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High-spin mesons below 3 GeV
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In this work, we study the high-spin states with masses b8l@eV observed in experiments and we perform
analysis of mass spectrum and investigation of strong deebgviors of the high-spin states. Comparing our
results with the experimental data, we can reveal the uyidgrproperties of these high-spin states; more impor-
tantly, we also predict their abundant decay features, vbém provide valuable information for experimental
exploration of these high-spin states.

PACS numbers: 14.40.Be, 12.38.Lg, 13.25.Jx

I. INTRODUCTION Sec.IV.

With the experimental progress of recent decades, the light
flavor meson family has become increasingly abundant (see
the Particle Data Group (PDG)]), there is a large amount of
high-spin states with spié > 3 available among the observed
mesons listed in the PD@][see Tablé for more details). Al-
though 26 high-spin states are collected in PDG, their prope
ties are not presently well established. Therefore it ierec
sary to determine how to categorize these high-spin states i
meson families.

To provide a solution to this problem of studying high-spin
states, we need to carry out a systematic and phenomenologi-

cal investigation and combine it with the present experitalen Do
g P P n9n0, 7%7°, it 7, ym, andmy’ [8] which is named a$3(2050).

data. i .
For agd meson system, the orbital quantum number of aAnotherf3 state f3(2300) was introduced by performing the

meson is at leadt = 2, corresponding to the D-wave family partial wave analysis (PWA) of the datapp — AA [€]. In
when the spin quantu,m numberds= 3. Thus, the high-spin Refs. B, 30, 15(2050) was su_ggested to be_ a ground state
states under discussion have close é relatibnsh[pr\tmve of the F-wave meson fa_mlly, Withf3(2300) as its first radial
F-wave G-wave andH-wave meson families '’ excitation. In Ref. 81], different from Ref. §], f3(2050) and
' . _ ' _ f3(2300) were proposed as the first and the second radial ex-

In the following, we first focus on how to categorize theseCitations of thefs meson family, and an unobserved ground
high-spin states into the conventional meson family, Wheref3 state with mass aroundﬂéev was predicted. Refer-
the mass spectrum analysis is performed via the Regge trai ce. B0 obtained the same assignment as R&l. by us-
jectory. Furthermore, we calculate the Okubo-Zweig-1&uk . the"similar method to Ref.3]l]. Ebertet al. obtained
(OZl)-allowed two-body strong decay widths of these hlgh'the mass spectrum of some high-spin states via the relativis

spin states, which can further test their possible mesagrass tic quark model based on the quasipotential approaeh |

ments in combination with the present experimental data. W& here the mass spectrum calculation shows t5@800) can

_accordingl_y predic’; their abundgnt decay behav?ors, Wh?.Ch be a ground state in thig meson family, which has dominant
important information for experimental exploration of hig '

1. CONCISE REVIEW OF THE PRESENT RESEARCH
STATUS

Before illustrating our calculation, we first give a brief re
view of the research status of the high-spin states obsgrved
which we hope is convenient for the readers.

A. StateswithJ =3

An obvious peak signal was observed in the reactipr>

! i fut sscomponent.
SPin Mesons In future. , ) There are three observea; states. In the process
This paper is organized as follows. After a brief review, Wer-p - ntx 7 p, the E852 experiment reported a resonance

present in Secll the experimental and theo_retical researcha3(1875), and some ratios were measured. Two other states,
status. I.n Sec..III, we adopt the Regge trajectory and the as(2030) andas(2275), were observed in thgd annihilation
quark pair creation (QPC) mo_del to study the h|gh—sp|n _stateby SPEC p5, 33. In Ref. [31], the authors suggested that
observed. The paper ends with conclusion and discussions 41(1875) andas(2030) might be the same state, which could
be a ground state, witly(2275) is the first radial excitation in
the ag family. Additionally, the mass of the®s*!L’ = 13F;
o i ) state calculated by the relativistic quark model is 1910 MeV
*Elzzrétel’?)?]?cna:jn(?r:su;)aonréchq13@Izu.edu.cn which corresponds ta.3(1875) BZ]
*Electronic addressvangb13@Izu.edu.cn The SPEC experiment5] 10, 11] obs_erved h3(2025),
$Electronic addressciangliu@Izu.edu.cn h3(2275),b5(2030), and3(2245) by analyzing the new Crys-
IElectronic addressnatsuki@tokyo - kasei.ac.jp tal Barrel data in thop annihilation. These papers suggested
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TABLE I: The observed high-spin states collected in the PD[5 Here, the states listed as further states in the PDG arkeddy the
superscripf. TheC parity is valid only for the corresponding neutral stategveitheJ™ quantum numbers of these high-spin states appear
with isospinl = 1. We need to emphasize tha(1690),03(1990), ang3(2250) are not listed here since these three states haveshebed

in our former work P]. In the fifth column, we list some branching ratios and dewedes observed experimentally . In this work we adopt
the abbreviationsy, p, 17/, a9, b1, f2, anda, for w(782),0(770),7'(958),a0(980),b;(1260), f,(1270), anda,(1320), respectively.

[(JPC)  State Mass (MeV)  Width (MeV) Other information

0(37) ws3(1670) 1667+ 4 168+ 10 Cinn/Tpr = 0.71 £ 0.27 [3], 7tby [4]

0(37) ws(1945) 1945+ 20 115+ 22 nw [5]

0(37) ws(2255) 2255+ 15 170+ 30 nw [5, 6]

0(37) ws(2285) 2278+ 28 224+ 50 nw [5, 6]

0(3") ¢3(1850) 1854+ 7 8728 Tk /Tkk = 055985 [7]

0(3") f3(2050) 2048+ 8 213+ 34 7ol 1s, mas [8]

0(3"*) f3(2300)  2334+2 200+ 20 [nf2i-13, 72 [6]

1(3") ag(1875) 1874+ 43+ 96 384+ 121+ 114 Tty /T = 0.8+ 0.2, T 1690y /T = 0.9+ 0.3 [9)]

