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Experimental data on N R-transition FFEs

The experiments have been carried out in JLab, MAMI, w00 kg b - 8(1232)
ELSA... g,
Experimentalists study the electroproduction of the resonances 08 1
with spins 1/2, 3/2 and 5/2: A(1232), N(1440), N(1520), & b
N(1535), N(1680)... A D memiﬁ
The available data: 04% > Spaveis2005 v Stave2008 FI
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N(1680) up to Q2 = 1.5 GeV?2. E
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Expected data: 5 > m;w:zzg&; * »;iyezgg I
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Two subproblems

1. It is necessary to find a mathematically consistent
Lagrangian of nucleon interactions with higher-spin baryon
resonances, photons, pions, and vector mesons. The Lagrangian
and FFs should be defined unambiguously by symmetry
conditions. This should determine polynomial Q?-dependencies
in the observables.
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2. The Q?-dependencies of the FFs should be reproduced in
some particular dynamical model.
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Covariant constraints for the RS fields

Nucleon resonances with spin J = £ + % > % are described as

the symmetric tensor-spinor Rarita—Schwinger (RS) fields
V.. The spin content of the RS field ¥, ,,:

b))



Covariant constraints for the RS fields

Nucleon resonances with spin J = £ + % > % are described as

the symmetric tensor-spinor Rarita—Schwinger (RS) fields
V.. The spin content of the RS field ¥, ,,:

b))

To eliminate redundant degrees of freedom, subsidiary
conditions are imposed on the field:

A Apzopip = 0 transversality

’Y/\‘I’/\Mg.,.w =0 tracelessness



Free spin-3/2 field

The free-field Lagrangian for the vector-spinor field W*:
Li(A) = B [T\ (A)0* — T (4)] ¥,
Luwa(A) = gun — A ugor — Avgus + (ilAl2 —ReA+ ;) YAYos
T (A) = g — B|AP —3Re A+ 1) 70,

where A # % is a complex parameter.

Free field equation and constraints:

(iv* 0\ — M)W, =0,
Wy, = 0= T,
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Symmetries of the free spin-3/2 field

The free-field Lagrangian for the vector-spinor field W#:
Lr(A) = B [iI‘W)\(A)(?)‘ - MFW(A)] o,

Point invariance of the equivalent class of the Lagrangians:
/
AA AA —
\I"L = GEW )\Ill’7 @EW ) — Juv + m’ﬂ[}/y,
Lg(A) = Ly(A).

Gauge invariance of the RS field in the massless limit:

U, =V, +0,0(x) for ~,0"0(x) =0,
Zip(A) = Zx(A).



Constraints for the interacting RS fields

Minimal EM coupling
Lint = —e AT,

breaks the free-field symmetries, modifies the constraints
reducing their number, which leads to the excitation of
unphysical DsOF and different pathologies.

G. Velo, D. Zwanziger, Phys. Rev. 186 (1969) 1337;

K. Johnson, E.C.G. Sudarshan, Ann. Phys. (N.Y.) 13 (1961) 126;
V. Pascalutsa, Phys. Rev. D 58 (1998) 096002.

For the trilinear nucleon-resonance interactions with pions,
photons, and vector mesons we can solve all consistency
problems by requiring invariance of the Lagrangian under the
point and gauge transformations W), = W, 4 9,01 (x) + 7,02, .
the vector-spinor source J, should be traceless and transversal,
WwIr =0=0\J

®
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Nucleon-resonance interaction Lagrangian

N RV -Lagrangian (spin-3/2) consists of invariants such as
\TI'LLV’&F['U‘V”)\U]O—LBN’BVAU, where U* = 9HOTY — 8”\11“,
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Nucleon-resonance interaction Lagrangian

N RV -Lagrangian (spin-3/2) consists of invariants such as
\P'LLV’&F[#V”)\U]O—LBN’BVAU, where U* = 9HOTY — 8”\11“,

a, 3 are multi-indicies. Symmetry properties of the coupling
matrices:

Dywinelad = ~Lwupolas = ~Liwionas:

YT, pojap = O (tracelessness of the coupling matrix).

