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https://indico.cern.ch/event/739938/

The time frame — 2030 ?

Why N*’s are important
Nathan Lsgur, N*2000

“I am convinced that completing this chapter in the
history of science will be one of the most
interesting and fruitful areas of physics for at least
the next thirty years”
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Some historical markers

1952: First glimpse of the A(1232) in ntp scattering indicates
internal structure of the proton

1964: Baryons essential in establishing the quark model
and color degrees of freedom

1989: Broad experimental effort proposed to address the
“missing” baryons puzzle

2010: First prediction of the nucleon spectrum in LQCD
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2018: Advanced understanding of the nucleon excitation spectrum -
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and of the structure of several states with traceable links to QCD -

zzzzzzzzz

(P ENERGY | 20 &FA Jefferson Lab

e



Strong QCD is born ~ 1usec after the Big Bang

Today 14 hillion years
Life on earth g v

Acceleration \—— 11 billion years -

Dark energy dominate!
Solar system forms\ #i=

Star formation peak \ESEESESNEHIGONYEASIES

Galaxy formation era\ y
Earliest visible galaxies'

Recombination Atoms form

Relic radiation decouples (CMB)\ (¢ P
= . =2

Matter domination
Onset of gravitational collapse

Nucleosynthesis
Light elements created - D, He, Li | =%

Nuclear fusion begins

' _3minutes :

Quark-hadron transition
Protons and neutrons formed

Electroweak transition
Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

Grand unification transition |
Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall -
Spacetime description breaks down
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5,000 years

Time after the Big Bang

T~ 700, 000, 000 yrs: galaxies

T~ 400, 000 yrs: atoms

T~ :10?2s: nuclei

T~ 10%s: Nucleons

T~ 10°s: QGP

—

T~ 10°s: Transition from

the QGP to Nucleons

T (MeV)

hot QCD

Deconfined/chirally
symmetric matter

155| ===~

N* ¢
:’ Critical
Point ? Line of 15t order
Hadron Gas phase transition

color confined

strong QCD

Confined/chiral
symmetric matter

Mg

= chiral symmetry is broken
= light quarks acquire mass dynamically
= color confinement manifest
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From the H spectrum to the N* spectrum

Analogy QCD & QED => path to discoveries ?

Spectral series

f hyd
o1 VEATeBEn = Understanding the hydrogen atom

requires understanding its
spectrum of sharp energy levels
-> From the Bohr model to QED
-> Lamb shift, ...

10 000 nm

Niels Bohr, model of the E“

hydrogen atom, 1913. » Understanding the proton requires

understanding its energy spectrum of

broad energy levels

- -> From the quark model to strong QCD

-> Accuracy of predictions should be
commensurate with experiments, i.e.
O(10 MeV).

1000 mm

vibk

100 mm
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How do we learn from N*’s about sQCD?

» Measure the N* spectrum more completely and more accurately (experiments & analysis)
> Probe the running quark mass function m(q)
> Study confinement of light quark flavors

> determine the effective degrees of freedoms
> measure the internal forces on quarks

> Find non-quark contributions and clarify their nature
» meson-baryon contributions to N*s
> gluonic excitations
> dynamically generated states
> molecule type states

=>» Vigorous experimental program in search for new states and the measurement of the transition
amplitudes and form factors

(P ENERGY | 20 &FA Jefferson Lab
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The N(1900)3/2* state

* First baryon resonance observed and fully
established with multiple confirmations in
electromagnetic meson production.

 State confirmed in an effective Langrangian
resonance model analysis of yp — K*A.

O. V. Maxwell, PRC85, 034611, 2012

e State confirmed in a covariant isobar
model single channel analysis of yp — K*A.

1600 1800 ~ 2000 ~ 2200 2400 T. Mart, M. J. Kholili, PRC86, 022201, 2012
M(yp) [MeV]

Precise data require precise analysis

(ZENERGY | e’ &FA Jefferson Lab
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Establishing the N* spectrum

Hyperon photoproduction yp—K"A—-K pr

Fit by BnGa group A.V. Anisovich et al, EPJ A48, 15 (2012)
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Establishing the N* spectrum

PWA ANL-Osaka (2012) Hyperon photoproduction yp—K"A—-K pr

Includes **%*, ****
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Polarization observables in KA/KX production

By including additional polarization observables can we find new states?

