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With accumulation of high statistics data at BESIII, one may study many new interesting channels.
Among them, J/ — B*B + B*B — yBB processes may provide valuable information of the radiative
decays of the excited baryons B*(N*, A*, %, E*), and may shed light on their internal quark-gluon
structure. Our estimation for the branching ratios of the nucleon excitations N*(1440), N*(1535) and
N*(1520) from the reaction J /4 — N*p + N*p — ppv, indicates that these processes can be studied at
BESIII with 10'%7/4 events. Explicit theoretical formulas for the partial wave analysis (PWA) of the
J/y — B*B + B*B with B* — By and B* — By within covariant L-S Scheme are provided.
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I. INTRODUCTION

Baryons B(N, A, X, E,---) and their excited states
B*(N*, A*, 2% B, - - ) are complex systems of confined
quarks and gluons. Excited baryons are sensitive to details
of quark confinement [1], which is poorly understood
within the fundamental theory of strong interactions—
Quantum Chromodynamics (QCD). Thus, understanding
their structure and determining their properties (masses,
decay widths, branching ratios, spins, parities, electro-
magnetic form factors, magnetic moments, polarizabil-
ities) will provide a better understanding of how
confinement works in baryons. Concerning the internal
quark-gluon structure of baryons there are various
proposed configurations: (a) the classical constituent
three quark (gqq) states; (b) ggqg hybrid states [2];
(c) diquark-quark states [3,4]; (d) meson-baryon states
[5-8]; (e) pentaquark with diquark clusters [9—13], etc.
A series of new experiments on excited nucleon N* phys-
ics with electromagnetic probes have been started at mod-
ern facilities such as TINAF [14], ELSA [15], GRAAL
[16], SPRINGS [17] and BEPC [18,19]. In last few years
these facilities provided a considerable amount of precise
data for various excited nucleon production and decay
channels and opened a great opportunity to make quanti-
tative investigations of the baryon structure. To extract
properties of N* resonances partial wave analysis (PWA)
is necessary. In this paper, we first show that the radiative
decays of baryons can be studied at BESIII with expected
1019 /4 events. Then we provide PWA formulas within
covariant L-S Scheme [20] for multistep chain processes
J/ ¢ — B*B + B*B — yBB with B*(N*, A*, 3* E* - - -).
Because electromagnetic transition rates of excited bary-
ons to their respective ground states offer a stringent test
on the quark model dynamics [21,22], it is therefore
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highly desirable to study the electromagnetic decay rates
from excited baryon states in order to refine the quark
model description of the baryons. To date, very few
electromagnetic transition rates have been measured for
the excited baryon resonances [23]. For a detailed dis-
cussion of the experimental and theoretical status of the
excited baryons and their electromagnetic decays, see the
review by Landsberg [21].

II. ESTIMATION OF BRANCHING RATIOS
FOR J/¢ — B*B + B*B — BBy

In hadron spectroscopy, the ground states of the hadron
spectrum are now well understood. However, the excited
states still prove a significant challenge. The first excited
state N*(1440)P,, with positive parity J* =1/2", and
the adjacent excited state N*(1535)S,, with negative parity
JP =1/27,as well as N*(1520)D,5 with J* = 3/27, have
been identified by using various techniques. Although
these four-star resonances are within the energy region
of many modern research facilities, their properties in-
cluding radiative decays are still not well determined.
Previous BES experiments already clearly observed these
resonances in J/ — ppn, pnat + c.c., ppm° [18,19].
With 2 orders of magnitude and higher statistics at BESIII,
the radiative decays of these N* may also be studied in
J/¥ — vypp. In fact, this decay channel has already been
studied by the BESII experiment. A strong narrow peak,
X(1860), near the threshold in the invariant mass spectrum
of proton-antiproton pairs was observed [24]. The branch-
ing ratio for J/ — ypp is about 3.8 X 10~* [23], among
which the contribution of J/¢ — yX(1860) — ypp is
about 7.0 X 1077 [24]. The PWA formulas for determining
quantum numbers of intermediate resonances decaying to
pp are given in Ref. [25]. Because of limited statistics and
a large background from J/ ¢ — ppa° channel, no obser-
vation of N* — pvy was reported.
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TABLE L
N*p — pvyp through intermediate N* states.
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The mass (MeV), widths (MeV), and branching ratios (10~°) for J/¢ — N*p +

my r Br(J/§ — N*p + N"p) Br(N* — py) Br(J/ ¢y — pyp)
938 210 ~ 224 [23] 19.8 ~21.0
1440 300 133 ~ 354 [19] 350 ~ 480 [23] 0.046 ~ 0.170
1535 150 92 ~ 210 [19] 1500 ~ 3500 [23] 0.138 ~ 0.735
1520 115 34 ~ 154 [19] 4600 ~ 5600 [23] 0.156 ~ 0.862

Based on the branching ratios for the reaction J/ ¢ —
N*p + N*p measured by BESII [19] and branching ratios
of N* — py given by PDG [23], we give the estimation
of branching ratios for the reaction J/¢ — N*p + N*p —
ppy through the intermediate N* = p(938), N*(1440),
N*(1535) and N*(1520) states, as shown in Table 1.

In the estimation of the contribution from the off shell
nucleon pole, we use the following effective Lagrangian
for the vertex ypp [26]:

Lypp=—e,(yA, —

- O-ILVGVAM)l//p) (1)
P

where k, = 2.739 and m,, are the proton magnetic mo-
ment and mass, respectively. The following off shell form
factor is assumed:
A?
A+ (Pl —ml )Y

2

where A = 0.8 GeV, py- and my- are the N* four mo-
mentum and mass. Here we also use the experimental
photon energy cut condition E, > 25 MeV. Because of
the zero width of proton, the main contribution for J/ ¢ —
pp — ppvy is from the low energy photon, for example,
the branching ratio will be reduced to 6.7 X 107 for the
photon energy cut £, > 100 MeV. The contribution from
the off shell proton pole contribution is well separated from
N* contributions on the Dalitz plot.

