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Motivation
Polarization Obs¢
T'he FROST Ex

Why Baryon Spectroscopy?

eriment usi

[1] R. Bradford et al. (CLAS), PRC 75, 035205 (2007), Observables C,, C from ¥p — KtA
[2] Fits: BnGa Model, V.A. Nikonov e al., Phy. Lett. B 662, 245 (2008)
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Baryon Spectrum with LQCD

R. Edwards et al. Phys. Rev. D 84 074508 (2011)

N Picture courtesy V. Bukert (CLAS collaboration meeting 2015)
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- - - LQCD manifests broad features of SU(6) ® O(3) symmetry.
New states accommodated in LQCD calculations (ignoring mass scale)
with J¥ values consistent with CQM.
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Baryon Spectrum with LQCD

More predicted states than experimentally observed. Lot more yet to be learnt!
N
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Study of N* to Vector Meson Decay Modes

Vector meson (w, p, ¢) decay modes have mostly remained unexplored. Vast pool of infor-
mation yet to be unearthed:

Status as seen in —

Status — —
Particle J©  overall tN 4N  Np No|Nw| AK SK| Np| Ar
N(1700)3/27 xxx  xxx  xx % ™
NQAT10)1/2F  sorx worx aorx xokr s [orr ok [ [ax
N(1720)3/2F  swx soprr orx xorr wx Rk [Rx [x
N(1860)5/2F #+  xx x |x
N(1875)3/27 s#x = ok N P ok
N(1880)1/27 xx  x * *k *
N(1895)1/27 *x ek ** o x
N(1900)3/2F sxx  xx  wrx xx ™
N(1990) 7/2 #x  xx *
N(2000)5/2F s+ * N ok [xx
N(2040) 3/2F
N(2060)5/27 *x  xx  xx  * o
N(2100)1/2F
N(2150)3/27 #x =+ xx ** -
N(2190) 7/27  sokx sowr sonk [ *
N(2220)9/2F  swrx  wrxx
N(2250)9/27  wwkx wnkx
N(2600) 11/27 sk xoxx
N(2700)13/2F #+  **

Particle Data Group 2014
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Study of N* to Vector Meson Decay Modes
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Study of N* to Vector Meson Decay Modes

Vector meson (w, p, ¢) decay modes have mostly remained unexplored. Vast pool of infor-
mation yet to be unearthed:

Status as seen in —

Status — —
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Study of N* to Vector Meson Decay Modes
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Status as seen in —

Status — —
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Study of N* to Vector Meson Decay Modes

Vector meson (w, p, ¢) decay modes have mostly remained unexplored. Vast pool of infor-
mation yet to be unearthed:

Status as seen in —

Status — —

@ For a better understanding of known Particle JP  overall aN AN Nn No| No| Ak 2K Np| ar
resonances, it is essential to study their vector N3/ e e o s L
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Particle Data Group 2014
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@ Most of the identified baryon resonances came from 7NV scattering.
Many missing resonances may couple to photoproduction reactions.

@ Baryon resonances are broad and overlapping so peak hunting is
difficult. Need more observables in addition to cross sections to
disentangle the resonances.

ree Roy, Florida State University 6, Talla ee, Florida
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Why are Spin Observables Important?

Polarization observables are essential for the
determination of the scattering amplitudes with
minimal ambiguities — ‘reveal’ the baryon
resonances.

E.g., in single meson photoproduction:
Ototal = Ounpol. [1 - 5[ > COS(2¢)

+A, (=6 Hsin(2¢) + 6o F)

—Ay (=T + ;P cos2¢)

—A, (=6, Gsin(2¢) + o E) + ..

0 (0;) : degree of beam pol.
A : degree of target pol.

Priyashree Roy, Florida State University Baryons 2016, Tallahassee, Florida
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Why are Spin Observables I

Polarization Observables

mportant?