Experiment Final State W range (GeV) by P Cx C. T O, 0.
CLAS gl1 KA 1.62-2.84 *
KY° 1.69-2.84 *
CLAS glc KA 1.68-2.74 * * *
KY° 1.79-2.74 * * *
LEPS KA 1.94-2.30 *
Ky’ 1.94-2.30 *

GRAAL KA 1.64-1.92 x *
KY° 1.74-1.92 X *
CLAS g8 KA 1.71-2.19 x *
KY° 1.75-2.19 x *
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More N*’s from polarized K*A production?

-~ e
Yp — K+A\ C.A. Paterson et al., PRC93 (2016) 065201
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The N(1710)1/2* state ***

Julich

ntN -->1tN analysis

D. Ronchen M. Dormg, et al., EPJA 50 101(2014)

ReP

- -ImP
4 08+

0.6
04

N(1710)1/2*
motivated by KA
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- S. Ceci, Svarc, B. Zauner,
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- AV. Anisovich et al. (BnGa), EPJA48 L
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N* spectrum — A(2200)7/2

Projections E(Yp > prd) with re-fit

(yp = p°)

E(yp = pr°)

12 600 — 630 MeV | 630 — 660 MeV 660 — 690 MeV 690 — 720 MeV 720 — 750 MeV 12 660 — 690 MeV 690 — 720 MeV 720 — 750 MeV

630 — 660 MeV

' B M. Gottschall et al.,

arXiv:1904.12560 (2019)
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polarized electrons in
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Spin precession SOLENOID at Bonn University

at THOR CRYOGENICS LTD 13 Tesla-meter SOLENOID
during Acceptance tests at

THOR, Oxford, England,
ca. 1978.

Solenoid installed
in the beamline of b ]

the 2.5GeV electron o
synchrotron, 1978.

200 400 600mA
Solenoid current

(long before ELSA) : /0 ek

Fig. 6. Polarization degree, measured at 850 Mev as a function
of the solenoid current. The measured points show the expected
sine-like behaviour.
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N* spectrum, cont’d - A(2200)7/2-

World data (2014) ’Vp —> TCOp

1.71 <W < 1.90 GeV 1.90<W < 2.10 GeV
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N* Spectrum cont’d - A(2200)7/2-

A.V. Anisovich et al., Phys.Lett. B766 (2017) 357-361

YN — N

Use all available p=°, nrt,

data o, and single and double
polarization dataon T, %, E.

Analysis verifies the strong 4*

A(1950)7/2* state and finds
evidence for A(2200)7/2-

M
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The Quest for Excited Nucleons

State PDG PDG
N((mass)JP 2010 2018 *¥kk*k _ existence is certain

. . N(1710)1/2+ % %k % * %k %k % *%k% . existence is likely
Precision meson . %% _ evidence of existence is fair
photo-production data ::::z:z ; - = * - evidence of existence is poor
led to the discovery of

| d N(1895)1/2" ook
several new st.ates an e ” e
the full establishment
N(1875)3/2" ke
of poorly known
o th N(2120)3/2- ok k
states, in the mass e e
range up to 2200 MeV. A(1600)3/2* - -
A(1900)1/2 % ok
A(2200)7/2 * ok k

http://pdg.lbl.gov/2019/reviews/rpp2018-rev-n-delta-resonances.pdf
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The N/A Spectrum 2016 (PDG)

*oksk kokoksk

|:| new/upgraded O 0

2.4

 , 0 @

520 - -
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§ o RN SR
1.8 - B
o mmm o mmmmm e m e e R
- _ - | l
(O R A | [ |
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1/2*+ 3/2* 5/2* 7/2* 9/2* 1/2- 3/2-5/2- 7/2- 9/2JP1/2+ 3/2* 5/2+ T7/2* 1/2- 3/2- 5/2- 7/2-

The parity partners A(1950)7/2* and A(2200)7/2- show no mass degeneracy.
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Do new states correlate with LQCD states?

