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Mass spectra and decay properties of the higher excited p mesons
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Although there are some experimental hints for the higher excited p mesons, our knowledge of their
properties is theoretically very poor. Based on our recent work about excited p mesons [Z. Y. Li et al., Phys.
Rev. D 104, 034013 (2021)], we present the mass spectra and decay properties of the higher excited p
mesons with the modified Godfrey-Isgur quark model and the 3P, strong decay model, and compare our
predictions with the experimental hints, which should be helpful to search for these higher excited p

mesons.
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I. INTRODUCTION

In the last decades, a large number of light vector mesons
with masses below 2.4 GeV have been reported exper-
imentally [1-7], and a lot of research has been conducted
theoretically based on these experimental data [8—15].
These experimental and theoretical studies are crucial to
deepen our understanding of the light vector mesons. In
addition, the higher excited light vector mesons above
2.4 GeV play an important role in the processes involving
the baryon antibaryon interactions [16]. However, there are
few theoretical and experimental studies on the higher
excited light vector mesons, so it is necessary to study their
properties, which should be helpful in searching for them
experimentally.

Recently, we have studied the mass spectra and strong
decay properties of the excited p mesons Y(2040)/
p(2000), p(1900), and p(2150) with the modified
Godfrey-Isgur (MGI) model and the 3P, model, where
the Godfrey-Isgur model is modified by substituting the
linear potential by the screened potential [17,18], and found
that they can be assigned as p(2°D, ), p(33S,), and p(4°S,),
respectively [19]. We have also shown that the screening
effects are crucial to promote theoretical descriptions of the
of the spectra for the observed excited p mesons, as shown
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in Fig. 2 of Ref. [19]. We have predicted that the ¥ (2040)
mainly decays to zz and zw, which is in good agreement with
the measurements of the processes pp — nr and ete™ —
wrn [5,20]. For p(1900), the predicted main decay modes are
zw and a,(1320)z, which is also consistent with the
experimental measurements [3]. For p(2150), its main decay
modes are expected to be zz, zw(1420)(— 67), and
7a,(1320)(— 6x), which s consistent with the experimental
results [3]. Based on the successful descriptions of the
excited mesons Y (2040)/p(2000), p(1900), and p(2150),
we would like to extend our study to the higher excited p
mesons with masses above 2.4 GeV in this work.

Although the higher excited p mesons above 2.4 GeV
have not been reported experimentally, there exist some
hints of them in the experimental measurements. For
instance, in 2002, Anisovich et al. analyzed experimental
data of the process pp — wna® measured by the Crystal
Barrel collaboration, and showed that there exists a peak
structure with JP¢ = 17~ around 2.4 GeV [21]. Later in
2006, the BABAR collaboration reported the wx*z~ z°
energy-dependent reaction cross section, as shown in
Fig. 18 of Ref. [22], where one can easily find a peak
around 2.6 GeV, which may be the higher excited p meson
according to the G parity conservation.

In 2007, the BABAR collaboration presented the cross
section of the process ete™ — K*K~n"n~7°, where there
is a peak structure around 2.5 GeV [23]. The analysis of the
BABAR measurements within the vector meson dominance
model shows the existences of the p(1900) and another
resonance with mass of M = 2550 &+ 13 MeV and width of
' =209 £ 26 MeV [24], where the latter one is expected
to have the same quantum numbers as p(1900). In addition,
the cross sections of ete” - y/ztn~ and eTe” —
f1(1285) 7" 7~ processes reported by BABAR indicate that
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there exist some structures around 2.5 GeV, although it is
difficult to claim the existences of new resonances due to
the insufficient data statistics [23].

In a word, there exist some hints of the higher excited p
mesons according to the above experimental measure-
ments, as pointed out in Ref. [25], and the existences of
the higher excited p mesons above 2.4 GeV need to be
confirmed by more precise experimental measurements in
future. The theoretical predictions for their mass spectra
and decay properties are crucial to search for them
experimentally. Thus, we will study the mass spectra
and decay properties of the higher excited p mesons above
2.4 GeV with the MGI model and the 3P strong decay
model, as used in our previous work [19].

The organization of this paper is as follows. First we
introduce the MGI model and the 3P, model in Secs. II
and 11, respectively. Then we present the numerical results
of the mass spectra and strong decays for the higher excited
p mesons in Sec. IV. Finally a short summary is given
in Sec. V.

