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Abstract: A flavor-dependent kernel is constructed based on the rainbow-ladder truncation of the Dyson-Schwinger

and Bethe-Salpeter equation approach of quantum chromodynamics. The quark-antiquark interaction is composed of

a flavor-dependent infrared part and a flavor-independent ultraviolet part. Our model gives a successful and unified

description of the light, heavy, and heavy-light ground pseudoscalar and vector mesons. For the first time, our model

shows that the infrared-enhanced quark-antiquark interaction is stronger and wider for lighter quarks.
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1 Introduction

Hadrons, subatomic particles that are composed of
quarks and gluons, occupy a large spectral scope; the
lightest hadron, the pion, has a mass of M, ~0.14 GeV,
while heavy hadrons are heavier than 10 GeV [1]. People
expect that the underlying theory, quantum chromody-
namics (QCD) [2], can illuminate the hadron spectrum
and unify the description of light and-heavy hadrons.
QCD is a non-Abelian local gauge field theory of strong
interaction and has been shown to-be consistent with ex-
perimental observation. Because of the emergent phe-
nomena at the hadronic scale, i.e., confinement and dy-
namical chiral symmetry breaking (DCSB), non-perturb-
ative QCD is still a relatively unknown part of the stand-
ard model.

Confinement provides an intrinsic wavelength,
Ac ~0.5fm, for the propagation of quarks and gluons.
They behave like the parton at r < 1. and show different
propagation modes at r > A.. The propagation of quarks
and gluons would certainly be affected by the finite size
of hadrons. Surveying hadron physics using QCD re-
quires a non-perturbative method. As a well-established
non-perturbative approach, lattice QCD (1QCD) [3-5], a
lattice gauge theory formulated on a grid, has led to much
progress with respect to hadron physics. While IQCD re-
sorts to brute-force calculation, a functional method like
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the Dyson-Schwinger equation and Bethe-Salpeter equa-
tion (DSBSE) [6-8] approach is complementary to IQCD.
In this work, we aim at unifying the description of
light, heavy, and heavy-light mesons via the DSBSE ap-
proach. In this Poincaré covariant framework, the quark
propagator is presented by the Gap equation [6—8]2),

S7' (k) =Za(iy - k+Zumy)

A
382 fd DuDyS f@T o), (1)
q
where f={u,d,s,c,b,t} represents the quark flavor,
l=k—q, Sy is the quark propagator, m, is the current
quark mass, I/ is the quark-gluon vertex, D,, is the
gluon propagator, and g is the coupling constant. Z;, Z,,
and Z, are the renormalization constants of the quark-
gluon vertex, the quark field, and the quark mass, respect-
ively. fd/; = f A d*q/(2m)* stands for a Poincaré-invariant
regularized integration, where A is the regularization
scale. A meson corresponds to a pole in the quark-anti-
quark scattering kernel [9], and the Bethe-Salpeter amp-
litude (BSA), I'/¢(k; P), where k and P are the relative and
the total momentum of the meson, respectively,
P> =-M?, and M is the meson mass, is solved by the
Bethe-Salpeter equation (BSE) [8-10],

A
[T/8(k; )1 = fd (K8 (k, q; Pyl (@: P)IS.  (2)
q
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where K/¢(k,q;P) is the quark-antiquark scattering ker-
nel and «, B, o, and & are the Dirac indexes.
x/8(q; P) = S (g4 )T/8(q; P)S¢(g-) is the wave function,
g+ =q+tP/2, g- =qg—(1-0)P/2, and ¢ is the partitioning
parameter describing the momentum partition between
the quark and antiquark and does not affect the physical
observables.