The coupling matrix for the spin—%:

1
F[,uz/] o] = _6 (UMVO-)\U + 30’)\00';11/) .



N RV-Lagrangian (Jp = 3/2)

Z.gl ST11 4 A
< = 202 T o] YRV VY
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M2 M2
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N RV-Lagrangian (Jp = 3/2)

o Zgl T4 A
< = 202 T o] YRV VY

193
M2 M2

W
+ pHP (F[‘uy] \p]Gow — F[;u/] [op] 9w + F[HV} w]Jop

WY AC
- F[;w} [ow]Grp — F[uu] [)\a]gpw)")/RN Vv

The consequences of the point and gauge invariance:

» all terms of the Lagrangian are defined uniquely;

Ui ,PI‘[W/} [Ao] IYPZYRNV +



N RV-Lagrangian (Jp = 3/2)

1 _
Z = 2 WMVF[;IV][AU]’YRNV)\J

v, A
2M]2V oH pr[/lu} [A(T]IYPZ}/RNV ’

2M2 Mp

193

+ m@””’%w ol9ow = Dlufiop 9w + Ui 9op

— T piow 90 — Do) 9ow ) TRN VA
The consequences of the point and gauge invariance:

» all terms of the Lagrangian are defined uniquely;

» there is only one universal matrix as a symmetry “carrier”;



N RV-Lagrangian (Jp = 3/2)

o Zgl T UV A
L = 2M]2V wH F[II,VHA(T]’YRNV 7

193
M2 M2

bl A
W\Iﬂ" F[/u/} [AU]IYPZ}/RNV 7

+ yHVP (F[uy] \p)|Gow — F[py] [op] 9w + P[HV] Aw]Jop

— T piow 90 — Do) 9ow ) TRN VA

The consequences of the point and gauge invariance:
» all terms of the Lagrangian are defined uniquely;
» there is only one universal matrix as a symmetry “carrier”;

» classification of the Lagrangian vertexes in terms of
differential order.
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N Rr-vertex (Jp = 3/2)

N Rm-Lagrangian is also defined uniquely by the symmetry:

f T [uv] A Kol
mﬂ—MI%\I][# ] F[w/] [)\U]/YR’YSNW ;

g7

V. Shklyar, H. Lenske, Phys. Rev. C 80 (2009) 058201



Field tensor-spinors for arbitrarily high spin

Gauge-invariant RS field tensor spinors:

(=1 ) gmyn _ grgm,

(=9 glmnllker]) (3"“18”2\11”1”2 _ Rk
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Field tensor-spinors for arbitrarily high spin

Gauge-invariant RS field tensor spinors:

(=1: Yl —gugn _grgm;

(=9 glmnllker]) (8“18“2\1J”1”2 _ Rk

| =

— QYL pHIY2 _ g1 Y2 \I,#luz) :

¢ wlmnllkevel. fueve]) — 2({1 (BM19H2 ... GregIveve LY

Some multi-indices:

A = [ptaVa]
A = ([pa][pava] .. . [pevi)),
A" = ([mn] - - [a—1Va1)[Har1Var1] - - - [eve]).-



The couplings for arbitrary spin

The expansion of the traceless coupling:



The couplings for arbitrary spin

The expansion of the traceless coupling:

L w
Pis =T [RBa +7p5°P 5 + 0, TPIB

Recurrence relation for the coupling matrix (arbitrary £):

o _ 3

= pM)
AB T 9(20 + 1)122 [(6 T O g Do +

(¢
+(£ )FAaBb BbAa+ Z FAaAaBbc BbBc:|’
b#c=1



N RV -Lagrangian for an arbitrary ¢

P21 - A aep(®) A
Zl 2M3£ T \I] 2. ZI—‘AB,-Y N7‘72 UZV 101
;30+3 e
Ly = 42]\435 lg]z \I;AJQ---MPF%%,YP,YRNJ%-U@V>\101’
R
;3042 _
_ 93 AN\ ) )
9203 - 2M3é 1Mé\:[l : ZP(PA 1)\1,090'1W B FAB10'1pg/\1w
) ) )
B pw 9010 — UaBifoy) 90 — FABl[Ala]QM) x

% N2 Ung)\lal_



N RV -Lagrangian for an arbitrary ¢

'3Z+291
gl 2M3£ - \I/A A2.. )\zl‘\( ) /VRN’UQMUZV)QGI,
3€+3 _
g2 = l
L = M\I,A,AQ AzpF%j)?,yp,yRN,ag Uzv)\lo'l’
3Z+2 _
93 FAN.. {4 0
L = W\p A2 )\zP(I’%) 13, pdoiw — F%glmpg/\lw
R
©) ) ()
B pw 9010 — UaBifoy) 90 — FABl[Ala]gpwl) X

w N2 Ung)\lal_

The consequences of the point and gauge invariance:

