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Baryon Spectroscopy

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

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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Understanding the Light Baryon Spectrum

@ The quartet of (70, 2; ) requires both oscillators to be excited: inconsistent with the
static quark-diquark picture.

@ No sign of ‘freezing’ in LQCD calculations.

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 . . = : < - -
172+ || 32+ || 52+ || 772+ || 972+ | 1172+ 1372+ uz-H3/2-”s/z-Hvz-ngz-Hn/z-Hls/z-’ - 2 3 T T 2 7T 7

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

Baryon spectrum not well understood, particularly above 1.7 GeV in W.

A CQM prediction for N* N* from Lattice-QCD
3000 = py -5
(70,27) Quartet 5 =7 . = =
+ e 0 =
o L E N(1880)1/27" *x s =" =
= = = N(1900)3/2F s %% 5 3 440770 iy
— — E NS : '= = :
_ 1 = N(2000)5/2% s oo e =
= J | = ' '
e A= : N(1990)7/27F *x 12 2 1
E _ == : : :
1000 P
1500 | 2" Excitation Band: . R .
(56, 07),(56, 28 /J H + parity parity
(70, 03),(70, 23) (@) == Theory
(20, 13)? p &2 Experiment my; = 396 MeV
e I T B R — e
12+ 32+ || 512+ || 772+ || 972+ | 117241372+ uz-H 3/2-”s/z-Hvz-ngz-Hn/z-Hlsrz-’ B P P P 7 7 z z

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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Vector Meson and Multi-Pion Photoproduction

Studying these photoproduction reactions will aid in a better understanding of the spectrum:

@ Further investigation of poorly-understood

properties of many known resonances: N* Status as seen in
contributions to these reactions have mostly Particle /7 overall Ny Nt Ny No |No| AK SK|Np| Ax
remained under-explored. NAT0)3/2 wer  wx wer x @ w [E |
N(ITI0) 1/2% sdokrx e ok o P R
N(1720)3/2F sk swbrk orr e PUR I
N(1860) 5/2F ok x| =
N(1875)3/27 sx  dax x P . .
N(1880) 1/2F * * o *
N(1895)1/27 #x o ook
N(1900) 3/2F woxx HEE Rk Rk P
N(1990) 7/27 #+ _— *
N(2000) 5/27 s P o P P
N(2040) 3/2% *
N(2060)5/27 o e -
N(2100) 1/2% % *
N(2120)3/27 #x P o ox
N(2190) 7/2 srk ok xnnk o | B
N(2220) 9/27 sxxk .
N(2250)9/27 ek -
N(2300) 1/2F P
N(2570)5/27 #x - L L |
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Vector Meson and Multi-Pion Photoproduction

Studying these photoproduction reactions will aid in a better understanding of the spectrum:

@ Further investigation of poorly-understood

properties of many known resonances: N* Status as scen in
contributions to these reactions have mostly PRSI sl T e T ) R ) B
remained under-explored. N(I7T00)3/2 wrx  wx wer = % | | e
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Vector Meson and Multi-Pion Photoproduction

Studying these photoproduction reactions will aid in a better understanding of the spectrum:

@ Further investigation of poorly-understood
properties of many known resonances: N*

contributions to these reactions have mostly NE A
remained under-explored. A ’

@ High-mass resonances preferably decay to
heavier mesons, e.g. vector mesons (e.g. w, p, @), Y 4y
or sequentially decay to multi-particle final states —_A
via intermediate resonances. / wt

@ These factors motivated the analysis of Proton

vp = pw — prta (%) and yp — prt AT
reactions. The latter gives information on

N™* — pp, and on sequential decays via
intermediate resonances.

Sequential decaysinyp — pmw

bles in Vector Meson Photoproduction
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Polarization Observables

Why are Spin Observables Important?

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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Introduction

Polarization Observables

Why are Spin Observables Important?

w/o polarizer w/ polarizer

Unpolarized
Cross Section

Polarization
Observables

Model-Based
Predictions,

Partial-Wave
Analyses

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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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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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%

CEBAF
Large
Acceptance
Spectrometer

asE- Enhancement for
coherent edge 1.1 GeV

large acceptance for
charged particles,
well-suited for
spectroscopy.