A promising and consistent method to solve the prob-
lem of the meson spectrum is building a quark-gluon ver-
tex and constructing a scattering kernel. The forms of the
quark-gluon vertex and scattering kernel have been in-
vestigated [11], while the most widely used and technic-
ally simple one is the rainbow-ladder (RL) approxima-
tion,

871D, (DTS (k. q) = [Z1* D], Dy, 3)

4 ~
(K8 (k,q; )13 — —g[zz]zDﬁé’(l)[yﬂ]z[yv]g, 4
L1,

where  DJS() = (6,0 — %) G74(®) and D}, (D) = (8,0 - )
G/ (%) are the effective quark-antiquark interactions. In
the original RL approximation, G/¢ =G/ is flavor-sym-
metrical and modeled by [12]

G/ (5) = G (5) + Guv(s), )
D> .
Gl () = 8> e, (6)
Wy
8 2
Guv(s) = 7 Y ) 7 (7
In[7+(1+5/Adep)’]

where s= /2. Q{R(s) is the infrared interaction respons-
ible for DCSB, with D%wf expressing the interaction
strength and w; the interaction width in the momentum
space. The form given in Eq. (6) is used because it en-
ables the natural extraction of a monotonic running-coup-
ling and gluon mass [12], whose relationship to QCD can
be traced [13]. Guv(s) keeps the one-loop perturbative
QCD limit in the ultraviolet range. F(s)=[1 —exp(—s>/
[4miDl/s, v, =12/(33-2Ny), with m=10GeV,
r=el%-1, Ny =5, and Aqcp =0.21 GeV. The values of
m; and 7 are chosen different from Ref. [12], so that
Guv(s) is largely suppressed in the infrared region and
the dressed function Q{lf(s) is qualitatively right in the
limit my — oo or my — co.

A nontrivial property of I/ is its dependence on the
quark flavor as a result of the dressing effect. By the
same token, K/¢ depends on the flavors of the scattering
quark and antiquark. For a unified description of the sys-
tem with different quarks, the flavor dependence of F{
and K’¢ should be taken into account appropriately, irre-
spective of the model forms used. The RL approximation
is phenomenologically successful for the pseudoscalar
and vector mesons [12, 14-16]. The best parameters are

(Djwy)'* =0.8GeV and wy=0.5GeV for light mesons
[12], and (Djz,cuf)l/3 ~[0.6,0.7] GeV and ws = 0.8 GeV for
heavy mesons [17, 18]. The strength decreases and wy in-
creases as the quark mass increases, showing that heavy-
flavor quarks probe shorter distances than light-flavor
quarks at the corresponding quark-gluon vertexes [19].
The RL approximation fails to describe the heavy-light
mesons because of the lack of flavor asymmetry in Eq.
(5)-Eq. (7). The spectrum has a larger error than the
quarkonia, and the decay constants are entirely false [20,
21]. The heavy-light meson problem has been surveyed
for 20 years using this.approach [22-27], yet no satisfact-
ory solution has been found.

2 Our model

To introduce flavor asymmetry, one should involve
the axial-vector Ward-Takahashi identity (av-WTI),
which guarantees the ground-state pseudoscalar mesons
as Goldstone bosons of DCSB [14, 15],

P,ILE (0 P) =S ! (ke )iys +iysS ;' (ko)
®)

where l"gj and ngg are the axial vector and pseudoscalar

vertex, respectively. Considering the equations of S/,

Fgg , and Fgg
i

—ilmy +mgITL8 (k; P),

in the RL approximation, Eq. (8) leads to

A
) G (5)yalS p(q)iys +1ysS o(g-)1ys =
q

A
f YolG'(5)S 1(q1)iys + G4 (5)iysS ¢(g-)1yp.

dq

©)

Eq. (9) tells us that G/$(s) is some medium value of
G/(s) and G%(s). Considering the scalar part of the
propagator,  S/(q) = —igol(¢®) +ol(¢?), we obtain
G'4(5) = (@G (5) + TGN/ (s (¢2) + T(g?)). Tt
is well known that the infrared value of o/ (¢?) is propor-
tional to the inverse of the interaction strength, and the
width of o/ (¢?) is proportional to wy. We thus assume
G/8(s) to be

G/%(5) = Gl () + Guv(9), (10)
GlE(s) = 8712D—£D—§e_s/(‘”f‘”").
w L (l)g

Guv(s) is unchanged from Eq. (7), and as we are deal-

ing with five active quarks, Guv(s) is independent of the

quark flavors. The effective interation [)}:5 represents the

total dressing effect of the gluon propagator and the two

quark-gluon vertexes. Eq. (11) suggests that the quark

and antiquark contribute equally to the interaction
strength and width.

