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Introduction

EM transition form factors of baryon resonances
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A(1232) Dalitz-decay measured by HADES in p+p
J. Adamczewski-Musch et al. (HADES Collaboration)
Phys. Rev. C 95, 065205 (2017)

pion-induced reactions @ \/SxN =1.49 GeV
(future: 1.7 GeV)




Helicity formalism

Resonance polarization - density matrices

Creation and decay of a resonance:
N\ Al f
Myi = E <f ‘TR—>f|R(>‘)> <R()‘) Ti—>R‘ 7’>
A

Squared amplitude (weighted average over initial polarization):

2 cre dec -, pcre polarization state
Z PZIMJ%I — Z PN P\ c.f. <O> = Tr (p O) P ™ PXX  of the resonance
¢ WY

: . . . d measured quantity
Polarization density matrices: O ~ plee

M)\ — angular distribution
oS5 = 20 P (RO |Tim| i) (¢ [T | BOV) )

of decay products
pi?f\ — <R()‘,) T}Tz—>f| f> <f ITR%f‘R()‘)>




Helicity formalism

The process TN — Ne' e~

Important contribution:
baryon resonance in the s-channel

3 steps - 2 intermediate resonances
- baryon resonance R ( N* or A)
- vector particle (o or y*)

each of the 3 stepsisa 1—2 or 2—1 process
m+ N — R preparation of resonance state

R — N +~* E.M. transition of resonance

v* = ete”  “analyser”



Helicity formalism
1—2 processes
Wigner-Eckart theorem for transition amplitude R —1+2:

2J +1
47

<P31)\1; —PSaA2 ‘ Tr 142 ‘PR =0, JM> - \/

\

Wigner matrix:
angular distribution - from symmetry

/

J J ,
F)\lx\gDﬂ/if,/\l—)\g (Q) '

Restrictions on helicity amplitudes:

Helicity amplitude:
from dynamics

from Wigner matrix Dy, (2): =T <A1 — Ay < J

. . J , J So J
from parity conservation: £, = nrmna(—1)" " T E



Helicity formalism

1_)2 prccesses Wigner matrix:
) o ] angular distribution - from symmetry
Wigner-Eckart theorem for transition amplitude R —1+2: /

2J +1
<P81)\1; —PSaAg ‘ TR_>1+2 |PR = 0, JM> _ \/ yym F/\JlAzDE\]J,/\l—Ag(

\

Restrictions on helicity amplitudes: Helicity amplitude:

from dynamics

1)*

E

from Wigner matrix Dy, (2): =T <A1 — Ay < J

J S1 SQF.]

. . J ,
from parity conservation: F} ., = nrmin2(—1) SV

T+ N — R:
Quantization axis = beam axis: Dy , (0 =0,¢6=0)=dx,ny —> AR = An

The nucleon state is a mixture of +% and -% helicities — so is the resonance R
— for J > 3/2 resonances the \p > 3/2 states are missing — R has nontrivial polarization



Helicity formalism

1_)2 prccesses Wigner matrix:
) o ] angular distribution - from symmetry
Wigner-Eckart theorem for transition amplitude R —1+2: /

2J +1
<P81)\1; —PSaAg ‘ TR_>1+2 |PR = 0, JM> _ \/ yym F/\JlAzDE\]J,/\l—Ag(

\

Restrictions on helicity amplitudes: Helicity amplitude:
from dynamics

E

1)*

from Wigner matrix Dy, (2): =T <A1 — Ay < J

from parity conservation: F2\71A2 = nrmn2(—1)""" ‘”Fi]/\h Ao
v —>ete:
Two independent helicity amplitudes: They satisfy the QED relation:
_pl ol
d=Fry = A _ e
AlEFil_l:F_lll Ay Ty
2 2 272



Helicity formalism

’)’* — €+6_ - decay density matrix:
1+ cos? 0, + « —1/2cos 0, sin e ¥ sin? 0, e %%
p‘i?c}\ x | —v/2cos 8, sin 0 e 2(1 — cos?8,) + a V2 cos 8, sin 0,e % Y 2m?
sin? 0, e2i¢- V2 cos 8, sin 0,e%e 1+ cos? 6, + « ke |?