II. RELATIVISTIC QUARK MODEL

The Godfrey-Isgur relativistic quark model (GI model)
was proposed in 1985 by Godfrey and Isgur [26], and is
widely used in describing the mass spectra of mesons [27—
29], especially for the lower excited mesons. However, the
masses of the higher excited mesons measured by experi-
ments are much lower than the predictions of the GI model.
Many studies show that the screening effects play an
important role in studying the higher radial and orbital
excited mesons [17,18], and we adopt the MGI model,
which involves the screening effects, to calculate the mass
spectra of the high excited p mesons. First we present a
brief introduction of the GI model and the MGI model.

A. GI model

Within the GI model, the Hamiltonian of the meson’s
internal interaction can be written as [26]

H= \/m% +p? + \/m§ +p° + Veg(p.r), (1)

where m; and m, denote the masses of quark and antiquark
in the meson, respectively, p = p; = —p- is the center-of-
mass momentum, and r corresponds to the spatial coor-
dinate. The Vg (p.r) is the effective potential between
quark and antiquark and can be expressed as follows in the
nonrelativistic limit:

Vegr(r) = HEM 4 HP 4 . (2)
where H°" is the spin-independent potential and includes

the spin-independent linear confinement and Coulomb-
type interaction:

a(r)

(C"‘br)"’ F]‘Fz,

= S(r) + G(r), 3)

where (F; - F,) = —4/3 for a meson. a,(Q?) is the running
coupling constant of QCD, which depends on the energy
scale Q. a,(Q?) is divergent at low Q region. The authors of
Ref. [26] assume that a,(Q?) saturates as a,(Q* = 0) =
as™itl which is regarded as a parameter to be determined by
fitting to experimental data. @, (r) is obtained from a,(Q?) by
using Fourier transform, where r is the relative distance
between quark and antiquark. H™P denotes the color-
hyperfine interaction,

Hhvp — _ay(r) {i (351 -rSZ-r_S1 '52)

3 2

mymy |r- r
8
+?ﬂ51 ’5263("):|F1 ‘F2. (4)

H*° is the spin-orbit interaction that contains the color-

magnetic term H*(™ and the Thomas-precession term
Hsow)

Hs° — Hso(cm) + I{so(tp)7 (5)
‘ —ay(r) [ 1 1 S S
Hso(cm) _ AS( ) <_+_> (_l+_2> L(Fl 'F2)’
r my my mg my
(6)
1 oH® /'S S
o) — 27 (2L, 22 7
2r or (m% * m3 ™

The spin-orbit interaction will give rise to the mixing
between spin singlet 'L, and spin triplet 3L if m, # m,.

In GI model, the relativistic effects are introduced by
two main ways. First, in the quark-antiquark scattering,
the interactions should depend on both quark momentum
P and antiquark momentum p,, or a linear combination
of them as p; — p, and p; + p», so they must be nonlocal
interaction potentials as pointed out in Ref. [26]. In order
to take this effect into account, a smearing function
pro(r—r') is used to transform the basic potentials
G(r) and S(r) into the smeared ones G(r) and S(r), the
specific form is

fmszWvamw, (8)

and the smearing function p,(r —r’) is defined as

3
v 2

r—r) =12 —012(1'—1")2’ 9
,012( ) 71'3/26 ( )
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4 2
P, [1+1<74m'm2 2) }+s2<72m‘m2> . (10)
2 2\(my+my) my +my

For a heavy-heavy QQ meson system, pi,(r —r') will
turn into delta function &° (r — r’) as one increases the quark
mass m, in this case, one can obtain f(r) = f(r), which
indicates that the relativistic effects can be neglected for a
heavy-heavy QQ meson. However, the relativistic effects
are important for heavy-light mesons and light mesons;
therefore, it is necessary to consider relativistic effects in
the study of excited p mesons.

Second, the momentum-dependent factors are intro-

duced to modify the effective potentials, as shown in the
following formula:

&(r) - (1+ P )l/zé(r)<l+ P )1/2, (11)

E\E, E\E,
Vi(”)_) mymy\ /2 Vi(r) (mymy 1/2”"’ (12)
nyny E\E, mymy \ E|E,

where G(r) is the Coulomb-type potential, and V;(r)
represents the contact, tensor, vector spin-orbit, and scalar
spin-orbit terms as explained in Ref. [26]. In the non-
relativistic limit, those momentum-dependent factors will
become unity.

With the help of the detailed expressions of Eq. (1), we
could obtain the mass spectra and wave functions of
mesons by solving the Schrodinger equation with the
Gaussian expansion method, and the meson wave functions
are used as inputs to investigate the subsequent strong
decays for mesons.