)

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 ~ 8/19
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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:
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@ Data Analysis and Results
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Data Selection and Analysis

@ Topology for pw (89% branching fraction):
5 — pr o~ (missing 7°)
Topology identified using Kinematic fitting.
@ 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.
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Data Selection and Analysis

@ Topology for pw (89% branching fraction):
5 — pr o~ (missing 7°)
Topology identified using Kinematic fitting.
@ 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.
@ 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
@ Topology for pw (89% branching fraction): ::::
5 — pr o~ (missing 7°) o Tf)tal
Topology identified using Kinematic fitting. o Signal
. b g Background
@ Topologies for pr™ 7~ : & oo

NP — prT (missing 77) ”
NP — pr~ (missing 71) 20

Yp — pm T~ (no missin icle 00 550 600 650 700 750 800 850 900 950 1000
yp P + ( g part le) bl T | I

. . 3-pion invariant mass (MeV)
The observables are weighted avg. over topologies.

@ Standard cuts & corrections: vertex cut, photon

selection, /3 cuts, E-p corrections. Butanol
3500 Signal
@ Event-based method!"! for signal-background 3000 gucll;ground
. aroon
separatlon. 2500 Scaled Carbon

[1] M. Williams et al., JINST 4 (2009) P10003 I Sy i WL = o Rt o st
% 100 150 20?4 Mz(s’yI V::uu 350 400 450 500
e
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Data Selection and Analysis

1.6 - 1.7 GeV

@ Topology for pw (89% branching fraction):

5 — pr o~ (missing 7°) o Tf)tal
Topology identified using Kinematic fitting. o Signal
. b g Background
@ Topologies for pr™ 7~ : & oo

NP — prT (missing 77)
NP — pr~ (missing 71)
’Vﬁ — p7T+71'_ (HO lTliSSiIlg partlcle) 865™ 558600 ;i)ia:tzt:w:rs‘izmai?aszsrm:‘é? 456000
The observables are weighted avg. over topologies.

@ Standard cuts & corrections: vertex cut, photon

selection, /3 cuts, E-p corrections. Butanol
3500 Signal
@ Event-based method!"! for signal-background 3000 gucll;ground
. aroon
separatlon. 2500 Scaled Carbon

@ Event-based maximum likelihood method!? to fit

angular distributions in #[S-°" and extract the 2000

polarization observables. 500
[11 M. Williams et al., JINST 4 (2009) P10003 T B B
[2] D G Ireland, CLAS Note 2011-010 MM (MeV)
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Results in vp — pw
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Published Results in vp — pw

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

8 W =1.765 GeV - €0S(03,,¢) =-0.125 1

_ ross Sectiol g E 3
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2i . f $ { El

05 0 0.5 1 08> E
€0S(OCm) T b o (o

[

0.5

E, =139 GeV

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

cos 0g \ —%
0.5W Polarized SDMES Spin e
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)
cos eam‘ "

R
€OS(O%ye)

roduction
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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)

bles in Vector Meson Ph tion 12/19



Introduction
Data Analysis and Results
Outlook

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 b e ¢ - ‘,
IAGUNETR R e [ g
QN ‘ AN
e % 2088 st P [ R 1647 )
i AW AWV
NS WAL ' DN , L ' i
AT WL T QAT O M
cos6,, cos6,,
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Beam Asymmetry X in Yp — pw

P — pw Reaction

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

1 w recanstructed from 7wtz (%)
E=1150MeV | E,~1250MeV| E,~1350MeV| E,=1450 MeV

E,= 1550 MeV E,=1650 MeV | E,=1750 MeV | E,= 1850 MeV

E,= 1950 MeV |  E,= 2050 MeV 50 100 1500 50 190 150
@® FROST (polarized

butanol target)
Other expts (H, target):

* CLAS (2017)
v GRAAL (2015)

1550 160 1500 50700 150 W ELSA (2008)
O GRAAL (2006)
Opm. () — BnGa-PWA (2017)

Linearly
polarized
photons

Recoil P

o = og[l — X &;c08(2¢)
+Acos(a)(—6;Hsin(2¢) 4+ 6 F)
—Asin(a)(—T + §;Pcos(2¢))
—A,(—8,Gsin(2¢) + IE)]
0o (0;) : degree of beam pol.

