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Meson and its description

 Usually using 25+'L; or JP(©)
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S-D mixing  [#(3770)) = [1°Dy) cos 0 + 2751} sin 6,
1(3686)) = — |19 D) sin § + [2°S1) cos

1P _3P X1 3 ‘
0 NS D, (2420)) = [5) = cos ' Py) + sin 6] ),

D/(2430)) = %) — —sinf]'Py) + cos O Py).
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Meson and its description

° JP(C)
J =0 0~ (15p) 0T+ (*FRy)
J=1 1-5) (384, 381 — 3Dy, 3Dy) 1+ (°Py) 1= (') 1t (P —1'Py)
J=2 2T 3Py, 3Py —3F,, 3 ) 27~ (3Dy) 2=F (1Dy) 27 (°Dy —1D»)
J=3 375 (3Ds, 3D3 —3G3, 3G3) 3t (3F3) 3t (F3) 37 OF; — 'I3)

* 3 categories

1. 0-and 0™

2. Natural parity 1—, 2+ and 3~

3. Unnatural parity 1. 27 and 37
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o XA EATPAR HA

P' = (Py,—P) and ¢ = (qo, =)
2p(a) = 179, (4')70.
o« CARHR
op(q) = 1Cop(=)C,
Cys O~ =75 and Cy, C~! = —,



WA P I PR ER 7N

* The wave function of a meson can be composed meson mass
M, momentum P, internal relative momentum g between
quark and antiquark, and Dirac matrix, possible polarization
vector or tensor, etc.

 Universal wave function for a 0*- meson in Instantaneous
approximation (P-q. =0), ¢ = (P - q/M?*)P", ¢! = ¢" —q"

@?:(Ch) — (G1M+a2 P—l—aB q/l _|_a4q/§\4p> ,.)/5

. . — 2
Four unknown unknown radial wave functions 4; = a@'(—qL)
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o BRESTAERAREXIRHY, RBERME—RIE, Bl

o) (q.)=a(M+ P)vy

&

« Z KN relativistic Bethe-Salpeter equation
dk
(2m)?

* Instantaneous verson: Salpeter equation
_ . [dg, _ [ dk;,
QO(qPJ_) =1 %XP (C]), Mp (qPJ_) — (2%)3 (kquPL)@(kPL)

Xp(a2) = S(P1)np(qp, )S(—Dp2)

o (@) = iS(m) / VP, k. q)x (F)S(—p2)




Salpeter euqation

« E 4, Ly SPY 1 7
J__‘ﬁl T ?}ﬁ{j‘ Ai(plpl) _Q_M_gwli(ml +?1PL):|7

1 -
A*(=pap,) = %o _%W £ (=m2 + pzm)]

* Salpeter equation

<P(QPL> — A—’_(plPL)nP (qu>A+(_p2pl) . A_<plp¢)77p (QPJ_)A_<_p2PJ_)

(M—wl—wg) (M+W1+CU2)

* Positive and negative wave functions

P P A= (—py. )
]\4 A[ —P2p,

(G ) =9 (qp )+ (@) + o (gp) +¢ (¢p,)

90 Ai(plfu)



Salpeter euqation

* Salpeter eugation ZF _fi & iR

/( n T )
[@**(qm) = - (plfﬁnqu; )i\ w(g) pzpl)]

__ _ A" (p1p In(gp, JA™ (=p2p, )
v (QPJ_)__ (M+w1+w2) 3

\_ o (@p ) =9 (go)=0, )
o —‘ M+W1+C<J2 >>M—w1—w2

H(

0 gp ) >0 (0p,), wlgp) =T (gs,)

o HIERER R BT : XA




X B

o BEETS TIE R KRR HOTRE
Non-relativistic SDP (q)=a M+ P)v
 Salpeter FIE R K4S (8 HILJ5THI) relativistic

90?3_(%) = (CLlM—l—CLQ P+as ¢, _|_a4qL P) 5

M
o BRARFR AR, HERIERER N
o) (q,) = Vam | MY (Oq + az’)/o)

\|(/ﬂ—(Y1 YT+ Yy = Yioy®)(as + GMO)] o%

al and a2 terms are S waves, non-relativistic

a3 and a4 terms are P waves, relativistic correction
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The radial wave functions of the 5.(2S) and #.(35).



wave function of 0** 1P dominant state
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wave functions of the 0~ mesons B* (left) and .
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Figure 1. The 0~ wave functions of the ground state B.(1S) (left) and the first excited state
B.(25) (right). a; and as terms are S waves; az and a4 terms are P waves.