1(3"*) ag(2030) 2031+ 12 150+ 18 nay , nf, [10]

1(3") ag(2275) 2275+ 35 3502%° aon, nf2 [10]

0(3*7) hs(2025) 2025+ 20 145+ 30 nw [5]

0(3") hs(2275) 2275+ 25 190+ 45 nw [5]

1(37) by(2030) 2032+ 12 117+ 11 wn® , rtr (1]

1(37) bs(2245) 2245+ 50 320+ 70 way, wr, bin, 7w(1650) [LO]

0(4'*) f4(2050) 2018t 11 237+ 18 Two/Tax = 1.5+ 0.3 [12], [/ Trota = 0.170+ 0.015 [1]
T/ Trota = (2.1 % 0.8) x 1073 [13], T /T = 0.04:092[14]

0(4**) f4(2300) 2320t 60 250+ 80 Ip/Tww =28+05[15, K*K™ [16], 7 [17, 18], 5y [19], nf, [10]

1(4%) a,(2040)  19961° 25528 Ty /T, = 1.1+ 0.2+ 0.2 [9], KK [20, 21], pw [22], pr° [23-25)], /7 [25, 26]

1(4%) ay(2255)  2237+5 291+ 12 mn, 7y, wf, [10]

0(4 ) n4(2330) 2328+ 38 240+ 90 aor [8], ma [8], nf, [10]

1(4*) m4(2250) 2250+ 15 215+ 25 aon [10]

0(4) w4(2250) 2250+ 30 150+ 50 nw [5]

1(47) pa(2230) 2230+ 25 210+ 30 wr®, ntr [11]

0(57) ws(2250) 2250+ 70 320+ 95 nw, nhy [10]

1(57) ps(2350) 2330t 35 260+ 70 wn® [11], nr [11, 17, 18], K*K~ [27, 2§

0(6'*) fs(2510) 2469+ 29 283+ 40 [ /T1ota = 0.06 + 0.01[29]

1(6) ag(2450) 2450+ 130 400+ 250 KK [20]

that h3(2275) andbs(2245) are the first radial excitations of in the PDG [] ). w3(1670) can decay intpr andzws. The
h3(2025) andb3(2030), which are the ground states in thefirst radial excitation ofvs is w3(1945), which was reported
h; and bz meson families, respectively. In Refs3(] 31], by SPEC p]. At the same time, Reff also foundws(2255)
it is suggested that that we regang(2025)Yb3(2030) and andw3(2285), which were later confirmed by RVUB][and
h3(2275)b3(2245) as the first and second radial excitationsws(1670) was suggested to be the ground state obthfam-
in the hs/bs meson families, where the corresponding groundly. Combining the PWA with then-M? plot, the authors
states were predicted. Tlg(1640) state was predicted in of Ref. [5] proposed thatv3(1945) andws3(2285) are 3D
Refs. B4, 35]. The study in Ref. 32] indicates thahz(2275) and 3D; states, respectively5], while ws(2255) is a3Gs
andbs(2245) could be the ground states with a compossnt state. Referenced)] suggestedvs(2285) could be the®G;

state. The mass spectrum calculation giver8i#} hows that

Thew3(1670) state was first found in theén — p37° pro-
cess B6] and has been studied by other experiments (the dew3(1945) andws(2285) could be the°G; and ZGs states,

tails for the experimental information am(1670) are listed 'cSPECtvely.



HBC foundg3(1850) in theKK andKK* channels fromthe the £G, states with dferent isospins, as above.
K~ pcollision [37], and it was confirmed by OMEG/A3B] and
LASS [7]. Both theJ-M? plot analysis in Refs.J1, 34, 35

and the calculation of the mass spectrum 33@][show that

#3(1850) is a good candidate for thé[l; state.

C. StateswithJ=5

Analyzing thenw andwn®7° data, SPEC strongly required
a 3Gs state around 2250 MeV5], which corresponds to
ws(2250). The mass error af5(2250) was later given in Ref.
[101.

The Serpukhov-CERN Collaboratior8g and CERN- An isospinl = 1 andJ = 5 structureps(2350) was ob-
Munich Collaboration 40] observed a peak structure in the served in thepptotal cross sectior7], which can decay into
processes™p — n27° andzr~p — nK*K-, whichwas named wn° 7", 7%°, andK*K~ [11, 17, 18, 28, 42, 48, 49.
f4(2050). Other experiments relevant to the observation of The present theoretical studies suppaeg(2250) as a
f4(2050) can be found in PDG]. Some observed channels ground state3l, 32. ps(2350) is also a ground state, which
and branching ratios are listed in TableCNTR [41] first re- ~ Was suggested in Refs3(¢-32, 34, 35, 45]. The authors of
ported the resonandg(2300); in the past decades, it has ap-Ref. [44], however, treate@s(2350) as a molecule of four
peared in the reactionpp — K*K™ [42], nn [17, 18, 43, mesons.
nn%7° [8], andz~p — KK~ [19].

There are some theoretical studies on the properties of the
observedf, states. The,(2050) is treated as a molecule state
composed of threp mesons 44]. Ebertet al. obtained a
13F, qq state with mas# = 2018 MeV and a ¥, qq state GAM2 observed a = 6 neutral mesoiRR(2510) 9]; it is
with massM = 2284 MeV which correspond th(2050) and  now namedfs(2510) due to the contribution by Ref5(,
f4(2300), respectivelyd2]. Many studies support this assign- where the branching ratio of itsex mode was given. The

B. StateswithJ=4

D. StateswithJ=6

ment B0, 34, 35, 45]. Additionally, in Ref. [31], the Regge
trajectory analysis shows th&(2050) andf,(2300) are the
ground states dominated by tlyg and ss components, re-
spectively.

There are many experiments relevara(?040). OMEGA

f6(2510) was confirmed in the reactianp — 27°n [51] and
SPEC also found it in thpp annihilation B].

There is only one experiment aboag(2450), which was
observed by SPEC in the reactiop — K2K*p [52].

