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. “Missing baryon resonances in nN scattering

The non-relativistic constituent quark model (NRCQM) makes
great success in the description of hadron spectroscopy:

meson (q q), baryon (gqq).

However, it also predicted a much richer baryon spectrum, where
some of those have not been seen in TN scatterings.
— “Missing Resonances”.
m, 0 P13(1232) A
{ $11(1535)
D13(1520)

N, 12"



PDG2008: 22 nucleon resonances (uud, udd)
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Dilemma:
a) The NRCQM is WRONG: quark-diquark configuration? ...

—5

b) The NRCQM is CORRECT, but those missing states have only weak
couplings to nN, i.e. small g-n«n. (Isgur, 1980)

Looking for “missing resonances” in N*=> nN, KX, KA, pN, oN, ¢N,
YN ...

(Exotics ...)



Questions:
Should we take the naive quark model seriously?
How far one can go with it?

What is the success and what is the failure?



d The first orbital excitation states in the NRCQM

In the nonstrange sector, NRCQM allows the Y
groundstate [56, 28] (p and n) to be excited N*A*
to [70, 28] and [70, 48] octets, and [70, 210] @

decuplet via single photon absorption. N

70, 28, 1,1,J) e S11(1535) (¥*F*), Dy3(1520) (¥***)

70, 48, 1,1,J) e S11(1650) (¥***), D13(1700) (**¥),|Dy5(1675) (¥**¥)

n
K

70, 210, 1,1,J) e S3;(1620) (*¥**%), Da3(1670) (**+*)

70, %1, 1,1,J) e A(1405) Spi (****), A(1520) Dog (***)

Confirmed recently by JLab Lattice calculation.
(Talk by D. Richards in MENU2010)



The SU(6)®0(3) symmetry must be broken due to spin-
dependent forces. Thus, state mixings are inevitable.

Several NRCQM selection rules are violated:

* Moorhouse selection rule (Moorhouse, PRL16, 771 (1966))

v +p(]56,28:0,0,1/2)) +» N*(|70,48))

v +n(]56,%8;0,0,1/2)) — N*(|70,48))

» A selection rule (Zhao & Close, PRD74, 094014(2006)) in strong decays

N*(|70,48)) & K(K*)+ A

« Faiman-Hendry selection rule (Faiman & Hendry, PR173, 1720 (1968)).

A*(|70.48)) «+ N(|56.28;0,0,1/2)) + K




2 . Effective chiral Lagrangian for quark-pseudoscalar-
meson interactions

An effective chiral Lagrangian for quark-pseudoscalar-meson coupling
to keep the meson-baryon interaction invariant under the chiral
transformation:

L=y, (id" + VF + 5 A") —m]h + - -
where the vector and axial currents are
V, = (.6 + €€
TS 5{5 €+ E0uE'),

Au = in(E0,6 - 0,8,

A. Manohar and H. Georgi, Nucl. Phys. B234, 189 (1984).



and the chiral transformation is.
g _ ,Ez\:u"*m,r’fm.T {?7}

where f,, is the decay constant of the meson. The quark field #» in the SU(3)
symmetry is
W(u)

b= v |, (78)
(s)

and the meson field ¢,, is a 3@3 matrix:

T+ 1 wt K+
b = T —mm +mn K|, (79)
o~ —:-ﬂ
K K —\/3n

where the psendoscalar mesons 7, n and K are treated as Goldstone bosons. Thus,
the Lagrangian in Eq. (121) is invariant under the chiral transformation. Expanding
the nonlinear field £ in Eq. (77) in terms of the Goldstone boson field ¢,,. ie.
£ =1+1idy/fm + - - -, we obtain the standard quark-meson pseudovector coupling

at tree level: Y

Hy =Y U770 6 (80)

j T

where 1 (Ej} represents the jth quark (anti-quark) field in the nucleon.