Py (a0) = Aug, + AsPg, /M + AsM

wave function of 0** 2P dominant state

wave function of 0** 3P dominant state
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AT Wl i R 2 S-P-DiR &

. 1- wila)= que (D1 + PDQ + ngg - Pgim)

M7 M M2
i
+M{ (D5 + %DG + %DS - 1\52”7 )

Ds, D¢ terms are S waves, Dy, Dy, D; and Dg terms are PP waves.

D5 and D, terms are .S — D mixture.

(s =301) (- o)

and the complete S waves are

M¢ <D5 + %DG) + %Qi;‘f (]\ZDg - %m)

The D waves are
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1 o (q) = My (D +£D6) JIREME: 1S, 2S, 3S,... INSUK

\ I

2 o (QL)—QLG(Dl—I—f}Dg) + M¢ (D +£D +%D +§%D>

TTREMR: 1S, 2S,3S,... SN, DEPH

p1-(q1) = qu f(%D +§§% )

J7FEf#: 1D, 2D, 3D,.. DN, SE (AIDB=/rZ—)

P q Pq iy Py
4 P1- (QL)—QLG(Dl—FA[DQ‘FA?D%‘F A[;Dzl)%-]\"[f(j\?l)s—f- A[QLD7>

FHHEME: 1D, 2D, 3D,... DU NTE, SUE, /bEPYK




wave function of 17~ 18 dominant state
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SRR ZE T ERE. 3097, 3688, 3779, 4057, 4111 MeV

=, /DEPYY, DK ATEE

(1) 1S,2S,3S: SUE NS

(2) 1D,2D,3D: DY AT, bEPY:, SR

wave function of 17~

wave function of 17~ 2D dominant state
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wave function of 17~ 2S dominant state
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Wave function of a 17 state and its partial waves

o (qg)=¢€q, (fl +f2]\’lz +fgg— +f4g ’P) 7P

Epe V" PGl € P q, d, P
+ e 7 (91+92M+93M+ 943z )

fi terms are 17~ (*P)), g; are 177 (°P;), so it is ' P, — P, mixing state.

P q/J_P)E)
Y

SDS(C]L) —€-q, (f1+f2M_f137— Q(L + fory Vi

‘ wpv p o
1€ upo Y P q' €

i M

(91 + 925 — 1T Q(L T G+ QMP> -



Wave function of a 17 state and its partial waves

e Normalization

/ dq 8(,010.)2(]_2
(

2m)? 3M (myws + mown) (J1f2 = 29192) = cos™ 0 sin

where the mixing angle is defined by wave function

 Thereis also P and D partial waves, f1,f2,g1,g2 terms
are pure P waves, others are D waves.



Wave function of a 17 state and its partial waves

Solutions appear in pairs, first and second are 1P,
third and fourth are 2P, etc

Firsttwo 1P, : 13P, = 0.284: 0.716 and 0.716 : 0.284

with mixing angle 6,p = —57.8° or 32.2°

3,4 2P : 2P, =0.263 : 0.737 and 0.737 : 0.263,
fop = —59.1° or 30.9°.

Pure P wave: ©npr =0np

P:.D=1":0.0971 fortwo 1P Bc(1P)

P:D=1:0.0936 for two 2P Bc(2P)
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Figure 6. The 17 wave functions of the 1' P, — 12 P, mixing states B.i(1P) (left) and B’ (1F HQP
(right). f1 and fo terms are ! P; waves; g; and g terms are *P; waves.
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Figure 7. The 17 wave functions of the 2! P, — 23 P, mixing states B.;(2P) (left) and B/, (2P)
(right). f; and f> terms are ' P; waves; g; and g2 terms are P, waves.



: Electromagnetic decays of X(3823) as the y,(1°D,) state
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X(3823) — Xecl (3P1 )}’
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X(3823) = x2(°Pa)y

F4_705)5352(M+Mf) [(1+7( AE? 2)<4>%1+i(1+7( 4E7 2><4>E1<5>M2
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BTG R: MI1+E2+M3+..., B E1+M2+E3+...