Because of flavor SU(3) symmetry, the excited hyperons
are produced at a similar rate, so the typical branching ratio
for the J/¢ — B*B + B*B — yBB processes is about
1077 ~ 107°. With expected 10'°J/¢ events and much
improved photon detection at BESIII, these processes can
definitely be studied in order to provide unique information
on the structure of various excited nucleon and hyperon
states, and to give substantial insight into the nonperturba-
tive aspects of the QCD.
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n]S

&y, (P11, S) =

for a particle with integer spin n = 2, and

LS, 51,8,ln 8e

III. FORMALISM

Now we present the necessary tools for the construction
of the covariant L-S scheme for the B*BM(B*BM) and
B*By(B*By) couplings. The partial wave amplitudes U*"
in the covariant L-S scheme can be constructed by using

pure orbital angular momentum covariant tensors f(# lb‘) “L s
be

covariant spin wave functions ¢ (W) or ¢ (®P), metric
tensor g#”, totally antisymmetric Levi-Civita tensor €,,,
and momentum of the parent particle.

For a given hadronic decay process a — bc, in the L-S
scheme on hadronic level, the initial state is described by
its four momentum p,, and its spin state S,; the final state
is described by the relative orbital angular momentum state
of bc system L. and their spin states (S;,, S.). The spin
states (S,, S, S.) can be well represented by the relativ-
istic Rarita-Schwinger spin wave functions for particles of
arbitrary spin [27-30]. The spin—% wave function is the
standard Dirac spinor u(p, S) or v(p, S) and the spin-1
wave function is the standard spin-1 polarization four-
vector #(p, S) for a particle with momentum p and spin
projection S:

PubPy
—8ur =
M p2

D> e.(p.S)es(p, S) =

§5=0,%1

—&ur(P),
(3)

with p¥e M(p, S) = 0, which states that the spin-1 wave
function is orthogonal to its own momentum. Here the
Minkowsky metric tensor has the form

Suy = diag(l, =1, —1, —1). 4
Spin wave functions for particles of higher spins are

constructed from these two basic spin wave functions
with C-G coefficients (J1, J|.; o, Jo.|J, J.) as

Mll_l,z"'/_l,n,](p’ n - 1’ Sn_l)sll,”(p’ Sn) (5)

1 1 1
umwm(nn+5g==z:@ﬁﬁ5&HM+EJ%MM”ARm&M@JHJ (6)

SwSn+1

for a particle with half integer spin n + 1 of n = 1. For an antiparticle with half integer spin n + 1 of n = 1, one has
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1
Voo, (P + 5, 8) =

1 1
D) Z (n’ Sn;_!Sn+l|n +_’S)8Ml,u,2~-~p,n(p: n, Sn)U(P; Sn+l)~ (7)

SSn+1 2 2

For a process a — b + c, if there exists a relative orbital angular momentum L. between the particle B and c, then the

orbital angular momentum L, state can be represented by covariant tensor wave functions i(m)

for the meson decay [20,29,31]

-, » Which are the same as

70 = 1, (8)
P = 8 (pr = Fu, ©
C R
Ly =T, F, — g(r )8 s (10)
~(3)_~~~_1~~~~ . - .
,u.VA_r,urVr)\ g(r.r)(g/LVr)\+gV/\r[L+gA,U,rV)J (11)
O TR ..
ZMV/\U'_r}LrVr)\rU'_§(r.r)(g}LVrAr0'+gV/\r r0'+g)\,urur0'+guarvr)t+gV0'rAr,u+g)\0'erv)
Lo o - L I
+§(r'r)2(gp,vg/\tr+gv/\g;ur+g)u,u,gvrr)) (12)
N T P U Lo
t/LVA(TS - r,LLrVr/\r(rrcs §(V r)(g/.l,vr/\r(rrﬁ + gl//\r,u,rcrrﬁ + g/\,u,rur(rrﬁ + g,u.trrvr)xrﬁ + gl/(rr/\r,u.rﬁ + gAUr;LrVrﬁ

+gﬁ,u,;/\?,u,;a'+g51/;)t7,u?(r+g5(r;/\i,u.;v+g§/\; F )+—(V l") (g;u/g/\(rrﬁ+gv)tg,urrr3+g)ty,gwr
+ g,uvg/\ﬁia' + gVAg/.L(S;U' + gA/.LgV(SfG' + g,uvg&rf/\ + gl/ﬁg/.l,a'r)t + g(‘i/.l,gm)'r/\ + g/\l/g&rr,u, + gvﬁg)m'r,u,

+ gﬁ/\guoiy, +g/\,u,g60'71/ J’_g,uﬁg/\(r}:l/ + gﬁ/\g;ur;v)’ (13)

owm (77 |
Fuy ¥ Z > QL—1)Q2L —3)-- QL —2[+ 1) 21!

=1 | <ip<---<iy=1

AL) —F F ...
t“"l”“'z'”/"l r:U«[l r/-Lil

X (g”'il w8, By, T M Mip " My, permutation, (20)!term)

(rM1 r,U~2 e r#il—lr#ilﬂ e rﬂiz—lr#izﬂ e r#iz,—lr#iZ,H e r,U«L)’ (14)
[

where r = p, — p. is the relative four momentum of
the two decay products in the parent particle rest frame;

Na = T’bnc(_l)Lr (16)

(7-7) =-r*[L/2]=nwhen L =2nand L =2n + 1;
and

M‘( nA2) _

Moy
PaPa
Paly = Palyy = Pa tifz,,\_(), —az .

a

g (py) =g’ —

In the L-S scheme, we need to use the conservation relation
of total angular momentum
Sa:Sb+SC+Lbc or _Sa+Sb+SC+Lbc:0' (15)

Besides, the parity should be conserved, which means

where 7,, 1, and 7, are the intrinsic parities of particles a,
b and c, respectively. From this relation, one knows
whether L should be even or odd. Then from Eq. (15)
one can figure out how many different L-S combinations
there are, which determines the number of independent
couplings.