R. Edwards et al., Phys.Rev. D84 (2011) 074508

mg = 1672 MeV

g

D ]
Fit needed e -
N(1900)3/2* | = 1.a = —
N@o1/2+ /= _— e
N(1880)1/2* |
1.0
0.8
o6 -+

pjen

Lowest J* states 500 -700 MeV high

Ignoring the absolute mass scale, new states correlate with the JP values predicted from LQCD.

N*

m,=396MeV

. Fit needed
] N(2060)5,/2-
:’ 1 N(2120)3/2-

]
e = ] | N(1875)3/2

qﬁ@ N(1895)1/2-

= = : N(1675)5/2
- . N(1700)3/2-
: N(1520)3/2-
4 N(1650)1/2-
1— 3— 5 I— A N(1535)1/2
2 2 2 2 .

Lowest ]~ states 200-300 MeV high

We need LQCD projections at or near the physical pion mass

-.'. .'Z U.S, IEP/AP.TVa"NTY C.F Omce of | g—
rﬁ/ EL“’ERGY Science ‘ J A

N~
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Dynamics of the Roper N(1440) resonance

bare state
<—7N, TN AN /1763 MeV

(e e e e e e e e e e e e

T[A——————————— — I S . .

A(1357,-76) VRPN N —

10 M pN
”
N -

B(1364,-105)

Im(E) (MeV)

Resonance masses (poles) can
change significantly when the

2000 1 coupling to inelastic channels
C(1 820 ,—248) iS il’lClUded dynamically.
For the Roper state by 400MeV.
300 7

1400 1600 1800
Re(E) (MeV)

N. Suzuki, B. Julia-Diaz, H. Kamano, T-S. H. Lee, A. Matsuyama, T. Sato, Phys.Rev.Lett.104:042302,2010
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The quest for missing excited baryons

Understanding the history of our universe

not included
h ical . Sandeep Chatterjee et al;
strangeness / baryon chemical potential prc 6. 054907 (2017) PDG 2016 with *, **
0'35 C | T T T T T T T T Ll 1 T T T T i §§02 "\;(lx()()) ‘,\-'(188()
- i Oé Sy IV (1895)]
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— it — | the cross over A(2150) A(2200
i e T 2012 | temperature with A(2300) A(2350)
e 2016 ] | 9ccounting for only A(2390) A(2400)
it -] | the currently A(2750 A(2950
- HRG-model 1 | established excited SL2D0) A(259)
_ ﬂ 1 | baryon states. N(1875)
B L L L L l L L L L l i :
0.1 b PDG 2018 with
140 150 160 170 e
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. e
Beam-target asymmetries yp —po Class

do dO’()

99 = a0 {(1 — §;Xcos23)

+Acosa(—6; Hsin28 + 6o F)

— Asina (=T + 6; Pcos23) },

1450 [1897] MeV

P. Roy et al. (CLAS), Phys.Rev. Lett. 122 (2019) 162301

1650 [1993] MeV E 1750 [2040] MeV

3 S T TER S W e U B Both PWA need newly

1250 [1795] MeV | 1350 [1847] MeV | 1450 [1897] MeV | 1550 [1946] MeV | 1650 [1993] MeV | 1750 [2040] MeV | 1850 [2085] MeV | 1950 [2130] MeV .
discovered nucleon

3 3 . . | a4 . : resonances: N(1880)1/2*,
1 '.85“2”_“.5”""" : 1950 r2AsoT ey : 205021731 MeV | To #@*M%%Mé‘ﬁ N(1895)1/2", N(1875)3/2,

i ) . ] . 3 - 05 Sauw Sellt ~~._'0 ~‘~ R \~~.', ~~.': ~\-'l
05f . e P P N(2120)3/2-. Also strong
0F M &W o & evidence is found for
05§ 3 - : 1250 [1795] MeV | 1350 [1847] MeV | 1450 (1897]MeV | 1550 [1946] MeV | 1650 (193] MeV | 1750 (2040 MeV | 1850 [2085]MeV | 1950 2130] MeV )
| 2150[2216] MeV [ 2250[2258]MeV [ 2350 [2299] MeV 05 N(2000)5/2+ (pl’GVIOUS'Y also

