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The Evolution of the Universe

HISTORY OF THE UNIVERSE 9
t ~ 1077 s Quark-Gluon Plasma

t ~ 10~*s Nucleons
t ~ 10% s Nuclei

t ~ 3x10%s Atoms

At t ~ 1078 s: Transition from QGP to Nucleons
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The Evolution of the Universe

@ Chiral symmetry is broken
@ Quarks acquire mass

@ Baryon resonances occur
@ Color confinement emerges

HISTORY OF THE UNIVERSE
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strong QCD

Baryon density

Many of these events can be studied in the lab.
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QCD Phases and the Study of Baryon Resonances

@ Chiral symmetry is broken
@ Quarks acquire mass
@ Baryon resonances occur

QGP

@ Color confinement emerges

Temperature
T (MeV)

a
o

P Deconfined/chirally
155 == =~-L symmetric matter

Line of 1 order

N TN
phase transition had ron v ‘
Line of 1% ord_er
JL : o] P hase Ee phase transition
.

strong QCD

Baryon density

RPP (u, d, s, ¢) baryons not sufficient to describe freeze-out behavior.
(e.g. A. Bazavov et al., PRL 113 (2014) 7, 072001)
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Non-Perturbative QCD

How does QCD give rise to excited hadrons?
@ What is the origin of confinement?

@ How are confinement and chiral
symmetry breaking connected?

© What role do gluonic excitations play in
the spectroscopy of light mesons, and can
they help explain quark confinement?

Baryons: What are the fundamental degrees of freedom inside a nucleon?
Constituent quarks? How do the degrees change with varying quark masses?

cam CQM+flux tubes Quark-diquark
clustering Nucleon-meson
(-] system
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From the Atomic Spectrum of Hydrogen ...

Development of the theory of atomic
structure required

@ Hydrogen Atom (ground state)

@ Together with the emission
(absorption) spectrum.

Bohr model = QED
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From the Atomic Spectrum of Hydrogen ...

Development of the theory of atomic
structure required

@ Hydrogen Atom (ground state)

@ Together with the emission
(absorption) spectrum.

Bohr model = QED

Understanding the nucleon requires
@ proton (ground state)

@ Together with its excitation
spectrum.

Quark model =» strong QCD
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Atomic Spectrum of Hydrogen

Hydrogen lamp Diffration grating

Narrow slit
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... to Understanding the N* Spectrum

CLAS (6 GeV) at JLab 1998 -2012

Photo-/electroproduction experiments in
search for N* states and measurement
of the transition amplitudes.
i 300 E S,,(1630) D,(1675) F,(1680)
v P,(1232) Fil1909 =1tp—>X
250 — P,,(1620) D,(1700) P,,(1910)
C srp—>X
200 } Sul19) Fy;(1950)
E P,,(1720) v
150 — D,,(1520) H,,(2220)
E G,219) | G, 2250
100 ; P,(1440) H,,,(2420)
50 ;
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W (GeV)
Baryons are broad Courtesy of Michael Williams

and overlapping ...
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... to Understanding the N* Spectrum

CLAS (6 GeV) at JLab 1998 -2012

i Photo-/electroproduction experiments in
4 search for N* states and measurement
ag@ A of the transition amplitudes.
e > 'R
“..ﬁ.,. N R »8 3 : i 30": $,(1630) D, (1675) F(1680)
. . . = E Fyg(1905) +
without polarizer ...  but there is more. P L | maow T PTX
C p «p—>X
200 §,,(1535) Fy,(1950)
E P,,(1720) ?
150 — D,,(1520) H,,(2220)
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50;
0 12 14 618 ) 22 24
W (GeV)
Baryons are broad Courtesy of Michael Williams

and overlapping ...
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Extraction of Resonance Parameters in N* Physics

@ Double-polarization measurements .

