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CLAS N* Program

‘ The N* program is one of the key physics foundations of Hall B ‘

@& CLAS was designed to measure YN and y,N cross sections
and spin observables over a broad kinematic range for
exclusive reaction channels

7N, oN, ¢N, nN, n’N, =zN
KY, K*Y, KY*

- Consistent results for N* parameters from different
exclusive channels with different hadronic couplings and
backgrounds offers model-independent support for findings

@ he program goal is to probe the spectrum of states and
their structure through studies of the Q2 evolution of the
v,NN* electrocouplings

- Probe the underlying degrees of freedom of the nucleon

- Study the non-perturbative strong interaction that generates
N* of different quantum numbers from quark and gluons
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Excited Nucleon Spectrum

missing
N* states

=
Q
=
4
=

[Léring, Metsch, Petry, Eur. Phys. J. A 10, 395 (2001)]

Recent LQCD predictions support CQM
[Dudek, Edwards, PRD 85, 054016 (2012)]
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Excited Nucleon Structure

@& Nucleon structure is more complex than what can be described accounting for

quark degrees of freedom only

-High Q?: quark core dominates, transition from 3q-core + MB cloud ~ 3g-core pQCD
(Q?>56e?) confinement to pQCD regime Low Q? > high

,P,...

- Low Q?: structure well described by adding an
(Q?<56e2) external M-B cloud to inner quark core

@& Electroproduction studies from low to high Q?
probe the detailed structure of the N* states
through the y,NN* electrocoupling amplitudes

- Elucidate relevant degrees of freedom and
their evolution with distance scale

- Only source of information on many facets of

A2, Azs2, S1/2

the non-perturbative strong interaction in the helicity amplitudes
generation of different N* states from quarks e ———
and gluons —

N Awz., Azso- transverse

Tv >€

— > S,/ - longitudinal
A =312
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CLAS N* Program Measurement Overview

Reaction Observable Q@ GeVd) | wGev) Reference Reaction Observable Q@ GeV) | W (Gev) Reference
20-50 14-20 |PRC, arXiv:i1705.01901 en-->epr | Ay, At 005-50 11-26 | PRC94,05520 (2016)
s [ s lO S U1 s o T e ey
TR 1721 TPRLST 022002 (2003) ep->epn |ouonorr  [013-33  |15-23 |PRC76,015204 (2007)
do/dQ2 025-150 |15-186 |PRL 86,1702 (2001)
Ar, Aet 10 - 6.0 11-30 [PRC 95,035207 (2017) = — e 27 Treco0 oooos o
ouonorr  |LO-46 20-30 [PRC 90, 025205 (2014) '
ou oo 20-45  |108-116 |PRC 87,045205 (2013) Quownomor Y339  J16- 20 JPRCE7, 025204 (2013)
— — Lo 12001 o) ep->eKA [P P, 07-54 16-2.6 [PRC79,065205 (2009)
ep > epr®  |dordo 30-60  |11-14 [PRL97, 112003 (2006) uoromorfoo 28 He 24 |PRC 75, 045203 (2007)
Ay, Agt 0.187-0.77 |11-17 |PRC 78,045204 (2008) PP 03_15 16215 JPRL 50, 131804 (2003)
oLT 04-065 [1.34-146 [PRC 72,058202 (2005) oy, oLt orT, oL |14 - 3.9 16-2.6 |PRC87,025204 (2013)
At Act 05-15 11-13  [PRC 68, 035202 (2003) ep--> ek’ |P'x, P’ 0.7-54 16-2.6 |PRC79,065205 (2009)
oy, OLT, OTT 04-18 11-14 PRL 88, 122001 (2002) oy, oLt orr, oLt (0.5 -28 1.6 -2.4 |PRC75,045203 (2007)
Ar, Aet 10-6.0 11-30  PRC95,035206 (2017) ep-—>epo |oyororr  |1725-4.85 |185-2.77|EPJA 24, 445 (2005)
A, Aet 005-50 11-26  PRC94,05520 (2016) ep o epy | 16-56 18-28 EPJA 39,5 (2009)
Ar, At 0.0065-0.35 1.1-2.0  PRC 94,045207 (2016) /ot 15-3.0 185-2.2 |PLB 605, 256 (2005)
ou.ororr  18-45 16-20  PRC91,045203 (2015) prypn 14.38 2030 [PRC 78, 025210 (2008)
do/dt 16-45  20-30 [EPJA49,16(2013) i s 07-22  |2.0-26 |Prc63,059901 (2001)
ep-sent o 04-065 11-13  PRC85,035208 (2012)
Gy, OLT, O7T, 0L |17 - 45 115-17 PRC 77,015208 (2008)
ouonorr  025-065 |11-16  PRC73,025204 (2006) CLAS: 1997 - 2012
oLT 04-065 1.34-146 PRC72,058202 (2005) %
cu.ororr  212-416  111-115 PRC70,042201 (2004) )
Aet 035-15  112-172 PRL 88,082001 (2002) s