» Test of Goldberger-Treiman relation:

The axial vector coupling, g,, relates the hadronic operator o to the
quark operator ¢; for the j-th quark,

(Ni| D _ L;05|N:) = ga(Ny|o|N;).
J

To equate the quark-level coupling to the hadronic level one for the
nNN vertex, i.e. axial current conservation, one has

g.;i .1"1.{ N / T
ir P —
S NN .
7 4




d Baryon excitationsinmt p 2> nn

The process T~ p — nn can be
expressed in term of the Mandelstam variables:

.-"I"‘/i — ..-"“I/tj- + JMH —I_ -"IIMI‘

The s- and u-channel transitions are given by

HN|NE}
J

M = Ny|Hy|N;)(N;
. ;{ I NN} | o —

I
M, = Ny¢|Hy N;){N;|H,|N;
> (NylHx— T F, NN Hy IN:)

I
/

Zhong, Zhao, He, and Saghai, PRC76, 065205 (2007);
Zhong and Zhao, Phys. Rev. C 79, 045202 (2009)



s-channel
/n, K
\

n, g T, K n, q\
8\ LA I R
\ ‘0” \ "0‘
> ‘ A‘ » . ‘ < »
) (*) ] (*) !
N, P; X(*) N’, P; N, P; X(*) N’, Ps

N : >

1 + ]
M; = (N;|Hy|N)NNj| ) —5(H — Ei)" He|N:)

J

for any operator O, one has
(H — E)O|N;) = [H, O]|IN;)

Refs.

Zhao, Li, & Bennhold, PLB436, 42(1998); PRC58, 2393(1998);

Zhao, Didelez, Guidal, & Saghai, NPA660, 323(1999);

Zhao, PRC63, 025203(2001);

Zhao, Saghai, Al-Khalili, PLB509, 231(2001);

Zhao, Al-Khalili, & Bennhold, PRC64, 052201(R)(2001); PRC65, 032201(R) (2002);
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€ S-channel transition amplitude with quark level operators

Non-relativistic expansion:

I ik-r :L
H,; = Zéﬁj . A;rf-' i + 'm q{p;: ]J}i|
j |

I Ciar. @ iger
H, = Ziﬂj Anf 4 2”,; {pj. e qu}] ,

with




with

8y
N
.-"'MS = Z (_{"\/[;’ + JJME)E_{R__H:I_HG‘IL E A 0]
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where X = k - q/3c?.



with

n,\k n, q
\\\ R
M= 37 (M5 + My)e CHr)/6 =
CON® .,
" N, P Xm N', P
M
; 313 Fi(n) _,
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€ quark level & hadron level

Fi(n) .,
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s-channel
/n, K
\

n, g m, K uf q\
8\ LA I R
\ o \ o
> ‘ A‘ » . ‘ < »
N®) (*) ’

® Compared with Ms;, amplitude Ms, is relatively suppressed by a factor
of (-1/2)" for each n.

® Higher excited states are relatively suppressed by (k-g/3a?)"/n!

® One can identify the quark motion correlations between the initial and
final state baryon

® Similar treatment can be done for the u channel



€ Separate out individual resonances

A. n = 0 shell resonances

For n = 0, only the nucleon pole term contributes to the
transition amplitude. Its s-channel amplitude 1s

2M 2,2
J"V!Sr — @N —B,’E_{L 4 ]J.-"&:rz*
s — Mg

with

@N — [g.':l +352]Ar} ‘AJT + Igul +gi-‘2”'ﬂ . (Ar} X A:r)*

where My 1s the nucleon mass.



B. n = 1 shell resonances

Forn = 1, only § and D waves contribute in the s channel.
Note that the spin-independent amplitude for D waves is
proportional to the Legendre function Pzﬂ{cns #) and the
spin-dependent amplitude for D waves is in proportion to
%Pf(cm 6). Moreover, the S-wave amplitude is independent
of the scattering angle.