From the mass spectrum analysis in Ref82, [34, 35,

observed a resonance with mass around 2030 MeV by thine f5(2510) is a good candidate of théHs qq state. The

PWA of n~p — n3r [46]. Later, a4(2040) was also found
in the reactionszp — KsK*p [20], 7~ p — na°n [24)],
A = wr A [47], 17p — ' p[26], 77 p — wr a%p
[22], and n"Py — wn n n*Py [22]. The observed de-
cay modes are listed in TableSPEC also reportea(2255)
in pp — 7%, 37°% 7% [25] and E835 confirmed the state
a4(2255) in the reactiopp — nn°[23]. All Regge trajectory
studies show that(2040) is the ground state of thg family,
anday(2255) is its first radial excitatiorBp, 31, 34, 35, 45].
Ebertet al. obtained a 3H, state with mas$1 = 2234 MeV
which is very close t@,(2255) B2]. However, in Ref. 5],
the PWA shows thai,(2255) is &F 4 state.

In the reactionpp — na°7°, %%, n* 7=, ny, nyr, SPEC re-
ported a'G, state with the mass 232838 MeV and width
240+ 90 MeV in the final statest@y) -4 and @ag) -4, Where
L = 4 denotess wave B], which was name4(2330). They

a5(2450) is the isospin partner 6§(2510) B1, 32, 34, 35, 45].
A different explanation fofg(2510), i.e., a molecular state of
five p mesons, was proposed in Ref4.

From the above review, we can find that the present status of

the high-spin states is still in disorder, wher&elient groups
gave diferent theoretical explanations. This situation inspires
us to carry out a systematic study of these high-spin states,
order to improve our understanding of the properties oféhes
states.

1. PHENOMENOLOGICAL ANALYSIS

The phenomenological analysis presented in this work in-
cludes two methodologies. First, the analysis of Reggedraj

tories is adopted to study possible meson assignments to the
high-spin states under discussion. Second, we use the QPC
model to obtain their OZI-allowed two-body decay behaviors

In the following, we give a brief introduction to these meth-
ods.

also reported the resonaneg(2250) in thepp annihilation
through studying the Crystal Barrel da2f]. The Regge tra-
jectory analysis shows that botfa(2250) andn4(2330) are
the ground states in the, andn, families [30, 31, 34, 35|

with different isosping = 1 and 0, respectively. The study  The analysis of Regge trajectory provides a general method

of mass spectrum of high-spin states in Re8Z|[indicates o study the meson spectrum. The excited states and

G-wave mesons, where a mass of 2092 MeV for the corre-
sponding ground states was predicted.

w4(2250) B] and p4(2230) [L1] were reported by SPEC.
Both the mass spectrum calculation in R&2]jand the]—M?
plot in Ref. [30, 31] support thatw4(2250) andp4(2230) are

M2 = Mg +y2(n -1), 1)

whereMy andM are the masses of ground state and excited
state, respectively. The® gives a slope of a trajectory with



the valueu? = 1.25+ 0.15 Ge\? suggested in Ref4H]. Via Finally, the decay width can be given by

the above equation, we obtain theM? plot of the mesons

under discussion, where the radial quantum numlzéthese r = EZIMJL(P)IZ )
states can be obtained when mass is given, this is important B 4mf\ e ’

information regarding the underlying structure of mesons.

Inladdition to the relation in Eq.1}, there exists a similar wherem, is the mass of the initial mesok In the concrete

relation calculation, we use the harmonic oscillator wave functimn t
M2 = M2 + 02(J — 7)) @) describe the meson spatial wave function. The harmonié-osci
3= Y ’ lator wave function has the following expressi¥pm(R, p) =

R (R p)Yim(p), with R being a parameter, which is given in
Ref. [66] for the mesons involved in our calculation.

Before performing the phenomenological analysis of these
g]igh—spin mesons, we need to emphasize that the orbitat quan

whereJ or J' denotes the spin of a mesoMj andM; are
the masses of mesons withffidirent spins and with the same
P andC quantum numbers. Via Eq.2), the corresponding
J-M? plot can be obtained, which provides an extra test of th . . .
1 Pie 2 P tum number for the high-spin mesons wili® = 37—, 4+,
conclusion from the-M< plot. __ . :
) : . . 577, and 6* cannot be fixed43, 85, 86]. For example, the
When further checking the relation of masses of high-spin PG e . _
. o - meson with)™ = 37~ is the mixture between thie = 2 and
mesons with the principle quantum numbee n+J, we find

that there exists a symmetry of the spectrum in the form L = 4 states. By our calculation, we find that the contribu-
y y P tion of the higher orbital quantum number for these highaspi

M2 = M2 + BN (3y Mmesons withJP¢ = 37—, 4** 5, and 6 is far smaller than
N ’ that of the lower orbital quantum number when we study their
where this phenomenon argues in favor of the existence dfecay behavior. Thus, in the following, we will only conside
the principle quantum that governs the spectrum of excite@gontributions from the lower orbital quantum number for the
mesons indicated in Refs53, 54]. discussed high-spin mesons wilR® = 37, 4**, 5, and
In the following, we briefly explain the QPC model adopted 6.

in this work. After the QPC model was proposed by Micu
[59], it was further developed by the Orsay grols{60].

Later, the model was widely applied to study the OZI-allowed A. Twelve J7~ states
strong decay of hadrong,[61-81].

