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Understanding Baryons

@ Matter that we see around us is made up of baryons
like protons and neutrons.

@ Baryons are fermions. In the naive quark model,

((
they are considered as a system of 3 quarks. gj

@ Six known quarks, each with a unique ‘flavor’
quantum number. Focus on Light Baryons made of
u and/or d quarks.

@ Gluons, the mediators of the strong force, also (3) () ()
carry color charge. They participate in the strong oA
interaction in addition to mediating it unlike
photons in QED.
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Understanding Baryons

@ Matter that we see around us is made up of baryons
like protons and neutrons.

@ Baryons are fermions. In the naive quark model,
they are considered as a system of 3 quarks. W

@ Six known quarks, each with a unique ‘flavor’
quantum number. Focus on Light Baryons made of ‘ ) . )
u and/or d quarks.

@ Gluons, the mediators of the strong force, also P D)
carry color charge. They participate in the strong
=D =J

interaction in addition to mediating it unlike
photons in QED.

@ Strong interaction shows Confinement at low
energies where matter exists. No free quarks in the
non-perturbative regime.

hree Roy Polarization Observables in Vector Meson Photoproduction ~ 2/23
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Light Baryon Spectroscopy

Open question in the non-perturbative regime (where QCD is difficult to solve):
How does QCD give rise to excited baryons?

@ What is the origin of confinement? How are confinement and chiral
symmetry breaking connected?

@ What are the relevant degrees of freedom? How do they evolve with
energy?
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Light Baryon Spectroscopy

Effective degrees of freedom

cav CQM+flux tubes Ouark—diqyark
Nucleon-meson clustering
system (-}

+ Lattice-QCD computations
(complementary to phenomenological models)

Light Baryon Spectroscopy: Map out the excited states of light
baryons, identify the underlying multiplets to reveal answers to the open
questions.
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T'he

FROST Experiment using CLAS

Understanding the Light Baryon Spectrum

@ Underlying Pattern: the resonances can be grouped into bands and multiplets.

@ The level counting in LQCD for each J* in each band is consistent with CQM.

A CQM prediction for N*

N* from Lattice-QCD
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S. Capstick and N. Isgur, Phys. Rev. D 34 (1986) 2809

R. Edwards et al. Phys. Rev. D 84 074508 (2011)
Picture courtesy V. Bukert (CLAS collaboration meeting 2015)
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FROST Experiment using CLAS

Understanding the Light Baryon Spectrum

@ Many ‘missing’ states, particularly above 1.7 GeV in W.

@ A possible explanation: perhaps the static quark-diquark picture is correct?

A CQM prediction for N*

N* from Lattice-QCD

3000 = - - =
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1000) teescnancnas
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Understanding the Light Baryon Spectrum

@ N(1900)3/2" (which can be assigned as a member of the quartet of (70, 2;) ) cannot be
accommodated in the naive quark-diquark picture, both oscillators need to be excited.

@ No sign of ‘freezing’ in LQCD calculations.

A CQM prediction for N* N* from Lattice-QCD
3000 = - - s
C (70,27) Quartet 5 = =
o el N(1880)1/2T++ = = T~ =
o - N(1900)3/2F %% 5 3 4077 =
— — E NS Ve = .
B = N(2000)5/2% #% ... =l
B i | ' '
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Bradford et al. (CLAS), PRC 75, 035205 (2007), Observables Cy,, C, from ¥p — KA
Fits: BnGa Model, V.A. Nikonov ef al., Phy. Lett. B 662, 245 (2008)
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Understanding the Light Baryon Spectrum

@ Many ‘missing’ states, particularly above 1.7 GeV in W.