A : degree of target pol.
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P — pw Reaction

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

0.5
-0.5
0.5
-0.5
L
0.5

-0.5

0.5+

-0.51

* FROST — BnGa-PWA (2017)
/1250 Mev E,: 1350 MeV E,: 1450 MeV
+ = =t R >4
E,: 1550 MeV E,: 1650 MeV E,: 1750 MeV
oo e
ESEZXURRE N> AR O
E 31850 MeV E: 1950 Mev E,: 2050 MeV
Tt " Bees
TN T 'M
&
E,: 2150 MeV E,:2250 MeV  E,: 2350 MeV
&= + E O -
W \!m TEFE)
1 05 0 05 05 0 05 05 0 05

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

E:1250MeV | E;:1450MeV | E;:1650 MeV | E,: 1850 MeV | E,: 2050 MeV
05
as et
o S PR ST |
4\.7'4‘* ¥ 9 >~ [T v T -+
05
E;:1250 MeV | E,:1450 MeV | E,: 1650 MeV | E,: 1850 MeV E,:zg?Mev
05
NP .o N = WO . W 12
ks + AL
05
050 o8 W5 0 05 05 0 05 05 0 05 05 0 05
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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P — pw Reaction
Outlook g T Reaction
Outloc

Partial Wave Analysis of yp — pw Observables

2500 =
% 2000 | jmm el || 5N} oo
2 2= k(R
P lal
e | [ 1Y ﬂ) — g o)
1500 - — - =
& —
= Theory
= ;
1000 | O  cLaspwa200 w+ Experiment
In ||| 172+ |32+ ’5/2+ 72+ || 92+ 112413724 122- || 32- 5/2-: 712- || 9/2-
LZ‘I'ZJ‘ B, || Rs || Fs || Fy | H | H, y|[K, 5 | Su || Dy || DIS; Gy || Gy

Williams et al., PRC 80, 065208 (2009)
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Outlook p — PT Reaction

Partial Wave Analysis of yp — pw Observables

Il Il 11 e 1 l Il | —

L

2000 | =1

Mass [MeV]
E (:B-)z -;
T

BnGa Coupled-Channel
¢ o ¢¢+¢¢ O P

o o o : PWA 2017 == Theory
o " =
° Pomeron exchange O CLAS PWA 2009 w+ Experiment

R 72+ [+ | [L24 1324 172 | [ 372- | 572- || 712- | or2-
Zosee——0o — | Fy | Hy Hy K| Sy || Dy || Dis | Gy || Gy

Williams et al., PRC 80 (2009) M(yp), MeV
Denisenko et al., Phys. Lett. B 755 (2016)
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P — pw Reaction

Data Analysis and Results it
)~ 7 Reaction

Outlook P=r

Partial Wave Analysis of yp — pw Observables

3/2" remains leading resonant partial wave close to threshold with
strong peak @ N(1720)3/2"

= — |-&

S| S E}_i X
2
s S \—ﬂ o - o
g %fF i 6}
= _{"—'} _@’—( 1680 —um
1500 - — -
E: [
BnGa Coupled-Channel =
O PWA 2017 = Theory
1000 (O  cLaspwa200 s+ Experiment
==~ | I | F— L I e s ey
in || (124 |30+ 52+ [ 724 | 92+ | 11241324 102- || 302- || 572- | 712- |] 912-
L2T 2] PlI Pl3 FlS Fl7 Hl9 Hl 11 l(l l]‘ Sll Dl3 DIS } Gl7 Gl9
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Outlook W=

Partial Wave Analysis of yp — pw Observables

| Il | Il Il Il P Il Il | |

Nw coupling of poorly-established N(2000)5/2" has increased by 1.5
times compared to previous BnGa w-PWA