For a two-body strong decay process— B + C, the cor- In this subsection, we discuss twelve observed high-spin
responding transition matrix element can be written as states withJ=~ (J = 3,4,5) quantum numbers (see Tabje

The corresponding analysis of Regge trajectories witmthe
M? andJ-M? plots are shown in Figl.
There are eight high-spin states wili® = 37—, which
are w3(1670), w3(1945), w3(2255), w3(2285), ¢3(1850),
03(1690), p3(1990), andp3(2250). As it is an fective
approach to study the meson categorization, analysis of
the Regge trajectory is applied to further discug$1670),
5 w3(1945),w3(2255),w3(2285), ands3(1850). In Ref. 2], the
T = —372<1m: 1 —ml00) f dp3dpad™(ps + pa) properties op3(1690),03(1990), andy3(2250) were studied,
m S where they can be explained a¥D3 (n = 1,2, 3) states in
3T PA) 34 (34( 34\ pf s the p3 meson family, respectively. In Figl (a), we make a
Xylm( 2 )X 1-mPo (wo )” b3 (Pa)d;(Pa). (5) comparison of the observed; andps states, which reflects
. the similarity between thg; and ws meson families that is
wherey is a parameter that takes the value 8.7.8y 3when 4,6 to their similar values of the slop&. Thus, we can con-
the quark-antiquark pair cregted from the vacuumuigld) or |, de thatws(1670),ws(1945), andws(2285) are the isospin
ss [75]. The quark and an_'uquark created from.the. VaCUUMyariners op3(1690),03(1990), anghs(2250), respectively.
are marked by t_he subscripts 3 and 4, resp_ectlva'ly.de— As shown in Fig.1 (b), we also give thd-M? plot analysis,
notes the color |_ndexe§r,, o, a_nda) are the spln,[flavor gnd which also supports the assignments.af1670),ws(1945),
color wave functhns, respec_’uvely, aBlm(p) = P[' Yim(p) i andw3(2285) as the ground state, first, and second radial exci-
the solid harmonic polynomial (see Refs32] 83 for more tations, respectively. In addition, tdeM? analysis also indi-

details). Using the Jacob-Wick formul&4], the amplitude : : :
MMaaMisMie can be converted into the partial wave amplitudeCates thaps(1850) is the ground state in thig meson family.

(BC|TIA) = 63(Pg + Pc)MMaMiMsc (4)

wherePg(c) denotes the three-momentum of a final particle
B(C). My (i = A, B, C) is an orbital magnetic momentum
of the corresponding meson in the decagM»M&Mx is the
amplitude we calculate. THE operator reads as

ML (P), i.e.,
\Van(2L + 1)
MipP) = 1 ———_~ Z (LO; IM3,13aM3,) 1 The meson with)?© = 4** is the mixture between the = 3 andL = 5
2)p+1 Mg My states, the meson with’® = 5~ is from the mixture between the = 4

VoM M andL = 6 states, and the meson wili¢ = 6** is due to the mixture
X{(JgMyg; Ic My [IaM g IMMaMeMac — (B) between the. = 5 andL = 7 states



5

(a)‘ Poiice? i (‘b) e 100Ger? /,‘ | 7w. In summaryws(1670) asws(13D3) meson is possible:
p— R this was addressed in Ref$, B1, 34, 89].
5 ’ 16 S0 We present the decay behavior@f(1945) under the3Ds

2258 T 122D state assignment, in Fig. The obtained total decay width can

reproduce the experimental width ak(1945) measured in

St
4 14 %941945)/ ] Ref. [5]if R=4.5-4.7 GeV. Our results also show thap,

E 0 RS . (1/670) nb1, andnw are its main decay channels. Ag(1945)— nw
= 55 ’ was reported in Ref.5], we thus suggest further experimen-
I, 4: P22 p5(2350) tal searches for decay channefsandnb;, which would be
@(1670) 4 @ ] useful to test the underlying structure«§(1945).
35 p;(19%0) @ 2| bjae00) The decay properties af;(2285) are given in Fig2. When
2t Lo Fas00 1 of 8 | takingR = 4.7 - 5.0 GeV?, our theoretical results are con-
‘ L, 1 2 3 ‘ ‘ 12345 sistent with the measured experimental widih [n addition,
1 2 3 1 2 3 4 5 w3(2285) mainly decays intap, 7b;, andnw, which could

! ’ explain whyw3(2285) was first observed in thgo channel

FIG. 1: (color online). Analysis of Regge trajectories foetob- [5]'_ E_Xperlm_ental exploration Qf’3(_2285) V'a_the several re-
served states wit—~ quantum numbers. Diagram (a) is hev? ~ Maining main decay modes predicted in this work would be
plots for ws andp; states, while diagram (b) is the corresponding @n an interesting area for investigation.

J-M? plots forw, ¢, andp. Here, open and filled circles are the the-  The above studies indicate that descriptionw@{1670),
oretical and experimental values, respectively, a(r0), w(782),  w3(1945), andw3(2285) as the ground state, first and second
and¢(1020) are abbreviated asw, and¢, respectively; these con- radial excitations, respectively, should be further tste
ventions are adopted in the following figures. Next, we illustrate the decay behaviorswf(2255) under
the w3(13G3) assignment (see Fi@.for the details). Its dom-
inant decay channels ap@;, by, nw, andpa,. Additionally,

the channels f,, andnh; also contribute, mainly to the total
width. These quantitative predictions can serve as fugker
perimental investigation ab3(2255). We need to specify that
the obtained total decay width is strongly dependent on the

The partial wave analysis in Ref. 5] indicates that
w3(2255) is aG-wave meson. Furthermorey3(2255) cor-
responds tav3(13Gs), an assignment that is supported by the

OIS HU3L L

J-M*plotin Fig. 1 (b). Later, we will discuss the decay be- range ofR value. Experimental data of the width ©§(2255)

havior ofw3(2255) corresponding to this assignment. was given by Ref. §], which can be reproduced by our cal-
We notice that the mase4(2250) is close to that of ¢yjation withR ~ 7 GeV'L. For the experimental study of

pa(2230), which shows that it is reasonable to assig2250)  ,,(2255), a crucial task is the precise measurement of its res-
as the isospin partner pﬂ(23230). In th|sgworkw4(225(_)) and  gnance parameter, which can provide more abundant informa-
pa(2230) are treated as(1°G4) andpa(1°Ga), respectively. o for identifyingws(2255) as the 355 assignment.