A CQM predlctlon for N* N* from Lattice-QCD
3000 = = L =)
C (70, 25) Quartet @ = . S o -
o e = __ -_— 0 =
o L N(1880)1/27" *x 5= B
= = N(1900)3/2F s %% 5 3 440770 i
: = = N(2000)5/2F s ool e =
E = '
: == N(1990)7/2+ *k 12 2 1.
i | : :
- 1000 temscencceas '
2" Excitation Band: &= i i
(56, 05),(56, 23) @ —\)\_/J H + parity - parity
(70, o*) (70, 23) (@) == Theory
o (20, 13)? }{ &2 Experiment my; = 396 MeV
o IS I [ | P T . . = : < - -
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Vector Meson and Multi-Pion Photoproduction

Alternate explanation suggested from an experimental point-of-view:
@ Past measurements were mostly done using 7

beams. It is predicted that the high-mass

resonances predominantly couple to v beams.
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Vector Meson and Multi-Pion Photoproduction

Alternate explanation suggested from an experimental point-of-view:

@ Past measurements were mostly done using 7
beams. It is predicted that the high-mass
resonances predominantly couple to v beams.

Status as seen in

Particle J¥  overall Ny Nz Np No |Nw| AK SK|Np| Ax

@ The high-mass resonances preferably decay to R — 1. T
heavier mesons, e.g. vector mesons (€.g. w, p, @), NITOVIT v e v e e e e
or sequentially decay to multi-particle final states ~(s60)s/2* = « |

. . . N(1875)3/27 sxx sk K sk | ok ok kK
via intermediate resonances. Ngmoilfﬁ T " i
. L N(1895)1/2 s« ok mk A

@ The study these reactions also aid in further N(1900)3/2% wex  wxx ek wx Sl ot P P
. . . . N(1990) 7/2F % O *
investigating poorly-understood properties of NEOOD) 52 e e n e o
known resonances. Their contributions to these :’E;g‘ég; ;gf : .
reactions have mostly remained under-explored.  ~i0)1/2* « *
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Vector Meson and Multi-Pion Photoproduction

Alternate explanation suggested from an experimental point-of-view:

@ Past measurements were mostly done using 7
beams. It is predicted that the high-mass
resonances predominantly couple to v beams.

Status as seen in

. Particle JP  overall Ny Nz Ny No Vo] Ak s E Ar
@ The high-mass resonances preferably decay to R TR PR e
heavier mesons, e.g. vector mesons (e.g. w, p, ¢), Y07 ;gt IS Il Rennad W
or sequentially decay to multi-particle final states ~(s60)s/2* = « |
.. . N(1875) 3/27 sk Rk K aok | ok ok Fokok
via intermediate resonances. Nglggoilfﬁ .. " .
. L N(1895)1/2 s« ok mk A
@ The study these reactions also aid in further N(1900)3/2% wex  wxx ek wx Sl ot P P
. . . . N(1990) 7/2F % O *
investigating poorly-understood properties of NEO00)5/2t e e x e I
known resonances. Their contributions to these Y% ;gf Y s L
reactions have mostly remained under-explored.  ~i0)1/2* « *
N(2120)3/27 #x P P
@ These factors motivated the analysis of O, S5 TR v ik ¢
L .0 L N(2220)9/2F sexx ——
p = pw — prw (w) and yp — prT N(250)9/2 wxes
. . . . N(2300) 1/2F #x ok
reactions. The latter gives information on N(2570)5/2- i L L

N* — pp, and on sequential decays via
intermediate resonances.
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Why are Spin Observables Important?

Atomic Cross Section Baryon Cross Section
E §,(1650) D (1675) F,{(1680)
F Py(1232) Full0 ttp—-X
e Py 1620) D700y | P10
£ sTp—oX
~ §,(1535) 7 e
F P(1720) (%50
150— D,(1520) H,,(2220)
= 6,2190) | G, (2250
2| 100~ P,(1440) H,(2420)
[ E
g E
£ 50—
04\000 7060 “‘:\n E oo v I B o b oo 0 0 99 ol 0og o0l lee
| i 1 12 X
wavelength (A) W (GeV)

(Courtesy of Michael Williams)
@ Baryon resonances are broad and overlapping so ‘peak-hunting’ is not a
good way to look for resonances.

