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N* resonances in the early universe clas

t = Time (seconds, years)

Dramatic chiral crossover at about t,+ 1 us < T.= 154 +9 MeV
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The concept for the above figure originated in a 1986 paper by Michael Turner.
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embracing QCD ... ¢|ng$

e Paolo Neruda (paraphrased):

“Make you choice in life, but then embrace the consequences. ”

< leaves little room for desperation or depression !
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Where are these N* resonances ? ¢|Q§o$

cQM

N to Ny, Nz, and AK model amplitudes VN
T T T T = en in N

e |

QM

PDG

N baryon model states

e ..uptoadecade ago:
only the lowest few in each band correspond to 4* or 3* PDG states

o Vin tage eXplanati()nS.' { eg. Anselmino et al, Rev. Mod. Phys. 65 (93) 1199 }
- 2 quarks in a baryon quasibound in a color isotriplet [diQ+q < isosinglet]
- internal “diQuark” excitations frozen out in spin =0, isospin =0 states

& fewer degrees of freedom < fewer states
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Where are these N* resonances ? chg«ﬁ

cQM LQCD (HSC)

N to Ny, Nz, and AK model amplitudes A
: , : e e eonmn 50} N*

QM /LQCD

PDG

e ..uptoadecade ago:
only the lowest few in each band correspond to 4* or 3* PDG states

o Vin tage eXplanati()nS.' { eg. Anselmino et al, Rev. Mod. Phys. 65 (93) 1199 }
- 2 quarks in a baryon quasibound in a color isotriplet [diQ+q < isosinglet]
- internal “diQuark” excitations frozen out in spin =0, isospin =0 states

& fewer degrees of freedom < fewer states
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N* s that just can’t go away ... C|Qg°$

DSE & LQCD calculations of N* spectrum:

e axial-vector color-triplet q-q correlations are attractive
— diQuarks correlations must exist
— BUT, they are not point-like, eg. r[ud],~ pion radius (rew Body sys 35 (04); PRL97(06)}
& internal diQuark excitations are NOT frozen out

& diQuark correlations are already observed in the LQCD calculations

LQCD calculations of the T, phase transition in the ~1 ps universe:

e PDG states alone are insufficient - 25,00 S.PDG
13+~ B B

e full suite of QM/LQCD states needed -
12 F 2 2 o Pl\sn,QM/Pl\sﬂ,PDG _

%)
()]
o
< ~259% baryon pressure increase oL .
% baryon p = T, =154 29 ]
=1
g [

needed from as yet unobserved N*s trange Meson Pressure ratio |

{ Bazavov et al., PRL 113 (2014) 072001 } T [MeY] |
120 130 140 150 160 170
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goals of the N* program with CLAS at Jefferson Lab c|Qg°$

e dressings of strongQCD (non-perturbative) sQCD emerged

generate a running quark-mass function at ~t, +1 us when N*s

« . - . filled the Universe
< “constituent-like” correlations at low p

thatgenerate the N* Spectrum | [IChen, EII-Bennichl, Robertsl, etal., aIrXiv:1711l.O3142 ]I

dressed quark mass :
parametrized propagator

< account for ~98% of the visible mass 0.4

(Higgs mechanism is the other ~2%) g 03 memm numerical DSE solutions
S
0.2
e CLAS goals: Q
S

- elucidate the structure of
N* states that are observed,
and find the ones that aren’t !

- clarify the role of complex correlations: “ ynstituent” Higgs
¢ meson cloud range range
¢ dynamical meson-baryon “molecules” e >
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Challenge #1 — N* resonances are broad and overlapping clqg"a

e TN > N < chief source of pre-2008 PDG states
Goi(TT + N)

— 2 complex spin-dependent amplitudes i g0
< requires 3 observables to define the o e | e
full amplitude, within a phase - |
— there are only 4 observables (o, P, R, A) 3
- data base: ~40,000 pts on o; ~8300 pts on P
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Challenge #1 — N* resonances are broad and overlapping clqg"a

e TN > N < chief source of pre-2008 PDG states

. . Goi(TT + N)

— 2 complex spin-dependent amplitudes s i e g
. . 5 f P, (1232) \\ Ful1905) s Tp—X
< requires 3 observables to define the mf- PNV -

full amplitude, within a phase f
— there are only 4 observables (o, P, R, A) b
— almost no data on R & A (~30 pts above the A)

<~ amplitude is under-determined
<~ very difficult to isolate weaker states

100[—

50—
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Challenge #1 — N* resonances are broad and overlapping clqg"ﬁ

e TN > N < chief source of pre-2008 PDG states
O+ N)