Angular distribution of the lepton pair:
e de 2 r . T
; PRNANK o (L cos™ 0c) (P + P27 ) + 2sin” Oc i depends on Y™ polarization ( Pxy/)
+ /2 sin 26, |cos pe (RepT — Repi ¢
+ sin cbe(Impcre + Imp®] o)

cre ere we can obtain pSy via fitting
+ 2sin? 6, (cos 2¢.Rep( | + sin 2¢.Imp{"® )

the experimental angular distribution




Helicity formalism
1—)2 prOcesses Wigner matrix:
) o ] angular distribution - from symmetry
Wigner-Eckart theorem for transition amplitude R —1+2: /

2J +1

<P81)\1; —PsSaAsg ‘ TR—>1+2 |PR =0, JM> _ \/ - J)*

E

F)\/\) \[\—/\'(

Restrictions on helicity amplitudes: Helicity amplitude:
from dynamics

W) =T <A =A< J

from Wigner matrix Dy,

. . J , J So 1 J
from parity conservation: £, = nrmma(—1)" " F

Aipp = F 1= iFJ 1
3 independent JZ B :
helicity amplitudes Cip=F 0,1 — iFO,_% Ci2 >0 when m, —0
= +F/ | (real photons are transverse)

for J > 3/2 resonances: Azjp = J1 L =
—Ls3 3



Helicity formalism

R— N+ ’y* - creation density matrix:

cre J J* J
Py X Z F/\/\NF)\'/\NP}‘RD/\R,/\ /\..\-'(Q) D)\R,)\’ /\N(Q)
)‘Ra)‘N

Unpolarized J = 3/2~ baryon resonance [e.g. N(1520)]:

(42,43 (A%, 0080+ A2 ,sin’0)  —V/3AypCyppsin 20 2v/3A; 343, sin® 6 )
pf\t?\’,?’/z — N — \/§A 3/2 C(l/ﬂz Sin 20 1/2 (5 + 3 cos 29) \/§A3/2 01/2 sin 29
\ 2v/3 A, , Ay sin’ 6 V34320125020 A2, +3 (Ag ;o052 0+ A2 sin’ 9) )

Eg if A3/2 = A1/2 - 01/2 .
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Effective Lagrangian model

All contributions to the process 7N — Nete ™ :
Born terms

N(p) e'(ky) .
e (k)

contributions of
baryon resonances

N(p)) m(q) N(1520), N(1535),

N(1440)

u-channel unimportant

at /SN = 1.5 GeV




Effective Lagrangian model

hy h, h,
. Y . Y Y P
Vector Meson Dominance W%< = ww< + MW<
h, h, h

VMD1

Electromagnetic interaction of hadrons - two versions:

v and @ couplings
can be determined

1 1 " .
Lympr = —ZFWFW — Z,pr“ + mppup l GiPud” |- 8A G independently
hadron-rho interaction
1 1 1
Lyymp2 = —Z(F,QV)Q — Z(PLV)Q s §m,2)(PL)2 (45)
hadron current: J,
VMD?2
. —_ -l —p - N h2
rho field-strength tensor: 5., = 0.0, — 0.0 — 9P X Py Y hy S
h, h;




Effective Lagrangian model

Consistent interaction scheme for J > 3/2 resonances:

(1) — igl M 2 v —
[ﬁRsszP o 4771%, \I’RT P7 d’N " Pup + hCJ

Vi = 7, (0" — 0"¢F)

[V. Pascalutsa, Phys. Rev. D 58 (1998) 096002;

miy T. Vrancx, et al. Phys. Rev. C 84 (2011) 045201]

(2) 92 T — v -
‘CRa/sz - 3m3 \I’/}J{T ['o"yYn - Pup T h.c.
(3) _ 93 sy .
RypNe = ~ g3 TEFTYNDY - pyy + hec.,
N