@ Measurements off neutron and proton to
resolve isospin contributions:

Q@ AN =7, 3, K)F32  —  A*

Dynamical Reaction Amplitude
e .A(’}/N — T, 1, K)I:1/2 < N* ” Theory ’ AnPaI;sis
@ Re-scattering effects: Large number of \ Maid
measurements (and reaction channels) Said
needed to extract full scattering amplitude. BnGa
Coupled Channels Hadron Models, Lattice QCD
Jllich - GW, GieBen, Kent State, etc. T
ANL - Osaka, Schwinger-Dyson, ... m
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Table representing CLAS@JLab measurements

s |l T T P E F G H T, T, Ly Ly Oy Oy Cuy Cyu
Proton targets

pn° Sl voov () v v v v

nxt M A A s O v published

pn (A I A O O A v acquired or under analysis

on’ Sl o ovoowv)y v v v

pw/é Sl v W) v v v v Tensor polarization, SDMEs

Kt A ol v v v v v v v v v v v v v
K+ x0 VA, v v v v v v v v v v v v
KO ¥t |l v o v v v v v v v v v v v v

Neutron (deuteron) targets

pr~ o v v

K-zt v v v v v v v

KO A Nl R v v v v v v v v
KO x0 |l v o v O v v v v v v v v v
Complete Experiments? * submitted

“Uncertainty is an uncomfortable position. But Certainty is an absurd one.”

Voltaire
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Table representing CLAS@JLab measurements
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Neutron (deuteron) targets

pr~ o v v

K-zt v v v v v v v

KO A Nl R v v v v v v v v
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Complete Experiments? * submitted

“Uncertainty is an uncomfortable position. But Certainty is an absurd one.”
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Spectrum of N* Resonances - P (lazg) | 2010 | 2016
3000 — N(1440) 1/27 (Pyq) * ok skok * ok Kok
N(1520) | 3/27 (Dyg) | s an | % s
N(1535) | 1/27 (Sy1) | s dn | 54 s =
N(1650) | 1/27 (Sy1) | s dn | 4 s —
— N(1675) | 5/27 (Dyg) | s 4n | % s
2500 — I | == | - N(1680) | 5/2% (Fys5) o okk |k ok oxx
= N(1685)
— N(1700) | 8/27 (Dy3) | * == S—_
Q N(1710) | 1/2% (Pyq) " * ok
= N(1720) 3/2+ (Py3) * ok Kok %k Kok
% 2000 — Z/ — N(1860) | 5/2F 1
= | N(1875) | 3/2~
é —@ - N(1880) | 1/2°
— N(1895) | 1/o— |
—N(i900) | 32 (Pro)
15e0 = 2. Excitation Band: Cood) et
T " N(2000) | 5/2% (Fis
|| (56 0)(562)/ Naose) | Dy | e
(70,03), (70,23) (v Ma090) | S .
20 15)? N(2040) | 3/2 .
1000 | ( ) N(2060) | 5/2 .
== o iy T N(2100) | 1/27 (Pyy) | = *
i m EE e
Jou ||| 172+ || 32+ || 572+ || 772+ || 972+ |1 1/2+

N(2190) 7/27 (Gy7) * K ok * ok ok
2200} | Dis ok
V.C. & W. Roberts, Rep. Prog. Phys. 76 (2013)
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Polarization Transfer in yp — K*N: Cy & C,

Experimental Results

C.C, without N(1 900) P43 c.C, with N(1900)P;3
T ofyragadf jriite A8gnfh &Qéﬁ,,ﬁjg 't Eﬂ'gé-é ot Bigeft F:ia“wu Ot [HP] Dig Py, Pig ?
of E Efpefpss of E E i 25F
3 it ;;\W*LQ TEEE 3 “arrs \\
ET I X lxyszrrereay J;{/n‘,,,g;a,n,%"g_;cggﬁ i \n incam

L T T s f‘
150 7
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of E = | T g / e
i g ) T i R R e () (MeV]
0 of . —Lm—wi{h
AF 1E 2% 22961 2338
E FLTY
! ; E/Ei i R8T .. \(1900)P;5, N(2000)F;s, N(1990)Fi
E ‘ ‘ 1 % Quartet of (70, 23) with S = 3
705 O 05 05 0 05 05 0 05 05 05
cos B =» No (point-like) quark-diquark oscillations!

R. Bradford et al. [CLAS Collaboration], PRC 75, 035205 (2007)
Fits: BoGa-Model, V. A. Nikonov et al., Phys. Lett. B 662, 245 (2008)
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Polarization in 90 — K*A: O, & O, + T& X

C. A. Paterson et al. [CLAS Collaboration], Phys. Rev. C 93, 065201 (2016)
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Beam Asymmetry, &

Target Asymmetry, T

Experimental Results

Polarization Measurements
Observables in Reactions off Neutrons
What have we learned?

