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The light baryon (N*, A) spectrum in the
Constituent Quark Model

Quarks confined into
colorless hadrons

. Q

mesons

baryons

Description by first
principle QCD and
constituent Quark

Models:
* Blue lines: expected
states

> Yellow/orange
boxes: observations
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The light baryon spectrum: experimental status

> Lowest lying N* and A* resonances

N* (I=1/2 = .
1700 4 ( : D _(1700) a (1=372) » 1.3-2 GeV mass range: second resonant region
51650 > Overlapping states in the same mass region
S (1535 . . .
1500 _42_;311:;3:) > Broad widths (short lifetimes)
T »  Shared decay modes
1300 ——
1100 1 > Most of the available information from
T pion/kaon beams experiments
900 —+— n pomm R . . . .
mass / MeV > Missing states: too small couplings with
mesons
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ggg;: ETRVFTINRGN -2 K Of CI’OSS-SeCtIOHS
(312)" trarorer > Use new approaches: analysis of polarization
(a2ye Crocmen E— observables (additional information: spin)
gg; Fiscieso) < > Perform precision measurements in as many
(512 miomee -~ e B reactions as possible
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N* /A* in photoproduction reactions F\

Photon induced reaction could favor
the formation of missing
resonances which might couple
strongly to the yN vertex

v reactions not studied extensively
in the past - lack of good enough
(energy/intensity) photon beams

Dominant contributions to the
“second resonant region”: double-
pion and n channels

Double-pion photoproduction:
good tool to investigate this mass
region

Photonuclear cross sections
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Photoproduction of n'n” pairs off protons (unpolarized)
E. Golovatch (CLAS) PL B788 (2019), 371

Measurement of 9x 1-fold differential cross . 3
sections of the yp = m¥m~p reaction in the g A 58
(1.6, 2) GeV range £ Wi s
Attempt to reproduce the cross-sections using
the JM17 meson-baryon reaction model
> Reasonable description
> APWA fit provides the intermediate resonances
contributions & parameters
“ Intermediate channels: TA++’ 7[+A0’ pp0’ 71’77:+p 7T+N(1185) Zn'direct [;lls'oducti:)‘; w, GeV2 0 gﬂ I;-p]:?f'::’; :I]__..';pr]fn[-":'l’;:g ['L Ip‘.pl r?i]' ""'Ig
direct production, z*N(1530) 3/2-, #*N(1685) _
5/2* 3 3
5 ]
“  Extraction of masses, widths, photocouplings £ P
! e GeV
“ (new) Excited states required in the model: — i
= N(1440) 1/2*, N(1520) 3/27, N(1535) 1/2, E ,tﬂf
N(1650) 1/2-, N(1680) 5/2-, N’(1720) 3/2*, ; el A
N(2190) 7/2' 30 . . 0 mﬂﬂp., t|ezgnu
- A(1620) 1/2-, A(1700) 3/2-, A(1905) 5/2*, “1 Results from different | %= : ’g Y
4(1950) 7/2" 10 Fits/different parameters % 12 ii“"% g i N’m‘
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Photoproduction of n*zx- pairs from protons

with circularly polarized beam 03— — —
W =1.40 GeV W =1.45 GeV {1 F W=1.50 GeV
S. Strauch et al. (CLAS) PLR95 (2005), 162003 2 ottty Y R
> CLAS data: 1.35 < W < 2.30 GeV 23!
> Missing resonances predicted to lie in the region W > 1.8

GeV 5.

