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Motivation for study of P11 and Sq1 resonances

Large width of **** P1; 1440 “Roper”; existence of *** P1; 1710 unclear;
di Lculk to identify directly (in cross-sections)

Atypical behaviour of ImT yinJ | 1=2 partial wave

Level ordering (parity inversion) of P;; 1440 wrt. S11 1535 on Lattice

Many competing explanations of the Roper in models, e.g.
g3g hybrid . Li, Burkert PRD 46 (1992) 70
qdggqqg admixtures . Li, Riska PRC 74 (2006) 015202
dynamical generation by N - Krehl++ PRC 62 (2000) 025207
- Doring++ NPA 829 (2009) 170

Two negative-parity resonances:

resonance M [MeV] [MeV] decays

$11(1535) 1535 150 N 35-55%, N 45-60 %
2 N<10%, ( R)

S11(1650) 1655 165 N 60-95%, N3-10%, K 3-11%
2 N10-20%, 4-12%, 1-7%




Present work

A coupled-channels approach that includes many-body states
of quarks and mesons in the scattering formalism

Calculate scattering and electro-production amplitudes
within the same framework

Investigate whether quark+meson description is su Lcieht
I.e. no exotic degrees of freedom involved

Baryons treated as composite particles

- ¥ coupling constants and cut-o [s_&f form-factors
computed from the underlying model, not fitted

smaller number of free parameters

Physical resonances appear as linear combinations of bare resonances

Bare quark-meson and quark-photon vertices are strongly modified
by meson loops and mixing of resonances

K-matrix real & symmetric -¥ S-matrix unitary



Reminder:

1232 in quark models with pion cloud

Helicity and electro-production amplitudes for N ¥ 1232 I N
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Coupled-channel K-matrix formalism

Our model Golli, Sirca / EPJA 38 (2008) 271
Golli, Sirca, Fiolhais / EPJA 42 (2009) 185

The meson field linearly couples to the quark core; no meson self-interaction

z X n h 10
H  Hguark dk | ka?/mt K aimt K Vimt K aimt K Vimt K ya?/mt k

Imt

Vimt K Induces also radial excitations of the quark core,
eg.1s ¥ 2s,1s ¥ 1p;-p, 1s ¥ 1p3z-p, ... transitions

For example: V k from Cloudy Bag Model
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Constructing the K-matrix

Aim: include many-body states of quarks (and mesons) in the scattering
formalism (Chew-Low type approach)

Construct the K-matrix in spin-isospin (JI) basis:
s

I vE .. .. .
KIﬂAIOBOMB k'\'\/IAWB h Y% W jjVme k jj goi

dressed states
by using principal-value (PV) states

" Eg | BLRT =
H W

j MEw i V kyj sl

normalized as

h MB w J M°8" WO i w o wW¢ mB:moBo 1 K2 MB:MB



Ansatz for the channel PV states

free meson bare (genuine)
S 2 £ (defines the charpel) ¢ baryons (3q)

j MBi - MEB ) ay kM jeBi JI CII\?/IBj Ri

kmW - .
meson “clouds” with amé)lltudes

X MB'MB =

dk K; Km a¥ K jemi V'

vogo Tk Eso k W >

Above the meson-baryon (MB) threshold:

s s
L EB L MOEBO 0R0
K k: k M M*B* MB k: k
MOBOMB K, Km Ko W KnoW M
2 decay through intermediate hadrons ( 1232 , N 1440 ; , ,:::), e.Q.
NTB ¥ | N ; NEIB & NT 2 N
Solve Lippmann-Schwinger egs for ; the solution has the form
X
MB'MB K: Ky Cgavé\g& Kk DMOBOMB K: K
R | |

dressed background
vertex part



Solving the coupled equations

The dressed vertices satisfy: 18— T T T T T T
x £ MBMB? .1 .0 \,M® 10 16 B
M M 0 K K;k® Vgig K 14 1 _
VML ko VML K dk — . 1ol ,

MOBO - k EBO k W 1
" 0.8 —
Ver K 06 |- 'MNR i
Vek K 83 i FINA |

o L | | \ | \ \ |
1.1 12 13 14 15 16 1.7 1.8

W [GeV]