B. MGI model involving the screening effects

In GI model, the linear potential br tends to infinity with
the increasing of the distance between quark and antiquark,
however for the large distance, the quark-antiquark pairs
are generated in the vacuum, and the colors of quark and
antiquark are screened in a meson, which implies that the
simple linear potential br cannot accurately describe the
interaction between quarks for higher excited mesons
[17,18,30,31]. The study of the lattice QCD shows
that the effective potential of mesons deviates from the
traditional linear potential when the distance between
quark and antiquark is greater than 1 fm [32]. Therefore,
it is very important to introduce the screening effects when
studying the masses of higher radial and orbital excited
mesons.

The screening effects are introduced to the GI model by
substituting linear potential br with the following form
[17,18,30]:

V(r) = br — vr(r) = 20=¢) _ﬂe_'”) NGE)

TABLE I. Parameter values in the MGI model [27].
Parameter Value Parameter Value
m, (GeV) 0.163 K 1.497
my (GeV) 0.163 u (GeV) 0.0635
m, (GeV) 0.387 €. —0.138
b (GeV?) 0.221 €sov 0.157
c (GeV) —0.240 €08 0.9726
oy (GeV) 1.799 € 0.893

when r is small enough, we can have V*(r) = V(r);
therefore, this replacement will not affect the lower-lying
meson states. The parameter y is related to the strength of
the screening effects and can be determined by fitting to the
experimental data.

Furthermore, the smeared potential of Eq. (8) can be
rewritten as [30,33]

b " ;t+2ro' R 1
yser — T THE —dx — —
U )
ﬂ —|— 2r0' 2 h— 2rc?
e — —_ 4,, .
+r e 752

(EfFe)]

where ¢ = o, is defined in Eq. (10).

The MGI model is widely used in the studies of mass
spectrum of heavy-heavy mesons, heavy-light mesons, and
light mesons [12,19,27,30,33-39]. The parameters of the
MGI model are taken from Ref. [27], as tabulated in
Table 1. The values of other parameters can be found
in Ref. [26].

IIL 3P, STRONG DECAY MODEL

In addition to the mass spectrum, the strong decay
properties are crucial for experiments to search for the
higher excited p mesons. Here, we give a brief introduction
of the 3P, model, which is widely used in studying two-
body Okubo-Zweig-lizuka (OZI)-allowed strong decays of
mesons [8,36,40-42].

The 3P, model was originally proposed by Micu [43] in
1968, and later it was further developed by Le Yaouanc
et al. [44,45)]. The 3P, model has been considered as an
effective tool to study two-body OZI-allowed strong decays
of hadrons. For the process A — B + C, the main idea of
the 3P, model is that a flavor-singlet and color-singlet
quark-antiquark pair with J°¢ = 0** is created from the
vacuum firstly, then, the created antiquark (quark) com-
bines with the quark (antiquark) in meson A to form meson
B(C) as shown in Figs. 1(a) and 1(b).

The transition operator 7 of the decay A — B + C in the
3P, model is given by [46]

076012-3
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FIG. 1. Two possible diagrams contributing to the process A —

B+ C in the 3P, model. (a) The created antiquark (quark)
combines with the quark (antiquark) of meson A to form meson
B(C), (b) the created antiquark (quark) combines with the quark
(antiquark) of meson A to form meson C(B).

3d°p45° (p3 + pa)

T=-3) (Iml —m|00>/d3

<oy (PSP el eade). (9
|

MM, MipMy e (
My, Mg, .
A A
My Mgy,
My Mg.m

where ps(p4) is the momentum of the created quark
(antiquark). The dimensionless parameter y stands for
the strength of the quark-antiquark ¢;g, pair created from
the vacuum, and is usually determined by fitting to the
experimental data. )(1 " 0 4 and a) 4 are spin, flavor, and
color wave functions of the created quark-antiquark pair,
respectively.