> Circularly polarized photon beam, no polarization specified $}—""7""7"7— —— 77— —————
for target and recoil proton

> First measurement of beam-helicity asymmetry
distributions as a function of the helicity angle:

1 ot—0"
O =—__ "
B, ot +o0~
. b '30 1 EISO 3600 1 éO 3600 1 éO 360
> 0Odd trend in all W sub-ranges o (deg) ¢ (deg) ¢ (deg)
»  Compared with models based on electroproduction of double- -
charged pions including a set of quasi-two body intermediate W g b
states (Mokeev et al.): “ 1
74, pN, zN(1520), zN(1680) + contributions from 4(1600), N(1700), R Sl Vi -
N(1710), N(1720) *]
“  The agreement is not satisfactory, calls for a more detailed description 0 7
" The I© observable is critically sensitive to interferences Lo b g R

R 12 13 14 15 16 17 18
M(pr) (Gev)




Experimental method - polarized beam and target

> CLAS-g14 data taking (2011-2012): circularly polarized photon beam with
momentum up to 2.5 GeV/c interacting on a cryogenic HD /ongitudinally
polarized target

> Beam: circularly polarized photons by > Target: “brute-force + aging” polarization
bremsstrahlung from a longitudinally method (< 30%)
polarized electron beam (>85%) through a ® Longitudinal (along beam direction): =/«
gold foil radiator “ Fixed in different data-sets
" Circular: T/4 (960 Hz flip frequency) © Protons + neutrons

Copper ning

Inner shell
hGammahkomentum

“ Energy dependent y polarization
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Study of polarization observables in the
yN - ttn~N reaction

> Differential cross-section
expressed as a function of
polarization observables,
weighted by the amount of
beam §_ and/or target A
polarization

> The trend of the polarization
observables depends on the
resonance content in a given
energy range

>  Polarization observables are
bilinear combinations of
partial amplitudes (Roberts,

do .
— =oo{(1+A,-P,) -l-c‘F@(IE’ LA, - PE)} Oed PRC71 (2005), 0552001):

dr. very sensitive to
H iy ]
interference effects




Polarization observables extraction

Problem: extract from the number of collected events the IQ, P, P® observables as a
function of the ® azimuthal angle in the helicity reference system, in W energy ranges

Related to differential
cross-section asymmetries

1 [N(—==)+ N(+=)] = [N(—<«) + N(+<«) . :
P, = - ; Depending on the relative
A, [N(9=) + N(«=)] + [N(—<) + N(«<) pesm/tarset spin
1© — 1 [N(=»=)+ N(—><«)| - |[N(+=)+ N(«+<«) configurations
0o [N(==)+ N(=<)]+ [N(+=) + N(+<«)]
Two data sets w(ith/ |
i i ) opposite target (=/<
po_ L [N==)+ New) - [N(=<) + N(e=)] pg arizationsgneeded (with
° My [N(==)+ N(+<)|+ [N(=<) + N(+=)] proper normalization)

Each data-set contains
both helicities




Polarization asymmetries in ¢,, bins

do
—— = 0o{(1+ A - Py) + 6o (I° + A, - PD)}

dz;

This equation (Roberts et al., PRC 718(2005), 055201) can be split in four depending on

the orientation of beam helicity and target polarization (along z)
Two data sets with opposite target polarization need to be used (properly normalized)

The system of equations can be solved analytically extracting, in every ¢ bin, IQ, P,, P@Z

and o,
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po _ L 001 Lerrz 002
Ny = (52) Le|l — AP, + 6o — APP T R N+ R L (N 4 N
exp — \g 08' — N\ b, + @(Q_ zz)_ Nzy Legpa
Né;; - (d_)gl' €|1 — AP, — 0o Up — AP, ) p = 1 ! ! Lefrz V2 2
“ A —-= —= Az Le J1 =& —=
“ (NT7+N;77) + A_A; Le;;Z (N"= +N;7)




cloS®

Cut

Description

B(n") vs p after correction, newpartiDout

Particle multiplicity | negative, 2 positives

Time comcidence Time coincidence between: | proton, 1 7%, 1 77

=00 < Zperer < —0.8 0
Pt [/ Do + (e — 80 [MeV])? < 357 < paz/ /P2 + (x + 80 [MeV])?
g:ul.,_.-"ﬁ”,-"'g:'i + (my, — 200 [MeV])? < 557" < py/ ﬁ”j':'f} + [ + 200 [MeV])2
AR, < 0.08
pet < 500 [MeV e © |A(f.+)| < 0.08
pos > 500 [MeV e : |A(f,+)] <02
7t && T && p within fiducial volume
0824 < mom.(rtr™) < 1L0A2 [GeV /e