@ Significant background from non-resonant processes which are entangled
with resonant processes.

bles in Vector Me: production  7/23
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w/o polarizer w/ polarizer

Polarized measurements in addition to the
unpolarized cross section measurements
necessary to disentangle and reveal the res-
onances with minimum ambiguities.
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Polarization Observables

Why are Spin Observables Important?

w/o polarizer w/ polarizer

Polarization
Observables

Unpolarized
Cross Section

Polarized measurements in addition to the
unpolarized cross section measurements
necessary to disentangle and reveal the res-
onances with minimum ambiguities.

Model-Based
Predictions,

Partial-Wave
Analyses
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Spin Observables for ¥ — prTn~ & pw @ CLAS

The FROST N ™ Program in Hall B, JLab AP — pw

Transversely Pol. Longitudinally Pol.
Li ly Pol.
inearly Po Z, '|'!| H,| P z’ G

Circularly Pol.
Y FT E

P — pr T
Transversely Pol.

Longitudinally Pol.

rget

Linearly Pol. s,c s,C s,¢ s,C
P, P I PP, |

Xy

Circularly Pol. o o o 5
- vay’ vay’ I Pz’ Pz’ I

13 spin observables extracted in my analysis
Data acquired
Final or prelim. results available
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Spin Observables for ¥ — prTn~ & pw @ CLAS

Ototal = 00[1 — X 9; cos(2¢)
+Acos(a)(—d; Hsin(2¢) + 6o F)
—Asin(a) (=T + 6P cos(2¢))
—A, (=0, Gsin(2¢) + JoE)]
0 (0;) : degree of beam polarization

A : degree of target polarization

P — pw

Transversely Pol. Longitudinally Pol.
2, T,H,P 2, G

FT E

75 — prta
Transversely Pol.

Longitudinally Pol.

Boam —10et

s,C s,C s,C s,C
Py P y’ | Pz ’ Pz o |

Circularly Pol. o o o 5
- vay ! vay i Pz ! Pz 1 I

13 spin observables extracted in my analysis
Data acquired
Final or prelim. results available
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The FROST Experiment using CLAS at JLab
Coherent edges: 0.9-2.1 GeV (0.2 GeV wide)
Deg. of linear beam pol., é.,: 40 — 60%

Enhancement for
coherent edge 1.1 GeV

CEBAF
Large
Acceptance
Spectrometer

~ 4 acceptance of
charged particles,
well-suited for
spectroscopy.

E, (MeV)

2

g9b run (Mar to Aug, 2010) F %
Photon Pol.: Linear/Circular 87% (av.

Target: (Nitroxyl) Doped Butanol
(C4HyOH)
Target Pol.: Transverse
W range: 1.4-2.1 GeV (Lin. Data) o
1.5-2.5 GeV (Circ. Data) T 3y R,

T

Priyashree Roy Polarization Observables in Vector Meson Photoproduction  10/23
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The FROzen Spin Target (FROST) Apparatus

. Polarizing field =5 T, T~ 0.3 K

background studies Dipole holding field = 0.5 T, T~ 50 mK

g Carbon @ Offset angle = 116.1 £ 0.4° from x4y
y @ Av. target pol. = 81.0 + 1.7%
n': 7\ @ Relaxation time: 3400 hrs w/ beam,
T e 4000 hrs w/o beam

ee Roy Polarization Observables in Vector Me: oduction  11/23
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Data Selection and Analysis

@ Topologies for pr*7~:

NP — prT (missing 77)

NP — pr~ (missing 71)

AP — prT T (no missing particle)

The observables are weighted avg. over topologies.
@ Topology for pw (89% branching fraction):

75 — pr T~ (missing 7°)

Topology identified using Kinematic fitting.

Polarization Observables in Vector Meson Photoproduction  12/23
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Data Selection and Analysis

@ Topologies for pr*7~:

NP — prT (missing 77)

NP — pr~ (missing 71)

AP — prT T (no missing particle)

The observables are weighted avg. over topologies.
@ Topology for pw (89% branching fraction):

75 — pr T~ (missing 7°)

Topology identified using Kinematic fitting.