— 2 complex spin-dependent amplitudes 5 o, o 50 v
< requires 3 observables to define the Sk N | i
full amplitude, within a phase b |

— there are only 4 observables (o, P, R, A) s
— almost no data on R & A (~30 pts above the A)

<~ amplitude is under-determined
<~ very difficult to isolate weaker states

T p—X

s Tp—X

100[—

50—

e YN=7nN, )N, KY, ... l

- 4 complex amplitudes

< requires 7 (8) observables to define the
full amplitude, within a phase
— there are 16 observables:
(6,2, TPEGFHO,O0,C,C,L,L,T,T,)" |

b
8
=
)
Q
[yl
S
~~
\Q
+
=
—

g

g
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g

o

050 - 100 150 200
PHOTON ENERGY IN GeV

< possible to over-determine the amplitude NP B41(1972) 445
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Measurements of “everything” in J[=0- meson photo-production

<
clas

[SHKL, J Phys G38 (11) 053001]
Photon beam Target Recoil Target - Recoil
x|y 2 x x| Xy |y Yy 2z 2

y z x|y |z | x|y |z |x|y|z
unpolarized | o, P T, L, py T, L
P sin(2¢,) G ' O, 0, C; E F —-C,
P! cos(2¢,) | -X -P -T -L, T, —0) L, -T;
circular PY -E ¢ C, C, -0, G -H O,

Ny AR
&

N\ { i
\ i

PN P4l
// ll \ \( / !\\

.!effegon Lab
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e 16 different observables

e combine asymmetries for

different final states in a
coupled-channel PWA

< identify N* resonances
< extract yNN* couplings
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Challenge #2: the dressings of sQCD ¢|Qg°a

N* resonance <> s-channel pole

YypN*, ynN*

e meson-loop “dressings” of the

Electromagnetic vertex affect the
dynamical properties (excitation
mechanism) and determine Q7
evolution, but not spectral properties

.geffé?son Lab

e coupled-channel “dressings” of
the strong vertex determine the N*
spectral properties (mass/pole
positions, widths)
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Challenge #2: the dressings of sQCD - eg. the P,, Roper ¢|Q§~$

N* resonance <> s-channel pole

P,,(1440)
.WN, KY

YypN*, ynN*

gy e coupled-channel “dressings” of
S S _ the strong vertex determine the N*

spectral properties

e dynamic coupled-channel model
of nN, YN = niN, A, 1N, KY

[EBAC/AOQ, PRL 104 (2010) 042302]

& “bare” N* excitation at 1763
evolves to doublet of poles at ~1360

Re E (MeV) < no PWA of a single channel can
be sufficient with such couplings
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Challenge #2: the dressings of sQCD - eg. the P,, Roper ¢|Q§°$

N* resonance <> s-channel pole

P,,(1440)

YpN*¥, ynN*

e meson-loop “dressings” of the

Electromagnetic vertex affect the
dynamical properties (excitation
mechanism) and determine Q7
evolution, but not spectral properties

o Q? evolution demonstrates the

basic character of the second J*=1/2*
state of the nucleon as a radial

excitation of a dressed 3q core
[ Chen, El-Bennich, Roberts, et al., arXiv:1711.03142 ]

A, (10°Gev'®

201
401
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-80

A 7N PDG
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SHEHE TR U iy
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[AMS, J. Phys. Conf. 424 (2013) 012001, & ref therein]
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CEBAF [Large Acceptance Spectrometer (CLAS): 1997 - 2012 clqg“a

e tagged photon beams

Torus magnet Electromagnetic calorimeter
e - 6 superconducting coils Lead/scintillator, 1296 PMTs
\ E ‘:: : N /Flux Return Yoke
Radiator \: 2 0
KR polarized target + CLAS Détector
Focal Plane, ::\ ~ \/Full energy (Eo)
oo R Fo¥ons start counter

(— energy)

S

61 Backing \ N % ‘\ ‘\ ‘\ N 2%
Counters . SRR N N
(= timing) N NN N TSSOSO NN

:
j b b e

3 sets of nested
Drift Chambers
Ar/CO,, 35,000 cells

circular polarization
from brem of polarized e

linear polarization from
‘e brem in diamond

Time-of-flight counters
plastic scintillators, 684 photomultipliers

Gas Cherenkov counters

. . . e/n separation, 256 PMTs
o longitudinally polarized e- beams pasey
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4>
FROST - frozen-spin proton target clasy