With the transition operator 7, the helicity amplitude
MM MigMic (P) can be written as

(BCITIA) = & (P — Py — PO)MYuMnMoc (P), (16)

where |A), |B), and |C) denote the mock meson states
defined in Ref. [47], and P is the momentum of meson B in
the center of mass frame. Then the helicity amplitude is
obtained as

P)=y\/BE\EgEc Y (LaMy,SaMs,|JuMy,)(LgMy, SxMs,|JpM;, ) (LeMy ScMs | JcM,,)

x (Im1 —m|00) <ZSBMS ZSCMSC IZSAMS )(1 m>[f11(Pvm1’m2»m3) + (—I)HS“SBJFSszI(—P» my, my,ms)],

where f1 = (p3'p (g ¢5") and fr = (pgdcd)

(17)

%) correspond to the flavor superposition of the two combinations

depicted in Figs. 1(a) and 1(b), respectively. The momentum space integral I(P, m;, m,, m3) is given by

ns nmsy
I(P,my,my, m3) = /dSPW:;BLBMLB <mPB +p)l//nCLCMLC <mPB +p)1//nALAM[ (Pg+p)Vi'(p). (18)

Furthermore, the partial wave amplitude MX5(P) for the decay A — B + C can be expressed as [48]

MES(P) =

My M.
MgMy

Finally, within the relativistic phase space, the total
width I'(A — B+ C) can be expressed in terms of the
partial wave amplitude squared [46]

x| P|
§ MES(P)|?, 20
4M§ LS‘ (20)

I'A—B+C)=

7_ | Mi-(Mp—Mc)?
\/[MA (MBJrME])w]A[MA (Mp—M¢) ]’ MA’ MB’ and

M . are the masses of the mesons A, B, and C, respectively.

where |P| =

IV. NUMERICAL RESULTS

A. Mass spectrum analysis

First, we have calculated the masses of the higher excited
p mesons within the MGI and GI models, which are shown

> (LM SMg|JaM,,)(JsM,,d M, |SMs) / dQY; ,y, MMM Moc (P). (19)

in Table II. There are six higher excited p mesons in the
region of 2.4-3.0 GeV, which are p(5°S;), p(63S,),
p(73S1), p(43Dy), p(5°D,), and p(6°D,). The deviations

TABLE II. Masses of the higher excited p mesons predicted by
the GI and MGI models.

State MGI (MeV) GI (MeV)
p(53S)) 2542 2817
p(63S)) 2774 3160
p(738)) 2967 3470
p(4°D)) 2624 2915
p(5°Dy) 2840 3239
p(6°Dy) 3020 3554
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FIG. 2. Comparison of the masses of the higher excited p
mesons predicted by MGI model with the shape of the cross
section of the process ete™ — watz~x° reported by BABAR.
The red dotted lines are masses predicted with MGI model, and
the blue data points are the BABAR experimental data.

between the predictions of MGI and GI models are about
300-500 MeV, which implies that the screening potential
plays an important role in studying the masses of the higher
excited p mesons. It should be pointed out that the MGI
model has also been adopted to study the spectra of the ¢
mesons [11], the B mesons [31], charmonia [36], charmed
mesons [33], and charmed-strange mesons [30], and give a
better descriptions for the spectra, which makes our
predictions for the high excited p mesons more reliable.

The recent analyses of the BABAR measurements about
the process e*e™ — Kt K-zt~ z° indicate the existence
of one resonance with mass M = (2550 £ 13) MeV [24],
which is in good agreement with our predicted mass of
p(53S;). In addition, the cross section of the process
ete™ — wntn~ 7" measured by BABAR indicates that there
are hints of the higher excited p mesons. From Fig. 2, one
can find one datum point around 2.54 GeV, very close to
our predicted mass 2542 MeV of p(5°S;), and an enhance-
ment structure around 2.64 GeV, which could be related to
the state p(4° D) with a mass of 2624 MeV. Another datum
point appears around 2.76 GeV, close to the predicted mass
of p(6S,). Although some hints of the higher excited p
mesons exist, one cannot claim those resonances due to the
poor quality of the present data, and the more accurate
measurements in future are crucial to confirm the existence
of these resonances.

In addition, the light mesons with different radial
excitation could be well fit to the following quasilinear
(n, M?*) Regge trajectories [49],

M} =M} + (n—1)p2, (21)
where M, stands for the mass of the meson with radial
quantum number 1, and M3 and y? are the parameters of the
trajectories. With the assignments of p(770) as p(1°S),
p(1450) as p(23S,), p(1900) as p(33S,), p(1700) as

12
10l p(6°Dy)
sl DTS |
< p(6°S)
()
O 6 P(5*S1)
B D(2150)
(1900)
2 7(1450)
of 0(770)
0 2 4 6 8
n
FIG. 3.

