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Why Baryon Spectroscopy?
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@ How does QCD give rise to excited baryons?
) Origin of confinement?

@  Effective degrees of freedom inside baryons?
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Why Baryon Spectroscopy?

[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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Why Baryon Spectroscopy?

[1] R. Bradford et al. (CLAS), PRC 75, 035205 (2007), Observables C,, C from ¥p — KtA
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N(1900)3/2*F cannot be accommodated in the naive quark-diquark picture, both
oscillators need to be excited.["(?]
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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 decay modes have mostly remained unexplored. Vast pool of information 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
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N(1860)5/2F #+  xx x |x
N(1875)3/27 s#x = ok N P ok
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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

Vector meson decay modes have mostly remained unexplored. Vast pool of information yet
to be unearthed:

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

Vector meson decay modes have mostly remained unexplored. Vast pool of information yet
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Status as seen in —
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mesons and multi-pion final states are the NQTI0) /25 wer oo wwe oo Lo foowe [x e
. . N(1720)3/27  warx dorr wonx wonk -
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Study of N* to Vector Meson Decay Modes

Vector meson decay modes have mostly remained unexplored. Vast pool of information yet
to be unearthed:

Status as seen in —
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Why are Spin Observables Important?

Without Polarizer With Polarizer

Polarization observables essential for determination of scattering ampli-
tudes with minimal ambiguities — reveal ‘hidden’ baryon resonances.

ree Roy, Florida State University Nuclear P]
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Why are Spin Observables Important?

Wlthout Polarizer With Polarizer

E.g.,

Ototal = Ounpol. []- - 5l b COS(2¢) )
+A, (—6, Hsin(2¢) + 6o F) i@ (:151) : degfrie oftbeain pol.
—Ay (=T + &P cos2¢) : degree of target pol.

—A, (—0; Gsin(2¢) + o E) + ..

Priyashree Roy, Florida State University Nuclear Physics Seminar, Nov 20, 2015
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Why are Spin Observables Important?

[1] R. Bradford et al. (CLAS), PRC 75, 035205 (2007), Observables C,, C from ¥p — KtA

[2] Fits: BnGa Model, V.A. Nikonov ef al., Phy. Lett. B 662, 245 (2008) N | J* (Zaras) | 2010 | 2012
N N(1440) | 1/27 (Pry) | ok wk | o n
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[ [ b N(1685) *
or \/f_FF [ r \,/f_i’i—\ N(1700) | 3/27 (D1a) | %% | =%=
t E 3 ol E o 3 i . x?gg; ;g: E?l; I
r o — 1 3 ook kok |k ok koK
S Y E 1 |2126_ EI E | |2169' i 1 ] |2212 N(1860) | 5/2* ? *x
N(1875) | 3/2 -
cosO N(1880) | 1/27 wox
K N(1895) | 1/2— %
1 1 + 7(1900) | 3/2* (Pi3) x| wwE>
c.c Better Fit Results with N(1900)3/27! 1900 oA T
N(2000) | 5/2* (Fis) ok wok
1__§ ,§‘§“9~i§gf *§590 _§§ —§—g}9 AH2080) | Dyy o
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Foo~ [ F [ <~ N(2040) | 3/2+ *
or B E N(2060) | 5/2 o
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Spin Observables for ¥p — prtn~ & pw @ CLAS

FROST experiment using CLAS, JLab

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

Longitudinally Pol.
2,G
E

Longitudinally Pol.

Ps.c’ P ’Is,c PZS,:: le |s©

pw:

Prelim. results (Priyashree, FSU)
Prelim. results available

Data acquired prta Xy Xy .
P10 PP, I
8% ! 8% ! 2! z?

Priyashree Roy, Florida State Univ
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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 Nuclear Physics Seminar, Nov 20, 2015
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Data Selection and Analysis

Cuts and corrections:

@ Topologies for prtm~: @ Vertex cut
TP p WJ: (m'}ssi.ng ) @ Particle id.: 8 cut
Fp — pr~ (missing 7)
p — prta @ Photon selection: cuts on accidentals
The observables are weighted and timing cut
avg. over topologies. @ Eloss!!! & momentum corrections!?.

@ Topology for pw:
75 — pr T~ (missing 7°)
Kinematic fitting was utilized to identify

this topology.

[1] E. Pasyuk, CLAS-NOTE 2007-016
[2] M. Dugger et. al. CLAS-NOTE 2013-011

ree Roy, Florida State University Nuclear P]
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Data Selection and Analysis

Total
Signal
Background

LT el I
550 600 650 700 750 800 850 900 950 1
3-pion invariant mass (MeV)

1000}

E: 1.3-1.4GeV

4000

E Butanol
3500 Signal
3000 Background

E Carbon
2500 Scaled Carbon
20001~
1500
1000

500~
0

W P PR o P B i
00 150 200 250 300 350 400 450 500
MM (MeV)

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

@ Event-based method!"! for signal-background separation.