According to theJ-M? plot shown in Fig. 1 (b), we can There is only oney state listed in the PDG, i.apg(1850).
conclude thatus(2250) andos(2350) are mesons with quan- \ye calculate its two-body decays under #€13D3) assign-

tum number iQS- _ ment, listed in Fig3. Here,K*K*, KK*, KK, andKK(1270)
In the following, we further present the study of their two- 5re the main decay modes@f(1850). We notice that exper-
body OZI-allowed decays. imental data of rati@ k- /Tkk = 0.55:%82 [7] shows that the

partial width of theKK mode is larger than that of theK*

mode. However, our result shows that the partial width of the
1. w3(1670) w3(1945) w3(2255) w3(2285) and ¢3(1850) KK mode is smaller than that of th&K* mode forg3(1850),

since we obtail'kk-/T'kk = 3.5 - 18. Our conclusion of

As for w3(1670), its two-body OZl-allowed strong decays the KK andKK* channels is also supporte_d by the study pre-
with a 13D5 assignment are given in Fig2. When taking Sented in Ref.§9], where the authors obtain@gtx = 43+ 4
R = 4.0 - 5.4 GeV'?, our theoretical result overlaps with the MeV andT'kk- = 55+ 10 MeV. Because there is only one
experimental width ofv3(1670) B7]2. Here,np andxb, are experlmenta}l measurement for this ratio at present, weatxpe
main decay modes abs(1670); this is consistent with the future experiments to clarify the above inconsistency leetw
experimental observation becaugeandrws channels were theoretical and experimental results. Additionally, wivesn

reported in experiment arfti (1235) dominantly decays into takeR = 5.3-7.0 GeV*, we can find a common range where
the theoretical result is consistent with the experimenidth

given in Ref. Bg].

2 Just shown in PDG1], different experiments gaveffirent results of the
width of w3(1670). When comparing our calculation with experimental 2. w4(2250) p4(2230) ws(2250)and ps(2350)
data, we adopt the result in Ref87] since the corresponding value is
reasonable. In the following discussion, we notice the &&tbp ranges . 3 3 .
for w3(1945) andw3(2285), which satisfy the requirement that fReange As the candidates abs(1°G4) andp4(1°Ga), respectively,
becomes more larger with increasing the radial quantum eamb w4(2250) ang4(2230) have the decay behaviors listed in Fig.
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4, we conclude, with this study, thagy, pa,, andnrp are the 1. 3(2050) f3(2300) a3(2030) and ag(2275)
main decay modes ab4(2250), whilep4(2230) mainly de-

cays intopp, pby, n@;, andnay. At present, experimental in- | Figs 7-9, the decay behaviors of;(2050), f3(2300),
formation forw,(2250) ando4(2230) is still scarce. For ex- 5,2030), andhs(2275) are given, where their partial and total
ample, there is only one experimental measurement for th@ecay widths are obtained by the QPC model. We also com-
widths of w(2250) andp(2230). WhenR ~ 7 GeV* is pare our results with the experimental data.
adopt_ed, theoretical total decay widths can overlap with th £3(2050) andf3(2300) are treated as(13F3) and f3(23F3),
experimental data fap,(2250) 5] andp4(2230) [L1]. respectively, with isospih = 0. Our calculation forf3(2050)
Both ws(2250) andops(2350) are good candidates fGr indicates thapp, ray, pby, andra; are its main decay chan-
wave mesons. In Fidh, we present their decay features. Here,nels, andf;(2050) — nf, is a sizable contribution to its to-
the main decay modes af(2250) includepay, wf,, 7by and  tal decay width, this could explain why experiments repebrte
np, among whichrb; was reported in experimen®(]. The  3(2050) in itsra, andnf, decay modes. However, the ob-
dominant decay modes p§(2350) are f, andway, while pp, tained total decay width of3(2050) is far larger than the ex-
na, andrh; are also important contributions to the total de- perimental width given in Ref. § when takingR = 4 -7
cay width. Because the experimental status¢f2250) and  GeV-t. For f3(2300), the main decay channels inclyge
05(2350) is similar to that ofu4(2250) ando4(2230), there is  pb;, nmp, and ww. The calculated total decay width of
not enough information on their experimental data. Thus, we3(2300) is also larger than the experimental d8idgee Fig.
compare the obtained total widths ©§(2250) andos(2350) 7). The situation off3(2050) is similar, to an extent, to that of
with the present experimental da#8[ 90] (see Fig. 5 for f3(2050). To further clarify the above inconsistency between
more details). the experimental width and the theoretical result, furérer

These theoretical predictions of the decay behaviors oP€rimental measurement €(2050) andf3(2300) is encour-

w4(2250),04(2230),ws(2250) angps(2350) will be useful for aged. . _ _
future experimental studies. Before illustrating the decay properties @§(2030), and

a3(2275), the isospin partners @¢$(2050) andf3(2300), we

still need to discus®s(1875). Althoughasz(1875) cannot
be grouped into th@s meson family in term of the analy-
sis of the Regge trajectories only, the authors of R&f]] [

B. Eleven J™ states suggest thakg(1875) andaz(2030) are the same state. If
ag(1875) isas(1°Fs), our calculated results of the branch-
As listed in Tablel, 11 high-spin states with th&** (J =  ing ratio B(ag(1875) — f>(1270))/B(as(1875) — =p)

3,4, 6) quantum numbers were reported in experiments_ |ﬂS about 1, which is consistent with the experimental data
Fig. 6, we present the systematic analysis of Regge trajectd?.8 + 0.2 given in Ref. p]. Additionally, B(as(1875) —
ries with then-M2 andJ-M2 plots, which is helpful for obtain-  £3(1690))/B(ag(1875) — np) in Ref. [9] is about 09 +

ing the information regarding their classification into mes 0.3, where our calculation gives.9- 2.4 for this ratio.
families. The a3(1%F3) assignment t@g(1875), therefor, seems to be

reasonable. Thus, measuring the resonance parameters of
the f5 family, while £4(2300) is the radial excitation, which 26(1875) andas(2030) is crucial to test whethes(1875) and

o : L a3(2030) are the same state.
is in good agreement with the conclusion in Ref8, 30. . .
As the isospin parters d§(2050) andfs(2300),a3(2030) and a5(2030) mainly decays intpw, 7p, andphy, andna, and

a3(2275) are the ground state and the first radial excitation iﬁ(;f2 siza.blg/ contrigutfe to the Lotal Wi(;j.th' Herg, thg(zqrs;]O)
the a meson family, respectively, which is reflected in Fig. 2€¢ays INt0ja andx I Were observed in experimertf[ The