The Regge trajectories for the p(n3S,) and p(nD,)
masses, where the parameters M2 = 0.64 GeV? and pu> =
1.45 GeV? for p(n’S)), and M3 =296 GeV? and u’> =
1.23 GeV? for p(n’D,).

p(1'Dy), and Y(2040) as p(2°D,), respectively, we obtain
the parameters M3 = 0.64 GeV? and y? = 1.45 GeV? for
S-wave p mesons, and M3 =296 GeV? and u’ =
1.23 GeV? for D-wave p mesons. We plot the Regge
trajectories in Fig. 3, and tabulate masses in Table III
The two trajectories of S wave and D wave are not quite
parallel because their slops are different. It should be
stressed that the trajectories slopes for S wave and D wave
could be different, for instance, in Ref. [11] the slope is
u? = 1.5 GeV? for S-wave w/p meson family, and y?> =
1.05 GeV? for D-wave w/p meson family. It should be
pointed out that the mass predictions of Regge trajectories
are in good agreement with the measured masses of p
mesons and the MGI predictions.

B. Decay behavior analysis

In this work, we employ the *P, model with the realistic
meson wave functions obtained from the MGI model to
evaluate the decay widths of p(5%S)), p(4°D,), p(6°S,),

TABLEIIl. Comparison of the measured masses of p mesons to
the predictions of the Regge trajectories and the MGI model.

n**1L,  State  RPP (MeV) [3] MGI (MeV) Regge (MeV)
p(138))  p(770) 77526 £0.23 774 798
p(23S,) p(1450) 1465 +£25 1424 1445
p(3°S;) p(1900) 1880 =+ 30 1906 1882
p(435)) p(2150) 2232+8+9 2259 2235
p(538)) 2542 2539
p(6°S)) 2774 2810
p(73S)) 2967 3058
p(1°Dy) p(1700) 1720 £20 1646 1720
p(2°D,) Y(2040) 2034 +13+9 2048 2046
p(3°D)) 2365 2327
p(4D)) 2624 2578
p(5°D)) 2840 2806
p(6°D)) 3020 3017

076012-5
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TABLE 1V. The decay widths of p(53S,) (in MeV), the initial
state mass is set to be 2542 MeV and the masses of the final states
are taken from RPP [3]. (Note: the widths presented in this table and
the following tables are straightly calculated, and the numbers with
the level of 0.01 MeV do not correspond to precision).

Channel Mode p(5%8)) Mode p(5%8))
1= =070~ nr 2.52 KK <0.01
7z(1300) 12.71 KK(1460) 0.01
77(1800) 9.28
1= ->071" 20 0.81 KK*(1680) 0.01
on 0.03 p(1700)n 0.09
w(1420)0r 1107 py(1475) 0.17
®(1650)7 0.11 wr(1300) 1.02
KK* 0.02 pn(1295) 0.67
KK*(1410)  <0.01 p(1450)n 0.65
o’ 0.14
1= = 11" op 5.64 K*K* 0.15
pp(1450) 1293 K*K*(1410)  0.49
1= =0 1" 12600z 326  b,(1235)y  0.17
h(1170)7 4.22 za, (1640) 9.81
KK (1400) 0.10 by(1235)y 0.49
KK, (1270)  0.10
17> 072" a,(1320)x 4.83 a,(1700)x 27.80
KK3(1430) 001
1= =072 am(1670)  3.65  ap(1645) 194
KK,(1770) 002  KK,(1820)  0.03
1= > 073" 7w;(1670) 246 np3(1690) 0.02
KK4(1780)  <0.01
1= = 171" b5,(1235)p 338  K,(1400)K*  0.02
a(1260)0 3.4 K,(1270)K*  0.09
pfi1(1285) 300  pf,(1420)  0.16
ph, (1170) 250
17 = 2717 pf,(1270) 393  K*K;(1430) 0.03
wa,(1320) 5.10
1= =04t a,(1970)z 091
1= => 170" ay(1450)w 0.52

Total width 143.01

p(5°Dy), p(73S,), and p(6°D, ). The value of parameter y is
taken from our previous work [19], where it was obtained
by fitting to the decay widths of the light mesons with same
quantum numbers as p mesons. y = 6.57 £ 0.25 is used for
the uii/dd pair creation, and the y value of s5 pair creation
is suppressed by an additional factor m, /m,. The predicted
masses by the MGI model are used for the unobserved
excited p mesons in the calculations of the strong decay
widths, and the masses of the other mesons are taken from
“Review of Particle Physics” (RPP) [3]. Due to the broken
of the SU(3) flavor symmetry, K;(1'P;) and K, (1*P;) do
not possess definite C parity. These two state can in
principle mix to give the physical K, (1270) and K, (1400),

K, (1270) = sinOx K (1°Py) + cos O, K, (1'Py),
K1<1400> = COSGK1K1(13P1> - SingKlKl(IIPI), (22)

with the mixing angle 0 = 34° [50].