@ Event-based Maximum Likelihood Method for extracting polarization observables(?!.

minar, Nov 2
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Published Results in vp — pw

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

PWA solution:
BnGa PWA results from ELSA!
consistent with CLAS2!,
EiY N(1720)3/2%,
S e N(2120)3/2",
N(1875)3/2™,
(
(

T W=1765GeV 087 co8(8lye) =-0.125 E
Q8%

Cross Section
CLAS [2],ELSA [1]
LEPS [3]

Spin Observable E |
ELSA[4]

Beam Asym. I\ .]
GRAAL [5], [6] [T
ELSA[7]

\ 1

ELSA [4]

N(2000)5/2+,
N(>2.1GeV)7/27?

[1] Wilson ef al.. arXiv:1508.01483 (2015)
[2] Williams et al., PRC 80, 065208 (2009)
[3] Sumihama et al., PRC 80, 052201 (2009)
[4]
[5]

pBo-P—1:Re(plo)

ELSA [1], CLAS [2] Eberhardt et al., arXiv:1504.02221 (2015)

Vegna et al., PRC 91, 065207 (2015)

04 f £ [6] Ajaka et al., PRL 96, 132003 (2006)
ol 1213:13 MeV H .
<50 5 ot (11081300 MeV) i [7] E. Klein er al., PRD 78, 117101 (2008)
cos 02, o cos(gg“s) os

shree Roy, Florida State Universi Nuclear Physics Seminar, Nov



Introductic Results

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

PWA solution:
BnGa PWA results from ELSA[

T W=1765GeV

N : . cg%f[ég?%ﬂu R e ) consistent with CLASI?].
B T = S L N(1720)3/27,
conttn) \ / o N(2120)3/27,
Polari : - Er—l.39GeV N(1875)3/2_,
o115 1 Phos PLasRe(plo).Im(p3_y) GRAAL BL6 T N(2000)5/2+,

ELSA[1] ELSA[7] : _

0 N(>2.1GeV)7/27?
05
Ambiguity in J© ~ 2.2 GeV

“1/2-, 1/2+, 3/2% or 5/2*
give comparable data descrip-
tions. Polarization

pBo-P—1:Re(plo)
9, ELSA [1], CLAS [2]

0 o4 - .
505 25 s rsapven - observables required !

o 059
cos 02, ©0S(6cus)

Nuclear Physi eminar, Nov
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Beam Asymmetry X in p — pw

0_81 - FROST (g9b-linear) -o- FROST (g9b-linear)
oef — GRAAL (2013) —-GRAAL (2013)
0.4F -+ GRAAL (2006) - GRAAL (2006)
0.2F
of \d j‘f 0 +a7 P34
_0.2f —— +'f ¥ i . -
—0.af t < - - i 1 *
E : ¢
-o.s; *’¢ *j ’t'*
o8g E: 1350 MeV - E : 1450 MeV
a falihi it i wiivirdoh
osf E
o.6f --FROST (g9b-linear) ~ -»- FROST (g9b-linear)
o4l E
o02f E
S — - ——
—0.2f E —— * !
0.4 + +7+7 £ -
-o6f —— 3 -
ot E:1550 MeVv | E : 1650 MeV
B S 1 1 [ R (RGP N VI
.

=

0

pw Reaction, Single Polarization Observables

FROST: transversely polarized target
GRAAL: unpolarized target.

Good agreement between FROST and
GRAAL (2006) results.

A

Linearly
polarized
photons.

Recoil P

w reconstructed from 7+
I=1p[1 — 2 d;cos(29)
+Acos(a)(—6;Hsin(2¢) + 6 F)
—Asin(a) (=T + §;Pcos29)]

7~ (7%)

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

ree

Roy, Florida State Uni
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FROST-g9b (linearly pol. beam) FROST-g9b (circularly pol. beam) ;ZE?.E:UM

os  E:1350 MeV - E:1550 MeV i 4
0.4; E 4 Y ﬁ
02f 2 VAN 5%

- . tﬁ+‘ijf_k = D= = Y,
70‘2; +iﬁ+ f # RecoiI’P
°6’ g The two experimental
067 E: 17500Mdy ] E: 1950 MeV results agree well.
3 I=1,[1 — % §cos(2¢)
L e e+ | +Acos(a)(—6Hsin(2¢) + o F)

E o * * * A .
_0_2? 1t is 4 Asin(a)(=T + §;Pcos2¢)]
oar 3 0o (07) : degree of beam pol.

-0.6 -

Coool L L L I L L L L L L L L L L L L L A : degree Of ta‘rget pOI'
-0.8
08 06 0402 0 02 04 06 08 -1 -08-06-04-02 0 02040608 1
cosey,,

hree Roy, Florida State Universi Nuclear Physics Seminar, Nov 20, 2015 13718
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Beam Asymmetries in Yp — pr

1 =Io{&[I°sin(2B) + [‘cos(28)]}

O*=0

I® vanishes, I survives.