(a). In addition, we notice tha;(1875) state, which cannot be Zhet;reéic\aflltqta}l d(lecay V\f[igth ?#(2030) With tth? rang® = ¢
categorized into theg meson family. Thus, in the following 2_ Ued |ihar alrglfr an the experimenta r2nZe7a§urrwemen
discussion of their decay behaviors, we will mainly focus on[ 3. Under theas(1°Fs) meson assignmenas( ) has

main decay modesw, pa;, andrp. Figure.8 displays theR
3(2050),13(2300) 25(2030), andg(2275). dependence of the partial decay widthegf2275); this shows

_ When checking a,(2040) and a4(2255) and their that the calculated total width overlaps with the experitakn
isospin partners f4(2050) and f4(2300), we conclude data B3 whenR = 4.6 — 5 GeV-L,

thatay(2040Y) f4(2050) anda,(2255) f4(2300) are the ground
state and the first radial excitation in thg f4 meson families,

respectively; this can be supported by the analysis of the 2. £,(2050) £,(2300) a,(2040) and a,(2255
n-M? andJ-M? plots shown in Fig6. (2050} 12(2300) 2,(2040) (2258)

From the analysis shown in Fig.6, we can conclude  |n this subsection, we present the decay properties for four
that f5(2510) is a candidate of th&(13Hg) meson and that 4+ statesf,(2050), f4(2300),a4(2040), ancau(2255), which
ap(2450) is the isospin partner ¢4(2510). are shown in Figs9-10.

In the following, we further test the above-mentioned me- The results off4(2050) shown in Fig.9 indicate thatop,
son assignments to the states witht quantum numbers by ra,, andww are its dominant decay channels. Furthermore,
studying their two-body OZI-allowed strong decays. we also obtain some typical ratios, which are comparable wit

Figure. 6 (a) shows thatf3(2050) is the ground state of
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the experimental data (see Tablefor more details). For

TABLE Il: Comparison between the calculated and experialeaet
sults for some typical ratios df;(2050). Here, the theoretical results
are obtained by taking = 4.0 - 7.0 GeV*.

Ratios This work Experiment
Tkk/Tre  0.019-0.025 Q04992 [14]
Tr/Trota 0.006- 0.036 Q0170+ 0.015 [1]
FCoo/Tn 39-21 15+ 0.3 [14]

T, /Traa (0.25-1.3)x 10° (2.1+0.8)x 103 [13]

of f4(13F4) and f4(23F,), respectively.

As isospin partners df,(2050) andf,(2300), the decay fea-
tures ofa,(2040) andhy(2255) are similar to those d§(2050)
and 4(2300), respectively. Overlap exists between the ex-
perimental and calculated results of the total decay width f
a4(2040) whenR = 4.0 - 5.8 GeV'l. The dominant decay
channels o0fay(2040) arepw and zb; as given in Fig. 10.
The ratioT,, /T, = 1.1+ 0.2 + 0.2 was obtained in Ref.
[9], this can be well reproduced by our calculations, with the

f4(2300),ra; and pp are its dominant decay channels, andvalue 12 — 2.1. In addition, we obtain the partial widths of

the obtained rati®'t,(2300)-pp /T t,2300)500w = 0.6 — 3.1 is con-
sistent with the experimental value82+ 0.5 [15]. The total
decay widths off4(2050) andf;(2300) overlap with the corre-
sponding experimental widths wh&= 4 — 7 GeV. Thus,

a4(2040) decaying intap andKK, i.e.,I's,2040)57, = 19-57
MeV andTa,o40pkk = 0.035- 0.43 MeV, which deviates
from the experimental datBa,2040y-7, = 10+ 3 MeV and
Ta, 20405k = 6 + 2 MeV, respectively in Ref.§9. Further

these studies suppoif(2050) andf4(2300) as the candidates experimental study ad,(2040) would, thus, be useful.
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In the results given in Fig. 10, one notices the over- is aay(23F,) state.
lap between calculated total widths and experimental data
[23, 25]. Here, nb; and pw are the main decay modes of
a4(2255), whilerp andr f, are sizable decay channels. Only
a4(2255) — nf, was reported in Ref. 10]. Thus, we also
suggest searching for thdy; andpw modes foray(2255) if it



11

8
600 f, (2050 f,(2300 rTftal 6
4
400f = == === D 9 S
[ Mrow™ 10 PP 0 KK, (1400)
200 — Zrm, 9
A
0 T8 0.6 M 5
100 0.4 KKl* 150
W 1
14 k4
\ 0.2 KK 100
1
50 03
mm o 50
0 01 ‘KK1(14OO) 0
80
KKZ/Y
—0 60
10 /K K muy 10—1 “pb:L 40
[ S
A |
nf, 10 L nfj420] 20 '
1o = | 0 nf, (1525)
4 5 6 7 4 5 6 7 5 6 7
R (GeVh R (GeVh R (GeV'h R (GeV'h

FIG. 9: (color online). Th&k dependence of the partial and total decay width§,(f050) andf,(2300) states. All results are in units of MeV.
The dot-dashed lines with yellow bands are experimentathsidf f4(2050) [L3] and f4(2300) [B].

3. fs(2510)and as(2450) b3(2030) andbs(2245) are the isospin partners lof(2025)
andh3(2275), respectively.