ME(S) = OgF,(R)e~K+a)/6"
M*(D) = OpF.(R)e~®+1)/6c"

with

] k W
05 = (g“ _ 5352) (|A AL 2y g

3mq
mmqaz
Ay k4 2 )

?mq g My 3

]
Op = (351 - 5352) A, [IAz|(3cos* 6 — 1)

kl|q]
Oce?

k-q

l .
+ (gvl - Eguﬂ) 1o - {Ar;r X A‘T]F



M*(S) = [gs,,1535) + gs,,(1650) JM(S),
M (D) = [gpy;15200 + &pis1700) + &D15(1675) ] M (D)

In the SU(6) symmetry limit,

Factor Value Factor Value Factor Value
251 1 £5,(1535) 2 22 5/3
g2 2/3 £5,1(1650) —1 gp,a7i0)  180/619
gyl 5/3 £ D,3(1520) 2 £ Py3(1900) 18/619
212 0 gpiarony  —1/10 gpy2i00p —16/619
g S/3 gpsaersy  —I/10 8 Fy5(1680) 5/3
gl 1 gpaa0y  223/619  gp <000 —2/21
21 1 gpaam200  180/619  gpoi1000 —4/7




€ Model parameters

Goldberger-Treiman relation:
gy = 1348, mg = 330 MeV,

gm MN . N
A gpny = 0.81 2 =0.16 GeV?.

fm «
BagNNEagmn — 100

EmNN —

TABLEII. Breit-Wigner masses My (in MeV) and widths 'y (in
MeV) for the resonances. n = 1 and n = 2 stand for the degenerate
states with quantum number n = 1 and n = 2 in the u channel.

Resonance Mg 'z Resonance Mg [z
S11(1535) 1535 150 P11(1440) 1440 300
S11(1650) 1655 165 P (1710) 1710 100
D;(1520) 1520 115 P3(1720) 1720 200
D3(1700) 1700 115 P13(1900) 1900 500
D5(1673) 1675 150 P11(2100) 2100 150
n=1 1650 230 F15(1680) 1685 130
n=>2 1750 300 F15(2000) 2000 200

- - - F17(1990) 1990 350
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da/dQ (mb/sr)
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Total cross sections

® S11(1535) is dominant near
threshold. The exclusive cross
section is even larger than the
data.

® S11(1650) has a destructive

interference with the S11(1535),

and appears to be adip in the
total cross section.

® States from n=2 shell
account for the second
enhancement around 1.7 GeV.

Zhong, Zhao, He, and Saghai,
PRC76, 065205 (2007)
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Total
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d S-channel resonance excitations in K-p — 20 r°

Os = [gs,,(1405) + &5,,1670)]Os,

Op = Igﬂmuszm + gﬂmtlﬁﬁﬂ}lf)&

gso(1405) _ (NfI703]S01(1405))(So1(1405)| 1 03| N;)

gso1670) (N[ I703]So1(1670))(So1(1670)|1f o3| N;)

|S01(1405)) = cos(8)]70,% 1) — sin(#)|70,° 8)
|S01(1670)) = sin(6)]70.° 1) + cos(#)]70.° 8)

850(1405) [3 cos(f) — sin(f)][cos(f) + sin(F)]
£5,,(1670) ~ [3sin(@) + cos(8)][sin(8) — cos(8)]

250,(1405)/ €50, (1670) = —3 leads to 8 = 07, i.e.. no configuration
mixing between [70,% 1] and [70. 8].

Zhong and Zhao, PRC79, 045202 (2009)



We thus determine the mixing angle by experimental data which

requires gs,,(140s)/ gso (1670) =~ —9
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 Diff. Xsect. for K_Ba
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M5 is the only s-channel amplitude

U-channel turns to be important
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 Baryon excitations in meson photoproduction

Quark-photon electromagnetic coupling:

- S e

Transition amplitudes in terms of the Mandelstam variables:

My = M}? + M3, + M

-+ M,

Zhao et al, PRC65, 065204 (2002)




The seagull term is composed of two parts,

M3? = (Ny

H m,e

Ni) 4 i(Ny

[ge: Hm] *Nz}u (83)

where |N;) and |Ny) are the initial and final state nucleon, respectively, and

Em |, — g,
Hm,e = Z %@m(Qv rj)uj’:,i’:rgujﬂﬁ(k rj) (8”1)
Jf T
1s the contact term from the pseudovector coupling, and

ge =Y _€r;- e (85)
J

comes from the transformation of the electromagnetic interaction in the s and wu-

channel [9, 6].