TABLE V. The decay widths of p(4’D,) (in MeV), the initial
state mass is set to be 2624 MeV and the masses of all the final
states are taken from PRR [3].

Channel Mode p(43Dy) Mode p(43Dy)
17 =070~ nn 5.55 KK <0.01
ax(1300) 1116  KK(1460)  <0.01
an(1800)  7.07
- =01- - 048  KK*(1680) 001
o 0.07 p(1700)n 0.07
w(1420)x 2.23 pn(1475) <0.01
o(1650)r 023  wx(1300) 0.6
KK* 001 py(1295) 0.36
KK*(1410)  <0.01 p(1450) 037
o 0.14
"> 171" PP 4.81 K*K* 0.02
pp(1450) 1442 K*K*(1410)  0.06
1= =01t (1260 400 b (1235)7  0.10
m(1170)7 690  7za,(1640)  10.54
KK,(1400) 004  5,(1235)7  0.82
KK,(1270)  0.05
17> 072" a,(1320)x 0.96 a»(1700)x 7.09
KK3(1430)  <0.01
1" 502" 2, (1670) 602  mp(1645) 448
KK,(1770) 005  KK,(1820)  0.01
1= 5073~ 7w5(1670) 135  gps(1690)  0.10
KK5(1780)  <0.01
"= 171" b,(1235)p 115  K,(1400)K*  0.04

a;(1260)w 0.39
pf1(1285) 052
phy(1170)  1.14
1= > 251=  pfy(1270) 571
way(1320) 358

K (1270)K*  0.08
pf1(1420)  0.14

K*K5(1430)  0.01

1= > 074*  a,(1970)r  0.40
1= > 1707 4y(1450)w  0.60

Total width 105.82

The partial widths and total width of p(53S,) are listed in
Table TV." The total decay width of p(53S,) is expected to be
I' =143 MeV, which is close to the lower limit
of the width I" = (209 + 26) MeV obtained in Ref. [24].
The main decay modes of p(5°S,) are zz(1300)(— 4x),
a(1800)(— 4x), nw(1420)(— 4x,61x), pp(1450)(— 4r,
6r), wa;(1640)(— 4x),and za,(1700)(— nzx, zKK), thus
one can search for the p(5°S ) in the channels of 4z, 67, nzx,
and 7KK.

The partial widths and total width of p(4°D,) are
listed in Table V. The total decay width of p(4°D,) is
expected to be I' = 105.82 MeV, consistent with the broad
structure around 2.64 GeV in Fig. 2. The predicted main
decay modes are zz(1300)(— 4rx), zz(1800)(— 4x),
pp(1450)(— 4x), zh(1170)(— 4z), ma,(1640)(— 4x),

"It should be stressed that the widths presented in Tables IV-IX
are straightly calculated, and the uncertainties of our results will be
discussed in the end of this section.
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TABLE VI. The decay widths of p(6°S;) (in MeV), the initial
state mass is set to be 2774 MeV and the masses of all the final
states are taken from RPP [3].

TABLE VII. The decay widths of p(5°D;) (in MeV), the initial
state mass is set to be 2840 MeV and the masses of the final states
are taken from RPP [3].