P — pw Reaction

)~ 7 Reaction

- | = e -
;—ﬂ — e 2 h | (== om0 | T:D‘ﬁ
; 2000 | == u:m, — ,‘ﬂ~>_'_m ‘ 3 ==
>0
s L S N—ﬂ o = o
g = ): - ‘ € )
= g f 1650 |
B '@ (ﬁ.“., ‘—!.E
1500 | — ‘ -
- I~
BnGa Coupled-Channel o
O PWA 2017 = Theory
1000 .| (O  cLaspwa200 w+ Experiment
v IL L I —— I J L
n | [ 12+ |32+ [ 524 |[ 7024 | 924 | 11224 13724 12- | 32- || 502- | 722- | 9p2-
L2T 2] PlI ‘ Pl3 FlS Fl7 H19 | Hl 11 l(l l3‘ Sll Dl3 DlS Gl7 GW
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Outlook W=

Partial Wave Analysis of yp — pw Observables

P — pw Reaction

)~ 7 Reaction

N(1875)3/2" partial-wave contribution has decreased E =
by 70% compared to previous BnGa w-PWA
I E
—ﬁ [ [ o) | -
= 2000l — || (T ‘ )
é 1600 ):ﬂ k= .9_ . @
5 *k . ‘ J
= [ e ! 1650])
= -@ (“-“-.4 ‘—!E
1500 | — ‘ -
. I~
BnGa Coupled-Channel o
O PWA 2017 = Theory
1000 .| (O  cLaspwa200 w+ Experiment
) L L EEEEEE——— I i - IL
n | [ 12+ |32+ [ 524 |[ 7024 | 924 | 11224 13724 12- | 32- || 502- | 722- | 9p2-
L2T 2 PlI ‘ P13 FlS 1::17 Hl‘) | Hl 11 l(l l3‘ Sll Dl3 DlS Gl'l 019
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Outlook 'E

Partial Wave Analysis of yp — pw Observables
| [ o I |

—
7/2 partial waves important to describe SDMES above 2.1 GeV [

P — pw Reaction

» pm " Reaction

T =
; 2000 | = |;m,i — r‘.ﬁ‘ 19508
é [ @iFg 49-
g 1
= e f 1650 |
B Ca)
1500 - — 1
BnGa Coupled-Channel o
O PWA 2017 = Theory
1000 . (O  cLaspwa200 = Experiment
—rer JL ! . | I I I
a2+ 30+ s+ |72+ | 9+ 1124 1324 12- || 32- || s2- | 72- || 9
L2T2J PlI ‘ Pl3 FlS Fl7 H19 ‘Hlll l<l 13 Sll Dl3 DlS Gl7 Glg
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s S S q
¥p — pmw ' w Reaction
Outlook e = e

Beam Asymmetry I¥ in Yp — pr o~

range covered: 0.7 - 2.1 GeV)

® FROST (preliminary) @ C. Hanretty et al. , CLAS-g8b run H s
Eourier sine fit to a8b (in preparation for publication) BnGa fits to | ’ CLAS'QSb run
j——Fourier sine fit to g8k

Example: 1.30 < E, < 1.40 GeV (Total E,

)

05 1300-1350 1300-1350 1300-1350 1300-1350 1300-1350
o> o,
AV A e e
o 4
s o
0Bt WP 05

g
1.0< cos(0. ) <-0.8 |-0.8¢ cos(6, ) <-0.6}-0.6< cos(0, ) <-04F-0.4< cos(9, ) <-0.2-0.2¢ cos(@ ) <-0.0| o % % %
0s0(0.406) F cos0(0608) c0s0 (0.81)

- Rl L0108 b 0s0(08:06) | cos0(06:04) | coso(04:02) cos6 (-0.2 0
ok H-2300-1350 300-1350 1300-1350 1300-1350 1300-1350
o6 (0.
..5080