W=1.28-1.E;2G|IeVI o 'I B;Jtal’;0|l | i fargef: lsmm @ x Somm
000y 07 s Zem 1 e material: C,H,0H (butanol)
o p-dilution: 10/74
T | e PH) = 83%
. \ o T, (1/e spin relaxation) = 115 d (+h)

® 0Vertelx zl(cm) > 10 65 d (—h)

yp — " (n)

g9a: Strauch et al., PLB (2015) 53

® repolarize ~ weekly

I T T T I
1500 -
W =1.620 - 1.640 GeV
cos(6;") = -0.61
Butanol
m1000 - [Z77) Carbon (scaled)
c
5
o
(&}
500 -

L L | L L L
%.8 1.0 1.2
Missing Mass m,_ (GeV/c?
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<40
HDice - frozen-spin target for neutrons clasy

e target: 15mm @ x 50mm

— Full cell
—— Empty cell

e material: solid HD

e p-dilution: 1/2; n-dilution: 1/1
e P(H) = 60% or P(D) = 30%
L TIL gL e T, (1/e spin relaxation) ~ years
-15  -10 -5 0

reaction vertex z-position (cm)

Yyn—map

g14: Ho et al., PRL 118 (2017) 242002

350

W =1.600 — 1.640GeV
cos(6,,) =-0.60

300
250
200

150 — Full cell

—— Empty cell

100

50
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@ |||||||||||||III||||||||||||||||||||||

J]rll"J-l—!_Lr"Lx.—“ T H
9 1

0.

HDice-I: NIM A737 (2014) 107 HDice-II: NIM A815 (2016) 31
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Y ()_; p >7’n) CLAS-g8b: rress (2013) 065203 Cng%

lm e 7 7
; -
PhOton beam Target ReCOIl 1 E=1102 MQVW E=1121 MGV% E=1139 M!VW E-1{57 Mavm}:

xl J 4 »'/ A \ A
Y - ° T T V \}[ﬂ‘?
E=1175 MBV%; E=1193 MGV%GV E=1211 MeV W=1776 MeV E=1229 MeV W=1785 MeV
x |y | z -2 =
N ] % o FE Py
et AL N P { 5 i Y v/‘x \:{ /\
unpolarized | ©, T P v N
E= 1247 MeV W=1794 MeV E=1265 MeV W=1804 MeV E=1283 MeV W=1813 MeV E=1301 MeV W=1823 MeV

~ R AW Vo

g e v

i

P sin(2¢,) H G 'O (0) of
sin ’ ’

L Y pY Z

E=1319 MeV W=1832 MeV E=1337 MeV W=1841 MeV E=1355 MeV W=1850 MeV E=1373 MeV W=1859 MeV

P! cos(2¢,) |- P T ISR AN SN AN

,}, F E C C 1 E=1391 MeV W=1888 MeV E=1408 MeV W=1877 MeV E=1426 MeV W=1888 MeV E=1444 MeV W=1895 MeV
—_ y > o 60 120 0 60 120 0 60 120 [ 60 120 180
circular P, x z 6 (deg)

E=1462 MeV W=1804 MeV E=1480 MeV W=19812 MeV E=1498 MeV W=1921 MeV E=1516 MeV W=1930 MeV

O_ -
\;;
3 \

i

—

E=1534 MeV W=1939 MeV E=1551 MeV W=1947 MeV E=1569 MeV W=1956 MeV E=1587 tav W=1984 MeV

/A !
/ 1 E= 1605 MeV W=1973 MeV E=1623 MeV W=1981 MeV E 1640 MeV W=1989 MeV E=1658 MeV W=1998 MeV
7N SN e S TR

u T

¥

E 1676 MeV W=2006 MeV E=1694 MeV W=2015 MeV E=1720 MeV W=2027 MeV E=1758 Y!V W=2043 MeV

SN wa 220N P /\M 60 120 180
. y S ¥

E=1791 MeV W=2069 MeV E=1826 MeV W=2076 MeV E=1862 MeV W=2091 MeV
0 60 120 0 60 120 0 60 120 180
6 (deg)

_
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E(yp>rtn) CLAS-g9a: phys Lett B750 (2015) 53 C|05°§

Photon beam Target Recoil
x; y) Z)
X |y | z

unpolarized | o, T P

P/ sin(2¢,) H G | Oy o,

) 24 cos(2¢,) | -X -P -T

circular PY F -E | C. C.

T A

N fé‘ Pcy Pz — t iﬂ
N T *—> v

J p e B Ii"""‘f !