2rp zvertex in HD target

2rp pld: P

2rp pld: A5

2mrp fiducial cuts
Missing mass for proton pld
Total missing mass
Fermi momentum

ma(rtrp) < 0 [GeV /e
pr < 100 MeV /e

Q 0
2| 0D 02 04 06 0B 1 12 14 16 18 2

Enbies 143485,
[Mear s 03604
Meany  9a7e2

Swoevs aiies

i D y 0.08908

Data selection - exclusive yp -» 777 p reaction

i) vs p after correction, newpartiDeut

B(p) vs p after correction, newpartiDeut

no

0
0D 02 04 06 08 1 12 14 16 18 2

]
0 02 04 06 08 1 12 14 16 18 2

Envies 275889

Means 08574 by

Meany 05013

Coplanarity

[coplanarity| < 10°

Particle |D for " and p based on TOF

Further selection on (rt*i”) missing mass to identify the proton

linear missing mass recoiling against (')

Missing momentum cut: reject

Total missing mass cut reactions without spectator at rest

hMissingMassDipionLinear 10°
N B Enlries 995573 © 3 -
> r Mean 8611 2 b s
% B Std Dev 0.08188 = 5 45000 £
wn 50000 ? #2 1 nlt 4296/ 12 -c'— % E
%‘ - Constant  5.053e+04 + 1.0232+02 B 3 40000 —
= o o g C
b= r Mean 0.938 + 0.000 ‘s = E
@ 40000— Sigma, 0.02006 + 0.00004 5 b 35000 =
- nel W 30000 [Tgy
- a a =
oot preliminary 3
C 20000
20000|— =
C 15000 —
10000[— 10000
- 5000—
075 08 085 08 095 1 105 11 115 12 0.05 0.1 0.15 0 = T——
m.m. (GeV/c p. [GeVic] =30 2 . 30
M- & coplanarity [deg]

Coplanarity cut for pion pairs
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Experimental data: empty target subtraction

Selection of events from the HD
target: fiducial cut in r and z

The events selected in the fiducial — : %
volume of the target contain the —r -
contribution from the target walls e : ]
(unpolarized) —
»  Empty target subtraction needed

> Relative normalization of different b
runs: height of Kel-F wall peak ~d
> Subtraction with empty-target runs

Empty target

Kel_F peak

L

Events in the Kel-F peak also used T | o DT TN
: : - 15 10 -5 0 5 10 15 20 25

for rela_tlve_ luminosity | Vertex z (cm)

normalizations between different

data sets
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entries/(18 deg)

entries/(18 deg)

Experimental angular distributions

Set w/ positive target polarization

5000

4000

3000

preliminary ..

2000_

- K]
10005 if°
|

L L L P
-150 -100 -50 50 100 1§0
o) [deg]

Inputs: azimuthal angular distributions (@)
Bin by bin: number of events selected with

>

>
>
>

given helicity (positive/negative in the same data set)
given target polarization (in different data sets)
selection in W energy ranges (~100 MeV wide window)
counts to be properly normalized between different
data sets

Slight differences when selecting different
combinations of helicities/target polarization:
physics!

L N

bbb

i

preliminary

1.85 < W £ 205 Gev 205 <W £ 215 Ge A5 < W =224 Gev

.

N
T T T T

I T
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Evaluation of experimental beam-helicity
asymmetries E*

> E* can be extracted from all available data samples (with similar experimental
conditions)
> For each data set:

1 N*—-N-
_8UN++N‘

> The E* values agree with previous measurements with polarized beam only (blue points)
> Gigantic systematic errors (grey bars) from the spread of values obtained with different
data sets - to be refined!