CLAS Physics Data Base http://clas.sinp.msu.ru/cgi-bin/jlab/db.cqi

I Daniel S. Carman Jeffg?son Lab sssmmm V2017 Workshop - Aug. 20-23, 2017
o




Extraction of Electrocouplings

Reaction | N*, A* States Q? ranges of y,NN*
Channel Electrocouplings (GeV?)

mp, mtn | A(1232)3/2" 0.16 - 6.0
N(1440)1/2+, N(1520)3/2-, N(1535)1/2- 0.30 - 4.16

N N(1675)5/2, N(1680)5/2*, N(1710)1/2* 16-45

np | N(1535)1/2- 02-29
wrp | N(1440)1/2°, N(1520)3/2- 0.25-15

A(1620)1/2-, N(1650)1/2-, N(1680)5/2", 05-15
A(1700)3/2-, N(1720)3/2*, N'(1720)3/2*

http://userweb.jlab.org/~mokeev/resonance_electrocouplings

Analysis codes for single and double PS meson production:
* Unitary Isobar Model (UIM) }
T Y for 7N and nN
: n
v N* A* < * Fixed-t dispersion relations (DR)
) * Data-driven reaction model for n*n"N (JMO9, TM16)

\ N [Aznauryan et al., Int. J. Mod. Phys. E 22, 1330015 (2013)]
[Mokeev, FBS 57, 909 (2016)]
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Total Cross Sections

<4b
Y'p —>a'n Class
~ = ~ B
2 1.8 3 Q*=176eV? | S o6
N 1.6 — : | N B
= SRy : E 05|
< e fA S
gl2pf | S04}
b 1 C : o O N
- ! ) =
0.8 | E ¥ 0.3 -
0.6 = 13 3¢ \ 0.2
04 = 15 7= 5 :
1st ! 2nd I 0.1 1st 2nd : 3rd )
0.2 ! I e : B I I e
1.2 14 16 1.8 2 1.2 14 16 1.8 2
W(GeV) W(GeV)

[Park et al., PRC 77, 015208 (2008), PRC 91, 045203 (2015)]

Emm Daniel S. Carman Jeffgon Lab ssmm N*2017 Workshop - Aug. 20-23, 2017 Page 7
o



First Resonance Region
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* Good agreement between UIM and DR approaches
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[Aznauryan et al., PRC 80, 0565203 (2009)]
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Low-Lying N* States
T, [N@a40)1/2"] \ Az [ N@520)372- 4L A N(1675)5/2 |

- 20 |- | .
- - ..
b
| \.‘-
15 |-
| "
"N

60 [—
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10 |-
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MB contributions
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200

®
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sof AN/ e DSE « |00 m CIAS ST
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* Electrocouplings reveal different interplay between quark core and M-B cloud
- Important to study different N* states vs. distance scale

* Good agreement of the extracted N* electrocouplings from Nn and Nnn
- Compelling evidence for the reliability of the results
- Channels have very different mechanisms for the non-resonant background

Structure studies of low-lying N* states have advanced due to agreement
of results from independent analyses of the Nn and Nnr final states
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Higher-Lying N* States

& Nnt channel gave first electrocoupling results on higher-lying states up to 1.7 GeV:
A(1620)1/2-, N(1650)1/2-, A(1700)3/2-, N(1720)3/2*