e -

05 | R o= o_%%- = ﬁ 7",}&,\ Z . seen in unpolarized CLAS ®

NPT P rs Iy e - .- . + K A0 A data)
E g P g %3; -0.5—

-0.5 ] ]
2450 [2340] MeV | 2550 [2379]MeV [ 2650 [2418]MeV |  lbuswrwssbiwmao b bong TR T R N
e e — : 05 005 05005 05005 05005 05005 05005 -05005 -050 051
1 -05 0 05 05 0 0.5 05 0 05 1 cos O,

cos Op, PWA: BnGa, Wei
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Search for Neutron States cloSp

2 (yn ->11p) Fit: Bonn-Gatchina, 2018

r 1880 | 1890 | 1900 | 1910 [ 1920 - 2130 | 2140 | 2150 | 2160 | 2170
S ° ° 4 ° ) o ] 6 ° [ o °
o — on n JAY AN Ay Q

: % I At
S| 2010 | ol 2290 |
ie 0O o i |

'
—_—

N

>

S

= 1¢ )o
GEJ o—f\' L/
& "

> }' o2 1¢ ;_L
© o O f
e | |
© ] O F
Q

o0

[

Fit requires additional new resonances above 2100 MeV

.gefferson Lab



y — U.S. DEPARTMENT OF
.2 ENERGY

Internal structure of excited states

- Meson photoproduction very effective in searching for and
identifying new resonances.

- To probe the internal structure and relevant degrees of
freedom versus distance scale, a hard scale is needed, which
iIs provided in electron scattering.
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Structure of excited baryons

“'
[56,2°]

N(1680)5/2* 2

" transition charge densities
" running quark mass
" effective degrees of freedom

=> reveal nature of N* states Laq
[70,1]
N(1675)5/2
N(1520)3/2 1
N(1535)1/2
. A(1620)1/2
“““““ A1/2, Az, S1/2 N, ¥
[56,0+] ““““ F.*, F>*, F3*
A(1232)3/2* 14, .. i » N(1440)1/2* 1[56,0°] 0
N(940)1/2* | N(1710)1/2* [70,0*]
0 1 N [hw] 2

http://pdg.lbl.gov/2019/reviews/rpp2018-rev-n-delta-resonances.pdf
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Integrated cross section at W<2GeV

3 + K. Park et al., PR C77 (2008)
v p — 1N 015?08? PC;? C91 (2015) 045203 Clcgoa

Why measure form factors of more than one resonance, aren’t they all the same?

g br—" = 18fF 2 06k
= , Q’=0.4GeV? = 16k Q*=1.7GeV? S Q2=3.15GeV?
K ’% L] : N - : N -
Ny B C 05
310 <+ MAF F 7t
+— ~ | ~ B
© gl2p S04
© 1 © ¥
08| 031
5 | 5 0.6 0.2
L 0.4 [ o B
T g ﬁp | 01/ & 28
s g2 0.2 I 2 e
< x =2
‘ 0 : i 0_||1|||3|||:|||||||||||
1.2 14 16 1.8 2 1.2 14 16 1.8 2
1.25 15 1.75
W(GeV W(GeV
W(GeV) ( ) ( )

—> Different states respond differently to changes in Q2.
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NA(1232)3/2* transition form factors

LF RQM: I. Aznauryan, V.B. arXiv:1603.06692 DSE: J. Segovia, C.D. Roberts et al., PRC94 (2016) 042201

6*
10
% Gy rn /3G R (%)
..i] e ; —
os| ¥, 2| Wfae o Ao o + Vf
o 4
-6>
8l
|
0
10| \"Fbo- o
7
°
-20
30| ¢
-40 Ry (%)
I ‘ -SO:J , L1
0% 2 4 6 8 10 0 1 2 3 4 5 6 7

Q* (GeV?) Q* (GeV?)
* G, shows dominance of g3 contribution at Q2 > 3 GeV?
* Rgm = -2% consistent with MB, no trend towards asymptotic behavior (Rgy,~> +100% )

* Rym ~ consistent with g3 dominance, Ry, - 100%; DSE has different trend at high Q2
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Roper - 15t nucleon radial excitation?

