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._ The Roper Resonance

first baryon resonance discovered in PWA, 1964

Phys. Rev. Lett. 12 (1964) 340:

EVIDENCE FOR A P,, PION-NUCLEON RESONANCE AT 556 MeV W, = 1440 MeV
L. David Roper I
Lawrence Radiation Laboratory, University of California, Livermore, California 1232 MeV 1520 MeV
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outline of my talk

new MAMI data on photoproduction of n°, n, n'
with very high precision cross sections

and new polarization observables

update of EtaMAID for y,n and y,n" with new N* excitations
and new data from Mainz, Bonn, GRAAL, Jlab

current status of MAID for v,
transition form factors from low to medium-high Q?

outlook



collaboration

Mainz: Michael Ostrick, Viktor Kashevarov, Kirill Nikonov
and MAMI-AZ2 collaboration

Zagreb: Alfred Svarc, Sasa Ceci

Tuzla:  Jugoslav Stahov, Hedim Osmanovic,
Mirza Hadzimehmedovic

Dubna: Sabit Kamalov



[ 16 spin observables in photoproduction of 7, n, ', K
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[ecent MAMI data on single ©°, n, n' photoproduction

on proton:

v,m': do/dQ, oy
T, F
G
E’ Aatotal

Y.M- dG/dQ’ Ototal

T, F
E' Aatotal

%11'1 do/dQ, Ototal

on neutron:
v,1%  do/dQ, Gy

Y-M- dG/dQ’ Ototal

also TFE, G

thr <W < 1.9 GeV
thr <W < 1.9 GeV
thr <W < 1.55 GeV
thr <W < 1.9 GeV

thr <W < 1.9 GeV
thr <W < 1.96 GeV
thr <W < 1.85 GeV
thr <W < 1.9 GeV

thr <W < 1.96 GeV

thr <W < 1.9 GeV
thr <W < 1.9 GeV

up to 1.9 GeV

PRL 111 (2013), PRC 92 (2015)

PL B750 and to be published in 2015
not finally analyzed

not finally analyzed

PRC 82 (2010)

to be published in 2015
PRL 113 (2014)

not finally analyzed

to be published in 2015

PRL 112 (2014)
PRC 90 (2014)

In analysis, to be published in 2016



' total cross section of MAMI y,n° data

P. Adlarson et al (MAMI A2 Collab.) Phys. Rev. C92 (2015) 2, 024617

the red points are not a calculation, it is data!
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[Legendre expansion of the diff. cross section
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ILegendre expansion of the diff. cross section
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ILegendre expansion of the diff. cross section
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ILegendre expansion of the diff. cross section
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around 1.2 GeV also G waves become clearly visible in forward direction



[_egendre expansion of differential cross section

P. Adlarson et al (MAMI A2 Collab.) Phys. Rev. C92 (2015) 2, 024617
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'egendre expansion of polarization observables for y,x’
' A2 Collaboration at MAMI, ready for publication (2015) |

. do P
T observable (target polarization) T-—5 = sin® Y A% P,(cos8)
n=0
A, A,

BG2011-2
SAID CM12 ]

W [GeV]
- d e
F observable (beam-target double polarization) F- £ = sin® ) A% P,(cos9)
=0
A, A, A, A, A, ! A,

BG2011-2 |
SAID CM12
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I n Photoproduction at MAMI

YP—mMP MAMI A2 Collab, preliminary
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YP—=mpP

n Photoproduction at MAMI

MAMI A2 Collab, preliminary
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rget Polarization and Beam-Target Asymmetry for y,n
— — — — n-MAID 2001

- — — — Bonn-Gatchina A2 Collaboration at MAMI
""""""" SAID Phys. Rev. Lett. 113 (2014)
— — — — Giessen
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[ The MAID Ansatz

ty (W, Q2) — t"ﬁt (W, Qz) + twfn (W, Q2) total amplitude

B, . unitarized

tWa(W’Q ) = V“ﬂ‘ (W Q )1+ ”??N(W)] background amplitude

) 5 SINW )0t (W) Mg frn (W) S0 (W0 unitarized

w (W,0%) = a5 (W,0%) ME =W — Mg Ty (W) reson. amplitude

dWN\' ( xpra \' M o

Tav(W) =B Tr ( ~ ) X,%iqz(af) WR energy-dep. widths
fan(W) = [ L x(W)My nN(W)] /2