'mBR

Similarly, for the background part of the amplitude:
DMOBOMB K: Ky KMOBOMB K: Ky
X z R MO M®BY k: KO pM¥BYMB K Ky

0
dk ) Ego KO W

M 00g00

The coe Lciehts c,'\Q"oB of the quasi-bound states satisfy a set of equations:

X
Arrt W clf W Vak K
RO
Z 0 0
X VIS k VML K
ARRO W MI% RRY dk BIR BUR

B0 1 k EBO k W
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Calculating the K-matrix

To solve the set of equations, diagonalize A to obtain U, along with the poles of the K-
matrix, and wave-function normalization Z:

2 3
ZR W W MR 0] 9]
UAUT § 0 Zre W W Mgo 0 Z
0] 0] Zro W W Mgo

As a consequence, r Mix;

. X o 1 X
JeRI UrrY RI Yer P=—— URrgri!VsRo
RO ZR W RO

Solution for the K-matrix;
s s 2 N 3
| MEB | MOEBO 4X BRTBOR 5

kMW kMOW MR W

KmB;moB0 DyB:MOB

R

resonant background

Solution for the T matrix:
X
Tme:mos?  Kwue:mogo Tme:m000 Kp00g00:p080
MOOKOO



Pion electro-production: including the N channel

Only the strong Tys:mos0 appears on the RHS:

X
Tve: N Kme: N Twme:mMoBOKMOBO: N
MOKO
r E
' EN MOoB0
Kmogo: N kw a1 VN

Choosing a resonance, R N , the principal-value state can be split into
the resonant and background parts. Then

Y4 helicity amplitude
4
M % ! EN 1 h res V\fi-n-\ﬁ/' - f T M bkg
MB N " E v N JV- J NI T vBWMB MB N
| = MEB BN {z }
My N
The resonant state takes the form:
g bare quark contrib meson cloud éontrib
/ ~
< > M =
1 dk WM Kk
. res - - - BN - = Jl
j Wi PpP=—_je\ I a¥ kj gi .
N Zn - s Yk Es W ;
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Underlying quark model

Cloudy Bag Model extended to pseudo-scalar SU(3) octet

quark meson

1 _
L cem =05 a0 a I Rpa a

2T

Parameters:
Rbag 0:83 fm
T 76 MeV
fk 12F
T ¥ or 12T

Similar results for  0:75 fm < Rpyg < 1:0 fm

Free parameters: bare masses of the resonant states
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Pion scattering in P11 partial wave N I MB

Channels: N, , N, R (preliminary: N, K )

Parameters of the N-channel: g g 1; m 450 MeV; 550 MeV

-03 n

04 UL | | | | | | |
1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

W [GeV]

Thin lines: only N 1440 included ( 1s 2 2s 1)
Thick lines: N 1710 added ( 1s 1 2p ?)withg NN 1710 O

J NN 1710 Jd NN 1440
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Pion scattering in S11 partial wave N I MB

o8 T

0.4 F N —> 7N i
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Allow single-quark excitations (1s ¥ 1p;-> and 1s ¥ 1p3-5)

1535 Sin#j%81-21  COS#4j%81-21
1650 COS#4j*81=21  SiN#4j*81=2i
#s Is a free parameter ( 30 ) Myhrer, Wroldsen /7 Z. Phys. C 25 (1984) 281
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Pion scattering in S11 partial wave

Inelastic Channels

S11 contribution dominates

P11, P13 negligible
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P11, P13 contributions sizeable

not yet included in our calculation

PWA results on S11 : P11 : P13 uncertain



Helicity amplitudes for

oare
pion

MAID fit

total (Reee=1fm)

vertex correction A
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P11 transverse photo-production amplitudes N IN
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Helicity amplitudes p ¥ Sq1 1535 ;S91 1650

Aq=> QZ 100; . N(15|35)S11 -- N(16|50)S11 3
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S11 transverse amplitudes

10 3=m

10 3=m
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Eta, kaon photoproduction
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Summary

Using a single set of parameters we reproduce the main features of pion-
and photon-induced production of , , and K mesons in P11 and S11
partial waves.

Importance of the meson cloud:

— it enhances the bare baryon-meson couplings;
— it improves the behaviour of the helicity amplitudes at low Q2.