-1 €050 (.20
R 1350-1400 1350-1400 1350-1400 7350-1400
+ 05 .
o [ 25 S Y M ’\m e e
z"i: e 05 5 &
0 *F c0s0(1-08) [ cos6(-0.8-06) | cos0(0.6-04) [ cos6(-0.4-02) [ cose (:0.20]
4 cos8 o080, o088 500 :0:2.0) .|
43501400 1350-1400 1350-1400 1350-1400 1350-1400

05 5
? % f\/
0.0¢ cos(d, ) <0.2 F0.2¢ cos(d.) <0.4 F0.4< cos(6, ) <0.6 [0.6< cos(d.) <0.8 [0.8¢ cos(d.) <1.0 | J

1 0.5
=1 4 - - - cos6 (0 056 (0.2 074 cos0 (0.4 0.6) c0s6 (0.6 0.8) cos6 (0.8 1)
20 2 202 202 202 -20 2 RS0 56050 36090 EURCRE) ECE)

Good agreement between experiments

Photon pol.
ey

1 =Io{&,[I°sin(28) + I°cos(28)]}

oduction 17/19



Introduction
Data Analysis and Results
Outlook

Outline

@ Outlook

oduction 17/19



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.

Priyashree Roy Polarization Observables in Vector Meson Photoproduction  18/19
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Next Quest: Proton Radius Puzzle & MUSE

@ Post doctoral fellow at Univ. Michigan cryotarget group
which is responsible for the design, fabrication &
installation of the LH» cryotarget assembly for MUSE.

University of Michigan
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Next Quest: Proton Radius Puzzle & MUSE @ PSI

@ Post doctoral fellow at Univ. Michigan cryotarget group
which is responsible for the design, fabrication &
installation of the LH» cryotarget assembly for MUSE.

@ The proton electric radius puzzle: discrepancy between
electronic and muonic measurements to > 7o. Novel
physics or two-photon exchange effects?

@ MUSE: first experiment to simultaneously perform g
and e elastic measurements and compare results with
reduced systematics. Discrepancies, if real, will be
confirmed with 5 o significance.

Q? coverage: 0.00016 — 0.08 GeV?.
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@ Post doctoral fellow at Univ. Michigan cryotarget group
which is responsible for the design, fabrication &
installation of the LH» cryotarget assembly for MUSE.

@ The proton electric radius puzzle: discrepancy between
electronic and muonic measurements to > 7o. Novel
physics or two-photon exchange effects?

@ MUSE: first experiment to simultaneously perform g
and e elastic measurements and compare results with
reduced systematics. Discrepancies, if real, will be
confirmed with 5 o significance.

Q? coverage: 0.00016 — 0.08 GeV?.

] ui and e measurements will allow test of 2 ~ exchange
effect at sub-percent level.
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Next Quest: Proton Radius Puzzle & MUSE @ PSI

@ Post doctoral fellow at Univ. Michigan cryotarget group
which is responsible for the design, fabrication &
installation of the LH» cryotarget assembly for MUSE.

@ The proton electric radius puzzle: discrepancy between
electronic and muonic measurements to > 7o. Novel
physics or two-photon exchange effects?

@ MUSE: first experiment to simultaneously perform g
and e elastic measurements and compare results with
reduced systematics. Discrepancies, if real, will be
confirmed with 5 o significance.

Q? coverage: 0.00016 — 0.08 GeV?.
] ui and e measurements will allow test of 2 ~ exchange

effect at sub-percent level.

@ MUSE has 8 participating institutions. Experiment is
planned to be conducted at PSI, Switzerland in Fall 2018
and 2019.

Priyashree Roy i 8 s in Vector 19/19
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Thank You !
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BnGa Fits and Partial Wave Contributions

“* Oor HD

of ¢¢+¢

° W

Pomeron exchange

0 ' — Ll - Y2-—
15 2 2.5 0 800 1900 2000 2100 2200
E, [GeV] M(yp), MeV

@ N(1875)3/2 contribution decreased by 70%.

@ N(2100)3/27 contribution did not change notably, but phase changed leading to
smoother structure.