80| + V.B., C. Roberts, Rev.Mod.Phys. 91 (2019) no.1, 011003

: N(1440)1/2°A, , 3 Y

JUURIN N LF RQM: |. Aznauryan, V.B. arXiv:1603.06692

60 5 DSE: J. Segovia, C.D. Roberts et al., PRC94 (2016) 042201

i EFT: T. Bauer, S. Scherer, L. Tiator, PRC90 (2014) 015201
40 -

j =» Non-quark contributions are significant
20| at Q% < 2.0 GeV?2. The behavior at Q2 < 0.5

0 < can be modeled in EFT.

! 'MB Contrlbutlon =» The 15t radial excitation of the g3 core
-20| emerges as the probe penetrates the MB

i cloud
401 o Nt CLAS

| + -

i — LFROM a pr'm CLAS “Nature” of the Roper — is consistent with the
60 & = e DSE = RPP 1% radial excitation of its quark core surrounded

LT EFT L by a meson-baryon “cloud”.

0 1 2 3 4 5
Q’ (GeV?)
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Roper resonance from LQCD

H.-W. Lin, S. D. Cohen, 2012 .
Roper mass in LQCD

02_""]""1""]""]""l""
! N 3.0 T T | T T T T T
L 4 ()
0.1+ o %% % % % - g
s | ﬁ% + 3 & 2.5} ] -
I o ] &
or A" 7 0 %’ © © Roper
PR _ 2.0 ; ¢ * + 4
_0.1?'}...11...1....|1...|1...1...._ # + + ¢ '
-0.5 0 0.5 1.0 1.5 2.0 2.5 1 5 B + + + + |
LI LN L B L B . * S - 0
04r 7 o ©° e 3° @ ‘ Nucleon
I + ] 1.0 ¢ ~
0.2 ]
i 3 0 % o
g o {éi ﬁ - 0.5 1 | | | | | |
[ s %ﬁ ] 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
ot o . mi(GeV?)
L [} .
'°~4_‘| | | | | ] In the Q2 region where data and calculations
o o5 10 15 20 25 overlap 0.3 < Q2< 1 GeV2is good agreement.
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N(1535)1/2 - Parity partner of the nucleon

LC SR: I. Anikin, V. Braun, N. Offen,
PRD92 (2015) 014018

‘ LF RQM: I. Aznauryan, V.B. arXiv:1603.06692
125 |-

100 | I%O
) ‘:':\

75

N(1535)1/2° A,

=» LF RQM describes data at Q2 > 1.0 GeV?

=» LC SR with direct link to sQCD describe
transition at Q2 > 1.5 GeV?

50

25 |-
7 =>» Non-quark contributions concentrated at
Q%< 1.0GeV?

MB contributions

-25 | ® Nn CLAS
@
-50 ___ LFROM A ﬁ: 222% =>» N(1535)1/2 quark core excitation is
75 oo LC SR (LO) = CLAS consistent with the 1t orbital excitation of
LC SR(NLO) 4 RPP the nucleon.
0 ‘; 2 3 | 4 5 é | 7 8 9
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Light Front ypN* transition charge densities

L. Tiator, M. Vanderhaeghen 141 N(1440)1/2* 14E / N(1535)1/2-
Phys.Lett. B672 (2009) 344-348 f2r Po 12—Pp / \
Q- NN* NN* 1 :
A =€ F, + E y » 3 1%} 3
2 \/E(ZUWN]W*)U2 - 2_} -2 osr P \ g o8 ! / \
_ Q- Q:Q-\ (M*+ My) [ yy- Q’ NN* 2 oe // \\ & el / \
Sip = e - Y = e F 3 // \\ 3) :
VAR (a2 \ 20 ) T Q (OF 3P 2 <. s [
2o /a 2 . |
Exp: 0 <0?< 4.5-7 GeV? 5 /o \ 5 |\
N 7 \
0.2- 02
- —1.5:‘H—1IIH—0,5HH0"HO.5|H|1HH1.5 —1.5HH—1HH—0.5‘H‘OHHO.SHH1HH1.5
A0 = [ 2 RbQR @) . by (fm) . by (fm) )
0 l lin wn =} w 13 len N ” o ”n ~ o
.- * | ~dQ  Q? * ) i: ,
PN (b) = pd™N(b) + sin(op — ¢s) /0 %(M* i M_N) Ji(bQ)FyN(Q?) N N b‘ZpT
n: .
Jm = tV2-> -2 B L
N(1440) exhibits a somewhat softer core and
a more complex meson cloud contribution oF ol
than N(1535) which has a harder core and graphics
o o
smaller cloud. courtesy . F - = & y
FX.Girod 3 _f Electric Dipole ERN: Electric Dipole