Enhancement of couplings stronger for P11 and P33 than in the case of
S11 resonances which are dominated by quark-core contributions.
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Spare slides
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Lippmann-Schwinger equation for the K-matrix

M ki ko >B<cBN W Vs kKN ki ko ’ dk’ KN:OK o EL EOTN k:/;vko ’ K’ KANA!?(ki ‘;" “lj“ ki/;vko
i kka >B<65 WiM VM K Ky KiKa ’ dK® KW;VI& k;Ek° ;OJT 'jlikl ‘ 0 KMEI&k; E:Ali;' k(:l;vkl
“i1 kiko i.(CBN W VT kKN kiko ’ dK® KM:?(k; EON E(TN ki/ivko g dK KM|\!/|?( k;I|E<0 ;ﬁl k\:\;ko
N kike 1(65 W;M Vg kK Kl kikg de° K'\I\/I'!?(k; EO kJOT ki/;\/kl ‘ K KN!N?(k; E(:\IA;OT k(\)/;\/kl
W M c) W Vs ko jdk AiTIN( k;Eko kV th ’ iNT: k;E‘;O kVNBV';
N

Z -

T k;kl VNBk T k;klka
k

T, En K W ', E k W

w MYE W.M Vg ks dk
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Solving the Lippmann-Schwinger equation: separable kernels

1 o Er k En ko
", 1) ¥, Egk Enko ". Egk Enko ") Egk En ko
k2 h ko k]_ 2I k% kz; Eg E En ko Ty 2Mg
0
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’ - NN EN -0 | !0 n!\l !k Il!\l
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2
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Form factors of S, P and D-wave mesons-quark interaction

Determined by the bag radius Rpag  0:83 fm

Equivalent dipole momentum cut-o [

s 510 MeV/c, p 550 MeV/c, p 550 MeV/c
1 T T T T 1 — — 1 T T T
0.8 | S-wave “os L P-wave los L D-wave |
06 -
CBM —— 06 - 106 | .
- CBM —— CBM —
0.4 - modified - . o
04 L modified doa bk modified i
02 r . p-wave
02 402 -
0
-0.2 \/ n 0 \_/ 0 T—]
_04 | | | | | | | | | _02 | | | | | | | | | _02 | | | | | | | | |
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24



-quark vertex: S, P, and D-wave pions

1 LI 1 k2 jo kR X
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-quark and K-quark vertex (S-wave)

1 IS I 1 k2 jokr X _
2T o 1 %5 12 . kR -

1 = L 1 k2 jo kR

VtK K = P1=2 = S Jo

2fK _p1:2 1 - S 1 2 _!_k kR

X

Vi Ug 1 Pgp I
1 1
P— P—

fk 1:20F .
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-quark vertex (S % S-wave and S % D-wave)
S
y . 1 . 1 k2 jokr X :
| omt 2f 1, 12 Pw. kr
p_S ! '
8 = p1=2 z g3 = pa= 35 :
1 1
3 ! P1=2 1 = P3=2 2
= X
vV K 1 Y3 Us 11 k® jo kR i 35 i
| 2mt 2f 1, 2 1, 12 3°1, kR oL
f 200 MeV
L X lms . ) ] 13 X lms . ) )
e Ci . Jsmsihpi-omjj 12 Cs . Jsmsihpz->mjj
MsMm; 2771 MsMj 2]
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P11 1440

fP".I]‘|||I|||I|||I|||I|

1 2 3 4
Q* (GeV?)
Weber / PRC 41 (1990) 2783
Capstick, Keister / PRD 51 (1995) 3598

Cardarelli++ / PLB 397 (1997) 13
Aznauryan / PRC 76 (2007) 025212

sign change of A;->
evidence for Roper as radial excitation of 3¢

nonzero Si-», hybrid g3g picture ruled out
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P11 1440 and Sq11 1535 on the Lattice