» all terms of the Lagrangian are defined uniquely;

» there is only one universal matrix as a symmetry “carrier”;

» classification of the Lagrangian vertexes in terms of
differential order;



N RV -Lagrangian for an arbitrary ¢

gl .3€+291 \I/A Ag.. )\gl‘\( ) ’YRN’UQ"'UZV)\lal
oMt ’
3@+3 _
_ 92 T AN A (D) 02001/
.,%2 = m\p 2 ZPFAB’Y;;'VRN a2 UzV 101’
3@4—2 _
_ 93 FAX 2 (1) _7®
33 — 2M3é 1M%\I/ 2 £ (PA 1)\1pgo-1w FABlo_lpgAlw

0] 0] 0
B pw 9010 — UaBifoy) 90 — FABl[Ala]gpwl) X

w N2 Ung)\lal_

The consequences of the point and gauge invariance:
» all terms of the Lagrangian are defined uniquely;
» there is only one universal matrix as a symmetry “carrier”;
» classification of the Lagrangian vertexes in terms of
differential order;
» unified Lagrangian structure for an arbitrary high
resonance spins.



Helicity amplitudes

Agjy = FV/Ne| (Q & pe M) Fi + pe MrFy — (Q* + pe M) F|,
N,
Ayjg=— ) [M:tMRFl +(Q*+ peMy) P F MiMNFa}
Q*+ ME + M
2M%

— Fr + F3

)

51/227_L (€+2)Q+Q

2L (01)2ma QY D Q¥
(20)1My (M, — M)

pe=Mp+My,  Qi=1/Q*+ 3.

The upper and bottom signs correspond to

P=3/2)%, (5/2)7,

where Ny(Q?) =



pQCD constraints

Aal @)~ g Al @)~ i
512(Q°) ~ GrzmrgE
where L™/ (Q?) = In™f (Q?/A?) and ny — n3 ~ 2
For J = £+ 1/2 we get:
Fi(Q%) ~ m F(Q%) ~ Q‘””Ll’”(QZ)
I 1

@)~ gy



pQCD constraints

It is interesting that the following asymptotic identities hold:

A3 2(Q%) = FV/N(Q?)Q*F1(Q%),

A1/2(Q2) =/ THe )Q2F2<Q2>,
2 4
$12(Q) =7 o 2 Ly

2(0+2) 2M3

for ng > nq.



Elastic nucleon FFs
The Lagrangian:

_ i _ 3
L = 6;91(V)NWV“N - QMNEV:gz(V)NquV“ N.

Sachs FFs, the Dirac and Pauli FFs:

Q2

Ca(QD) = Fi(QY) + B(@). Gu(Q) = Fu(Q?) — 715 Fa(QP):
N

Z grv)ymy mv
Q% +m?,
High-Q? asymptotic relations:

Gu(Q*) =F(Q%), Gp(@)=

1

Fi(Q?) ~ W7



Multi-pole vector-meson—dominance model
FFs as dispersionlike expansions
pQCD constraints on the model
Data analysis



Multi-pole vector-meson—dominance model

DopmdpaKTOPHI:

K @) (92,2 K () (2,2
Fen @ = L3 (@)l Ly (@i
f 2 ot Q2+m%w)k Q%+ m2

pw-meson families

p(770) w(782),  p(1450) w(1420),  p(1700) w(1650),
p(1900)w(1960),  p(2150) w(2205).



pQCD constraints on the model

QQ?*-dependence of meson-baryon couplings is chosen a universal
phenomelogical logarithmic function

47 (0)

(w,P) ("2 —
%kf (Q ) = L;w7p)(Q2)7

e
nf
2

(wp)
Ly

2 2\ 2
1+ b}“”’]) In (1 + %) +a“ P <1 + %)




pQCD constraints on the model

1 (& 1 &
= — a0 (0) — = > misg(0)+... |,
5@ Z 10 gp 2
The superconvergence relations for the meson parameters

me oy (0) =0,

rnen=2,3,...44+fupu f=1,3un=2,...3+Lupu f =2
JIJISL 3JIEKTPOPOXKICHUS PE30HAHCOB cO cruuHoM J = £ + %



NA(1232)-transition

A*(1232): JP = 3% 10 p- 8123 |

Magnetic FF:

Frolov 1999 v Kamalov 2001
Sparveris2005 v Stave 2008
Aznauryan 2009 4 Villano 2009
Sparveris 2008
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e[ ahon - ) ]2
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S ]
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amplitudes to the magnetic one: " 200 4 Frolov1089 v Kemalov 200 1
2 » Sparveris2005 * Kelly 2005
o’ o JliaDiaz2008 v Stave2008
IS Ay/o — Agja/V3 30f = Aznauryan2009 4 Villano 2009 1
EM = —— =, *  Elsner 2006
A2+ V343, 01 1 10
R V2519 Q% (Gev?)
SM = Magnetic FF and the amplitude ratios for the

A V3BAs o
vzt 3/2 transition py* — A(1232) (x?/DOF = 1.51)



The N*(1520) and N*(1680)

_ P 5+
N*(1520): JF = 3 N*(1680): JF = 3
& | ‘ ‘ "p . N@s520) 150[ = MAID2007 ]
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o w0 &
o g ot
a g o
a0 @ of
ay 50 E
ol A .50
100 2 <a
. 1 2 3 " 00 05 10 15
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157 . . . Lo . i . }
Fy P - N520) 04f F. = MAID2007 ]
o o JLab-MSU UIM
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uw” \'\“\,\
[T -
=50
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1Ry » Aznauryan 2009
s 1 2 3 T 00 05 10 15 20
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Helicity amplitudes and point and gauge Helicity amplitudes and point and gauge
invariant FFs for the transition invariant FFs for the transition
py* — NI (1520) (x*/DOF = 1.05) py* — N7.(1680) (x>/DOF = 0.87)



The N*(1440) and N*(1535)
Helicity amplitudes:

A1a(Q%) = VAN [QF1 (@) + My (Mg & My) F(@?)].
51/2(@%) = VRS (M My (@) — My F(@)]

mal@Q? + (Mg F My)?
VO 7)

where N =

P _ P _ 1—
Upper signs are for J , bottom ones are for J© =5 .

pQCD scaling (n; — ng ~ 2)
-
QL QY

Asymptotic relations:

1

R(Q%) ~ Q6L Q%)

Fi(Q%) ~

2
Al @)~ VINQE(Q),  $10(@) ~ VN L Fa(@?).



The N*(1440) and N*(1535)
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02 ‘ " b N(440) ] 0af] P P - N(1535) §

03 * PDG 1

= Aznauryan 2009

u oo2f
T_Lr«
0.1r
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« Aznauryan 2005 00r
2 4 0 1 2 3
Q@ (Gev?) Q@ (Gev?)
Helicity amplitudes and FFs for the Helicity amplitudes and FFs for the
transition py* — N1(1440) transition py* — Ni(1535)

(x?/DOF = 0.97) (x?/DOF = 0.65)
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“Scaling” of the ratios of the elastic form factors

—
=

—

[\

O
L]

B 1 ,°
F(Q*) @2 A

(QILog?(QUN)F,IF,

A. V. Belitsky, X. Ji, F. Yuan

0.3

o
N

o
H

A=400MeV
A=300MeV
A=200MeV
u 2
° 3 1

Q* (Gev?)

, Phys. Rev. Lett. 91, 092003 (2003)



“Scaling” of the ratios of the NA(1232) FFs
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1f » Sparveris2005 * Kelly 2005
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for Q% > 0.4 GeV2, A =0.29 GeV, N3 =2, N; = 2.7.
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Results and conclusions

» We have constructed effective Lagrangians for the
N RV -interactions that possess the gauge and point
invariance of the RS field. The symmetry ensures
mathematical coherence of the theory and fixes all three
terms of the minimally local Lagrangian. The point and
gauge invariance unifies the structure and properties of the
Lagrangians for arbitrarily high spins.

» The multi-pole vector-meson—dominance model constrained
by high-Q? pQCD predictions is in a good agreement with
the available data on the transitions to the resonances
A(1232), N(1440), N(1535), N(1520), and N (1680).



Results and conclusions

» The ratios of the point and gauge invariant form factors
N — A(1232) exhibit asymptotic scaling behavior at
momentum transfers as low as 0.4 GeV2. While the high-Q?
scaling of the FFs is well understood as a consequence of
the asymptotic freedom, the dynamics leading to the
low-Q? scaling of the FF ratios in the nonperturbative
domain of QCD is still to be established both qualitatively
and quantitatively.
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