@ N(1895)1/27 coupling changed very little. But this partial wave has less structure
because of a change in the sign of a non-resonant contribution.

@ Coupling to N(2000)5/27" increased by 1.5 times.
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CLAS Experiment Details

Capability  Quantity Range
Coverage  Charged-particle 8°<60<140°
angle
Charged-particle p>0.2 GeV/c
momentum
Photon angle 8°<0<45°
(4 sectors) Particle ID  =/K separation p<2GeV/¢
Photon angle 8°<0<T5° n/p separation  p<3.5 GeV/c
(2 sectors) 7~ misidentified <1073
Photon energy E,>0.1 GeV ase”
Resolution  Momentum o, /p~0.5% Luminosity Electron beam L~10* nucleon cm™2 57!
(0<30°) Photon beam L5 % 10% nucleon cm ™2 57!
Momentum op/px (1-2)%
(02 30°) Data Event 4 kHz
Polar angle g~ mrad acquisition
Azimuthal angle 64 ~4 mrad Data 25 MB/s
Time (charged o, (100-250) ps
particles) Polarized ~ Magnetic field  Bmax = 5T

Photon energy  65/Ex10%/v/E target
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Systematic Errors

Source Systematic Uncertainty

Background subtraction given as gray band for each

distribution

Beam-polarization 5%
Target-polarization 2%
Target-offset angle 2%
Normalization

beam asymmetry 5%

target asymmetry 2%
Beam asymmetry
T total (fractional only) ~7.5%
Target asymmetry
O total (fractional only) ~3.5%

production
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CLAS Experiment Details Continued

(1) Electron beam current: 5 — 14 nA

(2) Electron beam energy: 3.082 GeV (circ. + lin.), 5.078 GeV (circ.)

(3) Gold foil of 10™* radiation length thickness used for

creating circularly-polarized photons from longitudinally-polarized electrons.
Longitudinally-polarized electrons created by circularly-polarizing the laser

using 2 Pockel cells prior to irradiating the GaAs photocathode.

(4) Diamond radiator of thickness 50um to produce lin. pol. photons.

The divergence of the e~ beam in the crystal increases with thickness.

More divergence leads to broader coherent peaks and a lower degree of polarization.

(1) E-T plane resolution: 110 ps

(2) Photon tagging resolution: A(E)/E = 0.1%

(3) Start counter resolution: 290 ps at the straight section, 320 ps at the nose
(4) TOF resolution: 80 ps for short counters, 160 ps for the long counters
(5) Average time resolution for reconstructed electrons in CLAS: 150 ps

Priyashree Roy Polarization Observables in Vector Meson Photoproduction
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The Horizontal Dilution Refrigerator

4He Pump, 300K

3He Pump, 300 K

Phase
Separation
boundary

—

3He
concentrated
phase

3He
diluted
phase

Mixing Chamber

Below 0.8 K, the *He-*He mixture sepa-
rated into two phases:

3He rich (specific heat = 22 J/(mol K)),
3He poor (specific heat = 106 J(mol K)).

Due to the difference in the specific heat,
3He absorbs heat from its surrounding
while traveling from the concentrated
phase to the dilute phase.

bles in Vector Meson Photoproduction
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Photoproduction Cross Section
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Photon Selection Cuts

~, Full-energy (Eq)
N7 s

(> energy)
S s
sl
0'10 8 -6 -4 2 0 2 4 6 8 10
-6 | | | | | | | | | | | At(ns)
-1 0 1 2 3 4 5 6 7 8 9 10 1 x10°
X [m] ~§14 -
A(t) = levent — t'y ‘b
~ 5 candidate photons per event on average. s
Cuts applied: °F

1) |A(t)] < 1ns
2) Only 1 candidate photon in the same RF bucket and all ,t
tracks of the event originate from the same tagged photon o5 Aé‘m:im;o
(88 — 90% events).

oduction
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a
o
T

%1:0.06:0.06:0.04-0.02 0 0.020.040.06 0.08 0.1
AB(m = calculated B- measured B

x10°
**F Proton f sooo
N 3% :0.030
25
.
15F
E
05

q0 1-0.08-0.06-0.04-0.02 0 0.020.040.06 0.08 0.1
1B (proton) = calculated - measured B