-10 |

-20

30 F

50 F

-60

Note: Most high-lying N* states (M > 1.6 GeV) decay
mainly to Nz with much smaller strength to Nr

-40 |
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[Mokeev, Aznauryan, Int. J. Mod. Phys. Conf. Ser. 26, 1460080 (2014)]

I Daniel S. Carman Jeff;?son Lab sssssmm N*2077 Workshop - Aug. 20-23, 2017
o



N*,A* — KY Landscape

. . New
N* — KY A* > KX N* — KY A* — KX
State Rating BR % BR % State Rating BR % State Rating BR% BR% State Rating BR %
(KA) (KZ) (KZ) (KA)  (KZ) (KZ)

N*(1650) ~ *+*x 311 - A*(1700)  *xxx - N*(1650) =+ 10%5 - A*(1620)  www -

N*(1675) R = = A*(1700) ok ok .
N*(1675) ook <1 - A*(1750) * -

N*(1680) ook - - A*(1750) * -
N*(1680) LA - - A*(1900) ok -

N*(1700) ook - - A*(1900) ok 513
N*(1700) ook <3 - A*(1905) ook -

N*(1710) LR 23+7 - A*(1905) R -

* ok - - * shokoksk

N*(1710) 5-25 A*(1910) 9 N*(1720) N ) ) A*(1910) 2k 9+5
N*(1720) e 1-15 - A*(1920) = 2.1 N*(1875) 3 42 1558 | A*(1920) o 412
N*(1875) ook - - A*(1930) ok - N*(1880) ok 2+1 1717 | A*(1930) S -
N*(1900) Hrk 0-10 5 A*(1940) = - N'(1895) - 18s5  13£7 | A(1940) o )

N*(1900) ok 1645 5+2 A*(1950) ok 0.4+0.1
N*(1990) ok - - A*(1950) S -

N*(1990) L5 - - A*(2000) ok -
N*(2000) b - - A*(2000) ok -

N*(2000) A - -

[Beringer et al. (PDG), PRD 86, 010001 (2012)]

[Anisovich et al., EPJ A 48, 15 (2012)]
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Evidence for New N* in KY Final States

PDG KA Ny
2016

State PDG
N(mass)JP | pre-2010

N(1710)1/2* »
N(1880)1/2* ox * o
N(1895)1/2- ox - X o
N(1900)3/2* ok ox
N(1875)3/2 - - - -
N(2150)3/2- " - "
N(2000)5/2* x - o ” o
N(2060)5/2- - = o

| Extend these studies to electroproduction and to higher masses
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K*A Structure Functions claSy
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E=5.5GeV, W:thr—2.6 GeV, Q°=(1.80,|2.60, 3.45 GeV? [Carman et al., PRC 87, 025204 (2013)]
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[Carman et al., PRC 87, 025204 (2013)]
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Recoil Polarization ep 2> e KA o2

o771 —————7—
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05 3
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(nores) .uveeuuns

'1.6‘ | l1.8. . .2.0 . 2.2 | .2.4. | ‘2.6.
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Transferred Polarization €p > e'K'A ¢S
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KY Reaction Model

There is an urgent need for KY reaction models - first for lower Q?
data from CLAS and then for higher Q? data from CLAS12

= 4 Work is underway to further develop the
-% RESONANT“\% l.K Ghent Regge plus Resonance (RPR) model:
@ | (+BACKGROUND) ' by
3 /p \X YHH,/ K  Update RPR electrocoupling parameters
g road SAORCHE N : KY * Refit model fo CLAS yp and y,p data:
N Y\ W > 2.6 GeV, @ > 4 6el?
"high-energy" . ~ + Extend model to CLAS12 kinematics:
region | perturbatlve
resonance . QCD W > 36el Q> 12 Gel”?
| region - - !