@ Standard cuts & corrections: vertex cut, photon
selection, /3 cuts, E-p corrections.
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Data Selection and Analysis

1.6 - 1.7 GeV

Total
Signal

@ Topologies for prtn~:
49 — prT (missing 77) .
P — pr~ (missing )

AP — prT T (no missing particle) g Background
The observables are weighted avg. over topologies. 00
400|
@ Topology for pw (89% branching fraction): 200
,Vp“g) p7r+7r7(missing 71—0) 065 550600659 F00" 780600 550”406 559000

3-pion invariant mass (MeV)

Topology identified using Kinematic fitting.

@ Standard cuts & corrections: vertex cut, photon

1 - 1 Butanol
selection, 3 cuts, E-p corrections. o o
@ Event-based method!!! for signal-background 3000 Cackeround
separation. 2500 Scaled Carbon

[1] M. Williams et al., JINST 4 (2009) P1OOO3 ~ qlesbe

e i S P VS Mol Bt s
50 100 150 200 250 300 350 400 450 500
MM (MeV)
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Data Selection and Analysis

1.6 - 1.7 GeV

@ Topologies for pr*7~:

NP — prT (missing 77) o Tf)tal
NP — pr~ (missing 71) ot Signal
AP — prT T (no missing particle) g Background
The observables are weighted avg. over topologies. 00
@ Topology for pw (89% branching fraction): :::
75 — pr T~ (missing 7°) 8657455600587 b6 85504 oo

3-pion invariant mass (MeV)

Topology identified using Kinematic fitting.

@ Standard cuts & corrections: vertex cut, photon

1 - 1 Butanol
selection, 3 cuts, E-p corrections. o o
@ Event-based method!!! for signal-background 3000 Cackeround
separation. 2500 Scaled Carbon

@ Event-based maximum likelihood method!? to fit

. . . il
angular distributions in ¢j5.°" and extract the 1000
polarization observables. 500
[1] M. Williams er al., JINST 4 (2009) P10003 e ety e el

[2] D G Ireland, CLAS Note 2011-010 MM (MeV)
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Published Results in vp — pw

Isospin filter (sensitive to N* only), reduces complexity

8+

26 CLAS, ELSA, spin ("} I
= - A2, SAPHIR, Observable E I 1
T : SLAC, : t ; ]
2i X f $ { El
105 0 05 1 s 3
cos(60,,) 1200 1:'&?0 "1393 xga éﬁaswzzoo

[

0.5

W =1.765 GeV

ross Sectio

€08(6gy,¢) =-0.125
E

E, =139 GeV

Phos—1,Re(ply)
ELSA, CLAS,
SAPHIR, SLAC,
Daresbury

cos 02, \ —%
05/-115-120(1.76) Gev | /Polarized SDMES Spin -
Poo Phos hrRe(pio).Im(pi ) Observable G ]
0 ELSA P
ELSA 41[; =S
08¢ 0.2}
05 0 05 oef 1213113 Mev
e o o8l (11081300 MeV)
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R
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Published Results + New Spin Observables from FROST

8- W =1.765 GeV : 08 cos(Ogy) =-0-125 3
_ ross Sectiol byt E 3
=K CLAS, ELSA, Spin E } 5
2 A2, SAPHIR, Observable E " !

4 SLAC, ELSA 3 3 E

Daresbury e {

2 -06F 11

+ FROST (Prelim.) Results

Transversely Pol. | Longitudinally Pol.

2, THP 2, G

405 0 05 1

npol. SDMES

Phosp 1, Re(po)
ELSA, CLAS,
SAPHIR, SLAC,
Daresbury

s FT E
€OS O m,
\ 5 30 60 90 120 150 0
Bm' (deg)

051115 - 1.20 (L.76) Gev Polarized SDMES

0 Poo Pios pi1sRelpio)Im(pi_y)
ﬁ ELSA
-05r-
L 121313 MeV

05 0 05 08 (11081300 Mev)

Spin
Observable G
ELSA

B [ o5
€OS(0gys)
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Importance of the Spin Observables from FROST

T A~ o e @ BnGa-2016 solution, based on fits to ELSA data +
f’ \ﬂ \ﬂ ./\/7 ,/r\f\ new high statistics > from CLAS-g8b, was not
- entirely unique. Other acceptable solutions existed.