2 beam asymmetry
observables: I, I¢

W. Roberts et al., Phys. Rev. C 71, 055201 (2005)

ree Roy, Florida State Un clear minar, Nov 2(
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Beam Asymmetry I¥ in Yp — prtaw—

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 fit to g8b (in preparation for publication)

07%%% e

o

-

IS

-1.0< cos(6_) <-0.8 | -0.8¢ cos(6_ ) <-0.6[-0.6< cos(6, ) <-0.4}-0.4< cos(6, ) <-0.2}-0.2¢ cos(6 ) <-0.0 Odd parlty W.I.t ¢* N
o vanishes at ¢* = 0.

-

0.0< cos(0_) <0.2 F0.2¢ cos(6_) <0.4 [0.4< cos(0.) <0.6 [0.6< cos(6,)<0.8 F0.8¢ cos(s. ) <1.0
20 2 2 0z 2 0 2z 20 2 20

Good agreement between experiments

I =Ip{6;[I°sin(28) + I°cos(28)]} g

shree Roy, Florida State Universi Nuclear Physics Seminar, Nov
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Beam Asymmetry I¢ in 4p — prin~

Example: 1.30 < E, < 1.40 GeV

® FROST (preliminary) ® C. Hanretty et al. , CLAS-g8b run
— Fourier cosine fit to g8b (in preparation for publication)
1

o o -
* *

Ic

-1.0< cos(0_ ) <-0.8 F-0.8¢ cos(0, ) <-0.6} -0.6< cos(0_) <-0.4F -0.4< cos(8, ) <-0.2F-0.2¢< cos(6, ) <-0.0 even par]ty W,]‘,t ¢*

0.0< cos(0) <0.2 [0.2¢ cos(o, ) <0.4 F0.4< cos(6_) <0.6 F0.6¢ cos(o, ) <0.8 F0.8¢ cos(6_) <1.0
-2nz-2oz-znz-zoz-znz¢

w

Good agreement between experiments I =Ip{&;[I*sin(23) + I°cos(20)]}

minar, Nov 2
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First Measurements of Target Asym. Py y in yp'— prtn~

Example: 1.3 < E, < 1.4 GeV

P
0.4 X 0.4 y

i
P, o J‘\ - VEOUIYS st P, 0l AR Pl 2N e e ¥sl
e RS TR T U Rl P G RN v e AW s
04 -1.0¢ cos(9_) <-0.8 [-0.8¢ cos(0, ) <-0.6 [0.6 cos(6, ) <-0.4-0.4< cos(s, ) <-0.2 -0.2¢ cos(s, ) <-0.0 04 11.0< cos(_) <-0.8 |-0.8¢ cos(5, ) <-0.6 [-0.6¢ cos(6, ) <-0.4 [-0.4¢ cos(0, ) <-0.2 |-0.2¢ cos (s, ) <-0.0

+
NS0, W20 W U o | AUUP SO0 AT SPPC [N 2l : .
RAS AR A S S R W4 e hid Vﬂ¢ + ¥ MM
4yte
0.4 0.0< cos(d_) <0.2 [0.2< cos(6,) <0.4 [0.4< cos(6_) <0.6 [0.6¢ cos(6,)<0.8 F0.8¢ cos(s,) <1.0 " 0.0< cos(d_) <0.2 f0.2< cos(6,) <0.4 [0.4< cos(6,) <0.6 [0.6<cos(6 ) <0.8 [0.8< cos(s,) <1.0
-0.4

-202-202-202-202-202¢ -0.-._202_202_202_202_202(1)
T e

FROST g9b (lin. pol. beam) Solid Line - Fourier fit (n < 3)

Target's
pol. direction

3-dim. phase space: (E,, ¢, cost,)

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

ree Roy, Florida State Uni
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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. These decay modes have mostly remained unexplored in the

past.

@ Many first time measurements of single- and double-polarization
observables from CLAS for Y5 — pw and 9 — pr 7~ : they will

significantly augment the world database of polarization observables
in photoproduction.
@ The new high quality CLAS results are expected to put tight constraints on data
interpretation tools, immensely aiding in determining contributing N* with

minimal ambiguities.

@ Advancement in our understanding of the systematics of the baryon spectrum,
together with the findings from meson spectroscopy experiments (GlueX, PANDA,
BES III etc.), will help us understand QCD and confinement.

Priyashree Roy, Florida State University clea Seminar, Nov 20, 2015 18/18
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Vertex cut
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Event-Based Qfactor Method with Likelihood Fits

3

Events / (33.3333 MeV )

8 8 8 38 8

= | h L L
o 50 100, 150 200 250 300 350 400
\ wmass (MeV)

1
Seed event's mass

@ 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 / clear Seminar, Nov 20, 2015
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