Channel Mode p(63S) Mode p(63S;)  Channel Mode p(5°Dy) Mode p(5°Dy)
1= - 070" b7 4 0.51 KK <0.01 17 =070~ nn 3.46 KK <0.01
Zn(1300) 483 KK(1460)  <0.01 Zx(1300) 1025  KK(1460)  <0.01
an(1800) 536 ax(1800)  7.90
1= > 0-1- 0 <001 KK*(1680) <001  1- =01 - 0.04  KK*(1680)  0.10
o 0.02 p(1700)n 0.04 o <0.01 p(1700)n 0.07
o(14200 329  pp(1475)  0.12 o(1420)r 119 py(1475) 0.0l
o(1650)z 003  wx(1300) 021 o(1650)r 020  wx(1300)  0.17
KK* <001  pp(1295)  0.14 KK* <001  pp(1205) 0.1
KK*(1410) 001  p(1450);  0.10 KK*(1410) 002 p(1450);  0.10
o 0.08 o 0.04
- = 1-1- op 3.67 KK <001 1-—1-1- op 0.58 K'K* <001
pp(1450) 726  K'K*(1410)  0.10 op(1450) 544 KK*(1410)  0.04
=0 1t a(1260)z 059 b (1235)7 009 1= =017 a(1260)z 134  b,(1235)f 007
m(1170) 079 zay(1640)  5.44 m(1170)x 264 ma (1640)  7.35
KK,(1400) 002  b5,(1235);  0.08 KK, (1400) 002  5,(1235);  0.16
KK,(1270) 0.2 KK,(1270)  0.02
== 02F  a(13200r 036  a(1700)r 1382 1= —02" ay(1320)r 084  ay(1700)r 581
KK3(1430) <001 KK3(1430)  <0.01
1= =02 am(1670) 095  app(1645) 059 1" =072 am(1670) 158  ap(1645) 168
KKy(1770) <001  KK,(1820) <0.01 KKy(1770) 001  KK,(1820) <0.01
1= 5073 7as(1670)  0.63  nps(1690) <001 1= =073 xwy(1670)  0.62  nps(1690)  0.03
KK4(1780)  <0.01 KK4(1780)  <0.01
== 1717 b5, (1235)p 257 K (1400)K* <001  1- = 1-1° b (1235)p 122 K,(1400)K* 001
@ (1260)0 178 K, (1270)K* 001 0 (126000 069 K, (1270)K*  0.03
pf1(1285) 168 pfi(1420)  0.10 pfi(1285) 091  pfi(1420) 012
phy(1170) 194 phy(1170) 093
" 52717 pfy(1270) 412 K°K3(1430) <001 1= =271 pf,(1270) 141 K°K3(1430)  <0.01
way(1320) 436 way(1320)  0.84
1= > 074" a,(1970)r 131 1= > 04t ay(1970)z  0.52
= > 170" ap(1450)0 036 1= > 170" a(1450)0 046
Total width 67.46 Total width 59.00

and 77, (1670)(— 4x), thus one can search for p(43D,) in
the 4z channel.

The partial widths and total width of p(6°S,) are listed in
Table VI. The total decay width of p(63S,) is expected to be
I' = 67.46 MeV, and the main decay modes are predicted to
be zz(1300)(—4x), zz(1800)(—4x), pp(1450)(—4x,61),
7ay(1700)(— nar, zKK),  pf>(1270)(— 4z), and
wa,(1320). Considering the width of the intermediate state
a,(1320) is 107 + 5 MeV, the p(63S,) state is expected to
be observed in the wa,(1320) channel.

The partial widths and total width of p(5*D,) are listed
in Table VII. The total decay width of p(5°D,) is expected
tobe ' = 59.00 MeV, and the predicted main decay modes
are zz(1300)(— 4x), zz(1800)(— 4x), pp(1450)(— 4x),
and za,(1640)(— 4x). Thus p(5°D,) is expected to be
observed in the 47 channel.

The partial widths and total width of p(73S,) are listed in
Table VIII. The total decay width of p(73S,) is expected
to be I'=61.37 MeV, and the predicted main decay

modes are zz(1300)(—4x), zz(1800)(—4x), pp(— 4x),
pp(1450)(—47,617), ma,(1700)(— 4x), ma, (1640)(— 4x),
and wa,(1320). Thus one can search for the p(7°S)) state
in the wa,(1320) and 4z channels.

The partial widths and total width of p(6° D)) are listed in
Table IX. The total decay width of p(6>D,) is expected to be
I' =23.88 MeV, and the predicted main decay modes are
7(1300)(— 4x), zz(1800)(— 4x), =ma;(1640)(— 4x),
and 7a,(1700)(— 4x). The state p(63D,) is expected to
be observed in the 4z channel.

Finally, we give some discussions about the uncertainties
of the calculated widths. Indeed, the uncertainties mainly
come from the fitted parameter y. The y = 6.57 +0.24 is
obtained by fitting to the widths of p(1700), K*(1680),
(1650), p(1450), K*(1410), ¢(1680), and w(1420) [19],
which will give the uncertainties for the decay widths,

2y5(y)
2

AT 8y
r 2 vy

= 7.3%. (23)
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TABLE VIIL.  The decay widths of p(73S,) (in MeV), the initial
state mass is set to be 2967 MeV and the masses of the final states
are taken from RPP [3].