There are two ' states,fs(2510) and its isospin partner ~ With the above assignments to the observedsiates, we
a(2450), which are treated adHs states. We calculate their further discuss their strong decay behaviors.
partial and total decay widths, presented in Hid. As illustrated in Fig. 13, np, nw, andpa; are the main
The results in Fig.11 show that there is an overlap be- decay channels df;(2025), which can explain why this was
tween experimental valueS] and our calculation of the to- observed in theyw channel. In addition, we find that a theo-
tal decay width offs(2510) wherR in the range of 2 - 6.0  retical result overlaps with the experimental widgh. [Thus,
GeV%, this gives a direct support for thig(13Hg) assign-  we suggest future experimental studyhef2025) by its other
ment tofs(2510). Unfortunately, the obtained branching ratiodominant decay modeg andpas, which are still missing in
B(fs(2510)— nr) = 3.7 x 107% — 3.2 x 1072 is smaller than  experiment.
the experimental value in Ref29)] (see Tabld). Since there h3(2275) mainly decays intpay, np, pai, wf,, andnw.
is only one experimental measurement for this branching rathis state was observed in the procespps— nw, wn’n®
tio, this ratio should be confirmed by other experiments. In[5]. The detailed decay information b§(2275) can be found
addition to the above information, we also get the dominanin Fig. 13. We notice that inconsistency exists inconsistency
decay channel ofg(2510), i.e.,pb; and we find thapp, nay, between the experimental width and the obtained total decay

andznr, are its important channels. width, since the calculated total decay width unBet 4 — 7
Under theag(13Hs) assignmentag(2450) has a total decay GeV! is larger than the experimental da&.[
width consistent with the experimental result in Re2q][if From the results in Figl4, we conclude that the main de-

we takeR = 4 — 7 GeV'!, where experimental data of the cay modes ob3(2030) arera, andpp, andray, 7w, pbs, and

width has a large error bar. The main decay channelpafe 5 have sizable contributions to the total decay width. Here,

nby, pw, andphy. The remaining OZl-allowed decay infor- 7 andz*z~ decay channels dk(2030) were observed in ex-

mation can be found in Fidl1. periment [L1], wherex*z~ can be fronp. This experimental
phenomenon does not contradict our theoretical result.-How
ever, the obtained total decay width Io§(2030) cannot fall

C. Four 3" states into the range of experimental width when takiRg= 4 - 7
GeV1, which is a situation similar tt3(2275). In future,
In Fig. 12 (a), we first give then-M? plot analysis for ~we need more experimental measurements of the resonance

four observed 8 stateshs(2025), h3(2275), b3(2030), and ~ parameters dfis(2275) andbs(2030).

b3(2245). Hereh3(2025) andnz(2275) are the ground state ~ Another observets state ish3(2245). As displayed in Fig.

and first radial excitation in thd; meson family, while 14, there is an overlap between calculated total width and ex-
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perimental datal(]. Its main decay channels gop, pb;, and  pw, paz, phy andpa;.

nay; theray, pfr, waz andzrw channels have important con-  Before closing this section, we list some additional impor-
tributions to the total decay width, whegg, andrw are the  tant ratios in Tabléll , where we collect the correspondiRg
observed channel& (). values that can be adopted to reproduce the experimendal dat

D. Two4™ states IV. CONCLUSIONSAND DISCUSSION

In this subsection, we discuss the last two observed high- | this work, we have mainly focused on the study of 26
spin statesy4(2330) andr(2250), which have 4" quantum  high-spin states reported in experiments; we have perférme
numbers (see Tablg. The corresponding analysis of Regge the mass spectrum analysis and have carried out the calcula-
trajectories with thel-M? plot is shown in Fig.12 (b) ; this  tjon of their two-body OZI-allowed strong decays, which is
was used to study 2 states in our previous work@]. 7and  helpful in revealing their underlying features. The firstkas
mz [79] are the ground states of their own families. Thus, Fig.tg explore whether the observed high-spin states can be cate
12 (b) indicates thaiy,(2330) andr,(2250) are the ground  gorized into conventional meson families.
states of they), and 4 meson famiIi_es. In fact, Refs:SO, The analysis of Regge trajectories with thé12 andJ-M?2
34, 45, 88| gave the same suggestion. In the following, we p|ots has provided anfiective approach to study the meson
calculate their two-body strong decays with the assignmentcategorization phenomenologically. We have discussed the
14(1'G4) andra(1'Ga) t014(2330) andra(2250), respectively. possible meson assignments to the observed high-spirs state

Our calculated theoretical total width 9§(2330) is larger  listed in PDG [L]. The main task of the present work has been
than experimental dat&], where the main decay channels are the calculation of the two-body OZI-allowed strong decays
pb1, pp andray, while ray, why, ww, andnf; are its important  of the high-spin states, which can be applied to test the pos-
decay channels;;(2330) was first reported in the final states sible meson assignments. In Séi¢, we have discussed this
(raz)L-4 and @or)L-4, and was also observed in thé& chan-  pointin detail. The predicted decay behaviors of the diseds
nel [10). The information from its partial decay width shows high-spin states can provide valuable information forHart
that4(2330) as 1G, is reasonable. At present, a crucial task experimental study in the future.
is to further check the resonance parameterg (#330). At present, most of the high-spin states reported in experi-

Figure. 15 present the decays af;(2250). We find the ments are collected into the further states in the PDjGhle-
theoretical total width is larger than the SPEC d&t3 [f we cause the experimental information of these high-spin unfla
take theR = 4 — 7 GeV! range 4(2250) mainly decays into  vored states is not abundant. Thus, we suggest that more ex-
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for. Such éforts will be helpful in establishing these high-spin
states in experiments.

With the experimental progress, the exploration of high-
spin mesons is becoming an important issue in hadron
physics, with good platforms in BESIII, Bellell, and COM-
PASS experiments. We hope that inspired by this work, more
experimental and theoretical studies of high-spin states a
conducted in the future.
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TABLE IlI: The typical branching ratios of these discusséghhspin mesons corresponding to the succes3fidlues.