- I&L‘y ;
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N |
T (’}/p 97[+n) CLAS'g9b . courtesy of M. Dugger CIQS"

Yyp—>7rntn
Photon beam Target Recoil 1 -
- —{ 0.50 - NI /
x|y z 0 RN N )
T S R B
_1_EY=691,W=1475MeV E, =771, W = 1525 MeV E, =853, W = 1575 MeV
. 1_
unpolarized | o, T P
0.5/ :
P? sin(2¢,) H G | O o | ° = e N
L X % S &
4 -0.5} &}
Y _qt E, =939, W = 1625 MeV E,=1027, W = 1675 MeV | E, = 1117, W = 1725 MeV
P cos(2¢,) | -X -P -T 1
0.5 . \ PN : a
circular P, F E ; C; & NI +%’\\ ﬁ.‘ﬁ\ rfi\»ﬂ /\

1 * ’ ‘~~-”,: pr ~~-'o
asf Vs w7
_1>EY=1210,W=1775MeV E,,=1306,W=1825Mev E“Y 1405, W = 1875 MeV
1_

.+.
0.5} /% 4 ’ \ A
AYANAYAY mﬂw
asf WP N7 v

I E,=1506, W = 1925 MeV | E,=1610, W=1975MeV | E, =1717, W = 2025MeV

o5\t & W Ay oy
TN N N\
-0.5}

(!
At E, = 1826 Wl 2075 MeV | E, =1938, W = 2125 MeV | E, = 2053, W 2175 MeV

............................................

<9
T o—>

COS('Hé’.m.)
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F(yp>7n*n)

CLAS-g9b

<
. courtesy of M. Dugger CIQS”

A \ c
\/i&j )

.geffé?son Lab

yp—>7tn
Photon beam Target Recoil W 1[ JE, =601, W= 1475 MeV | E, =771, W=1525 MeV | E, = 853, W= 1575 MeV
p - —1 o5 > A
X z - ,
y ol [T s o
X y z -0.5¢} )
At
unpolarlzed 60 T P 1 E, =939, W = 1625 MeV E,=1027, W =1675 MeV| E, =1117, W =1725 MeV
0.5/
’}/ .
P/ sm(2¢7) H G ' O, 0, 0 =<t
-0.58F"
PL COS(2¢?,) -2 -P -T :ll E,=1210,W=1775 MeV| E, =1306, W= 1825 MeV| E, = 1405, W = 1875 MeV
' g F EC. c. | o 7 [z%a\ AN
circular P, X z . /\ - A s A
. v
0.54] 1.
-:II: E, =1506, W = 1925 MeV| E, =1610, W =1975MeV| E,6 =1717, W =2025 MeV
0.5}, s
0\“‘ /\i/ o )?/\&' e N + ) .
£ee / 3 +7 \ p +
- 050 474 s it#ﬁ +

E, =1938, W = 2125 MeV

= 2053, W = 2175 MeV

05
coS(6c.m)
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1 4>
P, (yp~>K~A) CLAS-g11 : physrevcs1 20100025200 ClQSS

1 F s — 1.625 GeV [ Vs = 1.635 GeV | Vs = 1.645 GeV [ Vs — 1.655 Gel | s — 1.665 GeV
o - - [ = = et 3 [ - = I cteccccsc
.
Photon beam Target Recoil t ’ ’ ’ -
Wk NS = 1.675 GelV | Vs — 1.685 GeV | Vs — 1.695 GeV [ s = 1.705 GeV | NS — 1.715 Gel
or o Ceeecees" | T teeeeeees [ .-"'°m§§3§'. i .%5‘-.
’ ) ’ b L L L L
.x y Z s NS — 7.725 Gev | Vs — 7.735 Ger [ Vs — 71.745 GeV | s = 7.755 Geb | s — 7.765 Geb
E -, 2,
= e r a3, r oo i - 5
0 “omp p g 2B ~Som. y ~e%ap 2= LS oaanma® S —
Al | zmmes” | st |
x y Z s s — 1.775 GeV [ Vs — 1.785 GeV | s — 1.795 GeV | s — 1.805 Geb | s - 1.815 Gel
L s, L 55, L eeceg, [ eeed, 3 |  Fsecda
o 300, - PS.ZVSN e ARa02005 BRmm. o= pa L —
- -1 - F F F =
unpolarized 60 l P F NS — 7.825 GeV | Vs — 1.835 Gev | s — 7.545 Gev | s — 1.855 Geb” S Ns - 1.865 GeV
- oy .o Ai.
ol %= L cexzp [ =°<aa, < L Cee, L .33,
005, 5 B X2 zacoa oann® AR Raande i POV
,y R 1k NS — 1.875 GeV | Vs — 1.885 GeV | Vs — 1.895 GeV | Vs — 7.905 Geb |- 2 s — 1.915 Geb
P 2 H G O, o| mssen,, 2052, TSN . .
L sin(2¢,) b — o— e
N il | I ! I —
s NS — 7.925 Gev | e Vs 1935 Gerl Vs — 1.945 GeV | NS — 7.955 Geb | s — 7.965 Gel
- 2 N aRe -333m0
7 oL TEEesss, | o=STRmes, R L SRa, - Sa
P cos(29,) | X -P .y | O S S aesona S
L y/ | = ot : : : :
C Js — 1.975 GeV | Js — 1.985 GeV | Js — 1.995 Geb | wNF = 2.005 Ger || S = 2.015 Gl
Ny = p—y —
|- L - - L
- ,}, o 200anmatat . - ERRn - “..- s
— -t b t b t
circular P, F E | Cy R
cos @5