The s and wchannel amphtudes have the following expression:

M;, + M,

1
— iw, SN, H,,|N) (N, h.|N;
oy NG ) (O el N
. T 1 T T T

where

he =) er;-€e(l—ay- l;)eik'rjz
J

and k = k /w- 1s the unit vector in the direction of the photon momentum.



The nonrelativistic expansions of Eqs. (87) and (80) become [6]:

h, = Z [ejrj e i«:rj - (ey % l:t]] etkTs

J 2'??13'

and

wm wm
H™ = " o P4+ —" 5P,
m Zj: [Ef+ﬂ-ff':’f A VAL

I.

w a
—0j-q+ ﬁﬂj ' Pj] éﬂ_lqrﬁ
q y

(88)

(89)

where M; (My), E; (Ef) and P; (Py) are mass, energy and three-vector momentum
for the initial (final) nucleon; r; and p; are the internal coordinate and momentum

J
for the jth quark in the nucleon rest system.



Transition amplitudes in the harmonic oscillator basis

Ve —(k—a)?/6a’ Win 1 ! .
M= e o [1 T (Ef M, E + Mf)] 7
Vit o (k—q)2/6a? em( Mg + M;) c-q  o-k _
Mp=e q-k E,+ M, E+M)% "

M3, = (M5 + M3)e~ (¢ +a?)/6a?

M, = (Mg + My)e (0 +ah/sa?, % L ;
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® Compared with MS;, amplitude Ms, is
relatively suppressed by a factor of (-1/2)"
for each n.

® Higher excited states are relatively
suppressed by (k-g/3a2)"/n!,

® One can identify the quark motion
correlations between the initial and final
state baryon.

® Similar treatment can be done for the u
channel.

® |n principle, all the s- and u-channel
states have been included in the
amplitudes, and the quark level operators
have been related to the hadronic level
ones through g-factors defined as follows.

® Then, one has to separate out the
amplitudes for each single resonance (see
Ref. Zhao et al, PRC65, 065204 (2002) ).

gn =

g3 = (N¢| Y e; ;03| N;) /ga.
j

gy = (Ny| Z e;1;07|Ni)/ga,
i

b= AT )

I f y
" gioa ’

_ ! 1Y e; Lo, 05N,
3929.1 Ny i e
. x .-

S5 (Ng|Y eili(o; x ;). |N;).




Some numerical results for pion photoproduction
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Zhao et al, PRC65, 065204 (2002)



Differential cross sections for |yp— T
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Polarized beam asymmetry for
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Polarized target asymmetry for | Yp — T n.
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Recoil polarization asymmetry for
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Simultaneous account foryp - n® p and yn — = p reaction and

other relevant reactions.

Zhao et al, PRC65, 065204 (2002)
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N' (N, A, Z...)

Number of states with the principle quantum number n < 2:

YN > N*(A*) >N 27 states Difference due to Moorhouse
section rule
TP >N (A*)>=nN 19 states
P,(1440)
Yyn—>N*"—>nN 16 states D.(1520)
F,-(1680)
Yyn-o>N"->KA P (1710
g states m==) Zul'"O
YP>N"->KA P,5(1720)
Due to A selection rule P5(1900)
F,-(2000)

A Selection rule: Zhao & Close, PRD74, 094014(2006)




Prospects - |

1. For the purpose of searching for individual resonance
excitations, it is essential to have a quark model guidance for
both known and “missing” states. And then allow the data to
tell:

1) which state is favored;

I) whether a state beyond the conventional quark model is
needed;

1) how quark model prescriptions for N*NM form factors
complement with isobaric models.