® coupling constants from R — Np branching ratios
(HADES, wIN — Nam [Phys. Rev. C 102 (2020) 024001] )

e analogous Lagrangians for RNy coupling

e VMD1: relative phase of p and direct y contribution
is not fixed — various interference patterns

® p contribution is important although we are below
threshold

10 |

do/dm._, [ub/GeV]

0.01

Vs = 1.49 GeV

N(1520)yy —— -

N(1520)p -

coherent sum

0.1

0.8

0.6



Effective Lagrangian model

100 g T T T T |
| Vs = 1.49 GeV

Differential cross section of e e~ production

e dominant sources are Born and N(1520)

0.01 :-\ A s

e error bands: uncertainty of resonance widths

and branching ratios S L . . . . g
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>
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Effective Lagrangian model

Density matrix elements

Born and N(1520) contributions
have similar shapes

longitudinal polarization
disappears as mi,y — 0



HADES results
Quasifree 7" p — ne e~ by HADES

[R. Abou Yassine et al., e-Print: 2205.15914 [nucl-ex] (2022)]

Q--— I 1 I 1 I 1 T 1 I I I 1 I 1 l

. . . . uasi-free t+p — e'en HADES data
Polarization density matrix elements: 1= 3
p_= 685 MeV/c

e extracted from experiment via fitting
d*c/dcos . dM.-.- dcos . dp.

!

\
L
WL
l/

for Mg+~ > 300 MeV/c® and 3 bins in cos .- 0 _5\\ gt 1 7
B ~'-—'\\§~~_ ________// i
N . . . -05 |- $ -
® ~ consistent with effective Lagr. model © Lagrangian model (Zetenyi] y
(dominance of N(1520) and Born terms) 1 - = Sg E
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B il l | L 1 L l L 1 L il l 1 5
-1 -0.5 0 0.5



HADES results
Quasifree 7" p — ne e~ by HADES

do/dM., ( nb/(MeV/c?))

QED

do/dM., / do/dM_|

quasi-free
n+p — e*en

D)

- ks S

- s \
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B /7

[ ~ QED /
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Differential cross section vs. models

® large excess compared to QED [pointlike
N(1520) and N(1535)] for M_,_> 200 MeV

e A and V:reconstructed from m p — npO
[known from PWA of m~p — nm 7]
using two versions of VMD

® Covariant Spectator Quark model
[G. Ramalho, T. Pena, Phys. Rev. D 95, 014003 (2017)]

e effective Lagrangian model with ¢,nr = 90°
( ~ incoherent sum)
[M. Z., D. Nitt, M. Buballa, T. Galatyuk, Phys. Rev. C 104, 015201 (2021)]



Summary

. Quasifree 7 p — nete” measured at vs = 1.49 GeV by HADES

. Relatedto 7 p — nm 7~ by vector meson dominance (VMD)

. Spin density matrix elements (= polarization state) of v* accessible in
the experiment

. Differential cross section confronted with various models

« timelike e.m. transition of the relevant baryon resonances
« various versions of VMD

. Plans for higher energies
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HADES results
Quasifree 7" p — ne e~ by HADES

[R. Abou Yassine et al., e-Print: 2205.15914 [nucl-ex] (2022)]

m beam: pr=0.658 GeV (1/s-n = 1.49 GeV)
targets: polyethylene (CH,), carbon (C)

missing mass cut: select exclusive ne*e™

difference of CH,and C — free 7 p — nete”

low statistics for carbon target

—> quasifree ™ p — ne’ e

™ +CH, & effective proton number

do/dM . ([nb]/ (MeV/c?))
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HADES results

Quasifree 7" p — ne e~ by HADES
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Differential cross section vs. models

® large excess compared to QED [pointlike
N(1520) and N(1535)] for M_,_> 200 MeV
e A and V:reconstructed from m p — npO
[known from PWA of 7~ p — nm™
(Bonn-Gatchina, HADES data)], via

-

Me+e—

o VMD1: P(Me*e ) =TI

M 3
o VMD2: P(Me+e):PO(M 0 )