[DeCruz et al., PRC 86, 015212 (2012)]
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CLAS12 Spectrometer

[ |  CLAS12 Specifications

Forward Central
Angular 50 — 350 350 — 135°
coverage
Momentum  3p/p < 1% op/p < 5%
resolution
0 resolution 1 mrad 5—-10 mrad

¢ resolution 1 mrad/sin® 5 mrad/sin6

PID:

/K 46102.8 GeV 3c100.6 GeV
K/p 46t04.8 GeV 3cto 1.0 GeV
7/p 46t054 GeV 3octo 1.2 GeV

Calorimeter o ~0.1NE
resolution
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CLAS12 N* Program

E12-09-003 Nucleon Resonance Studies with CLAS12
E12-06-108A KY Electroproduction with CLAS12
E12-16-010A N* Studies Via KY Electroproduction at 6.6 and 8.8 GeV

& Measure exclusive electroproduction of Nn, Nn, Nzrt, KY final states from an
unpolarized proton target with longitudinally polarized electron beam

E,=6.6,88 116GeV, Q°=2-> 126eV?, W—-> 3.06eV, cos 6,,* = [-1:1]

= Study spectrum and structure of all prominent N* states vs. Q?

- A unique opportunity to explore the nature of confinement that is responsible for
the dominant part of N* masses and the emergence of N* states from QCD

= The independent analysis of Nz, Nn, Nzx, and KY allows for “model
independent” extraction of the electrocoupling amplitudes

- At moderate Q¢ (1 - 5 Gel?), the new CLASI2 electroproduction data will be of
comparable statistical quality as existing CLAS photoproduction data
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N* Spectrum and Structure

Study higher-lying states in N* spectrum:

 important precision tests to confirm signals of new baryon
States observed in KY photoproduction

[N
EE ]

— L T y
B B
—

i

Bonn model: residual short ra.nge interaction
based ums a.uon d df c&

e REE L g e
Understand the effect of N* structure from M-B cloud:

* use transition regime to explore the emergence of the external M-B
cloud from the core of confined quarks and gluons

* require consistency between photo- and electroproduction data

* check the theoretical expectations on the M-B cloud generation from
the confinement regime

R

—-‘— \*lf

J
B/ o)

7 \ P
#\*’f I‘FE
N — L

N— ﬁo——/\
20w
Q

Access di-quark correlations in N* structure:

* important part of N* structure and y, NN* transition
amplitudes

* determined by dressed quark mass function through
DCSB

» dependent on N* quantum numbers

* sizable for Q2 < 5 GeV?; reduced contributions from
M-B cloud in range from Q? =2 — 5 GeV?

non-point-like diquarks
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Exploring Hadron Mass Generation

Gu™,  |Nasueszaz| VA, |[NA#OWZ') Dressed quark mass function:

Magnetic FF 60
e core 40 » DSE calculations of FFs for N* states
can test the relevance of dressed quarks

.. dominance

Substantial 20

contributions

0| dod o /{{ — with dynamically generated masses
frozen " . “ 7
DSE calculations LT | ruwing g « The mass function can be “measured
:z 4 s car as it influences and determines the
107 : - ) 0 T 2 CE— 5 ] [
10 " a2 (Gev) " @ (Gov?) electrocoupling amplitudes
INE ;aidac;uismon'ofmass;s ' Open questions in Standard Model:
. ;K ___~effept of gluon cloud 7

DSE: curves, LQCD: triangles * Data spanning the transition region from low
] to high Q2 can help to map out the
momentum-dependent dressed quark mass

o
@

—— m = 0 (Chiral limit)
— m =30 MeV

M(p) [GeV]
o
N

» These dynamical contributions account for

more than 98% of the dressed quark mass
0.1

* Help to address the essence of confinement,

A e e S mass generation, and its distribution within
0 1 2 3
p [GeV] per dressed quark h adr ons
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Concluding Remarks

@& The study of N* states is one of the key foundations of the Hall B physics program
with CLAS:

> CLAS has provided a huge amount of precision data (cross sections and pol.
observables) for the Nr, Nn, KY, and N channels Q2 from O to 4.5 GeV?

> Electrocouplings of most N* states < 1.7 GeV have been extracted from
these data for the first time for the non-strange M-B final states

> Analysis tools to extract the structure information from the KY
experimental observables are sorely needed

& The CLAS12 N* program will extend these studies for 2 < Q2 < 12 GeV?:

> These studies will allow for insight intfo the strong interaction dynamics of
dressed quarks and their confinement in baryons over a broad Q? range

> These data will address the most challenging problems of the SM on the
nature of hadron mass, confinement, and the emergence of N* states
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