= @ BnGa-2016 predictions did NOT describe the new
A G F/,,m }\/w\ FROST observables well.

@ Adding the new FROST observables to BnGa

cos0, database has reduced ambiguities : BnGa-2017
PWA solution!
TF 047 ™ 156 H e 1796 o To50
L) .o ¢ - -
(S| VN S et e | N
| |
- ‘Jr‘* : e
e % 2088 st P [ R 1647 )
i AW AWV
IS WAAT RN ' N , L- ' i
el °°M¢ Wy W(w Q5 A \/l ‘\/‘
cos6,, cosf,
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P — pw Reaction

Beam Asymmetry X in Yp — pw

P. Roy et al. (CLAS-FROST), paper under collaboration review
w reconstructed from 77~ (70)

E=1150MeV | E,~1250MeV| E,=1350MeV| E,= 1450 Mev
Linearly w
Prcions. o
Ve R
rd
E,= 1550 MeV E,= 1650 MeV E,= 1750 MeV E,= 1850 MeV Recoil P
0.5 1
Ao H
-0.5 1
50 100 1500 50 100 150 o= O—O[l - 2 6ZCOS(2¢)
= 1950 MeV E,= 2050 MeV .
& ' ® FROST +ACOS(O¢>(—61HSIH(2¢) + 5®F>
CLAS-g8 (prelim.) —Asin(a) (=T + §;Pcos(2¢))
v GRAAL (2015) —A(~6,Gsin(2¢) + OoE)]
| ELSA (2008) d5(68;) : degree of beam pol.
A ‘ s O GRAAL (2006)
0 50 100 1500 50 100 150

BnGa-PWA (2017)

0Lm () A : degree of target pol.
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P — pw Reaction

Beam Asymmetry X in Yp — pw

P. Roy et al. (CLAS-FROST), paper under collaboration review

w reconstructed from 77~ (7°)
@ FROST: transversely pol. target

(more complex analysis)
Others: unpolarized H» target

E,=1150 MeV | E=1250MeV | E,=1350MeV | E, = 1450 MeV

@ FROST results in excellent

E,=1550 MeV | E,~=1650MeV| E=1750MeV| E,= 1850 MeV agreement with CLAS-g8 and fair
agreement with other published
results except for GRAAL 15.

-0.5 1

E,= 1950 MeV | E,=2050Mey 50 100 1500 50 100 150
® FROST

CLAS-g8 (prelim.)
V¥ GRAAL (2015)
W ELSA (2008)

650 00 1500 50 T00 150 O CRAAL (2000
— BnGa-PWA (2017)

Ocm. (°)

oduction  16/23
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P — pw Reaction

First Measurements of Target Asymmetry T in vp — pw

* FROST — BnGa-PWA (2017) P. Roy et al. (CLAS-FROST), paper under collaboration review
051 E,;: 1250 MeV E,: 1350 MeV E,: 1450 MeV e
3 e - e polarization
0 + = direction
o - e A {
0.5+ H o 5
051 E,:1550 MeV E,: 1650 MeV E;£ 1750 MeV >z fe
i \ Rl P
0l P N~ WP e W
My e Tt »
0.5 1 Recoil P
'—
05+ E,: 1850 MeV E,: 1950 MeV E: 2050 Mev
0 RU& ?\V . A $¢}N
o5t * e . o = og[l — X §;cos(2¢)
3 S +Acos(a)(—;Hsin(2¢) + doF)
0.5 E;2150 MeV E,: 2250 MeV E,: 2350 MeV —Asin(a)(—T 4 51PCOS(2¢)))
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— pw Reaction