2025 Gev | J= — 2.065 GeV
cocBagy
Zxx

' 1-558{

tonnass”

s - 2075 Gev |

P — éz\lrszov,s Ger | s —2.7715 Geb
s 3 2
ol L | =egd®e.,, - A-§§§A-z;xa
B pac® 2anman
s +
WF s =2 s Ger [ N s = 2.765 Gev
s, R, 2 R2a,
ol 7. | = 2%z, | %2 oazmen L
S omnime 323 2oma, & & Sans,
b L L
A s — 2775 Ger | s — 2785 Ger | s — 2.795 Ger [ s — 2205 Ger | s — 2215 Gev
3
-, - X2, 3
oF "o a22Rma F — F =5 158%%0aa, [ 2o tan,
T 3 2a00mass §§§§ . I & hmae | 1E°EX am
W F NS — 2225 Gev [ s — 2.245 GeV | Vs — 2.255 Gel [ s — 2.265 Gel”
s -
3 =3 2=
ol e g - s, (S -
o2 “";;M_M 255 aa, I 'gf Sxan

s - 2275 Gev |

=

N5 = 2.365 GeV

Py
=N

=2 23
s = 2475 Gev

522an,
- -

s - 2395 Gevr |

boem é?eﬁé‘-. L

b

g [ L [ T

cos 05
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C.,C,(yp>K*A) CLAS-g1c : physRevc75 (2007) 035205 ClQS°§

- G ° G,
Photon beam Target Recoil -39 50020070
x|y |z -
x|y | z

unpolarized | o, T P

P/ sin(2¢,) H G | O, 0,

) 24 cos(2¢,) | -X -P -T

circular PY F —-FE | C. C.
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0,,0,(yp>K*A) CLAS-g8 : phys rev c93 (2016) 065201 C|QS°§

.Ox

Photon beam Target Recoil 075 <cos B, <055 | -0.55<cos O <-0.35 | -035<cosB <-015 [ -0.15<cos B <0.05
x|y |z
x |y | z
unpolarized | o, T P 1 3 065 < 008 6, <085

P/ sin(29,) H G [o- 0.

Pl cos20) | 2| |-P ",
circular PY F -E ' C, C. W (GeV)
. OZ

-0.75 < cos 6, <-0.5 -0.55 <cos 0, <-0.35 -0.35 <cos 6, <-0.15 -0.15 < cos 6, <0.05

1 i 1 1 I ri i | il ety Brafiriind il Bariaie B il | il ifriiae Irafriind il iy B i ) il it Bnfiriind irinirll Py il
.7 18 19 2 21 22 17 18 19 2 21 22 17 18 19 2 21 22 17 18 19 2 21 22

1 i 1 1 I il bl il e Braliriind il iy B i iriairdl e il il iy B i iriaird i It il i il
1.7 18 1.9 2 21 22 17 18 19 2 21 22 17 18 19 2 21 22 17 18 19 2 21 22