E*

Blue points from S. Strauch et al., CLAS Coll., PRL95 (2005), 162003

<E">vs g (x*), W =167 GeV <E’>vs 9, (n'), W =1.80 GeV <E'>vs o (n), W =1.90 GeV <E'>vs g ('), W=2.00GeV <E'>vs 9, (n'), W =210 GeV <E'>vgq (n'), W=220GeV
K
| T | i
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o ‘*‘;——c n o ,_E_}'ga—-'ig"n" 3 o S T u o 5, H s & #F o H o B &k EE?I;*
. uu it o u = = 8 =Eﬁ =" “?1@ R o e [ oL T ~ “$$ 8 o u &%
“mp;E i o : s L e &= L. e et [ e L e Foaea ¢
. : S5 CHE B . = 02w S . o2 o e u oz oo C oz} ERFE [ID - uﬁ
A - —oal 04, . E L o 0 - o sl @u &
L - o [= i . g g i - o o " i o o i |:|D g ;: i .
preliminary -preliminary .preliminary - prelimingry - PreUMIN&Ary ..
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Again on the observables extraction

Recall: two data sets needed to

extract the polarization
observables

>

Each has its own normalization
(i.e. luminosity)

Each data set was acquired
with a given trigger (which
might have different efficiency)

Each data set is characterized
by a different acceptance

The L.sr1/Lesr, factor is crucial

N7 = NT™ o Agy bepn N7 = NG
. 001 Agz Legp oy
©~ A, Lefr

N2 4+NT) + z1 , eff

(N ) Nyz Lefpa

NiT7 =Ny~ Legpn N7 —N; ©

(N +N;7)

PZ@ — 1 . 501 Leflfz 5@2
AZZ - — A'l eff1 — «—
N{Z+N;7™) + 2L N;< + Ny <
( 1 1 ) AzZ LeffZ( 2 2 )
Lefs
L TN =D (N NSO
P = eff2
A

. A, Lesr1
2 (NJZHNT)+ 72— = (NS + Ny <
(N 1) J Lessz (N3 2 )

> Lesr1/Lerrr 1S €xtracted from the

data based on the assumption of

the equality of (Z—;)O in all data
taking periods
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Preliminary results - I° on proton

> According to general symmetry principles I is expected to be an odd
function of the helicity angle

» It depends only on the ratio of target polarization amounts

> The trend is in reasonable agreement with the earlier observations by
CLAS based on a different data-set (E* with unpolarized target)
> Counts are acceptance corrected

Blue points from S. Strauch et al., CLAS Coll., PRL 95 (2005), 162003

Pus¢, (x'), W={1.665 : 0.085) GeV Puso, (x*), W = (1.80 £ 0.05) GeV Puso, (x'), W = (1.90 £ 0.05) GeV Pus o (x'), W= (2.00 = 0.05) GeV Pus g, (x'), W= (210 % 0.05) GeV Pus o (a*), W = {220  0.05) GeV

prelimingry preliminary prelimingry .. prelipingry . prelimingry E@W@”@}gﬁ?ﬁﬁ‘aﬁy
A ' L R T R S N A
_@;: ....... w4 SN TR S— @+ %@* ....... - ?,{,‘ﬁ ++@d ....... .
ST I S-S B Y
: 4 4 4. A4 4
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>
>
>
>
>

>

P.vs4_(%), W = (1.665 0.085) GeV

Vanishing at zero angle: coplanarity condition
When the helicity angle is oriented in the bottom hemisphere a sign flip occurs in

Roberts’ equations and, consequently, in the parity of the solutions

Improvingly symmetric odd trend with W increase

Preliminary results — P, on proton

No other results available for comparisons: first results ever
P, expected to be odd based on partial amplitudes symmetry

The lack of left/right symmetry in some bins could be due to instrumental
biases (different acceptance for forward/backward hemispheres, unprecise
assessment of target polarization, ...)