positive parity

close to chiral limit, e Cecks of SB important sof
] ) 2.8j s E
level ordering should change with mgq 26 L3 % * 2]
. . . . 4l EXPY _
Heavy q: 1st radial above 1st orbital excitation _ ;‘7 pe % 52 E
- - - > L 4
chiral limit: reversed levels 8 2o Eik e
EZ Hle N(1710) - l
Bern-Graz-Regensburg / PRD 70 (2004) 054502 Lo T " 0 mstim
|® N(1440) == ® ¥ a=ou48fm |
PRD 74 (2006) 014504 -1 1“2'7 = 4 A0azozmm
12— A v A7,a=0.119fm —
“... do not attempt a chiral extrapolation of our data ... numbers 1005 e o g momem ]
seem to approach the experimental data reasonably well” 0,80’50 . ’ L ]
“... the Roper’s leading Fock component is a 3-quark state” (m)? [Gev]?
Kentucky / PLB 605 (2005) 137 , Roper ¢
L o 4
o
“.. and parity excited states of the nucleon tend ~ — S11(1535)
to cross over as the quark masses are taken to the chiral limit. % 15 | o ¢
Both results at the physical pion mass agree with the exp <) ® Nucleon
values ... seen for the first time in a lattice QCD calculation” 3] I ° R
. 2 1 f'” 171 ]
“...a successful description of the Roper resonance depends s 15 3%%HHH P4
not so much on the use of the dynamical quarks ... most 0.5 | 130 MMy 1
of the essential physics is captured by using light quarks” 0 o1 02
0

0 01 02 0.3 04 05 0.6 0.7 0.8
m.2(GeV?)
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P11 1440 on the Lattice

3.0 ' N ' | ' | ' ]
- e G.S. NY#*(exp.) °© gs :
30 L* Roper (exp.) 4 1% e.s (Roper)
) - --- P—wave N+m -
25 [ -
—~ L i =" é J
% I -7 X 7 ’
o 20 .- 2 7
- ok I ;
= i E o ]
1.5 h o © 7
R (o] i
N o © i
1.0 -_. o ©° _
05 * | | - | :
0.0 0.2 0.4 0.6 0.8

m_? (GeV?)

Adelaide/JLab / PLB 679 (2009) 418 — quenched, FLIC fermion action

“A lower lying Roper state is observed that approaches the physical Roper state.
To the best of our knowledge, the first time this state has been identified
at light quark masses using a variational approach.”
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p-P11

p—-P11

Lattice N ¥ P11 1440 EM transition form-factors

(OFZ1 A B L B A B 0.05r——"—T——— 77T T
i } { ] @ . ]
02 3 1 0:- ¢ e, = 7
R Qﬂ T 4 e 4 alf' | i
@ g L
oF s - ® = 1 & —o0sF ]
i = 0 (Pu|Vu|Dp) o Exp ] o (Pu|V,|n) { }
02} O PV Pu) _ _oa0F @ (N[Vi|Pu) -
B i | | | N B 1 1 l 1 1 1 1
T T | T L B T 0.60 T T T T T
0.4 § 5 B : { { 7 i (m] <P11|V/1|n> ]
- $gm S { ; 0.30F O (n|Vy|Pu) .
oF 2 R R - PDG ]
C P.. |V 1 ¢ oF -
_04k O (P|Vi|Pu) E : L 3 { ]
: o Exp ; ~0.30F $ { .
. PDG - 3 ;
-0.8 NETEETEEE B TSR RS RrT Rrrr —-0.60 T SRS BTSN T RS S R N
-1 0 1 2 3 4 1 0 1 2 3 4
QAGeV?) QAGeV?)
quenched, m 720 MeV (1) Lin++ / PRD 78 (2008) 114508

“exploratory study”
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SAID PWA of N scattering in P11 channel

009 | | I ' T T T T
T - ImT
T e g % .
- f T ﬁﬂé}e _
40
% N ImT  jTj?
¢
<ﬂ £ 2o Tt - P ReT
R RIET 1
_O.S | I I l L | | | | | | |
1080 1380 1680 1980 2280
W (MeV)

SAID FAO2 Mgy 1468 4:5 MeV, =2 180 13 MeV
Mpole 1357 i80MeV (I RS)
1385 i83MeV (Il RS)
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Ansaetze for the channel states More Detalil

unmodified b
. are baryons (3
N channel: o (free) y (30)
s
¥, Ey ko = X
i Wi ‘-"kONWO_aykoijoiJT cNWj gi
B
YA NN .. Z