Polarization Observables in yp — Kt A

C. A. Paterson et al., Phys. Rev. C 93, 065201 (2016)
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Cross Sections for yp — K°~X " — pata—n°

Z. Akbar et al. [CLAS Collaboration], under review.

1.15<E <1.20 GeV 1.20 <E <1.25GeV 1.25<E <1.30 GeV 1.30 <E<1.35 GeV 1.35 <E <1.40 GeV NeW Cross Section results
+ + ] . i i .
sty J, AR % b dotngl ¢ ‘u et in 50-MeV-wide E, bins for
1o + ‘wmtu‘vu‘a#ﬂ#‘ et ool 1 ! l eteTe der
e L 115 < E, < 3.0 GeV
1.40 <E <1.45 GeV 1.45<E <1.50 GeV 1.50 <E <1.55 GeV I.55<E<LSDGEV* 1.Eﬂ<E<|.GSGeV* * < ’Y < * e
f t ,4 4
) o ++ *wm '*’»m + * R bt i“ ?’w "L‘ .&..* t" 4
= + ot 441
2 it bt A AN -» Need theory support to
= 1.65<E <1.70 GeV 1.70 <E <1.75 GeV 1.75<E <1.80 GeV 1.80 <E <1.85 GeV 1.85 <E <1.90 GeV N
© ‘ understand physics!!
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Observables in Reactions off Neutrons
What have we learned?

Experimental Results

Cross Sections for yp — K°~X " — pata—n°

Z. Akbar et al. [CLAS Collaboration], under review.
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Experimental Results

Complete Experimentsinyp — pw

@ Event-based background subtraction

(event-based dilution factors) é — W = Angle between pw

2> woprtaT v Ap—oprr (@) production plane and the photon
Q| I d I . polarization plane in the overall
n analogy to pseudoscalar mesons: CM frame.
do
aq 70 {1—3d1xcos2¢ ® = Azimuthal angle of normal
+ Ax(—6;Hsin2¢ + 6 F) to the w decay plane in helicity

. , frame - quantization axis in the
published (+ SDME's) - — Ay (=T + 4, Pcos2¢) direction opposite the recoiling

in progress — NAz(—6,Gsin2¢ + 6 E)} proton in the w rest frame.

The w is a vector meson (A. I. Titov and B. Kampfer, Phys. Rev. C 78, 038201 (2008))

2 Wi(d, W) = 1 — ¥ cos2d — P,5icos2W + P, ¥l cos2(d — W)

h h
Th=Fh =200 +plo | —3T4=Tg =P — e = To = —pi_,

Pol. SDMEs: B. Vernarsky (CMU), PhD dissertation
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Experimental Results

The Beam Asymmetry in ¥ p — pw (CLAS-g9b)

P. Roy et al. [CLAS Collaboration], PR C 97, 055202 (2018)
! E,=1150 MeV | E,~=1250MeV [ E,=1350 MeV [ E, = 1450 MeV
> M= X = 20l + pho

(U oy $oooege £ WYP ?
-0.5
'
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23

E,= 1950 MeV E,= 2050 MeV 50 100 1500 50 100 150

® FROST
CLAS (2017), P. Collins et al. PLB 773, 112 (2017)
¥ GRAAL (2015)

Lo ek W ELSA (2008)
0 50 100 1500 50 100 150 O GRAAL (2006)

Oem. (°)
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Experimental Results

Polarization Measurements

Observables in Reactions off Neutrons

What have we learned?

Target Asymmetry T in v p — pw (CLAS g9b)

0.5 E = 1250 MeV E,= 1350 MeV E = 1450 MeV E,= 1550 MeV
0 ey A po, P
T e e® Lo _o Noes®
-05
0.5 EF 1650 MeV E = 1750 MeV E,: 1850 MeV E,=1950 MeV
P SOt/ S o WP N = . - W
p—g Foet e + e
05
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0 + " *};\& \*WK\* - =S Yli + PAVY
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o’g+++i ﬂm mm+
AT RS JRSZ
051 i
4050 05 05005 050 05 -050 05
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d
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— Nz(—=96,Gsin2¢ + d¢ E)}
Target's

polarization
direction

¥
Recoil P

P. Roy et al. [CLAS Collaboration], PR C 97, 055202 (2018)
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Experimental Results