TABLE 1. The decay widths (keV) of the radiative transition X(3823) —>;((._,(1P)y J=0,1,2), X(3823) = n.(15,25)y, and the

C(yo(1D) =y (1P)y)

ratio of /S5 = SR

[20] [25] [26] [27] Ours
RE RE NR RV RS RVS NR GI RE EX [31]

P)y) 250 260 297 215 215 215 307 268 265
P)y) 60 56 62 55 51 59 64 66 57

F(VIQ(ID) — Xl (1
(w2 (1D) = xo(1

C(y2(1D) =y (1P)y) % 24 22 21 26 24 27 21 25 22 28+11fl +2
Ly (1D) =y (1P)y) -
C(y>(1D) = Zo(1P)y) 12
[y, (1D) = 5. (18)y) 1.3
[y, (1D) — n.(25)y) 0.069(0.067)
. [27] [47] [29] Ours

NR GI NR, NR, NR, NR, NR, RE
[(y2(2D) = yeo(1P)y) 0.16
[(y»(2D) = y4(1P)y) 26 23 17 26 10 68 68 33
[(y»(2D) = ye(1P)y) 7.2 0.62 6.7 10 3.8 20 20 7.3
[(y2(2D) = yea(1F)7) 6.2
[(y2(2D) = ye0(2P)y) 1.13
[(y-(2D) = y.4(2P)y) 208 225 140 178 92 223 188 237 (230)
[(y-(2D) = y»(2P)y) 52 65 39 64 19 115 64 58
[(y2(2D)— (1P)Y) (qp 8.7 10 12 15 11 30 36 14
s e 2P)7) | )
[y (2D) o (2P)y 1[% 17 29 28 36 21 52 34 25
Ty (2D )=y, (2P )7) )
[(y>(2D) = n.(185)y) Y 4154 GeV 2.1
I(y»(2D) = n.(28)y) — 4. e 033 (032)
[(y»(2D) — 5.(35)7) 3D,(2D) 0.092




TABLE VII. The EM decay width (keV) of different partial waves for y»(1D) — y.(1P)y.

o++
2—— Complete Pwave(Dy,, Dy,) Dwave(Dys Dy, .Dy.) Fwave(Dy,,Dy,)
Complete 57 18 1.5 0.23

D wave(F,.F,) 75 44 4.9 0.70
Fwave(F5) 1.7 6.1 1.4 0.0057

TABLE VIII. The EM decay width (keV) of different partial waves for y,(2D) = y(1P)y.

2++
2—— Complete Pwave(Dy,, Dy,) Dwave(Dys Dy, .Dy.) Fwave(Dy ,Dy,)
Complete 7.3 34 0.39 0.046
D wave(F,.F,) 9.2 4.9 0.56 0.066
Fwave(F5) 0.38 0.24 0.037 0.00028

TABLE IX. The EM decay width (keV) of different partial waves for y,(2D) = y.(1F)y.

o++
9—— Complete Pwave Dwave(Ds .Dy, .Dy.) Fwave

Complete 6.2 0.65 3.6 5.6
D wave(F,,.F,) 4.8 0.4 2.9 4.3

F wave(F5) 0.55 0.055 0.12 0.46




Summary

NP BB AN & T HL
HKAREINP 25 T B R HXT IR =R
A alipd, AR S AT Al K

The mixing of different waves naturally appears in relativistic
method, not manmade, only one wave function is needed

In a relativistic method, the mixing angle can be calculated by
wave function, not potential

RO AR . M1+E2+M3+..., BUEE1+M2+E3+...



C[X(3823)| ~T(n.y) + > T(xesy) + T /yrr)
+ ['(g999) + T'(ggr) =379 keV.

Pr--(q1) = (€405 PMI/ q% q, 56" [Fl + %Fz + %F’j]
@1 (qr,) = i€umap AIZ a5, € [Cfl + AIZ Cy, Pﬁfzf - Cﬁ]
035 (dr) = €y, 47,
x [Dfl +£§Df2+f§;1)fz Pﬁf?z)h]
+Myer,ur"qy, [Dfs + A}Z Dy + Pﬁfj{ - Df7]
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dk |

MF(q,) = 2)F (g =
1(qL) = (@1 + @2)Fi(q1) + J (27)* 240, 0,

{4(VS = Vy)(eymy + eymy) [—[F}U‘ﬂ — Fy(ky))
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