Comparing with the pure meson case [29], here we need
to introduce the concept of relativistic total spin of two
fermions. For the case of a as a vector meson, b as excited
baryons (B*) with spin n + 1 5 and ¢ as antibaryons (B) with
sp1n , the total spin of bc (Sbc) can be either n or n + 1.
The two S,. states can be represented as
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O =y (P S Y5V S, (17)

Mn+1 )
m, + m, +m,
Xv(pe, Se) + (g < ppey) + 0
+ (lu’n - /"L}’l+1) (18)

for S, of n and n + 1, respectively. As a special case of
n = 0, we have

O = a(py, Sp)ysv(pe o). (19)

+1 —
’\Pi’:l"';‘*n+l = u,u,]---p.n(ph’ Sh)(Y,u,zH -

(I _ - r
V' = u(py, Sp)y, — m)v(m, S.). (20)

Here the r, term is necessary to cancel out the
p-dependent component in the iy, v expression.

For the case of a as a vector meson, b as excited
antibaryons (B*) with spin n + 1 and ¢ as baryons (B)
with spin—%, the above equations can be written as

iy = —i1(pes S5V (1 ), (21)

L R

m, + m, + m,

XUy oo, (P Sp) + (1 = ppgy) + -

+ (< Hpi1) (22)

for S, of n and n + 1, respectively. As a special case of
n =0, we have

O = —ii(p,, S.)ysv(py Sp), (23)

C 1 =
\I}M(lr'l'J'rM)nJrl = u(pm SC)(’}/MnH -

e u(py, S,). (24)

\I,C(l) =ii(p,., S _
A #(pe Sy, r——

For the case of a as excited baryons (B*) with spin
n+ % b as baryons (B) and ¢ as a meson, one needs to
couple —S, and S, first to get S,, = —S, + S, states,
which are

f‘fl)'“l/vn = l’_t(pb’ Sb)”ﬂy",u”(pw Su): (25)

q)fl;llﬁ'_'l'?u-nﬂ = I’_‘(pb’ Sb)’YSF;’,unHu,u]'--,un(pa’ Sa)
(1 = ) Tt (= pper) (26)

for S, of n and n + 1, respectively, and
¢ = a(pp, Sp)u(pa, Sa), 27)
D = a(py, Sp)vs57uu(pa Sa) (28)
with ¥, = &, (pa)y".

For the case of a as excited antibaryons (B*) with
spin n + 1, b as an antibaryon (B) and c as a meson, as
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before one needs to couple —S, and S, first to get

S., = —S, + S, states, which are
ey = Doy (P SOV Sy, (29)
(I)/CL(lﬂJrlilH = l_},ul"-,u,,,(pa’ Sa)’}/S’)?MM]U(pb’ Sb)

+ (Ml A /J“n+l) +toeeet (Iu‘n - Mﬂ+1) (30)

for S, of n and n + 1, respectively. As a special case of
n = 0, we have

¢ = 5(p,, S)v(py, Sp), @31)

®EY = 5(p,, S Y5V v(Py Sp)- (32)

IV. PARTIAL WAVE AMPLITUDES

We consider the following process:

J/¢ — B*B + B*B — yBB. 33)
The possible J” for B* is 1,3+, 3=, 1= We denote the four

momenta of J/ 4, B*(B*) and y by p,,., pg,.(pp,) and q,,.
The orbital spin tensor describing the first and second steps
will be denoted by Tﬁfl)... u, and iﬁi{ ...u, For the process (33)
the general form of the decay amplitude is

M =g,(p,S; e (q, S,)MH
= ,(p, Sy1p)€5(q, $,)D UL, (34)
Lj

where &,(p, S;/y) is the polarization four-vector of the
J/ ¢ e,(q, S,) is the polarization four-vector of the pho-
ton; S/, and S, are the spin third components of J/ ¢ and
photon, respectively; U}/ is the ith B* and B*; jth partial
wave amplitude with complex coupling constants to be
determined by the experiment. The spin-1 polarization
four-vector €,(p, S,/y) for J/¢ with four momentum
p, satisfies the relation in Eq. (3). For J/¢ production
from et e~ annihilation, the electrons are highly relativis-
tic, with the result that S,,, = *1 for the J/¢ spin
projection takes the beam direction as the z-axis. This
limits S;/, to +1 and —1. Then one has the following
relation:

Z &,u(p, S,/w)sz,(p, Sirg) = (81 + 6,0).

Syp==1
(35)
For the photon polarization four-vector, there is the usual
Lorentz orthogonality conditions. Namely, the polari-

zation four-vector e,(g, S,) of the photon with momenta
q satisfies

q’e,(q,S,) =0, (36)
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which states that spin-1 wave function is orthogonal to its
own momentum. The above relation is the same as for a
massive vector meson. However, for the photon, there is
the additional gauge invariance condition

. 9.K, + Kuq,
Zey,(qr S'y)ev(q; Sy) = _g,uv + %
s, q
K-K
- WCI#QV
= gt (37)
with K = p — g and K”¢, = 0.
Although B*(3™, %+ 3= 1= )Bw couplings have the same
3+ 5+ 7

structure as the B*(}*, 3%, 3%, 7%)By couplings, the gauge
invariance requirement for the B*By couplings reduces
the number of independent amplitudes. For example, the
partial wave amplitudes for the process B*(3*) — B(}")y

can be written as

M = (giM} + g: M5 + g3sM3)e;(q, S,), (38)

where
My = igpWVerrroilp,.
My = O@ruih (39)
MY = q,iﬂ;@);my’
here pg+, = pps/mp-. Because of the gauge invariance
requirement
(g1M} + g.M3 + g3M3)q, = 0, (40)

we get the relation

3 3 (m3%. — m%)?

82 = —5(7'7)g3=§%83, (41)
which means that there are two independent partial wave
amplitudes. References [32,33] also provided basically
equivalent partial wave amplitude formulas for the vertex
B*By in the spin-orbital approach. In order to be able to
compare our results with conventional helicity amplitudes
for the radiative decays of baryon resonances [23], we also
give the relation between our coupling constants and he-
licity amplitudes in the Appendix.