Helicity Asymmetry in ¥p — pw (CLAS g9a)

110<E <120GeV | 1.20<E <130GeV | 1.30<E <140GeV |  1.40<E <150GeV BnGa (COUpled-ChanﬂelS) PWA

@ Dominant P exchange

f
:

@ Complex 3/2" wave

i i i f +
at : LA HJ—L @ N(1720)
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Q W~19Gev
| D\
S

@ N(1895)1/2 (new state)
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0 i | * , m . : ‘ /V\ﬁ : :\ | "

W by \M W IR e CLAS-g9a
L — [ - | | B CBELSA/TAPS

5 0 05 1 -05 0 05 1 05 0 05 1 05 0 05 1 PhyS LettB750, 453 (2015)

cos(0zm.)

Z. Akbar et al. [CLAS Collaboration], PR C 96, 065209 (2017)
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Polarization Measurements
Observables in Reactions off Neutrons
What have we learned?

Experimental Results

Cross Sections for the Reaction vp — pw — prtr—n°

10 2,92<W<2,NGGV.. 2.91<W<2.NGCV‘. 2.94 <W <2.95 GeV ., 2.95<W<2.GSGQV’, 2.75<W<2.97GGV., NeW Cross SeCtion results
I R N O e, .| in 10-MeV-wide W bins for
10§ 297<W<298GeV of 298<W<299GeV | 299<W<300GeV [ 300<W<301GeV f 301<W<302GeV | 115 < E'Y < 540 Gev’ or
O s . RN S 175 < W < 3.32GeV
= 104" o .. o to, o "" Ra + "y -
% et qes®® e oves” Rt g *rrase® oy te?™"
8
g 10 3.“2<W<3.MGEV.‘ 3.03<W<3.005eV: 3.04 <W <3.05GeV .‘ 3.05<W<3.OSGEV'. 3.06 <W <3.07 GeV o q Need theory Support to
gt t. e R N = understand physics at
e e’ eeet Temerest these high energies!!
10 3.07 <W <3.08 GeV' B 3.08 <W <3.09 GeV p 3.09<W<3.10 GeV o 310<W<3.11GeV 311 <W<312GeV J Working With JPAC
100 e, - nq o e b o 7 (V. Mathieu et al.)
-, e Hoappre® aeagerest Feagenyer” oo™ .
- e - il (SDMEs under review)
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cos 6 .

=» Data of unprecedented quality

Z. Akbar et al. [CLAS Collaboration], under review.
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Polarization Measurements
Observables in Reactions off Neutrons
What have we learned?

Experimental Results

Brief Summary of Measurements off the Neutron

YN — pmw- o, E observable
yn — KO0 E observable (submitted)
yn — KOA o, E observable (submitted)
0 .
do/dQ (Y_d:;é Ap), ubls_r — BnGaFits g mmary of neutron results:
02l b @ No introduction of new
b §“ \ +} resonances so far.
1
O F’13_‘§\\\ @ Helicity amplitudes,

N(1900) 3°, N(1720) 3.

@ Convergence of groups on

1800 2000 2200 1800 2000 2200 1800 2000 2200 ynN* (AQ) for N(2190) %__
W [MeV]

0

N. Compton et al., PRC 96, 065201 (2017)
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Experimental Results

Decay modes of nucleon resonances PR Existence is certain.

The impact of photoproduction black: PDG 2004 ke Existence is very likely.

on baryon resonances red PDG 2018 ok Evidence of existence is fair.
blue: BESIII resonances * Evidence of existence is poor.

overall N~y Nw Am No Nn AK XK Np Nw Nn/ Nigaom™ Nis207 Nis3zsm™ Niggo7m

N 1/2F  swwx

N (1440) 1/27F s sk sokrk skorkr ek
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N (1535) 1/27  sokosok shokohok ok ok koo

N(1650) 1/27 ko soksok sokokk  woksk H kR ook *

N(1675) B/27 swokswsk sokokk sokkok hodkokn Hdkk ok * * o *
N(1680) 5/27  comae sohoon sokokon hokork oo * [

N(1700) 3/27  skx  sx  skx kkk ok * ok * *

N(1710) 1/27FT  soksmor swokwr wkws sk sk kK * * * *
N(1720) 3/27F sk swokwn wwkkn  kokk * s mkkok % ook *