Z N 0

dk K; Ko; M

& Kjn ki dm’ T A kje Ml T
=k

Z D)
dk ™ kk
T ay ko ki T ~
". Enk W

meson “clouds”
with amplitudes

channel:
s 8 %
. . ,E k ) ; ..
i1 W;M i W:ayklje M i JT cg W;M j gi
B
Z N Z Z 0 ),
dk kK:kyi; M dk k:ki; MY M
T2 @ kjakidT dwe T a¥ kije MmOt
Ty EnK wW 1, EVk W
MmN channel (e.g. m ):
s =
' .En k X
i w Mo Ak km ) n km BT e Wi e
m ) B
z Z Z Nm ),

dk 17" K km; ;¢
", Enk W

dk Y™ ki km
", Enk W

dO JT

alo kj nKki ay kjnkilm
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Kinematics of two-pion decay

NIB 1 1 N
"(kl),f’

e
'

B*
n(ky)

A (M) -

K1 2 m?2; E M? K

The intermediate state
Z
e M i K i dk Vy k
] 1 K2 Ty EnK
K 1 ;3 2
1 K2 M M2 2 2

NIB I mNTYT 2 N
IIIT[(kl)
m(, - T
B*
N
w2 Mg 2
' W Ey W ;
q q
Kk 12 2 By M§ K
he M je M°i M MO
Z
33 dk V k
Yk j 22 Yk j
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Calculating the K matrix Details, part 1

Connection between K-matrix elements and pion aplitudes

¥ oEN Ko

Above threshold: K n N W W N ko ko
s
1.En ko T1E K
Above 2 threshold: K N W:M 0 Nkolilwé L NokikoM
s
T,En ko T1E Kk
Kin WM > Nkol(ilW; = N koikiM
s
".E k; B9E K]
Ko WMSM Tawz T KikiM%GM
1
. ! mEn Km mm .
m

The form of amplitudes

X
o ce W Var kDN Kk kg

R I
dressed background
vertex part
s cg W;M VE%'EQ k DEAOc?M K; K1 etc.

R
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Calculating the K matrix Detalls, part 2

h jH Ej i )
Lippmann-Schwinger equation for

Z Z NBY .0 \,MB0 o
VR VNR dk’ K iK Vi K 2 dKk’ R K Vi X

1oEnk oW ¥ Ep kO W
Z Z BB 10 \s7Mg0 0
KBN k, kO \V/ kO X K kK: kK’ Vo K
M, yM, grd M NR dk? — M Me? PR

¥ Ep k0 W

System of linear eqgs for coe Lciehts cgo of the bare 3qstates(H2f N; B; BQ)

X
Arrt W Cgo W: my Vll_\l/IR k|-|

RO t
XZ

ARRO W M% RRY dk
RO

MBO MBO
Veir K Vpige K

!k EBO k W
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Calculating the K matrix Details, part 3

F)
R are not eigenstates of Hamiltonian and therefore they mix: JeRI rRIURRY RI

Diagonalize A to obtain U, the poles of the K matrix, and wave-function normalization Z

3
ZR W W Mg 0 0
UAUT D; D § Zro W W Mgo 0 é
O 0] Zro W W Mg
Pion amplitudes pertaining to physical resonances H
X 1 X
HH W, Foor; W, UrroV
i, HR Ze W Mr W HIR , HR y RROV HRI
Solution for the K matrix
g 9
X Tt =
K K resonant K background NyN AR AR D
HH? HH? HH? g HINRHo _ S ZrW Mg W HHO -

T matrix and scattering matrix S
same structure for all channels

T K 1TK
S I 20T
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Pion electro-production

Formally, the K matrix acquires a new channel, N

Because the EM interaction is considerably weaker than the strong interaction, we assume

K N N K N N K N N
(and similarly for other channels). The Heitler-like equation for the electro-production

amplitudes then reduces to h

Tn W KnNnW i Ty WKW T ou WMKy WM

— _ _ 1

T nen W5 K nmn W,

The T matrix for electro-production is related to the electro-production amplitudes by
1 XAq

T JNT N I P—=s kok MN W;MJ;MT;t;k ; Y]_m r C\llmJlmCIE/lth
1 2 m ainT e
h —_— —_— —_—
My N W MG W W T WM W Ty WM M WM
bkg