To compute decay width, we need an expression for
|M|?. Note that the square modulus of the decay amplitude,
which gives the decay probability of a certain configura-
tion, should be independent of any particular frame, that is,
a Lorentz scalar. Thus by using Eqs. (35) and (37), we have

Qm)*
My

dl' = ——|M|*d®;(p; q,, pp. Pp). (42)

where M, is the mass of the J/ ¢, and the general form
of the matrix element square is

PHYSICAL REVIEW D 83, 094032 (2011)

ME=1 5 5 S leun Sypleita, Sl
Syyp=%*18,=*=1 Sz S
s Sy e
u==*1 Sz Sp
2
sssyseci w
L' J,J pn=1 Sp Sp

and the standard Lorentz invariant 3-body phase space
element d®5 is given by

d’q
(2m)*2E,
2mpd’pp 2mpd’pg
(m)*2Ey 2m)32E;

d®;(p;q, ps, ps) = 8*(p — g — pg — p3)

(44)

From (33) we see that B* and B* are the intermediate
resonances decaying into By and B*y, respectively, there-
fore we need to introduce into the amplitude the following
propagators denoted by G- and G- [34,35]:

1 . =
G (5) = 15 S s Sp)ilpir. Sy
S *

g (Pp + mp )
By 2m3*

Fa, > v(ps. S5)0(pp, Si)
-

7B (4{73‘ — Mgy
By 2mp-

. (%) ) (45)

’

(3
G (z)

ZM“(PB* Sg)i"(pg, Sp*)
B* (i)gx + mB*)P,LLV(é)
2 y

By 21 s B*
" (46)

GW/(3) fB ZU (g Sg) 0" (P, Spr)

_ (173* _B@B*)P;_w(%)

ra 5 v o
Gy B(g) foZuM (pp> Sp)ia“F(pp-, Sp-)

B

47)
GW“B<> 78> v (pg, S5 ) 0P (pge, Sg)
fim

B

fB (ﬁBsz’:’lé*) Pgﬂ”@),
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7 . _ where
GZ*MBM(E) = fgyzuwa(PB*, Sg )P (pg-, Sp-)
Sy
: 2mp:
B* _ B
B MP”*W’BM(Z) Ty = P — m2. + imgTp’
By 2’,’13;k B 2 B ; (49)
= M=
G,uvaﬁ/\tr f Z rra(pe. Ss )—,8/\0'( 5, Sp) (48) g ) il
v4 v PB» 95 )V P OB Yoopp— m .+ imply’
-
fB* (pp = mp) ’_‘*”“B""(Z), here mp+, mz and I'p-, I'3- are the resonances masses and
2mp B 2 widths;
J
3 1 2p *p .
per(2) = —gur 4 Ly 2P0
B(Z) L A S R (Y*pg = ¥ Py,
3 1 2p *P .
P’f*”<_>=_;w+ By 4 2B B (ykpt — gVt
5 \3 g FRAR AR . 3m_ (y*pj — v'Ps)
5 L. oAl 1_ N . . A
Pﬁ*”f?(g) =5 (&gl + grPger) — <gregtt - E(v”y”g"ﬁ + yHyPger + e gt + yryPgry),
P,uva_,B)\a' z i P(4)7‘,u,1/apﬁ)t0' 50
and where
1
pWrnrapBro — ﬁ(gfﬂgﬂﬁg”ga” + (p, B, A, ¢ permutation, 24 terms))
1
— Q(gm g°Pg" g% + (1, u, v, @ permutation, p, B, A, ¢ permutation, 72 terms)
1 - v AN B ~ <oA= o~
o5 @7HE T gTEN + g )(@0PR + gNgPT 4 g P, (51)
For the different partial wave amplitudes, we use the following notation and label our amplitudes:
(Sp/5°8 Ly 5/58 SpB/5B) (52)

where Sp5/55 = Sp- + Sz or S + Sp: Lige /5 is the relative orbital angular momentum between B* and B or B* and
B;Spp/prp = —Sp- + Spor =Sz + Sp. By considering the parity and angular momentum conservations in the following
we provide all relevant covariant amplitudes for the process (33). In these amplitudes, 1, 2 and 3 denote the three final state
particles B, B and 7.

ForJ/y(17) — B*G")B(G) + B*(G7)BGY) — yB(G")B(™), we find two independent covariant amplitudes for
a vector meson J/4(17) decaying into the B*(37)B(37) and B*(}7)B(}") states, and one independent covariant amplitude
for excited baryon resonances B*(3*) and B*(}~) decaying into yB(;") and yB(37). All in all we get the following two
covariant amplitudes with two independent coupling constants g and g"? which are determined by the experiment:
(1,0, 1)

v ia 1 1 VAC * . 1 VAO 7B*
Ut = (S~ SR P ), &
S
(1,2, 1)
v _ ,ib (D (D) A2)e ”(1) VAO C(1) g C(1) 7(2)a ”(1) VAO B*
Uty =g (Z@ Vo T Ty €7 P o f B, qu T 3 Ty €7 Do 7) (54)

Spr

(Note that these are accordin_g to Eq. (5_2), where we labeled our_amplitudes as (1,0, 1)and (1, 2, 1).)
ForJ/y(17) — B*(7)BG") + B*(AM)B(LT) — yB(E")B(™) we get the following two covariant amplitudes with
two independent coupling constants g“¢ and g” which are determined by the experiment:
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0,1, 1

Ululv = ol (_ §CB 5 Z¢(1)V¢(0)T(1)M -3 CB*B Zl//C(O)q)C(l)vT(l)M)fB + Z¢(1)¢(0)T22)g)~2?;€3vf y
+ ZwC(O)(i)g(l)T((;)ﬁf)*(é;[;Vf ) (55)
Sy
(1,1, 1) B
U = gi,b(_ %CB*BYSZI-@(UV\I,(QIW%)%Eaﬂsrprg; n %CB*B’YSZL'\PS(DCI)C(I)VTEE)*1) cxndTp By)
- =
# ST e 1, SZ”I’C“’@C“>Tz;an;;;¢” I p. (56)
5 =
One may note that for J/¢ — B*B + B*B — yBB with J P (B (B*)) ==, 2 =, 1 we get the six covariant amplitudes

for i-th B*(B*) with five independent coupling constants g" J / d/’ g J / v g J / e g5" and gy , which are determined by the

experiment. Thus for J/¢(17) — B*G")BG") + B*37)BG") — yB(*)B(}™) we get the following six covariant
amplitudes:

(1,0, 1)

UR = gl gl (qus“)w“)“*” P 18— Zil/,cam¢[c3<1>;$>meﬁmgﬁ%f§;)’ 57)
S

(1,2, 1)
U = (S0 W TR T e, ~ S TR eI o

2,2, 1)

U = gjngiy,( Z¢<1>q,(2> wafT(z)pz) p.ePric t%m)ApB*ofo SZ,.\PSO)Q&C(U auérT(ngi)PapTeﬁVAgfg(Sl))/\pB i gy)

B (59)

(1,0, 2)

i ] 3 v 1 vB7C(1 4 2 3)BAv oB*
U = gy (= 3 Cony T OO Y OREY, 1, SCrs DA ol +Z<I>§gi¢“>“r*<léf 1y
Sy

c( C(ZH%)BM *
+ Y ORI B y), (60)
S g
(1’ 27 2)
3 3
my __ ib b 2 (1) (2)<w~(l) _ o c(1) g C(2 (2)<w~(l)
Ui,S _g1/¢ 7( zCpp ZCD( )Vﬁ‘/’ T(B*z) (13),Bf37 g BBVZd’ o ()VIBTB*I) (23),8fo)
() ) () F2)enA3)BAv oB* (1) g C(2) (2)au%3)ﬁ)\v *
+qu) aa' T (g 113 fo+SZ‘/’“ Poi Ty fn) S 7)’ (61)
(2,2,2)
3 3 .
v o_ ib 2 (2) 7(2) %l) 57 4 CQ2) §C(2 (2) %1) St 7B
Uﬁﬁ - lJ;ul/ Y ( 5CB B Z’q)( )VB\P"‘PT(sz)a (1%),8 e rfo + 5CB szlq' P ()VBT(B*pl)g (23)3EW TPTny)
Spe
(2)4pp(2) 7(2) %3)/“ 5 B _ C(2) C(2)72) %S)BA 5
+ Z (I) \I, T(Bp2)5 (]f;) Y alu Tpr Z \I} (D T(B*p])ﬁ (23) g Dl,u 7-177"](‘ ) (62)
S

For J/z//(I*) — B*G 7)BG) + B*3)B(T) — yB(1)B(™) we get the following six covariant amplitudes:
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(I, 1, 1)
2 (D (D) audr s B o 2 . Lyl andr s 7B
Uty = g37¢g’&“<—§cg*3yzz¢“) YT €40 p f5, +§CB*B)/Z“//C!( R N
Spr Sz
(l) (1) (1) “(2)BV 5 C(1) 4 C(1)4(1) “(2)ﬁ1/ 57 4
+ Z ¢ T(B 2)8 (13) err Tprfo Z“ﬂa ¢ T(B*l)g 23) emer Tf ) (63)
2, 1,1)
_ _ib i (1) (
U;,sz _ gl]/l/,gl)’a< ; CB . z(ﬁ(l)vq,(Z)#aT(BQ)af SZ\I;C(Z)/.Lad)C(I)VTB l)af
B*
(D) pa (1) *(2)3 CQ)pa 7 C)p(1) ‘(2)13
+ Y g WORAT L TN TR+ qu @ua gEVT . Tom 15 ) (64)
Sy
(2,3, 1

2 D (2) #(3)ad 2 L (3)ad 2) #(3)adu A2
U13 _ g;;‘¢gfyd(z _ 3 ¢(l) \P(QBSTEB) o #fo CB Byzq,g%)d)cu) T( ) M B + Zd)(l)\}r( )T( Yadpu+2)Bv B

B1) 5 a3 By
Sy 55

C(2) ;, C(1)73)adu+2 *
+ Z‘I’a(a)%( ) FR)adp 2By 75 )

) 1G3) 65)
Sh
1,1,2)
U = gie, giy,b(_szq)(z) pDeens Tl b BTt b ph Sz¢g<1>¢c<z> e ) b Pl by, FE )
B* B*
(66)
2, 1,2)

3 2 afi(l Ao A2 @ C2) (1 Ao H2 Z 5
ULS = gj/y 8% <Z’q)( A TEB) D€ t*(l)ngpB*gf By = 2IVCORD ()TEB)*I)aeﬁ ! t{(z)ﬁx\pﬁ'*lff gv)’ 7
Spe

(2,3,2)

mY (2) Ay F3)ad vroH2)é B* C(2) §C(2)7(3)ad VAU%Z)S
Uie = ljflpgﬂ/ (ZCD v, 51 (5 2)# e’ t(13)/\p3*0f37 Z‘I’ ‘D T(B*n# e’ 23)Ap3 zrf ) (68)

For J/y(17) — B*G")BG ™) + B*G7)B(") — yB(G*)B(™) we get the following six covariant amplitudes:
2,2,2)

v 3 () € 2p 4 7 c@ @ Q)p A 1
Uit = glf7wg7< 5Cs Z"f’myﬁ‘/’ €T (s Drliizpf By T 5 CB*BwZ“// 5 g e T 0 i o FE
S
(2) (2) eavoT =2)p A ~(3)/3AV C(2) 4 C(2) eavdT =(2)p P 23)BAv
+ Z ¢ T(B*2)8 Tt(13) By Z lﬂ d’ T(B 18 rt(23) fo)

(3,2,2)

pv _ _ib 2w 3)padF2) ~(1) CB)pad 4,CQ2)rBF(2) ~(1) 7B*
UE = git g lya( 2 Cyop 24’() PyOmasTd CBB qu (uas fCQBF

(B*1)as (23),8 By
B
) () pad 7(2) ~(3)BAV CB)uad 4 C2)F(2) ~(3)BAV B*
+ D VI OT oy sty By + Z‘I' Omad 0T )

B Das’23) By (69)
Sy

B
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(3,4,2)

3
MY ic Laf _ 2 (3) (4)0(57'/‘«’(1) C(3) rc(2 (4adTu “(1)
Uz 3 gj/l/,g)’ ( ch B Z¢( )VB\P T(B*z) (12)Bfo CB*B«/Z\I} ¢ ( )VBT (B*1) (22)5f