P.vs g, (x), W = (1.80 £ 0.05) GeV

0.5

Iry

P,v8 g, (x), W = (1.90 £ 0.05) GeV

0.5

P.vso (w), W=(2.00+0.05) GeV

0.5

iy

0.5

P,vs8_(x), W= (2.10 £ 0.05) GeV

0.5

P.vs ¢ (n), W= (220 £ 0.05) GeV

+ _____ prelimins

=

ry



8  Ppreliminary results — P,° on proton

> No other results available for comparisons: first results ever

> P,° expected to be even based on partial amplitudes symmetry

> P,° does not show a clear-cut symmetry
»  Statistical uncertainties mostly obtained from the error propagation of the
system solutions — small extent overall of target polarization (23% max.)
» Including systematic uncertainties (work in progress expected <20%) most
probably the trend will become consistent with zero

PBus§ (%), W= (1.665 £ 0.085) GeV PRys g, _(x*), W = {1.80 = 0.05) GeV PRys g, (x*), W = {1.90 £ 0.05) GeV PRus 9, (a'), W = (2.00 0.05) GeV PRus 9, (x'), W = (210 £ 0.05) GeV PRus 9 _(x'), W = (2.20 £ 0.05) GeV
4.5 1.5

i preliminary | preliminary : prelimingry | preliminary | Preliminary | preliminary
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Summary and outlook

The study of polarization observables in double-pion photoproduction with
polarized beam and target is a novel tool to extract information about the
baryonic spectrum
> yp channel
“ Extraction of results for all compatible data sets pairs underway, to deliver final averages

(problem: data-sets are badly correlated! Only one set with negative target polarization)
“ Final evaluation of systematics in progress

> Outlook: yn channel - in progress

“ Same data analysis chain used for yp to be applied to the n'z=-n(p) final state
® Use the same W binning and overall analysis approach

The interpretation of results in terms of partial amplitudes contributions calls for
new models to reproduce the new observables suitably updating the interference
patterns

> So far, none of the available reaction models agrees satisfactorily with the
extracted asymmetries

19
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Photoproduction of 'z’ pairs from protons and neutrons
M. Oberle et al. (CB, TAPS & A2 @ MAMI) PLB271 (2013), 237

> Beam-helicity asymmetries in double-n® production on LH,/LD, target 1o E —560-620 MV T 620 - 680 MeV
: e : : e A
(free p + quasi-free p & n) with circularly polarized photons up to 1.4 5;‘;-;(;___' ,;:i;,_i i *"‘,f* ¥ =Y
GeV @MAMI o ?";"}"'" ’ i ) { """"" 03 i
. . o * free p SO Yk o &
I° evaluated through cross-section asymmetries < Tan. Krambrich ot a z . i
. « e . —q B : 1 1 1
Identical beam-helicity asymmetry measured for free and quasi-free < & N 680;’45 o 4 745 - B10 MV
.. iy o, i
protons; very similar results from neutrons 0;;*— b ;f -«,_; x ¥ 1-:_-*
. E N A F * FTTTT T
> Expected up to the second resonance region (W < 1.6 GeV) : h W E: Gy K A
- . . £ i WAL W
> Surprising at larger energies due to difference resonances oy ; '
a0 180 270 0[0 90 180 270 360
produced @17
> Reasonable reproduction of I° trend by Bonn-Gatchina and two-pion
MAID models (much worse for Valencia), at least up to the second I9(p) = z Ay sin(ng)
resonance region =
50 W=1418-1512 MeV_. 1512 1573 MeV 1573 - 1617 MeV 50 :W=141?-1513 MGV_ :1513-15?4 MeV 1574 - 1618 MeV