Prospects - |1

2. Understanding the non-resonance background

A reliable estimate of the non-resonance background, such as the
t- and u-channel. Their interferences with the resonances are
essentially important.

3. Unitarity constraint

A coherent study of the pseudoscalar photoproduction and meson-
baryon scattering is needed. In particular, a coupled channel study
will put a unitary constraint on the theory.

Photoproduction of pseudoscalar mesons (z, n, ', K); and 7N = nN;
K-p ==X, and more are coming out soon...

Q. Z., PRC 63, 035205 (2001) ;

Q. Z., J.S. Al-Khalili, Z.P. Li, and R.L. Workman, PRC 65, 065204 (2002);
Q. Z., B. Saghai and Z.P. Li, JPG 28, 1293 (2002);

X.H. Zhong, Q. Z., J. He, and B. Saghai, PRC 76, 065205 (2007)

X.H. Zhong and Q. Z., arXiv:0811.4212, PRC79, 045202(2009)



Thanks !



€ A revisit to the S-wave state mixing

The mixing between pure [70, 8] and [70, *8] states is defined as

S11(1535) \ [ cosbs —sinflg I[70, 28,1,1,1/27])
511(1650) /) — \ sinflg cosfg I[70, *8,1,1,1/27])
Similarly, the D-wave mixing can be written as
Di3(1520) \ _ { cosfp —sinfp I[70, 28,1,1,3/27])
Dy3(1700) ) = \ sinfp cosfp |[T0, *8, 27])
T, N, K...
N 4 o
70, 28,1,1,1/27]) ’ S (70, *8,1,1,1/27])

—_—
N, A, ...



The physical states should be orthogonal which means:

n, n, K..
S11(1535) ‘} S11(1650) 0
N, A, ... B

This expectation can be examined by the K-matrix propagator between
[70, 28] and [70, 48] mixing states:

(] = 1 Dr:: DE.EI
Dan — |-'Dr:|:-f:r|2 Dﬂb Db

{ D, = s—m?> +i/5 T"%(s) I*(s) = My +Ton +... ,
Dy = s—mj +iy/s T(s) Th(s) = Thy +Thy +... .

i
—~— ' | EI- i & b
Dﬂ-b — m[ﬂwﬁ-‘ QS“NT,-QS“NW + Iﬂ'r'll‘-""'I Q‘Sll_"‘-'-?}ggll_"'-'-l‘]l]



Recalling that

2
q e
V3ay,

9 — f ' Az A A . v/ 2 gAz 2 e\
B = ('Tf'f"{smnhfhfgq *Pa—|Uin) = _@Snﬂﬂh‘/ﬂ;q Pa+ U7 q)

= | v T GAZ [ A . L Dy
o= (wﬁmlqezﬁq *|Utig) =4 9 /6a

J

The N* 2> NMtrg ' —

p

\

with 'y =

—S(W—m—Fl). Cg = Bid?n

2 ;
T = <'¥9ﬁnn|eiﬁqhzﬁaz|@{ﬁn} = i (1 + q_) g7 /6,

V3 3aj

Msponn = ——[C1{H)a(q) + ColHa)(4(q) — VZB(@))],

1 B(q)

MD,s(Dys)—=NM = 7 [01 (Hy)(q) + Ca(Ha) (‘T(Ei’:‘ - ﬁ)]

Ef+ My I

] & g + A+ | o+ . - et | o+ 0| o+ + -0
Hll:lft'},Hg{; — v@,ﬁ} 511 — AK 5’11 — p1 5’11 — N 511 — pT 511 — YK
AT 1T - 1 1 __cosd _Evﬁ 2 _ 1
(N, J= = 3|H1|STy, J= = 3) ~5 3./3 9./3 5./3 9./6
AT 1T - 1 1 __cosd _Evﬁ 2 _ 1
(N, J: = 3|H2|511, )= = 3) B 3./3 94/3 9./3 9.6




We can then extract the N*NM form factors given by the chiral effective
Lagrangian in the NRCQM, e.g.