W (GeV)
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Final states and observables measured in CLAS

s|Z| T |P|E| F|G|H|T L | L |00 ]|c|ec¢
Proton target: yp=>X

pn’ v | Vv / v v / v /

nx* v | Vv / v v / v /

pn v | v v/ v v / v v/

p’ v | v v v/ 4 / v/ v/
pew | ¥ |/ v v v vvv + 8 more 7t observables vvvv

p® v | v v v | ¢« v v v SDME

K*A v | v v v v / v v v v v v | v | Vv |V
KX | v | ¢ v v v / v / v / v v | v |V |V
KUz | ¢
KZH | ¢ | ¢ v v v/ / s v/

arget:

pr | v | ¢ v v
nww | ¥ | v v v vv +4 more 7 observables vv
KX | ¥ | ¥ v v

K°A | v v v | / AN 2N A
KX | ¢ | ¢ v v 2 A A

.geffzgon Lab
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Confirmation of new states near W=1900 C|Og°a

[ PRL 119 (2017) 062004 ]
e Bonn-Gatchina + Zagreb PWA: [T i

- CLAS yp » KA used to fix L=0,1 multipoles |

of

-0.51

0)| -1F eds(0)
, . . ¢
-1 -06 -02 02 06 1

cos(6) -1

- used in a coupled-channel search for poles ~ ‘T #is

1P 1

osf # P 0_5-')("-
< reveals new N*s that couple strongly to K/ /\/ T
(but weakly to mN; not evident in TN = mN)

s(0)| -1 cos(e)| -1 cos(0)

- L L
L L n L L n
1t -1 -06 02 02 06 1 -1 -06 -02 02 06 1

b 60
-1 -06 -02 02 06

N(1895)1/2-  N(1860)1/2*
N(1945)3/2*
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<40
Confirmation of 1-star A(2200)7/2- in coupled-channel PWA clasy

A(1950)7/2*
A(2200)7/2-
o well established A(1950) 7/2* [PDG ***¥| - \/ total . 1™
missing a parity-partner 1500
AXZ i ' ““ Nk

& possible weak A(2200) 7/2- [PDG *] ?

1200

e Bonn-Gatchina coupled-channel PWA of

CLAS and CBELSA/TAPS data from many channels
[ Phys Lett B766 (2017) 357 ] 200r

< requires A(2176) 7/2-
e small TN branch < very weak in TN scattering
¢ but reflected in the yN- N “E” asymmetries

10
1200

1100

oL 40
150

1000
125

O_I 1 1 A 1 1 _0

* no evidence of mass-degenerate partners

near 1950 (arguing against Chiral restoration)

0_ ™~ ,./

2 40
1800 1900 2000 2100 2200 2300
M, MeV
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: <>
Photo-production from neutrons class

e the electromagnetic interactions do not conserve isospin
— =12 _ 1 gI=32

~q}/p—>7r+n — \/E{ﬂp 3 ﬂ }
I=1/2 1=3/2

=\2{Aa7"+1 27"}

=> both profon and neutron target data needed for the I= % amplitudes

& proton data determine A"

Yyn—m p

® y+n dafa base is very sparse
< ynN* couplings very poorly determined

< CLAS run periods glO(y + D),
gl3(y + D),
gl4 (7 + D)
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o (yn>7p) CLAS-g13: 8424 kin pts  (piys revc (inpress) ClOSES

10 | cos(65™) =-0.35 i {, cos(65™) = 0
Photon beam Target Recoil SN, E N\
Xy lz|e F [
2 1 -
X y z a = g
, 9 - -
unpolarized | o, T P S - -
107 3
P{Sin(2¢7) H G Ox’ Oz’ ||||||||||||%||||||||||4|||||||II|III|III|II
7 10Lk - cos(65™) =0.3 it COS(67™) = 0.6
PL COS(2¢,},) —Z —P _T % 5 3 gy
circular PY F -E | Cy c, |2 |
2 1E
C -
9 -
) i
e
107
EII|III|III|III|II
14 16 1.8 2
W (GeV)
/./'
o Legend
n ~e O CLAS/g13 -arXiv1706.01963; PRC (in press)
< CLAS/g10 - PRC 86 (2012) 015206
¢ BNL - PRC 70 (2004) 035204
A SLAC- NP B75 (1974) 125
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Deuteron reactions

>
restricted fo create an effective neutron target Clasy

select events for which the proton in Deuterium is a passive “spectator”

<& key variable is its momentum,
eg. equivalently, the momentum of the undetected protoniny +n(p) 2w~ p(p)

<& use the data itself to determine the kinematic region
in which a measured observable is stable

eg. the beam-target helicity asymmetry “E” : [ ]
IP.._|<0.1GeV/c S L A B 1
02 ;

<E> . i h : *
0.4 } — O LR
I i ‘ ]
with these tight requirements, oG Ftemaectt
the D-state gives no contribution 7 |