B

) \yB) FHadTuA3)BAv op C(3) CQ) 74 adrpHA3)BAv 75
+Z¢ \paSTT(BZ) 13) f37+z\pa57 T(B 1) 123) Bv) (70)

(2,2,3)

MY 3) (2) (11/37’ =(2)p A V)ur”( Iné A C(2) §CB3) avﬁr =2)p A Ao F3)Né A 7B*
Uig = ljipgv ( zq)ﬁnf‘/’ Tg2)sPr€ e’ eIV 2 Bv Zd’ e (575 Pre e’ L3 PB fB«/)’
B+

(71)
(3,2,3)

pnv o _ib (3) NpadF?2) vAcF3)ME A CB)pad FHC3) 7(2) V/\tr“(3) éa
Uis = glJ/z/;gV (qu) PO Ty 2)a3€B t(lS;IA Pp Ufo Zl\p Braog YlfT(B*l)aéeﬁ (237)7,\ Dp of ) (72)
(3,4,3)

mY (3) (3) F(d)adtn By ”(3)775 CB3) §CB3) F(d)adT VA "(3)77§A, B
Uie = ljngy (Z’(Dﬂnf wsr (g - €T3, Pral By Sz W oor Ppnel (54 HeP T PR B*/)' (73)
—

For J/y(17) — B*(G7)BG ™) + B*G")B(") — yB(G*)B(™) we get the following six covariant amplitudes:
2,1,2)

Uiy = 8%89“(2"‘75(53;¢(2)““T§3zz>afﬁ”"ﬁ)ﬂwza*afgy Zl‘pc(z)#a¢C(2)TE11;)*1)a€ﬂVAM(§)3?ApB of ‘y) (74)
Sy
2,3,2)
U1 = e (S T S et - ST e ) 09
3, 3,2)

— o ia () (3) sr73)pd %2) * C(3) 4C(2) sr7(3)pl ~(2) 7B
U;,L3V - gljj(/,gly ( ZQS \P e TTBZ)‘sPTGﬁM” (13?)‘[78*0][11;;/ - Z\Papgqs e TT(BPI)SPTGBW\U (zgglApB*rrfgy)

Spge
(76)
(2,1,3)
4
_ ia 3)vA 2 (1) ~(2) c@ c@)vrog(l) ~(2) ZB*
U g,/¢gy ( ?CB*BySZ(I)( v Ul//( )’uaT(B “2)a (13))\(,f CB*B Z‘:b Duapc@r UT(B a (23)/\0’ By
N Spe
(3) Q) paF1) %4)[7')\1” * CR)padHCB) (1)  A4)BAov 7§
+ Zq’ B S S 5 Wl WALt VA Bv) 77)
(27 37 3)
. : 4
my o _ib N/ 3vAo,,(2) ('%)aﬁ,u,~(2) C(2) {CB)vroF3)ad “(2) 7B
Ui,S - glj/.//glv ( 7Cpp qu)() ‘p T(B*z) (13))mf CB szlp P> T(B 1)M (23)AcV By
B*
3) () (3)0z5,u~(4)ﬁ)\01/ C(2) §CB3) (3)a5,u~(4)ﬁf\w *
+ Z‘Dﬁmlﬁ s (g2 L03) y T Z*” Pprol Gy 103 I3 7)» (78)
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(3,3,3)

— _= (3)rA (3) s 7B3)pl P ~(2) C(3) C(3)rA s 7(3)pd b ~2) 7B*
Ulﬁ gll;gbgV ( Cpp Z’(D ! MI} GaM TT(B )87 (lB)/\O’fB)’ CB BVZ \P CD Brrae gan TT(B )8 Tt(23),\0- By

B

D) WO causrfnl o Ay g CO)pCO) capsrfOpL 5 HBATY 75
+SZI%U‘I’M; €HOTT (s Prl13) Z A PR i e b ) (79)
~

For J/y(17) — B*(G")BG ™) + B*(17)B() — yB(G*)B(3™) we get the following six covariant amplitudes:
3,2,3)

mY ia (3) N uadF?2) vAc3)nE A B* __ . C3)mad 4.C(3) 7(2) V)m'“(?’)"lf A
Uil = 857,8% (Z’¢ WO OT R s € T P o By — D™ DT (5 1as € Toa P oS ) (80)
Sy Sp

(3, 4,3)

nv _ _ib 3) (3) FdadTu y)ur(?)ﬂéA C(*) CB) #d)adti _BrraH3)INE o B*
Uty = 857,85 (Zld’m wsr () €U P ol By = D iWasrPamel 5y € t(23)/\pB*trfo)’ (81

S g
4, 4,3)
R O Y g A T
- SV ST e T,) )
3,2,4)

) ) 5 _ :
mY i b 4 3)padF(2) ~(3) _ o CB)pad FC@)vron (2 ~(3) B
Uy = g37¢gty ( 9CB B Zq)( AT e T(B “asd (13))urnf By §CB*BYZ‘// Blrad e m]T(B*l)aa (23)/\01;fo
S g

(4) 3)uwad(2) %S)Bwnv * CB)pad FCH () ~(5),8A071v *
+ Sz:q) 17[,( e T(B*z)as (13) fo + SZ¢, Bna CI)B/\U"’IT(B*I)ozB 23) fo), (83)
- -

3,4,4)

o 5

wv _ ib o _ibf _ _ Hvroy ,)(3) (4)a5m%) CB) g C@vronFHadTu3) 7B
Uis _glJ/g//gl“/( §CB"BVSZ(D() T g5 (5o (IS)A(rnfBV CB Byz¢ ;P @ Ty 1o3rend By
-
4) (3) (4)a57,u,~(5)ﬂ/\anv o Cc(3) 5,C(4) DadTuA5)Bronv 75
ZCI)B/\(M] asrT(B*z) (1%) y+z¢a67®BAvnT(B*l) t(Z%) Bv) 84
S g

4,4,4)

/5 _

mrY __ 1, b ~Hd)vAioc (4) e St @ply o A3) B*
Uis _gllngly< §CB*BYZZCD() "W ey € T (505 Drl(13)20m By
S