_
| | | |
| ! o
I8 w o -
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Electrocoupling amplitudes N*(1520)3/2

ao|- N(1520)3/2° A,

20 -

By __ MB contributions

-20 -

-40 -

250 [ N(1520)3/2° A,,

-60 °
-80 ; A
i —— LFROM 4
-100 - m CLAS
gl
0 1 2 3 4 5
Q* (GeV?)

60
N(1520)3/2 S,

af )

201 X MB contributions

201
-40
60 |
80

-100

120 - L L L |

=> A,/, amplitude
dominant at Q2> 1 GeV?2

=> Ay, is only significant
contributor at Q>3 GeV?

Q’ (GeV?)

0.75

0.5

0.25

-0.25

-0.5

-0.75

® ®
i S
| '\ |

) —— LFROM

e Nn
- A pu'm

. RPP

] N(1520)3/2 4 )

m CLAS
B A= (A 2-A3 2 (A 2 +A5,2)

| | | | . |
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N*(1675)5/2  photo/electrocoupling amplitudes

On proton target the g2 transverse amplitudes are suppressed due to a selection rule.
=> Expect MB contributions to dominate at all Q?2

K. Park et al.; PR I r
C91 (2015) 045203 i N(1675)5/2" A, , i N(1675)5/2 A
20?. 20| 3/2
15| 15} >,
10} 10
5 5°
of of
i o Nmt CLAS i
5| = RPP s
005115225335445 0 05 1 15 2 25 3 35 4 45
Q* (GeV?) Q* (GeV?)

— Meson-baryon contributions significant.
—> State is not a MB resonance.
— CQM predicts large amplitudes on neutrons — seen in data.

S. DEPARTMENT Office of
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N9(1675)5/2  photo/electrocoupling amplitudes

On neutron target the g3 transverse amplitudes are not suppressed.
=> Expect g3 contributions to dominate at all Q2

('\l/-\ 0 N/-\ Of
=t > |
< 20| LFRQM | O 25| LF RQM
=™ = |
< | < 50
-40 |— B
. "1
- -
-60 |— ?
N T 00— L
0 2 4 0 2 4
Q’ (GeV?) Q’ (GeV?)

= LF RQM predicts large amplitudes on neutrons — seen at the photon point
—> Meson-baryon contributions significant, not dominant (~25%).

(P ENERGY | 20 &FA Jefferson Lab
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N(1675)5/2° Meson-Baryon contributions

Resonance Ay A3z Ay /2 A3z
exp. [15] exp — LF RQM

proton

N (1440) %+ —60 +4 —-31+4

‘\'(152())%_ —20+5 140 £ 10 —17+5 —-174 £ 10

N(1535) %7 115+ 15 —54+15

N(1675) %7 19+8 20+ 5 16 £8 15+5
neutron

N(1440) 17 40 + 10 12+ 10

N (1520) %_ —-50+10 —-115+10 20+ 10 131 +£10

N(1535) % —75+20 87 + 20

N(1675) %7 —60 £ 5 —85 %+ 10 —-13+£5 -23+£10

40

20

-20

N(1675)5/2-

MB contributions

proton — neutron
(isovector)

Al/ 2

proton + neutron
(isoscalar)

As

Office of

Using the quark selection
rule and the LF RQM and
hCQM we obtain insight
into the isospin
components of the MB
contributions to the
vypN*(1675)5/2-and
ynN°(1675)5/2" transitions.