0.05 0.1 015 02
.. Ip | (GeVic)
NB: stable region is observable dependent miss
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E (yn>7np)

CLAS-g14: Phys Rev Lett 118 (2017) 242002

<
clas

C’ 0.5 .
L
% - A
AR

PV
o

~e

4ef£;?son Lab

E asy

'a_

Yyn=>mw p
Photon beam Target Recoil
[ - ctaseos-101 @14 |
x' y’ z’ "\V\)=15b0MéV \l W= 1540 Mev \W 1580 MeV |[[\ W = 1620 MeV ‘..W 1660 MeV |
>‘.*'. ,,; Wl -*_.. ;
X 1y z & oo g /\ T/ \
w - i. Il -i i' 1 3 . D, I
unpolarized | o, T P
’}/ .
P sin(2¢,) H G | Oy 0:|;
w
. _
P/ cos(2¢,) | -X -P -T |
1Ol w = 1900 MeV
circular PY F —E | Cy

W 2100 MeV

E asy
< o
=

| 1
LAV

101 | w = 2300 Mev

w _0:5 i \%WJ\

!
A5 s
cos(6™ )

cm
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Evidence for an N(1975)3/2+ from E (Y n > 7p) ¢|Q§o$

+  BnGa[2014_02]

o BnGa[Jan'17, with g714] -
1— PWA w world data as of Jan/17, excluding g14

| PWA w world data AND new CLAS E results

I\ last published BnGa PWA

! I ‘ I l I T I I I T

ImM[P13nM] (mF)

O
o

Lt

N(1720)3/2* <> PDG ****

N(1900)3/2* & PDG ****
(but weakly coupled to ntN)

e new BnGa PWA [PRC (in press)]:
=> highest 3/2* at W=1975 MeV

{-0.4 IOJ | 0.4 | 0.8 |
Re[P13nM] (mF)

.geffe:?son Lab

& possible N(1975)3/2*

A Y2=-261+13, A32=-77115
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<40
A decade of advances in mapping the N* spectrum clasy

N(W)J* | PDGOS | PDG17 | +recont | yN | N | KY

N(1710)1/2% % % % * % kK IS IS IS
N(1860)1/2* +v v v v
N(1860)5/2* * * v/

N(1875)3/2™ * %k k V4 v V4
N(1880)1/2* * % v v v
N(1895)1/2™ * %k +v 4 v 4
N(1900)3/2* * % * K K +v Vo4 4 Vo4
N(1975)3/2* +v v v

N(2040)3/2* * v

N(2060)5/2~ * *k 4 4 4
N(2100)1/2* * * +v v v

N(2120)3/2" * %k 4 v/ v
N(2300)1/2* * % v/

N(2570)5/2™ * * v/

A(1940)3/2~ * * % 4 v

A(2200)7/2~ * * +v v v
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<4
Probing the dynamics of N* excitation with Q- in (e,e’) clas

o N*excitation depend on @ = -(k, - k,)?
< different responses to changes in Q?

e mapped out in large CLAS data sets

eg. PRC 77 (2008)015208 ~ 35,000 data pts
PRC 91 (2015) 045203 ~ 37,000 data pts

) Reaction Piane
J

5 0°=0.4Gel” Q2 = 2.4 GeV?
[ S i
— - A N !
PP Y o '
S0 ) = ,
£ [ Z 5
= 4~ i
SERAT ’
3, i
o | | 1 |

1.25 1.50 1.75
W (GeV)
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Published CLAS data on
exclusive meson electroproduction from protons
Hadronic final | Covered W range | Covered Q7 range Measured
state (GeV) (GeV?3/c?) observables
TN 1.1-1.38 0.16-0.36 do/Q
1.1-1.55 0.3-0.6 do/Q
1.1-1.7 1.7-4.5 do/C, A,
1.6-2.0 1.8-4.5 do/C2
nop 1.1-1.38 0.16-0.36 do/Q
1.1-1.68 04-1.8 do/Q, Ay A LA,
1.1-1.39 3.0-6.0 do/Q2
np 1.5-2.3 0.2-3.1 do/Q
K+A thresh-2.6 1.40-3.90 do/Q
0.70-5.40 P, P’
K+30 thresh-2.6 1.40-3.90 do/Q
0.70-5.40 P’
TP 1.3-1.6 0.2-0.6 Nine 1-fold
14-2.1 0.5-1.5 differential cross
1.4-2.0 2.0-5.0 sections

.!effegon Lab

Sandorfi - HEP’18 — Jan, 2018

<
clas

Observables
® Ccross section
angular distributions

e Longitudinal
Beam,Target, and
Beam-Target asy

e recoil and transfer
polarization asy

< nearly full phase

space coverage for
final hadron channel

@ T



Q? evolution of photo > electro-couplings
probe the N* excitation mechanisms

3 80r ; N(1440)1/2°
O 60F ! #
S 40 )ﬁ 0
<> 20+ % % ¢
o 4
-20r ® Nr
40 A PITTT
A RPP
601 : real photon point m CLAS*
| | | | | |
0 1 2 3 4 S
Q4GeV?)