M. Gottschall et al. PRL 112 (2014)

W[MeV]
_ 1500 1750 2000 2250
é C * 0o
2 * 050
S 40 For example: < 0.503;
133
2 vp — pr - BnGa2011-02
8 39 - SAID-SN11
e Th - MAID-2007
© -
20
Ft
o s8N sis s,
C U i 7.5
= 7000 ' 1510.0"”."‘“'2050’ -
E,[MeV]

All 3 model predictions agree with experimental results for the unpolarized cross
section — leads to ambiguous solutions for the set of contributing resonances!

ree Roy, Florida State Un

aryons 2016, Tall ee, Florida
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Why are Spin Observables Important?

E, - 660-800 MeV — BnGa2011-02E M. Gottschall et al. PRL 112 (2014)
E ! -- BnGa2011-02
05 — SAID-CM12 W[MeV]
N 4 -- SAID-SN11
Vi e SR ) 1750 2000 2250
0 N~ AN E . 0o
2 *0.50:;
o8 3 % 40~ For example: < 0.503;
ST, 8 0 5 £
E, = 1350-1450 MeV E, = 1450-1550 MeV § &0 vp —pm _g:?Da_ZS(:J;OZ
o A - MAID-2007
© -
20
Ft
10—
ob " 15100 - ;o:)o e
E,[MeV]

Spin observables sensitive to the interference
between resonances. Reveal discrepancies
between model predictions and experimental data.




Introduction
Data Analysis and Results

Summary anc ook The FROST Experiment using CLAS

Spin Observables for ¥p — prtn~ & pw @ CLAS

FROST experiment using CLAS, JLab

@ World-wide effort to extract polarization observables in
photoproduction reactions: CLAS @ JLab (U.S.), ELSA,
MAMI (Germany), SPring-8 (Japan), GRAAL (France)

@ Getting close to completing the set of accessible
polarization observables. ‘Complete experiment in
pseudoscalar meson production’: next talk

pw:

Prelim. results (Priyashree, FSU)

(Analysis Note under review)

Data acquired U
DTt

Prelim. results available

(Talk by L. Net: today, 16:55)

(Talk by Z. Akbar: today, 15:45)

Priyashree Roy, Florida State Uni / aryons 2016, Tallahassee, Florida
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The FROST Experiment using CLAS at JLab

CEBAF
Large
Acceptance
Spectrometer

W range covered ~ 1.5 to 2.3 GeV

g9a run (Oct 2007 to Jan 2008) g9b run (Mar to Aug, 2010)
Photon pol.: Linear/Circular Photon pol.: Linear/Circular
Target: Frozen Spin Butanol Target: Frozen Spin Butanol
Target pol.: Longitudinal Target pol.: Transverse

Priyashree Roy, Florida State University Baryons 2016, Tallahassee, Florida
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Data Selection and Analysis

@ Topologies for pr 7~ :
AP — prT (missing 77)
NP — pr~ (missing 7T)

Fp — prT ™ (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.

Priyashree Roy, Florida State University aryons 2016, Tallahassee, Florida
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Data Selection and Analysis

@ Topologies for pr 7~ :
AP — prT (missing 77)
NP — pr~ (missing 7T)

Fp — prT ™ (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.

Priyashree Roy, Florida State University aryons 2016, Tallahassee, Florida

10/21
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1.6 - 1.7 GeV

@ Topologies for pr 7~ :

AP — prT (missing 77) ::: Tf)tal
NP — pr~ (missing 7T) wa- Signal
Fp — prT ™ (no missing particle) g Background
The observables are weighted avg. over topologies. 00
@ Topology for pw (89% branching fraction): ::
f?ﬁ—) p7r+7r7(missing 7['0) 065550600 650700750606 850 406586 1000

3-pion invariant mass (MeV)

Topology identified using Kinematic fitting.

