EJra €T) = 729/ N d5+un+ [077 £+7 £T; 077 S+a €T]GT7 (Oia S+7 £T)un+ [077 S+a €T; Oia OO+, éT] (B3)

oo
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Notice the negative sign in front of the integral, which is due to the derivative acting on a Wilson path oriented
in the negative (ligtcone plus) direction. Taking another derivative with respect to &1, we have:

62

9€z, — Wrmp (£, &r) =

32 Az(€T, €x)Wrnn (€7, €x) + ig Ap(¢* &)%WTMD@ 5T>+£ZT(§+,5T>

= igDry [Ar (Y, &) Wrnp (7, &) + Z1(EF,€r)] (B4)

where repeated transverse indexes are contracted in the 2D Euclidean transverse space. In the first line, we
used Eq. (B2) for the derivative of the Wilson line appearing in the second term. This gives rise to two terms,
one that is combined with the first term to form a covariant derivative and the other that is also combined into
a covariant derivative with the last term. Writing explicitly the action of the covariant derivative on the second
term, one obtains:

2
T —5 Wrmp (€1, €7)

=igD7 Ar (¢t €r)Wrnp (67, &) + ig /§+d5+ Un, €1, &5 5T, €r)|DTGT~ (sT, €7 U+ [sT, €3 00T, €]

(ig) /§+ds / U U (65 5" Er]GT (5 Ex Yo |5 s £2]GT () o [ s 0™ 0],
(B5)

As noticed in the main text, the first term appears as an artifact of an incomplete gauge fixing procedure,
which cancels with boundary contributions from the line integrals. [This can be explicitly seen by expanding
the U Wilson lines in the first line integral in powers of the g coupling constant, and integrating the leading
ig [ dst DrGT~ (s, &7) term.]. The second derivative of the Wilson line can then be interpreted as describing
two-gluon rescattering along the straight path from £+ to oo™ at a fixed transverse coordinate &7.
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