.geffegon Lab

<
clas

Ah
Tocy* - z I: 8o ()

M’ —s—ichgjz.(s)]

e different electro-production
channels

e different analysis approaches

=> consistent y*NN* couplings

Sandorfi - HEP’18 — Jan, 2018 @ @JSA



<40
eg. N(1440)1/2*, the “Roper” resonance clasy

LF RQM: I. Aznauryan, V.B. arXiv:1603.06692

80| N
* N(1440)172" A, DSE: J. Segovia, C.D. Roberts et al,, PRC94 (2016) 042201

60

=» Non-quark contributions are
significant at Q2 < 2.0 GeV-.

40

20 -
=» The 1%t radial excitation of the g3

core emerges as the probe penetrates
the MB cloud

-20

T

e “Nature” of the Roper —its core is

the 15t radial excitation of the
nucleon.

-60 [~

Q* (GeVH)
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<40
eg. N(1535)1/2-, the parity partner of the nucleon clasy

1250 |\ G NUIS3SIZ A, e consistent couplings extracted from

oo I o\ % different decay channels (again)
8

18 e non-quark contributions are

significant for Q¢ < 1 GeV?

50 |

25

e LF RQM describes data for @ > 1.5 GeV?

oL — — — [ Aznauryan & V. Burkert, arXiv:1603.06692]
25| MB contributions ® Nx CLAS
@ pn CLAS ’ . .
50| LF ROM A pn HallC =>» N(1535)1/2* is consistent with
| e LC SR (LO) m  CLAS the 15t orbital excitation of the nucleon
A LC SR (NLO) A RPP
o 1 2 3 4 5 & 7 8 9
Q* (GeV?)
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eg. N(1675)5/2-, a cloud-dominated resonance C|O ‘

K. Park et al, PRC 91 (2015) 045203

N1675)512 Ay, ()| * YPN*(Q°=0)>>RQM
20 b,
Ao < RQM is suppressed by selection rules,
. if only a single quark is excited
+ —— LFROM [ Moorhouse, Phys Rev Lett 16 (1966) 772 ]
+ hCoM [ Burkert et al, Phys Rev C67 (2003) 035204 ]

( NOT a meson-Baryon molecule )

i \ + ....... * BUT, non-quark (meson-baryon cloud)

contributions are significant for all Q?

e CLAS (m'n)
A RPP e MB (EBAC)
m CLAS
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-2
10

V. Mokeev

N >A(1232)

10

-1

1
Q? GeV?

Y *N = N* transitions are sensitive
to long-range QCD and probe the
running quark mass function

.geffégon Lab

¥ *N & N* reveals a running quark-mass ¢|Qg°ﬁ

e CLAS G, (N = A) (normalized to dipole)

------ “frozen” momentum-independent M,,

[Wilson et al., Phys Rev C85 (2012)025205]
& M~ 300 MeV, dynamically generated
by contact interactions btw current quarks

— dressed quark mass-function M (p,)

[Roberts, |. Phys. Conf. 706 (2016) 022003]
[Segovia et al., Few Body Phys 55 (2014) 1185]

| GeV

M(

o 1 2 3 p (Gev)
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Summary C|Q ‘

e LQCD has confirmed Quark Model predictions for large numbers of N* states

< no reduction in the effective degrees of freedom within the Nucleon
< full LQCD/QM range of states required to provide the baryon pressure at T,

e polarization in photo-production reactions can over-determine the amplitude

< extensive data on large numbers of polarization observables and final
states have been collected and are in various stages of analysis

< coupled-channel PWA have been essential in disentangling the N* spectrum
< large numbers of new candidate states have been identified

e (¢ dependence of electro-production couplings provide insights to the role of
the meson cloud and of the N* excitation mechanism

< large data sets have been collected and analysis is ongoing ...

< meson cloud effects are generally very strong below ~ 1 - 2 GeV/?
< transitions to N*s confirm a running quark mass-function
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