" (27+1)mg(W) Mg T (W) vertex functions

fo W) — (K(W))n ( X}%+K§ ) depend only on W

WA kg X2 +Kk2(W)

phenomenological parametrization of transition form factors:

ﬁg(W, Qz) ~ /‘—Zloc(Qz) = :qoc(O)(l —|—(11Q2 +a2Q4 —|—a3Q6 + a4Q8) e—b1Q2



[he MAID Ansatz without unitarity, e.g. for y,n

ty (W, Q2) — t"ﬁt (W, Qz) + twfn (W, Q2) total amplitude
B, unitarized
tWa(W’ Q ) — V“ﬂ‘ (W Q ) [ n )] background amplitude

itarized
2 > JIWW) ot (W) Mpg frin (W) unitar
= AW, W . ampilit
( Q ) ( Q ) M2 W2 IMR rtot (W reson. ampli ude

Ty (W) = B T <CI(W))2H1 ( 5(1%+‘3122 ) Mg energy-dep. widths
qr XR + q2(W) w
o W) = Co [ o SO M B () 2
TC
(27 +1)m g(W) Mg Tio:(W) vertex functions
FarlW) = k(W) \" X}%+ 1(% depend only on W
YN — KR X2+K2(W)

phenomenological parametrization of transition form factors:

ﬁg(W, Qz) ~ /‘—Zloc(Qz) = :qoc(O)(l —|—(11Q2 +a2Q4 —|—a3Q6 + a4Q8) e—b1Q2



[' EtaMAID update for coupled yn and y,n'

(with V. Kashevarov, Mainz)

still very preliminary, 28.09.2015

Resonances in nMAID-2003
D,,(1520)%%%% S (1535)%*%% S (1650)**** D, (1675)%***
F,(1680)%*** D, ,(1700)*** P, (1710)%** P, ,(1720)%**x

Additional resonances in nMAID-2015d

F,(1860)** D, ,(1875)*** P, (1880)** S,,(1895)**

P, (1900)*** F,,(1990)** F,(2000)** D, (2060)**
D,,(2150)%* G,(2190)%**%  H (2220)%%%% G, (2250)****
P, (1440)¥**% P (2300)%* D, (2570)**

red marked resonances have very small contributions and were excluded from fit



' EtaMAID update for coupled y,1 and y,n'

(with V. Kashevarov, Mainz)
data used in the fit

Yp— Np
@ do/dQ W=1.488 — 1.957 GeV MAMI 2015, Prakhov, preliminary
@ do/dQ W=1.965 - 2.075 GeV CLAS 2009, PR C80 (2009) 045213
o T W=1.497 — 1.848 GeV MAMI 2014, PRL 113 (2014) 102001
@ F W=1.497 — 1.848 GeV MAMI 2014, PRL 113 (2014) 102001
@ 2 W=1.496 — 1.908 GeV GRAAL 2007, EPJ A33 (2007) 169
o E W=1.525 - 2.125 GeV CLAS 2015, arXiv:1507.00325v1

]

Yp— Np
@ do/dQ W=1.898 — 1.956 GeV MAMI 2015, Prakhov, preliminary
@ do/dQ W=1.925 — 2.045 GeV CLAS 2009, PR C80 (2009) 045213
2 W=1.903 - 1.913 GeV GRAAL 2015, EPJ A51 (2015) 77

overall y? ~ 3.8, below n' threshold ~ 3.4



-P — np nMAID-2015d: total cross sections =
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NP nMAID-2015d: differential cross sections, Mainz data *
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P nMAID-2015d: differential cross sections, Mainz data l"'"'-g
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X

— NP nMAID-2015d: differential cross sections JLab/DESY 4
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—> NP nMAID-20154d: T, F, 2, E data from Mainz/GRAAL/JL 54717-"""_fE
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p—np

nMAID-2015d predictions for CBELSA/TAPS
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P—nNn'p nMAID-2015d and near threshold data

) g -

MAMI - A2 data 2015, preliminary GRAAL data 2015

o
o
&

"" """ 0.08------- ’“‘ """" 0.08------- el ‘ """ 008"“ """

o
o
(+)]

T T

NN U O S O G O WO O 9 O W |
§ 4 i : | E P ¢ 02 b W=1.9032GeV. .. ]

R S 111 S e s 11 0.04

el 002 0.02 0.02} -

do/dQ [ub/sr]

0.08f ] 0.08 e -10.08f 0.08F

T SRRCr T (11, : SRR IO SO (1Y - S 1 R R

0.04k5 - 54 0.04.5 N0.04: N 0.04.