(91

+ZCp Byzl\PC(@ (I)C(4)w\an€a,u§rT(4)P§7A %3) fo+Zlq)(4) qu(4) a,uBTT(4)P§7A *(S)BNTTIVfBY

(526 Prl23)a0 Bronl t apry€ (528 Prl(13) (85)

O |

_ N wwCé 5@ eandT & d)ply o AS)BAonY 7B
Zl\l’ap{*yq)ﬁwn HOTT (a5 P 23) By)

For J/¢/(17) = B*(G")B(™) + B*G")B(*) — yB(I")B( ™) we get the following six covariant amplitudes:
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(3,3,3)

o iaf 4 L BwBA B _apsr Pl A H2 - 4 . C03 VB ausr O A A2 7B
U;,lezgz,a gi}a(_icB*B«yzld’(S) BA‘//EI,)agf uér el b 72 f§y+7cé*éyzl¢a;}¢c(3) BA gapdr e ) #2) B
Spe

I/ & (B*2)s P 7" (13)BA B 187 (23)8A) By
+ SZ¢‘§igiwS,lge““ﬁffﬁiﬁéfaﬁféﬂ?””fﬁl - Szishi;?«zszf;eamfgg; p B ‘g?;), (86)
B* 5
,3,3)
Uffzy _ 8351/,8[7’“(_ ; CB*BvSZ¢(3)Vﬁ)\‘PWW&TTE?*z)aarf((%)ﬂAfg*v — gCB*EYSZ\IICM),U‘OKBT¢C(3)VB)\TS’§)*1)QET5§§)3)BA ‘g*y
B* 5
D X711 LT sHIN S M W R v s O s | (87)
Sg+ Sy

4,5, 3)

. . 4 - 4 _ _

wr _ e ohafl DrpAag@)  FSadTpuA2) B o CA) 1 c@)wpAFS)adTpuA2) B

Uis _g1/¢g7< 7Crm 20V, Ty ™ Tl By = 3oy XV aonp 8 T 1l iy
Sp Sp

+ 3 B W TS TN B+ W) o Tk A gy) (88)
Spr Sy
(3,3,4)
(S e e T N I,
Spe
- S T e ) )
4. 4.4

my o ib i,b - F4) DHpadri3) Ao {AHMEQ o B* __ ApCHpadr FCE) 5(3) vAo {HMéEQ » TR
Uys = glj/;[/gl?’ (Z"Dﬁngg\p( & T(B*2)a57'eﬁ M PeofBy Z’q’ W (DaneT(é*z)aaTeﬁ T03)x PB*zrfo)’
Sy Sge

(90)
4,5,4)

wr _ e b @ gl A5 adTon_puacidnie s B N pCl 550 HOadtpu_puaeAdnie A 7B
Uie = 85487 (Z"I’ane‘l’aawT(B*z) PN Pr oS By = 2 Vasn, PanzeT ) €2 M0y Dol By)'
Sy 5

On
Note that where

1 1
sy = W, (05, Sy P Sp), Wi =W (D5 Spi0p Sp), Bl = Bl (D5 Spvi P8, Sp)
1 1 c C Cln+1 Cln+1
q)%f'"ihw = q)%lt';tﬁ (P Sp:Pp SB), M(lr'l’)'#n = IL(l’:t')'lLu (Ps S5 P Sp), \I,M(lr'lirﬂ)nﬂ = \Pugr}fﬂ)m (pg~Sg3Pp Sp),

C(n)  _ 4 C(n)

Cn+1 Cn+1
Myt Ml"'un(PB*rSE*ZPBrSB)» q),u(n ) Z(Dﬂ(n )

17 M 1"',U«n+1(p1§’*’SB*;PBrSB)-
and

2 2)2 m2, — m2)?

CB*By:_(B S B)’ CB*Byz_(B > B)

My m.

For the reaction J/¢ — pp — ypp we get following two covariant amplitudes with two independent coupling

constants g7 and g”” which are determined by the experiment:
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(1,0, 1)
Uk = gp’“<ZCDI’;*\I’(1)“ fhy = S WCOR@Cr fgy) (92)
S])* Sﬁ*
(1,2, 1)
v _ opb v D F@ap op" N pC) gy Cri@an 75"
Ut = g (SZcanIfa T2 o, Squa DCr T gy). 93)
p* P

Here we use p* and p* as intermediate states instead of p and p; one can read f,’ﬁ; and ff,:’y from Eq. (49), by setting I' ,» and
I';+ to zero; moreover

K
CI)I’;*(pp, S Pps Sp*) = —eﬁ(pp, Sp)<7” — 12—N0"’/’“p3u)u(pp*, Sp*),
my

which are obtained from the effective Lagrangian of NNy
in Eq. (1).

V. CONCLUSION

To provide a consistent and complete picture of baryon
resonances, the various possible production and decay
channels need to be explored. With estimated branching
ratios for contribution of the N*(1440), N*(1535) and
N*(1520) to the process J/ s — v pp, we propose to study
radiative decays of excited nucleon and hyperon states
through J/ — B*B + B*B — yBB processes at BESIIIL.
We provide explicit partial wave amplitude formulas for
these processes where J¥ for B* is 1*, 3=, 3%, and 7*.
These formulas can be used to perform partial wave
analysis of forthcoming high statistics data from BESIII
on these channels to extract varied useful information on
the excited baryons. The BESIII can produce ground states
(N, A, 2, E) and excited baryon states (N*,A*,2*,E*) via
J/¢ — B*B + B*B — yBB, as well as do further inves-
tigations into the dynamics of the excited baryons. We
hope that our knowledge about the structure of the excited
baryon resonances and the mechanisms of nucleon and
hyperon production will be clarified by the near future
studies at BESIIIL.
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ZmN

APPENDIX: THE RELATION WITH
THE HELICITY AMPLITUDE

In this Appendix, we discuss the relation between am-
plitudes in the L-S and helicity formalism for B* — By.
From Ref. [36], the radiative decay width is related to the
helicity amplitudes A, , and A3/, as

_k2 mpg 8
Y 4mmp 2]+ 1

(14301* + 14, 21?), (A1)

where k is the photon three momentum magnitude, and J is
the total spin of B*. Let us consider that the photon is
moving along the z-axis, and the photon is right-handed
polarized, in other words, the spin of the photon is along
the z-axis. A;), is the spin-3/2 helicity amplitude of the
initial B* in a state with |/, 3/2> and final B in a state with
[1/2,1/2>, and A/, denotes the spin-1/2 helicity am-
plitude of the B* with |J,1/2> and final B with
[1/2,—1/2>.