(11)



Chinese Physics C  Vol. 44, No. 11 (2020)

The preservation of the av-WTI could be checked nu-
merically using the Gell-Mann-Oakes-Renner (GMOR)
relation, which is equivalent to the av-WTI [14, 15],

Jor = (g +m)po- IMG. = for, (12)
where M- is the mass of the pseudoscalar meson and fp-
is the leptonic decay constant. fy- and po- are defined by

A ~
fo Pui=ZoN, fd ST PS03
A
oo = ZeNete [ S T G P)S (60, (14)
dk

where Z, = Z>7Z,,, N, is thg color number, tr is the trace of
the Dirac index, and F{f is the BSA of pseudoscalar
mesons. The BSA is normalized by [28]

A

Ne—
0Py Jaq
X 8(q:)1(q: K)S (q)]lp=k=—nr2 (15)

where N, =3 is the color number. Before discussing the
details and results, we first assure the reader of the preser-
vation of the av-WTI by comparing fy and f, in Fig. 1.
They deviate from each other by no more than 3% for all
pseudoscalar mesons considered here. We conclude that
the av-WTI is perfectly preserved in our approach.

2P, = tr[I'(g; —K)

0.5
# Ny
04t fo-
« fo-
St o fiaco ® B,
m 1 ,7(_'
S
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D, ;
¢p’ . g>
01 - ¢K
0
Fig. 1. (color online) Decay constants of the ground-state

pseudoscalar mesons: fy- defined by Eq. (13) and f-
defined by Eq. (12) and Eq. (14) are our results, figcp are
the lattice QCD data given in Table 1.

3 Outputs of the model

In Eq. (11), Dy, and wy, are parameters expressing
the flavor-dependent  quark-antiquark interaction.
However, the flavor dependence of these parameters is a
priori unknown. Herein, we treat the Dy and w; of each
flavor as free parameters. Working in the isospin sym-
metry limit, we have 4 independent quarks up to the b
quark mass: u (or d), s, ¢, and b. There are 3 parameters

for each flavor: Dy, wy, and my. In total, there are 12
parameters. w, is treated as an independent variable,
while the other 11 parameters are dependent variables,
which are fitted by 11 observables: the masses and decay
constants of n, K, 7., and n;,, and the masses of D, D;,
and B. All the masses and decay constants of the ground-
state pseudoscalar mesons (except 7 and 7") and all the
ground-state vector mesons are predicted.

The masses and decay constants of the ground-state
pseudoscalar mesons are listed in Table 1. Our outputs
are quite stable, with w,, varying by 10% around 0.5 GeV.
With w, €[0.45,0.55] GeV, the masses are almost un-
changed and the decay constants vary within 1.2%. Our
output of Mp. deviates from the experimental value by
only 0.01 GeV, which is impossible in the original RL
truncated DSBSE. The flavor dependence of the quark
gluon-interaction even has a significant effect on the B,
meson. Mp produced by the original RL truncated
DSBSE is 0.11 GeV larger than the experimental value
[18]. We reduce the error to less than 0.02 GeV herein.
Our output of fp, fp:, fg, fp:, and fp_are all consistent
with the lattice QCD results, with deviation of less than
6%. Note that our fp. is also in good agreement with a
recent experimental measurement [29]. The only absent
mesons in Table 1 are  and 7/, which are affected by the
axial anomaly [30, 31] and beyond our present purpose.

A further confirmation of our model is given by the
vector mesons. Our predictions of the static vector meson
masses and decay constants are listed in Table 2. The de-
cay constant is defined by analogy to Eq. (13)

A
fi-My- = ZoN, f 1S (DT 5 P)S (), (16)
dk

where M- is the vector meson and F‘l'if ¢ is the vector
meson BSA. The vector mesons also show a weak de-
pendence on w, €[0.45,0.55] GeV. The deviation from
experimental or IQCD values decreases as the mass in-
creases. The mass deviation is approximately 6% for the
p meson, decreasing to approximately 1% for the heavy
mesons. The decay constant deviation is approximately
12% for the ¢ meson, decreasing to less than 7% for the
heavy mesons. This deviation can be attributed to the sys-
tematic error of the RL truncation [16]. The success of
the pattern of the flavor-dependent interaction, Eg.
(10,11,7), is shown by the fact that the deviation is on the
same order for both the open-flavor mesons and the
quarkonia. We can see again that the flavor dependence
has a significant effect on B. mesons. While
Mp ~6.54GeV and fp ~0.43GeV in the original RL
truncated DSBSE [18], our results, i.e., Mp. = 6.357 GeV
and fp ~0.305 GeV, are more consistent with the 1QCD
predictions. B has not been discovered experimentally,
so both our and 1QCD predictions await experimental
verification.
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Table 1.