T T

02 bl - W=1.9125GeV. E

0.02- 0.02 0.02- 0.02

0.08- 0.08] 0.087 -3 0.08

0.06 0.06f - 47 10.08 i gtk oo i $

0.04; 0.04j; -30.04; 0.04j

SN N N P O N O O O O S . S 4 05 0 05 1
W=1.944 GeV W=1.95 GeV W=1.956 GeV cos O

0.02-- --10.02r -

W=1.938 GeV
-1 05 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -05 0 0.5 1
cos®,

closed circles: A2MAMI-15; open circles : GRAAL-15; Red lines: nMAID-2015d



—n'p nMAID-2015d and CLAS-09 data
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-T—> N'P  nMAID-2015d and CBELSA/TAPS-09 data -
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Eegge parametrization of /- channel vector meson exchange

around the n' threshold, the onset of the Regge regime
becomes visible at forward angles

for n' photoproduction one can use Regge from threshold on
In a single-channel analysis

for n photoproduction a smooth transition
from poles to Regge has to be found

we plan to describe n and n' photoproduction in a coupled-channel approach
for the vector meson exchange we want to use the method of

V. Mathieu, |. Danilkin et al, arXiv:1506.01764,
for matching low-energy analysis with high-energy Regge parametr.



Eta-MAID update 2015 with new resonances

Particle JE  overall Ny Nz Np No Nw AK K Np Arx

N (1440) 1/2+ Fokokk ok kodkokk O kK * $okk

N(1520) 3/27  sxxx sokkk KoKk @ *okk KKK

N(1535)1/27 s fkkk  kkkk * %

N(1650) 1/27  sskkx L ACD) kxk kx Rk kkk

N(1675)5/27 sxxx L ACED) * * kxx ]

N(1680) 5/27 ssxxx srkx wkrk G Dk KKk kKK O 7 N*in 2001/2003

N(1700) 3/27 sxx $ok sk G % ok ok ok

N(1710) 1/27 sxxx Rkkk Rk @ %k okkk ok ok Kok

N(1720) 3/27 sorsx orkr ok @) %k k% kk K

N(1860)5/2" xx sk C o

N(1875) 3/27  skx kkk % O Kk kokk koK %ok O 15 N* new |n 2015

N(1880) 1/2F xx * x O = x

N(1895)1/2" # o o @ 55 %

N(1900) 3/2% #xx ok xx G Kk kkk kk ok Kk

N(1990) 7/2" #x % Kok *

N(2000)5/2" wx  ax ok & A A only 3 N* resonances

N(2040) 3/2" " O

N(2060)5/27 =*x Kk sk G o in PDG below 2.6 GeV,

N(2100)1/2" « * £ .
N(2120)3/2~ s N . where we do not find

N(2190) 7/27 sk D X k% * evidence for v,M

N(2220)9/27F k% Kok %

N(2250)9/27 sk wxxk (O

N(2300)1/2F #x ok

N(2570)5/27 s*x #* (O

but everything is still preliminary



resonance parameters (below n' threshold)

D13(1520)
S11(1535)
S11(1650)
D15(1675)
F15(1680)
D13(1700)
P11(1710)
P13(1720)
F15(1860)
D13(1875)

P11(1880)

1659.

1680.

1711.

1724.

1745.

1819.

1831.

1862.

I’ Br Eta
125.  0.11
161. 42.
116. -12.
165. -1.9
115. 0.10
106. -2.6
80. 2.2
268. 7.2
192. 1.1
275. -2.2
158. 20.

14.0

*kkk

*kk

*k*

*k*k

new

new

new



resonance parameters (above n' threshold)

S11(1895)
P13(1900)
F17(1990)
F15(2000)
D15(2060)
D13(2120)
G17(2190)
G19(2250)

D15(2570)

1895.