N(1860) 5/27 ok - [ - -

N(1875) 3/2 sk s s s ek s s * * * * *

N(1880) 1/2F  wws  wx s e - s s sk e s
N(1895) 1/27  skskokok swskors * * * o+ ke ke o+ ok * H * o+ s sde ok ke *

N(1900) 3/27F swswsr wwwx  wx ok * * ok ke * * -k

N(1990) 7/2F s« o ok * * - e ok

N (2000) 5/2F  xx o o o * * * * -

N(2040) 3/27F * -

N(2060) 5/27  wxk  kwx ok * * * * * * * * * *
N(2100) 1/2F  wsx  wx owwx owx ok * * * * o e
N(2120) 3/27  swwx  kwx wwx wx ek o * * * * * *
N(2190) 7T/27  swswr swwws sowsk wrrr  wx * o * * *

N (2220) 9/27F sk wx worx * * *

N(2250) 9/27 sk ok kkokk * * *

N(2300) 1/2F *

N(2570) 5/27 * *

N(2600) 11/27 %% - T T T

N(2700) 13/2F  wx o

Based on results at Jefferson Lab, ELSA, MAMI, ...
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Polarization Measurements
Observables in Reactions off Neutrons
What have we learned?

Spin and Parity Measurement of the A(1405) Baryon

K. Moriya et al. [CLAS Collaboration], Phys. Rev. Lett. 112, 082004 (2014)

Experimental Results

Data for yp — K*+A(1405) support | J© =

N|—

@ Decay distribution of A(1405) — Xt~
consistent with J = 1/2.

@ Polarization transfer, é, in Y* — Yr:

e S-wave decay: é independent of 9y S-wave decay P-wave decay
Ldea |\ A1405) 1 :
BEAs20) Bk s L 4

B:=1385)  —Y'(1670)
+

counts /(5 MeV/c)

V. Credé Spectroscopy of Excited Baryon Resonances at CLAS



Transition (Helicity) Amplitudes

Structure of Excited Baryons

Outline

e Structure of Excited Baryons
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Transition (Helicity) Amplitudes

Structure of Excited Baryons

The N* program has two main components:
@ Establish the systematics of the spectrum

Provides information on the nature of the
effective degrees of freedom in strong QCD.

V. Credé Spectroscopy of Excited Baryon Resonances at CLAS



Transition (Helicity) Amplitudes

Structure of Excited Baryons

,0,0. .. Q2 The N* program has two main components:
@ Establish the systematics of the spectrum

Provides information on the nature of the
effective degrees of freedom in strong QCD.

3q-core+MB-cloud ° Plrobe resonance transitions at different
distance scales (Q? dependence)

Reveals the structure of N* states.

e
meson
3g-core J " 1

,}’ resonances
“_ (N%A,.)

>
>
»
4

pQCD high
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Transition (Helicity) Amplitudes

Structure of Excited Baryons

Helicity Amplitudes for the “Roper” Resonance

80 o 60F ~r Data from CLAS

60 > 501 = gmlgprel-) Aq )2 and Sy /, amplitudes:
% £ 0 D e.g. V. Mokeev et al.,
87 < :z i PRC 86, 035203 (2012);
[ 7] E
2. ol PRC 80, 045212 (2009).
<40 0 — Quark-model calculations:

60 0 [ ] —- g?® radial excitation

-80 Py S : AT ---

o 4

T2 3 3 4
Q’ (GeV?) Q? (GeV?d) G° G hybrid state

Consistency between both channels (N7, N7): sign change, magnitude, ...
@ At short distances (high Q?), Roper behaves like radial excitation.
@ Low-Q@? behavior not well described by LF quark models
=» ANL - Osaka achieves good description by adding meson-baryon interactions.
DSE prediction: Mass of the quark core of the first radial excitation = 1.73 GeV.
=» Gluonic excitation likely ruled out!
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Transition (Helicity) Amplitudes

Structure of Excited Baryons

First Nucleon Excitations: Helicity Amplitude Ay >

DSE: J. Segovia et al, PR C 94 (2016) 042201 Non-quark contributions are significant
— N(1440) 1" at Q2 < 1.5GeV?

-» State consistent with the 1% orbital
excitation of the nucleon.