Masses and decay constants of the ground-state pseudoscalar mesons (in GeV). We use the convention f; =0.093 GeV. The 1QCD data are

taken from: Mp and Mp, - Ref. [32]; Mp and Mp, - Ref. [33]; Mp, - Ref. [34]; f; and fx - Ref. [35]; fp, fb,, fB,and fp, - Ref. [36]; f;. and f;, -
Ref. [37]; fB. - Ref. [38]. My, Mg, M, , and My, here and M+ in Table 2 are usually used to fit the quark masses in IQCD calculations [39], so there

are no 1QCD predictions for these quantities. The exprimental data are taken from Ref. [1]. Note that we work in the isospin symmetry limit, so the av-

erage value among or between the isospin multiplet is cited for 7, K, D, and B mesons. All data are given with an accuracy of 0.001 GeV. In our pro-

duction, the underlined values are those used to fit the 11 dependent variables, and the others are our output, with the uncertainty corresponding to

wy €[0.45,0.55] GeV. The decay constants are fitted to the IQCD data because an accurate and complete experimental estimate of these data is still

lacking.
herein 1QCD expt. herein 1QCD
M, 0.138 * 0.138(1) fr 0.093 0.093(1)
Mg 0.496 * 0.496(1 fx 0.111 0.111(1)
Mp 1.867 1.865(3) 1.867(1) I 0.151(1) 0.150(1)
Mp: 1.968 1.968(3) 1.968(1) Jp* 0.181(1) 0.177(1)
M, 2.984 * 2.984(1) Fre 0.278 0.278(2)
Mg 5.279 5.283(8) 5.279(1) B 0.141(2) 0.134(1)
Mp: 5.377(1) 5.366(8) 5.367(1) Sz 0.168(2) 0.163(1)
Msp, 6.290(3) 6.276(7) 6.275(1) /B, 0.312(1) 0.307(10)
My, 9.399 * 9.399(2) oy 0.472 0.472(5)

Table 2. Masses and decay constants of ground-state vector mesons (in GeV). The IQCD data are taken from: M, - Ref. [40]; Mg+ - Ref. [41]; My and
f,b - Ref. [42], Mp~, fD* 5 MD:* N fDii , Mp+, fB* 5 MB:.* 5 and fB:: - Ref. [43], MJ/#’/ and fj/w - Ref. [44], MBF - Ref. [34], fo - Ref. [38], f'r - Ref.

[45]. The exprimental data are taken from Ref. [1], and the average value between the isospin multiplet is cited for Mp+. Hitherto, the B; meson has

not been discovered experimentally. All data are cited with an accuracy of 0.001 GeV. The uncertainties of our results correspond to

w, €10.45,0.55] GeV.

herein 1QCD expt. herein 1QCD

M, 0.724(2) 0.780(16) 0.775(1) Jo 0.149(1) -
Mg+ 0.924(2) 0.933(1) 0.896(1) i 0.160(2) -

My 1.070(1) 1.032(16) 1.019(1) fs 0.191(1) 0.170(13)
Mp+ 2.108(4) 2.013(14) 2.009(1) /o 0.174(4) 0.158(6)
Mp-= 2.166(7) 2.116(11) 2.112(1) Jor= 0.206(2) 0.190(5)
My 3.132(2) 3.098(3) 3.097(1) S 0.304(1) 0.286(4)
Mp- 5.369(5) 5.321(8) 5.325(1) Ni:g 0.132(3) 0.131(5)
Mp= 5.440(1) 5.411(5) 5.415(2) Spre 0.152(2) 0.158(4)
Mpg: 6.357(3) 6.331(7) - I8 0.305(5) 0.298(9)
My 9.454(1) * 9.460(1) fr 0.442(3) 0.459(22)