Lquasﬁree p t T

i_\;, 0_ _______________________ i g~ —————— ___l_____-__'_ ._*__h_ —— _-__:\_
e Xy T
'I—. ) ) U |K 12 ) - Bana 2 = ) - ) + froee p ) ) )
=50 - 1646 1674 Tiev TEFA = 1702 MeV 1618 T647 Tiew L1647 = 1675 MeV 1675 = 1703 MeV
Freeand e 'y quasi-free n
quasi-free p & °f X% '/\JA\VL_‘* :’2?*;"\/ }/\

[T503 21737 el T57T DR eV

i - L - _
a0 4\ A + 2 8k
N AV L 3 *v*/‘\?\/\t

2590 180 270 0 90 18[0] 570 0 90 180 270 360 2°0 90 180 270 0 90 18[0] 270 0 90 180 270 360 1
D [° D [°

=25

0 TS




Photoproduction of n’z* pairs from protons and neutrons

M. Oberle et al. (CB, TAPS & A2 @MAMI) EP] A (2014), 50 A A
B R - A
> Beam-helicity asymmetries in double mixed-charge & o
production on LH,/LD, target (free p + quasi-free p & e S e
n) with circularly polarized photons up to 1.4 GeV S ) A S
@MAMI "0
> Sensitive channels to p* production effects N SN I T

> More background-populating channels compared to 2x°

> I° evaluated through cross-section asymmetries
ordering particles by charge and by mass

19[%]

> Good agreement between measurements on free and

quaS|-free proton, I"eaSOI’]ab|e Wlth quaSI_free neutrons 400 90180270 0 90 180 270(1312["]90 T80 270 0 90 180 270 360

W = 1348 - 1416 MeV 1416 - 1465 MeV 1465 - 1512 MeV 1512 - 1543 MeV
=+ _ 3 3
\ N

> Worse agreement with models compared to 2x°,

. . ] oab Yy’ T B e
especially at higher energies: P NG P
»  more contributions from mixed charge channels, call to £ fswes, P00 o 1
finer tuning of models 23 - Y Pl Wb

1715 - 1769 MeV

> Two-pions MAID model behaves better, overall
> Beam-helicity asymmetries are very sensitive to N e o ;
interference terms 40556750 2;6' 0 90 160 2;6@0[0] S0 180 2/0 © 90 180 2/0 360

1c




Photoproduction of a’a’ pairs off protons

V. Sokhoyan (CB@ELSA/TAPS) EPJ A51 (2015), 95

The double-n° production is suitable to
investigate the A(1232)r intermediate channel
> Less channels contribute compared to the
charged pion channel, especially to the non
resonant background

“  Diffractive p production
“ Dissociation of the proton into A"
[ |

7 exchange is not possible

Use of real linearly polarized photons (ELSA)
from 600 MeV to 2500 MeV: access to the 4t
resonance region

Extraction of:

> total cross section
> PWA of the Dalitz plot
| 4

Beam-helicity asymmetries for double-n®
production on the proton

1400
T T T T

1600
—T T

ot » HD

1800
T T T T

2000
— T T

o CBELSA 1400

* CBELSA/TAPS 1
» CBELSA/TAPS 2
o GRAAL
o MAMI (this fit)

o MAMI (Kashevarov)

2200 W, MeV
T T T T T

bl sy iy

do do
dQ dQ
0
. oo -
970<E, < 1200 MeV/ 1200< £ < 1450 MeV 1450 MeV
05 1080<Mipr)<1250 MV | 1080<Miom)< 1250 MeV | 1080<M( MeV
0 1 § ’-T’i"'-[ i E. T_‘I_'r
N E s N (SRR R
970<E, < 1200 MeV 1200< E, < 1450 MeV 1450 <E_ <1650 MeV/
0.5F 1250=M(pr)= 1350 MeV | 1250 <Mipm)< 1400 MeV | 1250 M(pr)= 1450 MeV

H
Ix

EY

{1+ P[I°(¢7)sin(2¢) +1°(¢™) cos(2¢) [}

0.5f

05k

970«

—r—

<1200 MeV
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