In the L-S Scheme the decay amplitude formulas for
B* — By are

k mB 1

=— E M|?

Y2 my 2J+1SB*SBS| |
+Sp.S,

k mpg 1

=——_—(IM 2+ Mgjs—1n))?
27 my 2J + 1(| (3/2,1/2,1)| | 1/2, 1/2,1)|
My jn -+ M5 -1/0,-1)]%)
k mpg ]

=— —(|M 24+ My 2,
7 mg 2J + 1(| (3/2,1/2,1)| | (1/2, 1/2,1)| )

(A2)

By comparing Eq. (Al) with Eq. (A2), we can have
the relation between the helicity and L-S amplitudes as
follows:
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1
A 2 — M 2
|A3 5] 2k| 32120l
1 2
= ﬂ|(g1M1(3/2,1/2,1) + &M% (A3)
1
1Ay )p]? = ﬂlM(l/Z,—l/Z,l)Iz

1 2
= ﬁl(glMl(l/z,fl/Z,l) + 82M2(1/2,71/2,1))| .
(A4)

As an example, now we calculate the M(Sg:, Sg, S,,) for
B*(3) — By. From Egq. (40), the two dependent amplitudes

can be written as
d)(l)e,wm%l)ﬁ €L, (AS)

2
M2 _ g(’; . ’7)(1)(2)1//1,‘12(’})61; + (I)S}\i@)lh\yeﬂ;. (A6)

Before starting our calculation of M(Sg:, Sg, S,), we
should define wave functions of particles

i(pg 1/2) = EB * m3/1 0. k ,0), (A7)
\ gt mp
i [Estm k
M(pB, 1/2) = W(O, ], 0 m), (AS)
1 0
0 1
u(mB*’ 1/2) = 0 » u(mB*’ _1/2) = 0 > (A9)
0 0
and
, V2 2
e(p1,1) = (o, oz V2, o),
7 272 (A10)
2 2
e(mpg, 1,1) = (O, —\/7_, — \/7_1', 0),
e(mpg, 1,0) = (0,0,0, 1),
(A11)
e(mpg, 1, —1) = ( g —£l 0)

where B* is at rest, in other words, pg- = (mp-, 0,0, 0),

s = (Ep, 0,0, —k)and p,, = (k, 0,0, k). By using Egs. (5)
and (6), the different states of qﬁ(l) and @%V can be ob-
tained:

W (Sp = 1/2,85 = —1/2)

EB + mpg 1
S

(A12)
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Ez +m
(S =3/2.5p = 1/2) = =5 e, (my, 1.1),
(A13)
DI(Sp = 1/2,85 = —1/2)
Ep +
B mB\/_(e (mge, 1, 1), (mg, 1,0)
+ e#(mB*, 1,0)e,(mp, 1, 1)), (AlD)
DSy =3/2,55 =1/2)
Eg +
_ M(eﬂ(mlg*, 1, 1)e,(mg, 1,0)
sz
+ f,u(mB*’ 1, 0)6,,(1’)13*, 1) 1)) (AIS)

At last, we get the following amplitudes M(Sg, S, S,):

2k EB + mp
M(1/2,—1/2,1) = —=,]———— Al6
(1/ /2,1) 7 (A16)

Ep +

M,(3/2,1/2,1) = 2k1’37mB, (A17)

2mB

_24k3 EB + mB
M>(1/2,—1/2,1) = , Al8
172, 21/21) = 2 P (A1)
Ep +

My(3/2,1/2,1) = ,/32—’"3 (A19)

mpg

where we have used the following relations:
i€uabe = Vs(YuYaVbYe = YuYa8be + YuVb8ac

T YuYc8ab — YaVb8uc + YaVYc8ub — YVbYc8 pa
+ Sua8bc — 8ub8ac + gp,cgab)’ (A20)

0 o I 0

5 — 0 0 —
Y <0'0 0 ) 4 (0 _1)’

(A21)

[ l | =
Y (‘0'1' 0), i=1273.
Now we list the relation between the square of the helicity
amplitudes and square of the coupling constants from our

amplitudes for B*(1*, 3*,3* 7*) — By as follows:

22222 2

M = giM, + ghM,, (A22)
1T D enrioer i)
B (5 ): M1 = D) e Vppe,  (A23)
Epr +m
1A, 5 = %4/4 g2 (A24)
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1- 2
B*(E ): M1==3(F- NP er + D i, (A25)

Eg +
Ay l? = ZE 8 16k| g 2. (A26)
mpg
3+
B*(5 ): —igp e pp e, (A2])
3
]‘42 = — g(f . f)q)(Z)'MVfLi(yl) + (I)gz\i(fa);u\veﬂ;, (A28)
Eg + mp 2
|A[/2|2 =B2'7n13_k| 12gbk2|2 (A29)
mpg 3
Eg +
st = 2220kl + 4gh2P. (A30)

2mB

3- 2
B*(— ): M, = —g(ff . F)gb(l)“ez + (bﬁ?i‘”‘”f’,‘,

2
(A31)
M lq)(z) E,UJJ/\O’ *A(])apB*o" (A32)
Ez +my 8
A2 =2 "B i3 — g + 3gb)2, A33
| 1/2| ZmB 3 | gy gyl ( )
Eg +m
|Asol? = =E—L8k3| — g% — gb2. (A34)
5t 3. . b o DA
B(E ): Ml - g(r r)d)(z)” E,u,t(l)v + (i)g?,‘ie)ﬂ’ /\E/\,
(A35)
= l(I)SL erviT *“(3)01.3}73*0" (A36)
Ez +mp 32
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