Z |Mhadrm1|2 = {Ei + ﬂrf-;)(E‘f — ﬂvf_f) Z IMquarkF;
spin spin
where  N*(Sy; — NM): MY, = gs, numinug,
T* T .D — 1
N*(Dy3 = NM): Myl .n = 90isNMUNT5VuURePasPha
N*(Dis = NM):  MPS,. = goivartnumpheps

Maier = 5 —[Cra(g) + Calv(a) — VEB(a))] (H])
B 1 iope—9 /6e” q? q2 .
.
| g/ _ Cra(g) + Ca(v(a) + 2Ly
quark fm 1oy 2 ﬁ
1 que_qgmﬂg

- fm 3\/5&';1 {H}
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With the data for S1; — N7 and N7y [_1], i.e.

Br(S11(1535) — Nr)
Br(S11(1650) — N)

35 ~ 55%
60 ~ 95% |

Br(S11(1535) — Nn) = 45 ~ 60%
Br(S:1(1650) — Nn) = 3~ 10% ,

>

fs ~ 24.6° ~ 32.1°

Similarly, with the data for D)3 — N

Br(D15(1520) — N7) = 55 ~ 65%
Br(D5(1700) — N7) = 5~ 15% ,

Br(D3(1520) — Nn)

0.23 = 0.04%

Br(Dy3(1700) — Nn) = 0.0+ 1.0% ,

>

fp =~ 6.3° ~ 18.3°.

POPE — 25 5°

HIEE = —32°

HOPE — _52.7°

ESG-E _ 6{}




Relative signs for the N*NM couplings are given by the NRCQM

Bs(24.6° ~32.1%)| S, — mm |SH; = AKT|SH, = na®| S, —pr”  |S, = K"
Muy«—nm  [6.86 ~ 7.18] 4.32 ~ 4.07 |3.20 ~ 2.68|—-2.312 ~ —1.92| 3.32 ~ 3.88
gs11N M 7.03~7.35 | 4.42-4.16 | 3.37~-2.74 | —2.38 ~ —1.94 | 3.41 ~ 3.99

i
FEga NM /9511 pn

1

0.63 ~ 0.57

0.48 ~ 0.37

—0.34 ~ —0.27

0.49 ~ 0.54

TABLE VI: Strong coupling constants for 511(1535) — N M.

Ps(24.6° ~32.1%) S — py SH—= AKT S5 = nat SH —pr” | 8§} = EFK"
Mu«—.nm —2.56 ~ —1.67|| 2.0~ 257 406 ~4.44 (285~ —3.15(—-4.19 ~ —-3.75
G513 N M —2.50 ~ —1.63|| 1.96 ~ 2.51 396 ~434 [—-280~ =307 -4.0 ~ -3.58

gS1i NM /9S11pn 1 —(0.78 ~ —1.54|—1.58 ~ —2.66| 1.12 ~ 1.88 1.6 ~ 2.2

TABLE VII: Strong coupling constants for S11(1650) — NM.

Indication of a destructive sign between S11(1535) and
S11(1650) amplitudes inyp -»>n p,and ©p - nn.




arXiv: 0810.0997[nucl-th] by Aznauryan, Burkert and Lee.

It is important to have a correct definition of the common sign
of amplitudes and relative sign between helicity amplitudes, i.e.
Al/2,A3/2, and S1/2.




vp 2S,, (1535):  3q picture

120 |

: Opposite sign
100 [ .
A of Sy, !
80 |
60 | :
-, N Impossible to change
40 |
i in quark model "
20 |
| Jl
Combined with the difficulties
LF RQM: in the description of large width
of S;;(1535) > n N and large
——— Capstick, Keister, S,1(1535) > ¢N,AK couplings,
PR D51 (1995) 3598 this shows that 3q picture for
—— Pace, Simula et.al., 51(1535) should be complemented
PR D51 (1995) 3598 From I. Aznauryan, Electromagnetic N-N*
Transition Form Factors Workshop, 2008
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