MT W MG yW

38



Evaluation of matrix elements

The resonant part of amplitude for achosen R N
V

u
1 E 1 S
%'OE: VN h Nres WJVJ NIT NN

mCC<

Eny 1
1oEn  Vin

res
M N

AN
The background part obeys the equation in which the resonance pole is absent:

h i
bkg K bkg i K bkg = ~—K bkg = ~AK bkg
My'nh MiynN I' T n N\M N T n My T nmNM N

The helicity amplitude Ay for the electro-excitation of the resonance is proportional to
the transition electromagnetic form factor:

Av h S W v i

For example:

S Z
1 — ~ € i
MK, W —h MWV ik jNi VO ko e=2= dr" jrex -
Ko 21
The resonant state takes the form:
C Z )
. res . 1 : ) dkTNN k I —
Wi p=— i a¥ k i
Jon zy ", Exnk W Iw
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Resonances and quark-model wave-functions S11

resonance M [MeV] [MeV] decays

$11(1535) 1535 150 N 35-55%, N 45-60 %
2 N<10%, ( R)

S11(1650) 1655 165 N 60-95%, N3-10%, K 3-11%
2 N10-20%, 4-12%, 1-7%

1535 SiN#j%81=201  COS#4j°81-21
Cx 1s?1psp ' ¢} 1s?1pip ', ¢k 1s?21pin ',

1650 COS #:j*81-01  Sin#4j?81-21

2 2 1 2 2 1 2 2 1
Ca 1s © 1pz=2 Cp 1s “1pi=> " 14 Cpo 1s © 1p1=2 = »

1 . 1 i
Ca 52005#S sin#s ca §cos#S 2sin#s #e 30

Myhrer, Wroldsen /7 Z. Phys. C 25 (1984) 281
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Separation of amplitudes into resonant and background parts

Because the K matrix elements contain poles, it convenient to separate the amplitudes as

\V4
u
" E g
MK %a(wﬂgw Knph 0 WiV j i MS™  H N ;mN
0
¥/
| | ~
!HEH h H n:p: -7 - - H non res i
oy ONU N TV N Ry iV i
H

The resonant part takes the form

\/
i
;(WNgW h W W iVjNiT N
0

Vv
u

|
%kOWNgWAN TN N

res
M

The background part obeys the EQ in which the resonance pole is absent:

bkg K bkg K bkg = ~—K bkg = ~ K bkg

M M 1T N NM T N M T NmNMmN
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Phase shifts

P11, P33

...................... resonant term only, no background
...................... N and channels
N () channel included :
- - . quark . quark

...................... Born approximation,g nr 1689 Nyr,9 N 1:40 g™
Phase shift

200 T T T T T T T 200 T T T T T T T

180 T el .

160 150 B

140

120 £

100 3 1
100
80
0 -

0 ° P33

40

20 0 B AR

O \

_20 1 1 1 1 1 1 1 _50 1 1 1 1 1 \17777 1

1100 1200 1300 1400 1500 1600 1700 1800 1100 1200 1300 1400 1500 1600 1700 1800
d NR ~n. 9N _ g NR . g N )
quark 1.0 ! W 1.0 quark 1.0 ! m 1:0
NR g N NR g N
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Resonant and background contributions to P11 phase shift

200 I ' T T T T T i AR ‘Tt
total
res —
nucl. pole «-------
150 Ao S |
crossed ( \
reson.
100 | \ )
" n
=
ke 50 |
i N
N N
°r 1 nucl. pol.
LI e
-50 | _
A
'100 1 | 1 | A | | N
1000 1100 1200 1300 1400 1500 1600 1700 1800 N

W iNeV] u-channel
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Contributions to the proton transverse amplitude

2 (1 ]

P L TN ]

______________________ R I e

---------- 1 i total 1

Cresonant 1 1 - resonant

---------- N—pole ] I e N—pole |

.......... non—res | 5 s ON—TES |

—— A—exchangel, ~° [ — & =_exclth0rﬂgef

.......... —pole i i m—pole
,,,,,,,,,, W : _3 ; R V) ;
| | | | -~ — mhchannel - - | | | o TA chor‘mel ]
1100 1200 1300 1400 1500 1600 1700 1100 1200 1300 1400 1500 1600 1700

W I MeV 1] W I MeV ]

R R Yy o n .- .-
vy n ywt_) n "\3,,—\: :

hal M s I w
N’G N A :
N N N N N N X

N N N N
resonant nucleon pole crossed pion pole omega meson
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