Channel Mode p(738) Mode p(738))
1= - 070" b7 4 <0.01 KK <0.01
77(1300) 4.24 KK (1460) 0.01
7(1800) 5.77
1->01- w 0.16  KK*(1680) <0.01
o 0.16 p(1700)n 0.09
w(1420)7 1.14 pn(1475) 0.12
w(1650)r  0.16 wr(1300)  <0.01
KK* <0.01 pn(1295)  <0.01
KK*(1410)  <0.01 p(1450)7  <0.01
o 0.11
- =11 op 6.86 K*K* 0.04
pp(1450) 9.09  K*K*(1410) <0.01
1= >071"  q(1260)r 121 b, (1235)y/ 0.08
h(1170)r 042 ma, (1640) 4.28
KK,(1400)  0.01 b, (1235)n 0.15
KK,(1270)  0.01
Im-> 072" a,(1320)z <0.01 a,(1700)x 6.86
KK5(1430)  0.02
1= =072 an,(1670)  0.70 m15(1645) 0.55
KK,(1770) 001  KK,(1820)
1= > 073" 7ws(1670)  0.04 np3(1690) 0.05
KK;(1780) <0.01
1= > 1717 b (1235)p  3.09 K, (1400)K* <0.01
a, (12600 1.92 K (1270)K*  <0.01
pf1(1285) 1.57 pf1(1420) 0.06
ph(1170)  3.21
1= > 21" pfr(1270) 421  K*K3(1430)  0.02
way(1320)  3.72
1= =04t a,(1970)z  0.53
1= > 170" ay(1450)0  0.24

Total width 61.37

TABLE IX. The decay widths of p(6°D,) (in MeV): the initial
state mass is set to be 3020 MeV and the masses of the final states
are taken from RPP [3].

Channel Mode p(6°D)) Mode p(6°D))
1= =070~ nn 0.84 KK <0.01
an(1300) 429  KK(1460)  <0.01
7z(1800) 5.22
1I"->0"1" W <0.01 KK*(1680)  <0.01
on 0.02 p(1700)n 0.03
o(1420)r 040  pn(1475) 0.03
o(1650)r 006  wx(1300)  0.02
KK* <0.01 pn(1295) 0.01
KK*(1410)  0.01 p(1450)  <0.01
o’ 0.03
=11 op 0.37 KK <0.01

pp(1450) 047  K'K*(1410)  0.03

(Table continued)

TABLE IX. (Continued)

Channel Mode p(6°Dy) Mode p(63Dy)

1" =0 1" a(1260)z 0.6  b,(1235)f  0.05
h (1170)x 0.40 ra; (1640) 2.90
KK, (1400) <001  b,(1235)7  <0.01
KK,(1270)  <0.01

17 > 072"  a,(1320)% 0.05 a,(1700)x 2.93
KK3(1430)  <0.01

1= =072 am,(1670) 014  ap(1645)  0.16
KK>(1770) <001  KK,(1820)  <0.01

1= = 073" 7w;(1670) 0.10 nps(1690)  <0.01
KK;(1780)  <0.01

1" = 171% b (1235)p 091  K,(1400)K* <0.01
a,(1260)0 097 K, (1270)K*  <0.01
pf1(1285) 098  pf,(1420)  0.07
phy(1170) 077

1= =21 pfr(1270) 037  K*K5(1430)  <0.01
wa,(1320) 0.05

1= >04"  a,4(1970)x 0.31

17> 170" ay(1450)w 0.27

Total width 23.88

V. SUMMARY AND CONCLUSION

In this work, we present the masses and strong decay
widths of the higher excited p mesons p(53S,), p(4°D,),
p(6°S)), p(5°Dy), p(7°S,), and p(6°D,). The deviations
between the theoretical masses predicted with MGI and GI
models are about 300500 MeV, which implies that the
screening effects are important for the higher excited p
mesons. We also show some experimental hints for the
existences of the higher excited p mesons, and one cannot
claim these resonances based on the poor measurements at
present.

In addition to the masses of the higher exited p mesons,
the strong decay widths are also calculated, which are
Fp(SS) = 143 MeV, F/)(4D> = 106 MeV, F/)(6S) = 67 MeV,
Fp(SD) =59 MGV, Fp(7S) =61 MeV, and Fp(ﬁD) =24 MeV,
respectively. According to our theoretical predictions, those
states are expected to be observed in the final states of 4z,
6r, nrr, tKK, wa,(1320). Our theoretical study on their
masses and decay properties should be useful to search for
these resonances experimentally.
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