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

4000
Butanol

3500 Signal
@ Event-based method!"! for signal-background 3000 Cackeround
separation. 2500 Scaled Carbon

2000

15

[1] M. Williams et al., JINST 4 (2009) P10003

hree Roy, Florida State Uni i aryo idz 10/21
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Data Selection and Analysis

1.6 - 1.7 GeV

@ Topologies for pr 7~ :

AP — prT (missing 77) ::: Tf)tal
NP — pr~ (missing 7T) wa- Signal
Fp — prT ™ (no missing particle) g Background
The observables are weighted avg. over topologies. 00
@ Topology for pw (89% branching fraction): ::
f?ﬁ—) p7r+7r7(missing 7['0) 065550600 650700750606 850 406586 1000

3-pion invariant mass (MeV)

Topology identified using Kinematic fitting.

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

4000
Butanol

3500 Signal
@ Event-based method!"! for signal-background 3000 Cackeround
separation. 2500 Scaled Carbon

2000

@ Event-based maximum likelihood method!® for 1500
extracting polarization observables. 1000

[1] M. Williams et al., JINST 4 (2009) P10003 o
[2] D G Ireland, CLAS Note 2011-010

hree Roy, Florida State Universi aryo idz 10/21



Introduction

d Results

Summary and Outlook

Results in vp — pw

/, Florida State U 7 ryons i 10/21



Introduction
nd Results
and Outlook

8 [1] Williams et al.,
Cross Section E PRC 80, 065208 (2009)
L CLAS [1], ELSA[2], \ /55in Observable E \ [2] Wilson et al.,
& . A2 [3], LEPS [4], ELSA[7] Phys. Lett. B 749 (2015)
pI====="= SAPHIR [5], [3] Strakovsky et al.,
) HERA [6] PRC 91 (2015)

A0 05 0 05 1

€0S(6¢m.)

E [4] Sumihama er al.,

1200 1400 1600 1800 2000 2200 PRC 80, 052201 (2009)
Photon beam energy (€) (MeV] [5] Barth et al.,

EPJ A 18, 117 (2003)

[6] Wolf, Rept. Prog. Phys.
73, 116202 (2010)

[7] Eberhardt et al.,

Phy. Lett. B 750 (2015)

[8] Vegna et al.,

PRC 91, 065207 (2015)

[9] Ajaka et al.,

PRL 96, 132003 (2006)
[10] F. Klein ez al.,

PRD 78, 117101 (2008)
,,*7 —~ _*_ >+ High quality polarized SDMEs
_ _+_ === from CLAS, Brian Vernarsky (CMU),

1213413 Mev - to be published soon.
(1108-1300 MeV) H

Beam Asym. =
GRAAL [8], [9]
ELSA[10]

pin Observable G ¢
ELSA[7] 0.4

P00 -1, Re(py)
p,ELSA [2], CLAS [1]

05

-0.5 0
€OS 6, c0S(Bgys)

Florida State Uni



Introduction
is and Results
1 Outlook

Partial Wave Analysis of yp — pw Observables

*rating in PDG 2014

Pol. SDMEs and X were crucial Particle JE  averail| Nuw
to understand the t-channel back- PR T
ground: Major contribution from N(1685) 77 x

N(1700) 3/2 | s%x*
N(1710) 1/2F s ok
N (1720)3/2 skoskskok

N (1860) 5/21 s«

i

pomeron exchange mechanism.

BnGa PWA 2016 R
(coupled-channel) using ELSA data N(1880) 1/2F s
Notable 771 Suggestive ALSORILE [
contributon ~ “---° evidence N(1900) 3/27 sk ok
N(1990) 7/2F s
-
CLAS PWA 2009 soassedse | -
Notable .... Suggestive IV (2060) 5/2; ok
contribution evidence N(2100) 1/27 =

N(2150) 3/27

I. Denisenko ef al., Phys. Lett. B (2016)
M. Williams ez al., PRC 80, 065208 (2009) N(2250) 9/27 sk

ree Roy, Florida State Uni
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Partial Wave Analysis of yp — pw Observables

*rating in PDG 2014

Pol. SDMEs and X were crucial Particle JE  averail| Nuw
to understand. the t-chanpel back- 1630 G2
ground: Major contribution from N(1685) 77 x