1915.

1894.

2029.

2014.

2064.

2223.

2149.

2475.

220.

383.

114.

244.

454.

305.

303.

575.

398.

26.

-14.

0.046

-0.67

0.42

1.17

2.07

-2.05

-4.08

5.2

-0.017

-0.00

0.015

-0.92

-0.34

1.9

-0.29

44.

-19.

-141.

-102.

147.

388.

46.

-20.

8.9

-130.

-18.

0.8

*%*

new

*%*

new

new

new

new



[O resonances according to their importance in ;. (y,n)

N* M I' Br Eta Al/2 A3/2 PDG stars for Nn
S1(1535) 1534, 161. 42. 5. — e A7up
S11(1650) 1645. 116. -12. 45, --- e 1 ub
S11(1895) 1895. 220. 26. -40. i 0.85 ub
P13(1720) 1745. 268. 7.2 70. 30. % 0.70 ub
D13(2120) 2064. 305. 1.17 147. -130. new 0.55 ub
P13(1900) 1915.  383. -14. 44, -21. e 0.40 ub
P11(1710) 1724. 80. 2.2 50. --- **  0.30 ub
F15(1860) 1819. 192. 1.1 -96. -64. new 0.30 ub
D13(1520) 1513. 125. 0.11 -28.0 124, “** 0.25ub

F15(2000) 2029. 244. -0.67 -141. 60. ** 0.25 pb



from real to virtual photons

Threshold Region

T T T T
150 |
2 100 |
S
B
50 [
G 1 ) B T L 1 n i L 1 n 2 2 L 1 A
140 160 180 200 220

E, (MeV)

Compton

600 [
s00 F
400 |
300 [
200 |

100 F

photoproduction 0

Resonance Region

200

400 600 800 1000 1200 1400
E., (MeV)

A 1



b The MAID Ansatz for (e, ¢' )

unitarized resonance amplitude

o SINW )i (W) MR fron (W) o 1OR(W.0%)
M2 W2 —iMgT ;0 (W)

(W07 = akw.0%)

phenomenological parametrization of transition form factors:
AR(W,0%) ~ A,(0%) = Au(0)(1 + a1 Q* + a,0* + a30° + 4, 0% ) e 1<

last full version of y,7t and ¢,e'n: 2007

last transition form factors update: 2009

review on resonances: L.T. , D. Drechsel, S. Kamalov, M. Vanderhaeghen, EPJ ST198 (2011) 141



IAIDZOO? was designed with minimal number of resonances

Particle JE  overall Ny Nm Nn No Nw AK YK Np An

N(1440) 1/2F ek soorx Goord) Kok ok & ik
N(1520) 3/27 *x%xx *k kK *okok Kk ok
N(1535) 1/27  skxx ok Gorak) otk K% %
N(1650) 1/27 sk ®ok ok ®kok KKk kK k% kRk
N(1675)5/27 #xkx  skxk Grn) * * % dkk
N(1680) 5/2+ ok ok ok Kokkok * sk k% ok
N(1700) 3/27 *xx ®k skk ok * sk * KoKk
N(1710) 1/2+ * kK ®kkk  kkRK Kk %k kkkk kX X *%
N (1720) 3/2+ sokokok Kok @ Kook Kk kk k% %
N(1860)5/2F K P
N(1875)3/27 sxx *kk % *%  kkk Kk KoKk
N(1880) 1/2" X - o %

N(1895)1/27 xx *% * *x *k Ok

N(1900) 3/2+ KoKk Kkk Kk *% *%x  ckkk k% k ok
N(1990) 7/21 % Kk ok %

N(2000) 5/27  xx Kk * *k Kk K *k Only 7 N* resonances
N(2040) 3/2% « %

N(2060) 5/27 *x *k Kok * sk in MAID2007
N(2100)1/2F « X

N(2120) 3/27 s Kk Kk * ok

N(2190) 7/27 sk ok kokokk ko ok *
N(2220)9/2F sxxx KoKk

N(2250)9/27 s ok xok

N(2300)1/2" s .