Finally, we investigate the flavor dependence of the
quark-antiquark interaction. In the heavy quark limit, the
dressing of the quark-gluon vertex can be ignored and our
adopted interaction is in agreement with QCD [13], so the

. . £y «0)

interaction should saturate G// (I°) —— 4ma ==, where
@, is the strong-interaction constant and Z(/%) is the
dressing function of the gluon propagator, defined by

Ay = (O — l’}f")zg—fz), where A,,(I) is the dressed gluon
propagator. As we fix Ny =5, both o, and Z(/%) are inde-
pendent of the interacting quarks. Phenomenally, the
parameters Dy and wy should approach a constant as the

quark mass increases. In the chiral limit, the interaction is

enhanced because of the dressing of the quark-gluon ver-
tex [46-50], which is necessary to trigger chiral sym-
metry breaking. The potential is properly defined by the
Fourier transform of the interaction. For the interesting
infrared part of our model, we have ‘V{I{ ®=[ a3l Q{l{ )
e”!7/w oc e /R where 7 is the space coordinate and
Ry =2/w; expresses the radius of the quark-gluon inter-
action. Additionally, we adopt the following quantity to
describe the interaction strength [51]:
1 [(10A)’

of=—
=0,

QCD

dsG’/ (s)xs. (17)

The quark mass dependence of oy and R/ is depicted
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1 2 3 4 5
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Fig. 2. (color online) Quark mass dependence of the interac-

tion tension oy and the radius R;. Lines are’drawn to guide
the eye.

in Fig. 2. The interaction strength and radius decrease as
the quark mass increases, which is expected by the fact

Appendix A

The fitted parameters corresponding to w, = 0.45,0.50,0.55 GeV

are listed in Table A1. The quark mass ﬁzj is defined by

that the quark-gluon vertex dressing effect should de-
crease as the quark mass increases [47]. The interaction
radius, 2/ +/wywy, also expresses another fact: the quarks
and gluons have a maximum wavelength of the hadron
size [52].

4 Summary and conclusion

In summary, the flavor dependence of the full quark-
antiquark interaction is.an intrinsic property of QCD and
is crucial for a unified description of light and heavy had-
rons. While a perfect quark-gluon vertex that holds the
proper flavor dependence of QCD has not been found, we
construct a flavor-dependent kernel based on the RL trun-
cation of DSBSE. The quark-antiquark interaction is
composed of ‘a flavor-dependent infrared part and a fla-
vor-independent ultraviolet part. With the parameters
fixed by physical observables, our model takes into ac-
count not only the flavor dependence but also the effect
of'the hadron size. Our model, with the av-WTI perfectly
preserved, provides a successful unified description of
light, heavy, and heavy-light ground-state pseudoscalar
and vector mesons. For the first time, our model shows
that the infrared enhanced quark-antiquark interaction is
stronger and wider for lighter quarks. This flavor-depend-
ence pattern is universal and may be applicable to bary-
ons; for example, the double charm baryons within the
Faddeev approach. Our approach also provides an appro-
priate description of the inner structure of the heavy-light
mesons, which can be used to calculate some scattering
processes such as the B to n transition form factor.

N . 1 p? i )
iy = 121m =In A2 M¢(p©), (A2)
proco

QCD

where ¢ is the renormalization scale, /i, is the renormalization-

2 Ym group invariant current-quark mass, and M(p?) is the quark mass
YN
m’, =ni/| =In s (A1) . Zp(p*. 2
2 A function, S ;(p) = f(pi()z
iy p+My(p?)
Table Al. Fitted parameters corresponding to w, = 0.45,0.50,0.55 GeV. rhifz Gev, wy, and Dy are all measured in GeV.
_[=2GeV 2 2 2
flavor i wyr D 0 wy D 7 wr D ¢
u 0.0049 0.450 1.133 0.500 1.060 0.550 1.014
s 0.112 0.490 1.090 0.530 1.040 0.570 0.998
¢ 1.17 0.690 0.645 0.730 0.599 0.760 0.570
b 4.97 0.722 0.258 0.766 0.241 0.792 0.231
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