—_—

pomeron exchange mechanism.
N(1710) 1/2F s ok

N(1720)3/2 sokskok
N (1860) 5/21 s«

N (1875)3/2™ | *x*x* Kok
N(1880) 1/2F s
N(1895)1/2~ | #x

Need more polarization observables,

|

in particular to understand W> 2 GeV N(1900) 3/2F s o
region: N (1990) 7/2F s
-
@ N(~ 2.2 GeV) Uncertain J*: (;828) 2/;_ *
1/27,3/2%,3/27 or5/2% 77 N(2100) 172"
_ N(2150)3/27 %%
® N(>2.1GeV)7/272 TR(B190) 75} ween |
IN(2320)6727F 7 s

N(2250)9/27  sokxok

hree Roy, Florida State University Baryons 2016, Tallahassee, Florida
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pw Reaction

w reconstructed from 77~ (70)

1
E,: 1150 MeV E,: 1250 MeV E,: 1350 MeV E,: 1450 MeV
0.5
[} S . e Y = %* L+
R e TR A L] L R L
0.5 ‘{.ﬂ' . Wy Yt
- § %
E,: 1550 MeV E,: 1650 MeV E,: 1750 MeV E,: 1850 MeV
0.5
[1] +*f - = + + ng *
4 *¢ +*f + +
0.5 L .ot tost e
"E-1950 MoV | E,:2050Mev 50 100 1500 50 100 150
0.5 - -@- FROST (g9b-linear)
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ELSA 2008: radiative decay mode

FROST results fall nicely
in-between GRAAL 06 & ELSA
above 1.2 GeV. This provides good
support for the FROST results.
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7~ Reaction

Results in ¥p — pra~

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

N A

A
Tt
Y " Sequential decay of N*, A* to
— N*, A the ground state.
/ m
Proton

Priyashree Roy, Florida State University aryons 2016, Tallahassee, Florida
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@ Allow the study of sequential decays of intermediate N* and also N* — pp
decay but the large hadronic background makes it challenging.

@ Reaction described using 2 planes (5 kinematic variables) — more spin
observables than in single-meson photoproduction using polarized beam
and target. o

2 beam-pol. observables: I¢, I¢ I? vanishes, I° survives.
Unlike only one (X observable) in

. . W. Roberts et al., Phys. Rev. C 71, 055201 (2005)
single-meson photoproduction.

Priyashree Roy, Florida State University Baryons 2016, Tallahassee, Florida
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pm 7w Reaction

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

— Fourier sine fi (in preparation for publication) \

— BnGa fits to I°, CLAS-g8b run
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. 1350-1400 1350-1400 1350-1400 1350-1400 350-1400
N . o
- OF P yooeia s PN e
05| o °
o > cosd (1-0.8) 056 (:0.6-0.4) F cos6(0.4-02) [ cosd (0.2
1 funS0336 cos8 A S8
o ook ».4350-1400 1350-1400 1350-1400 1350-1400
< .0 % % f\y/
0.0< cos(0_) <0.2 F0.2¢ cos(®, ) <0.4 F0.4< cos(d, ) <0.6 F0.6< cos(_)<0.8 [0.8¢cos(d,) <10 |.05 <
g TSt b il b b bl O o000, 0s8(020% | c0s0(0406) F cos0(0608) c0s0 (08 1)
[ 50040 50080 500780 50090 50050
fiad o)

Good agreement between experiments

I =Io{0;[I°sin(28) + I°cos(20)]} g
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First Measurements of Target Asym. Py y in yp'— prtn~

Example: 0.8 < E, < 0.9 GeV (Total E., range covered: 0.7 - 2.1 GeV)
P P,

0.8 0.8

—das
e 0

1.0¢ c08(0_) <-0.8 | -0.8¢ cos(0, ) <-0.6 0.6¢ cos(B,.) <-0.4F-0.4¢ cos(6, ) <-0.2}-0.2¢ cos(, ) <-0.0| 03¢ cos(6, ) <L0.6}-0.6< cos(6,) <-0.4F-0.4¢ cos(s, ) <-0.2}0.2¢ cos(s, ) <-0.0)