N(2570)5/27 »*x Kok



.AIDZOO? was designed with minimal number of resonances

Particle J©  overal Ny Nn Nn No Nw AK YK Np Anx

A(1232) 3/27 sxxx sxkx GxED F

A(1600) 3/2Jr sk k% KKk 0 * Kok k
A(1620) 1/27 sk kK
A(1700) 3/27 sk K3k sk ok

A(1750) 1/2% «

A(1900) 1/27 *x ok ok d X% k% Kk

r sokk  kkk

b kk  kokok

00

1

)
)
A(1905) 5/2Jr KKKK 5k ok 5k d sokk  kk k%
A(1910) 1/27 sk *%  GRED e %k k%
A(1920) 3/2Jr Kk kK ok ok k n o okkk _—
A(1930) 5/27 sk kK
A(1940) 3/27 ok * F
A(1950) 7/2+ 3k sk 5k *k %k @ o) Sk o
A(2000) 5/27 #x r ok
A(2150) 1/27 * b
A(2200) T/2~ x ) , only 6 A resonances
A(2300) 027 +x o d in MAID2007
A(2350) 5/27 = * d
A(2390) 7/21 « * e
A(2400) 9/27  *x ko n
A(2420) 11/2Jr fokkok K Kk kk
A(2750) 13/2™ -
A(2950) 15/2+ o .



empirical parametrizations

the magnetic NA form factors has a very simple form Q2 ax
G (Q2) = 3Gp(Q?)e0-21Q7/GeV? 10 Ge\?

for all other resonances we use the general form:

(QQ) A ( )(1 + a1Q2 + a2Q4 -+ a3Q6 + a4Q8) —b1Q?

numerical examples for a few resonances:

(complete results for protons and neutrons are found in our Review EPJ ST 198 (2011) 141)

Fi5(1680)p A;, —25.1  3.780 —0.292  0.080 1.5
Az, 1343 1016 0222 0237 24l
Sy, —440 3783 0 0 1.85

N*, A* %(0) aj an a4 b1
P1(1440)p AI/Z —61.4 0.871 —-3.516 —-0.158 1.36 5 GeV?
S|/2 4.2  40. 0 1.50 1.75 5
D3(1520)p A1/2 —-27.4 8.580 —0.252 0.357 1.20 5
A3/2 160.6 —0.820 0.541 —-0.016 1.06 5
S;/z —63.5 4.19 0 0 3.40 5
S11(1535)p A1/2 66.4 1.608 0 0 0.70 5
S;/z 2.0 23.9 0 0 0.81 5
D5(1675)p A]/2 15.3 0.10 0 0 2.00 27
A3/2 21.6 1.91 0.18 0 0.69 4
SI;’Z 1.1 0 0 0 2.00 27
4
4
4




0
I empirical parametrizations for large Q3

the Maid parametrization with Gaussian forms for large Q?

is convenient and leads to fewer terms

However, it violates pQCD, which predicts: A,,(Q?) ~ 1/Q3
A5(Q%) ~ 1/Q°
S,,(Q%) ~1/Q3

improved ansatz:
k(Q2 M*) Gd:p(Q ) n(Qz) Q— e |

Ays Sip k(0. M%) \/l—i— Qn(Qz) > 3
(Qz,M*) Gdip(Q ) n—l(Qz) Q%m\ 1

:EM*)Q

A ~
3/2 k(0,M*) \/1 P 0.(0?)



Sy/M,, (%)

N — A(1232) transition form factors

P,4(1232)

0.4 0.6
Q? (GeV/c)?

3 4 5 6 7 8
Q?* (GeV/c)?

Ry (%)

Ry %)

E } E MAID analysis

% % JLab analysis

§ MAID analysis revisited
for narrow energy range ~ 1232 MeV

one of few cases with disagreement
between Mainz and JLab analysis

: T T N W TR
h e =~ & & b oMo o
[T —_—




N — N(1440)1/2" and N — N(1535)1/2~ excitation
from MAID and JLab analyses

L1 I L} I 1 I LI I I I I I 1 U

P.(1440) P.(1440)

S,(1535) ]