MB at Q2=0 are dominated
by isovector amplitudes.

http://pdg.Ibl.gov/2019/reviews/rpp2018-rev-n-delta-resonances.pdf
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Resonance Electrocouplings in RPP 2019
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PDG Online 2019
http://pdg.lbl.gov/2019/reviews/rpp2018-rev-n-delta-resonances.pdf

.gefferson Lab



The N* program continues

* The search for new N* states continues with the precision data from
CBELSA, MAMI, JLAB, LEPS, J-PARC, ..

* Multi-channel analyses have been critical components in the search for
new states and should be further developed to include vector mesons,
multiple mesons, ...

* We need to search for the missing strangeness states in new
experimental programs, e.g. J-PARCe. K _Facility at JLab/Hall D,. ..

 We need to address experimentally how nearly massless quarks
become massive as predicted in LQCD and DSE

* We need to search for gluonic baryons predicted by LQCD and models

2 ENERGY _ Jefferson Lab



Hybrid Baryons g°G

J.J. Dudek and R.G. Edwards, PRD 85 (2012) 054016

N‘k
L 80 +
[ 1+ 3+ 5+ 7+ N(1440)12° A,
LQCD ([ 3 2 2 2
L — 60
30 (| ‘
. @ = =
40
clustered [ %:] FQ
in mass 25f 4 il eam 20
> | B o =
g T = = :
= 2o}
g |
: 1.3GeV ‘hybrid’ states 0
15F 40 c
i A
2 - :
1.0F m  CLAS
[ -B0
0 1 2 3 4 . .
Q" (GeV")

Cover low Q2 range with very high statistics using the CLAS12 detector
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Probing the running quark mass at JLab12

Roper resonance Running quark mass
0.35 | | |
N(1440)1/2" A
40 1/2
I 0.30 ¢ | accessible B
35 at 6 GeV LQCD
025 r — DSE 4
30 A LF RQM Ny accessible
| —— running quark mass @\i 020 F at 12 GeV |
25 T ------ fixed quark mass >
S 015 .
20| ' S
M 0]
AN L - | ue i
ol 5 0.0 {
10] 0.05 - d & 25 -
) f“ E-;‘ :’5"’,-:. o & ﬁ!:g} SF G E5E
; 0.00 R
0 T — ‘ — — _ | | |
0 2 4 6 8 10 12 O O 5
Q% (GeV?) 0 1 % 3 4
g (GeV)

= Probe the transition from interaction on dressed quarks to elementary quarks.
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So where are the connection of N*’s to sQCD?

= Strong QCD was born in the transition from the QGP to hadrons, a period when N*’s filled the
microsecond old Universe.

= N*’s are the embodiment of sQCD

= Since 2011 we have predictions of the N* spectrum from sQCD on a Lattice with ~400 MeV pions

= High precision data and multi-channel analyses were essential in the discovery of new N*’s (that fit into
the spectrum of sQCD), but masses cannot be compared yet.

= sQCD has been applied in the description of several N* transitions, and domains where dressed quarks
are the active degrees of freedom have been identified.

= The description of transition form factors at small Q2 remains elusive, but needs to be solved within
sQCD. Meson cloud effects may be crucial in solving the confinement challenge.

= Advanced LF RQM, LC SR, hQCD, EFT, and others continue to provide insights where sQCD has not been
solved.

= Hope to see more sQCD calculations of N* transition form factors.

The N*2019 Workshop keeps the momentum going
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Additional slides
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Establishing the N* spectrum — A(2200)7/2

Differential pm® cross section at MAMI-CB
fitted with L=4 Legendre expansion.

Al
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600 — 630 MeV 630 — 660 MeV

660 — 690 MeV

810 — 840 MeV
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2\ — (AN

G
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2
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990 — 1020 MeV
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M)

BnGa 2014-02
Ju'Bo 2016-1
SAID 2015

M. Gottschall et al.,
arXiv:1904.12560 (2019)

To measure E
requires circular
polarized photons
from bremsstrahlung
of longitudinally
polarized electrons.

How to get long. spin-
polarized electrons in
experiment after they
are accelerated in a
synchrotron with
transverse magnetic
fields? Use spin rotator.
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