-0.8
0k ‘f"\ B - SN B A, - ey
o 0.0< cos(8,.) <0.2 0.2¢ cos(6,) <0.4 [0.4¢ cos(0,) <0.6 0.6 cos(6,) <0.8 F0.8¢ cos(o,) <1.0 0.0< cos(6,.) <0.2 F0.2¢ cos(6,) <0.4 F0.4¢ cos(0,) <0.6 F0.6< cos(6,) <0.8 F0.8¢ cos(o,) <1.0
a
AL | R S | R S S| R S S M e S I WL S | R S | S S| R St | R S R | R
T T
FROST g9b (lin. pol. beam) Solid curves : Fourier fit (n < 3 Target's

Dashed curves : A. Fix and H. Arenhovel model* pol. directlon

3-dim. phase space: (E,, ¢, cost,)

I=1o[1 + Acos(a)Py + Asin(a)Py] : -
A : degree of target pol. 7

Eur. Phys. I. A 25, 115 (2005)
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Summary and Outlook

@ 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 75 — pw
and 79 — pr T : 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.

@ The findings in the light baryon sector together with the findings in strange and heavy
flavor sectors (GlueX, LHCb, BES III etc.), will help us understand the evolution of
bound states of QCD from light to heavy-quark regime.

Priyashree Roy, Florida State Univ Baryons 2016, Tallahassee, Florida 20/21
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[2] Fits: BnGa Model, V.A. Nikonov e al., Phy. Lett. B 662, 245 (2008)

C.C, Fits without N(1900)3/2" resonance

1'—§ »——%g-_ ,é_c___Q_ __é Q_O_Q
ot 3 o X3ppt % o0
_1-_§”§| 2126 33 |216‘9:_§§|§ e
cos,

c.C, Better Fit Results with N(1900)3/271!

1 5 e- N 52 o _F
:§\/§,§§iix}g: § -2 :§\§§,§_§-QQ\QO
1_ s 212.6:_ - ¢ o eere

cosGK

N* | JP (L21.25) 2010 | 2012
N(1440) | 1/2* (Pn) [P -
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N(1535) | 1/2- (Su) ok ok |k ok ok
N(1650) | 1/2~ (Su1) ok ok | Kk ok
N(1675) | 5/2~ (D1s) wokokk | ok ok
N(1680) | 5/2* (Fis) ok | ¥k
N(1685) *
N(1700) | 3/2~ (D13) sokok | kR
N(1710) | 1/2* (P11) L
N(1720) | 3/2* (Py) P -
N(1860) | 5/2% Hox
N(1875) | 3/2 * % K
N(1880) | 1/2* o
N(1895) | 1/2— ok
7(1900) | 3/2* (Pia) ok [aa>
N(1990) | 7/2F (Fi7) o ok
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AH2686) | Dis ok
26903 | S *
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N(2120) | 3/2 ok
N(2190) | 7/2 (Gi7) ok ook | Kk ok
{2 Dig wok
N(2220) | 9/2% (Hig) ok ok |k ok ok

Sophisticated data interpretation tools such as Partial Wave Analysis and
Phenomenological models are required to identify the contributing resonances.

shree Roy, Florida State Uni
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Example: 1.30 < E, < 1.40 GeV

® FROST (preliminary)
——Fourier cosine fit to g8b

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

— BnGa fits to I°, CLAS-g8b run
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Good agreement between experiments

Ip{8;[sin(23) + [°cos(2/3)] }
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@ A multivariate analysis - For each event ("seed event"), find N nearest
neighbors in 4-D kinematic phase space (E,, 8%, ¢*, cos(6,)*™). Plot mass
distribution of the IV + 1 events and fit.

@ Since N is small (300), use ML method to fit the mass distribution.

L =TI (mi, a) + P59 (my, B)]

Q o Signal(mo’oébest)
seed—event — (5797l (mg,alest)+ f BEI (myg,B0e5t)]?

mg- seed event’s mass.

@ Computation time reasonably minimized- fits 10,000 events in 30 min.

Priyashree Roy, Florida State Uni / aryons 2016, Tallahassee, Florida
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