[ transition FFs for N — N(1520)3/2~ and N —> N(1680)5/2* excitation

O 1 L Ll | ZE ST S F S5 B :l 1 1 T T
& Gy 10 PEEAie e A SRR R R r
1 20 T
% o A0
g ML 2 20 f
I I E
8 -60 | 8 -30
< -80 | D(1520) 3 (‘—;_40 : F o(1680)
El-._1.-.-....l..,.l‘,.,l‘z =50 :-,‘_“]__l‘]‘l_.““l"_: daTG:
0 1 2 3 4 0 1 2 3 4 .
Q? (Gev?) Q2 (Gev?) practically all
underlying cross sections
& oo b D(1520) o 1BOF F (1680) | that went into the fits
> [ - 18 ; ] are from CLAS
K : 8 100
n 100 | ? '
o o [
= ; E 50 F
o 50 o - . .
£ ] < analysis :
o MAID
® & MAID
- A0 JLab
0 f
O Jlab mm

F (1680)

ol U S S T [ TR SN W SN [N S S T S MU SN S N l....l....l....l....l.-

D4(1520) -

0 1 2 3 4 0 1 2 3 4
Q? (GeVv?) Q? (Gev?)



N — N(1675)5/2~ and N —> N(1720)3/2* excitations

~°TT 40 ¢ D(1675) 7 3
L 4 |
> >
S !
" 7
o S
> 10 F >
0 [ ] P ] 1
0 1 2 3 4

Q? (Gev?)
corresponding A1/2 and S1/2 ff were found to be small, consistent with zero

JLab analysis (V. Burkert et al.), new in PDG2015: here e.g. N(1675)5/2™ D45

T 20 T ok T F
> - > 20 [— > B
L | QL — [ 0

f'\o mo B F".D B
= [ = I = I
<10 \ = —<-25 [
< - < [ z -
[ of 5

= B t‘ ] ¢ - m
0 — -
[~ C——— [
S e— 10| 75 F
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I Form factor constraints at low Q2

transverse form factors are constrained by photoproduction

longitudinal form factors are un-constrained ??77?

N —> N(1440)1/2*

00 02 04 06 08 10

A, (107 Gev?)

p

S/, (107 Gev™V?)

120 F
100 F

N —> N(1535)1/2"

PRI R T T N 1 1 1 PR

0.0 02 04 06 08 10
Q? (Gev?®

¢

00 02 04 06 08 10
Q? (GeV?)

pink error bands are not to be quoted, artistic view



. Long-Wavelength Limit (Siegert Theorem, ky—>0)
In the physical region the 3-momentum of the virtual photon at W=Mx
is always finite (positive)

However, the transition form factors can be extrapolated
into the unphysical region down to the pseudo-threshold, where ky=0

The pseudo-threshold is defined by

Q;zar - _(WR_M)2

for A(1232): —0.087 GeV?, for N(1440): —0.25 GeV?, for N(1520): —0.34 GeV?

In the LWL longitudinal and electric multipoles are no longer independent:

k k

Sy = —1L — —F [ >0

{4+ ® /+ O /+ (— )
k ¢/ —1k

S =—Li. — ———FE; (1>2)
0 /!

but there is no such restriction for the Roper S, _



30

transition form factors at low Q?

empirical fits MAID2007

Siegert Theorem (long-wavelength limit)

P(1232)

5,(1535)

T ]

F ) D4(1520) 1 -80 F ', ! F(1680) 1

L . ./’I AT A A I i g o ; AR W

-0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0
Q? (Gev?) Q? (Gev?)

problem with S11
violation of LWL ?



I JLab analysis of transition form factors in PDG 2014

A, (10°GevV'"? ) i
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N(1535)1/2- S11

S1,(Q*) <0

N(1520)3/2- D13

S1,(Q*) <0

N(1680)5/2* F15

S1,(Q*) <0



Outlook

work in progress

V. Kashevarov, L.T.

EtaMAID (y,n and y,n') with Regge and without
and search for n and n' couplings in all N resonances

Mainz-Tuzla-Zagreb Collaboration
model-independent single-energy PWA with fixed-t analyticity for y,n
A. Svarc, R. Workman, L.T.

transition form factors at the pole for MAID and SAID solutions
with L+P expansion method in Q? region: 0 < Q? <5 GeV?

work planned for 2016
V. Kashevarov, L.T.

MAID (e,e'n) update with 2- and 3-star N and A resonances