80

a0

20

-20

Nre
pn:‘n'
RPP
cLAS"

-a0

>0

-60

o 0 2 3 O s
Q* (Gev?)

Non-quark contributions are

MB contributions

-25 L] Nn CLAS
significant at Q2 < 2.0 GeV?2 Y Do
-» The 1% radial excitation of the S Ry S

G® core emerges as the probe A
penetrates the MB cloud. — I Aznauryan, V. B. Burkert, arXiv:1603.06692  ©
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Transition (Helicity) Amplitudes

Structure of Excited Baryons

Helicity Amplitudes for yp — N(1520)D;3 Transition

T F R — .
> L S [ S F '
g M 150 [— 3
T |4 o I S 20 |-
S50 ool S F
s L 100 j‘ 4wl
- = @ /
+ o[\ Ve e
100 |- F X\ . -60 [
L oF 2000 o w0 [
- R - L L. T R -, 1|
0 2 4 0 2 4 0 2 4
Q (GeV) Q@ (GeVh) Q (GeV))
There is clear evidence for helicity switch from A =3/2 T
(at photon point) to A = 1/2 at high G?: NSRRI

@ Rapid change in helicity structure when going from % |
photo- to electroproduction of a nucleon resonance = ;
=» Stringent prediction of CQM!

Aisel® = |Ag2l? LI R S,
A — ‘/7 Q" (GeV?)
hel |A1 /2% + A3 2|2 =
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Open Issues in (Light) Baryon Spectroscopy
Summary and Outlook

Summary and Outlook

Outline

@ Summary and Outlook
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Open Issues in (Light) Baryon Spectroscopy
Summary and Outlook

Summary and Outlook

Open Issues in (Light) Baryon Spectroscopy

@ What are the relevant degrees of freedom in (excited) baryons?
=>» Can the high-mass states be described by the dynamics of three
flavored quarks? To what extent are diquark correlations, gluonic
modes or hadronic degrees of freedom important in this physics?

@ Can we identify unconventional states in the strangeness sector,
e.g. a A\(1405) or N(1440)? What is the situation with the (20,17)?

> "meson dre$sed quark
LQCD, DSE,and ... |

confinement

E 0.20 g /
g 0.15 1
g8 g
-~ %5
¥ 0.10 i current quark
& %2
0.05 "ﬁ;’ﬂ.
0.00 H”m{"‘h'é'%w"ghif

e.m. probe
0.05

1 3 4

q (GeV)
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Open Issues in (Light) Baryon Spectroscopy
Summary and Outlook

Summary and Outlook

Open Issues in (Light) Baryon Spectroscopy

@ What are the relevant degrees of freedom in (excited) baryons?
=>» Can the high-mass states be described by the dynamics of three
flavored quarks? To what extent are diquark correlations, gluonic
modes or hadronic degrees of freedom important in this physics?

@ Can we identify unconventional states in the strangeness sector,
e.g. a A\(1405) or N(1440)? What is the situation with the (20,17)?

© What is the nature of non-quark 035
contributions, e. g. meson-baryon
cloud or dynamically-generated states?

meson dre$sed quark '

)30 F LQCD, DSE, and ...

confinement

_oas -
goz20 ) /
- Probe the running quark mass and ~ os
determine the relevant degrees of gov .5y current quark
. . 0.05 gy .
freedom at different distance scales. o L T
. _ 4 e.m. probe L o
© How do nearly massless quarks acquire ‘I ! . ; 4
. . q (GeV
mass? (as predicted in DSE and LQCD) ree
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Open Issues in (Light) Baryon Spectroscopy

Summary and Outlook
Summary and Outlook

Summary and Outlook

Baryon Spectroscopy: Are we there, yet?

The analysis of photoproduction data (from CLAS, ELSA, MAMI, SPring-8,
etc.) continues and many new N* resonances have been discovered.

@ Polarization observables crucial in the seach for new baryon states.

@ Multi-channel (PWA) approaches critical.

New era in spectroscopy of strange baryons (GlueX, CLAS12, LHCb, ...)

@ Mapping out the spectrum of = baryons is the primary
motivation (including parity measurements);
some hope for peak hunting.

@ Ground-state = in yp — KK = will also allow the
spectroscopy of X*/A* states.
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Open Issues in (Light) Baryon Spectroscopy
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Summary and Outlook
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