States R (GeV?) Ratios
as(1875) 4.0- 4.6 Trty/Trotal = 0.33— 0.34, Tyyp/Trora = 0.3—0.33, Tpy/Tar, = 0.91— 0.98, T, /Tyoa = 0.22— 0.27
a5(2030) 4.0-7.0 T, /Trom = 0.26— 032 Ty, /T, =053-0.75, [yp,I,, =0.41— 051 [py/T1om = 0.065— 0.087
a(2275) 4.6-5  Toa /Trow = 0.066— 0.077, Ty, /Trom = 0.23— 027, Tyy/Tha, = 3.3— 3.8, T, /Trora = 0.075— 0.099

ws(1670) 4.0- 5.4 T/ Trotal = 0.69— 0.75, Ty /Trotal = 0.2 = 0.26, T, /T'rorar = 0.035— 0.036
T0/Tsp = 0.046—0.051 T, /T, = 0.13-0.17, Tk /Troa = 0.0028—- 0.0032
w3(1945) 5.3-7.0 T /Trotal = 0.81— 0.84, Ty, /Trotal = 0.073—=0.092 Ty, T, = 0.087—-0.11,
T'0/TTotal = 0.05— 0.056 T/, = 0.059—0.068 T,/Tm, = 0.6—0.69
¢$5(1850) 5.3-7.0 Tk /Trora = 0.59— 0.65, T /o = 0.24— 0.27, Tiy-/Tyx- = 0.36— 0.46
w3(2285) 4.7-5.0 T /Trotal = 0.7-071, Ty Trora = 0.13-Q13, Ty, /T, = 0.18-019, T, /T'rora = 0.059-0065,
Ty0/Try = 0.083-0092 T /T, = 0.47-049, T /Trora = 0.019-0031, T, /Ty, = 0.027-0044
w3(2255) 6.2~ 7.0 Tyay /Trota = 0.27-036, T,q,/Tps, = 0.68-084, T, /Tror = 0.088-014, T, /T,a, = 0.32-038,
Tuty/Tyay = 0.45-048, Ty, /T, = 0.33-047, Tyya700/Trota = 0.043-0052 Tpya700)Tya, = 0.14-016
f4(2050) 4.0-7.0 Ty /Trotal = 0.43— 045, Tya,/Trotal = 0.22, gy /T, = 0.49- 05

Too/Trota = 0.14— 015, Ty, /T, =033, T, /T, = 0.66
£4(2300) 4.0-7.0  Tpg,/Trora = 0.020— 025, T, /Troa = 0.092— 021, T, /T, = 0.77 = 4.3, Tay /Trotar = 0.020—- 0.075

a,(2040) 4.0-5.8 Tyo/Trota = 0.36— 0.38, Ty /Trota = 0.16— 0.23, Ty, /T, = 0.42— 0.64, Ty, /Tt = 0.22,
Ty /T = 059—0.61, Ty, /Ty = 0.96— 1.4, T,/ = 011, Tyy/T,, = 0.29-0.3
a,(2255) 4.7 4.8 Taty/Taty = 0.41— 057, Typ,/Tyr, = 0.092—0.14, Ty /Ty = 0.22—0.29

74(2250) 4.0-7.0  Tuy/Trow = 0.15=0.19. T,u,/Tro = 0.14—0.23 Ty, /Trora = 0.12— 0,15, T, /T, = 0.62—0.92,
Ty /Tpay = 0.64—0.87, Tya/Tpa, = 0.78=0.82 Ty /Tpny = 09— 13, Tpp, /Ty, = 0.8— 1.3
14(2330) 4.0-7.0  T,p/Trom = 0.23-0.35, T, /Ty = 0.23—=0.25, Tyg, /Ty, = 0.45-0.74, Tay /T, = 0.61-0.72
Ty /Trotal = 0.093=0.14, Ty, /T, = 0.4—0.4L Ty, /T, = 0.39—-061 T,y /Trom = 0.075- 0.079
pa(2230)  6.87.0 T, /Trota = 0.2 =021 Ty /Trota = 0.19 - 0.27, Ty, /T,y = 0.92- 1.3, T, /Trora = 0.094-0.12,
Ty /Tpp = 0.46—0.60, T, /T, = 0.3—0.39 Ty /Top, = 0.29-0.33
wa(2250) 4.6-7.0 Ty /Trow = 0.27—0.36, Tyay/Tyey = 0.68—0.84 Tp,/Troa = 0.088—0.14, Tp,/T, = 0.32-0.38,
Tuty/Tyay = 0.45—0.48, Ty, /Ty, = 0.33= 0.47, Tpaz00y 7o = 0.043— 0.052 Tpazo0fTye, = 0.14—0.16
ws(22250) 4.6-7.0 Tya, /Tro = 0.42— 058, Ty, /Tro = 0.19-0.23 T, /Tps, = 0.4— 045, Ty, /T, = 0.35- 057,
Ty /Taty, = 0.1—0.12, Ty /T, = 0.042—0.058 T,,/T,, =0.1-012 T,,/I,n, =0.35-058
ps(2350) 4.0-7.0 Ty, /Tro = 020-0.21 Tya,/Trow = 0.17 =024, T,ay/Tyi, = 0.86—1, T,,/Trora = 0.087—0.12,
Ty /Top = 0.82-0.99, Ty, /T, = 0.53— 0.78 Ty /Tray = 0.64— 0.78 Ty, /T, = 0.33—054
fs(2510) 6.0 6.4 Ty, /Trotal = 0.28—= 0.3, T, /Troa = 0.14— 0.14, T, /Ty, = 0.46— 051 Tpg,/Troa = 0.11-0.12
Ty /Ty, = 0.36— 041 Tyg, /Ty, = 0.79= 0.8 Try/Troral = 0.16, Ty, /Ty, = 0.54— 0.58
a5(2450) 4.0- 7.0 To/Tro = 0.37— 046, T, /Tror = 0.074— 012 T,y /Tap, = 0.75- 1.1, Ty /Tro = 0.076—0.12
Ty /Tpay = 0.21=0.27, Tyiy/Tapy, = 0.43= 048, T, /T, = 0.43= 057, T, /Ty, = 0.24—0.39
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