First Measurements of F, H, P in yp — pw

] * FROST — BnGa-PWA (2017)
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0 =3 3 et
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-1
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P. Roy et al. (CLAS-FROST), paper under preparation
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05
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05
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cos O,

o = og[l — X §;cos(2¢)
+Acos(a)(—6;Hsin(2¢) + 6o F)
—Asin(a)(=T + §;Pcos(2¢))
—A.(—0,Gsin(2¢) + 6o E)]

3 (0;) : degree of beam pol.
A : degree of target pol.
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Partial Wave Analysis of yp — pw Observables
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Williams et al., PRC 80, 065208 (2009)
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\ I I I - I I I |
Polarized measurements crucial to understand the -channel background
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Partial Wave Analysis of yp — pw Observables
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3/27 remains leading resonant partial wave close to threshold with
strong peak @ N(1720)3/2"
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N(1875)3/2~ partial-wave contribution has decreased =
by 70% compared to previous BnGa w-PWA
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Published Results in ¥p' — prtw—

Allow the study of sequential decays of intermediate N* and also N* — pp decay
but the large hadronic background makes it challenging.

Proton

Priyashree Roy
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Published Results in ¥p' — prtw—

Polarization observables database rather sparse in the past. Moreover, existing

models do not describe the data well. 03
I@ W =1.40 GeV W =1.45 GeV W = 1.50 GeV
g Valencia model -~ o olt**t e
_Nka& 8" PaAmoda [
0.3 =
03
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0.3
03 T
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» . .
5 s o
0.3 4
0.3 T
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aof v . Lo [+ .°
>0'30 180 3600 180 3600 1é0 360
Strauch et al., PRL 95, 162003 (2005); Krambrich e al., PRL 103, 052002 (2009) 0 (deg) ¢ (deg) o (deg)

Abhrens et al., EP] A 34, 11 (2007)
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Beam Asymmetry I¥ in Yp — pr o~

Example: 1.30 < E, < 1.40 GeV (Total E,, range covered: 0.7 - 2.1 GeV)

® FROST (preliminary) @ C. Hanretty et al. , CLAS-g8b run
(in preparation for publication)

— BnGa fits to I°, CLAS-g8b run
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P. Roy et al. (CLAS-FROST), paper under preparation

Good agreement between experiments

Photon pol.
ey
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P — pﬂ'+ 7~ Reaction

Beam Asymmetry I¢ in 4p — prin~

Example: 1.30 < E, < 1.40 GeV

® FROST (preliminary) ® C. Hanretty et al. , CLAS-g8b run
(in preparation for publication)

— BnGa fits to I°, CLAS-g8b run

i= Fourier cosine fit to g8b 1k
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P. Roy et al. (CLAS-FROST), paper under preparation

Good agreement between experiments
I =Ip{&;[’sin(23) + I°cos(283)]}
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First Measurements of Target Asym. Py y in vp'— prtn~

Example: 0.8 < E, < 0.9 GeV (Total E., range covered: 0.7 - 2.1 GeV)
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‘W. Roberts and T. Oed, PRC 71, 055201 (2005)




Introduction
Data Analysis and Results
Outlook

Outline

@ Outlook




Introduction
Data Analysis and Results
Outlook

Summary

@ Photoproduction of vector mesons and multi-pion final states:
essential to discover new resonances and better understand the

known resonances.

@ Many first-time measurements from CLAS-FROST for 45 — pw
(Z (for E, > 1.7GeV), T, H, P, F) and 5 — prtn~ (I®°, Py,

P;;): they will significantly augment the world database of

polarization observables in photoproduction.

@ The high-quality FROST results are expected to put tight constraints on data
interpretation tools, immensely aiding in determining contributing N* with minimal
ambiguities.

@ Our findings from FROST on the N* members, together with the findings on the strange
members (e.g. from PANDA at GSI, BES at Beijing, GlueX at JLab) of the multiplets will
complete the study of the light baryon spectrum. This will give more insight into the

phenomenon of color confinement in the system of light quarks.
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