PvsBetaBBasicCut_Per[06]

B
>

measured

°
=

o
®

measured p
o

=

5
i

Il
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measured momentum [GeV]
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Event Statistics after Various Cuts

Cuts

# of Events (% of Events)

No cut

1.031e09 (100)

Vertex Cut (Butanol Events)

6.74¢07 (6.5)

Vertex Cut + Topology Cut

Topology 1

Topology 2

Topology 3

Topology 4

2.05e07 (1.99)

1.99¢07 (1.93)

1.71€07 (1.66)

1.00e07 (0.97)

Vertex Cut + Topology Cut
+ Photon Selection Cuts

1.16¢07 (1.13)

9.83e06 (0.95)

1.12e07 (1.09)

6.30e06 (0.61)

Vertex Cut + Topology Cut
+ Photon Selection + 8 Cut

8.43¢06 (0.82)

7.72€06 (0.75)

6.54e06 (0.63)

4.01e06 (0.39)
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Event-Based Qfactor Method with Likelihood Fits

Pictorial depiction
of NN search N Nearest
47 % Neighbors™ - _ ©1= 027 £0.13
ny e 4 3100 ©€2=-0.410 £ 0.16
; : 2" [av=amse-oosms
2 @ [ seed =147.7 c3 = 0.100 +0.076
8 gol 27 signalfraction = 0.337 +0.046
2 B _ | v_mean= 1351425
£ o EOl S‘s’,fg‘g'“) v_sigma = 16.8 +3.0
H £ oo
8 5T
8 g [
2 [mass of candidat
40| for 'seed’) event s+b
-4 L : A
N S e
6L i i il | | L0 L
3 4 0 1 2 3 4 L ML n L I
coordinatel 50 100 150 200 250 300 _ 35

e oty

@ A multivariate analysis - For each event ("seed event"), find N nearest
neighbors in N —D kinematic phase space (e.g. A\, g gL, daEL, cos(6P)c.m.,
@Preceil for w analysis). Plot mass distribution of the N + 1 events and fit.

@ Since N is small (300), use ML method to fit the mass distribution.
L =T[5 (mi, a) + P59 (my, B)]

fSignal(mO,abest)

Qsced—event = (7597l (img,abe5t) + FBRS (g, B0est)] * myp- seed event’s mass.
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Fenyman Diagrams for 2-pion Photoproduction

Image Source: J. Ahrens et al., EPT A 34, 11 (2007).

Figure 1.12: Feynman diagrams for two-pion photoproduction. a) A-Kroll-Ruderman term, b) A
pion-pole term, ¢) A exchange term, d) direct Born term, e)-f) resonance terms.
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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.

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

2 beam-pol. observables: 1%, I [* vanishes, I° survives.

Unlike only one (3 observable) in

. . W. Roberts and T. Oed, PRC 71 201 (2
single-meson photoproduction. oberts and T. Oed, PRETL 035201 (2009

Polarization Observables in Vector Meson Photoproduction  19/19
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Why are Spin Observables Important?

(1] R. Bradford et al. (CLAS), PRC 75, 035205 (2007), Observables Cy;, C.. from 7p — KA Cyrrently 17 N* and 10 A*
[2] Fits: BnGa Model, V.A. Nikonov ez al., Phy. Lett. B 662, 245 (2008) . .
with at least () rating.

C.C, Fits without N(1900)3/27 resonance N | 7° (Taay) | 2010 | 2012
C - 3 T N(1440) | 1/2* (Pn1) Ak | ko
1_ § ,Q-—?—t}o- \E}(} é’é"g - _—éé Q_O_g_(}o NE15203 3;2*55,3)) P .
t b . [ - N(1535) | 1/2- R [,
r 2 [ t & N1650) | 1/2- (Sa) | wwww | 5w
or r r \/fr"'\ N(1675) | 5/27 (D) | %oxowr | wowx
Fé ’ o i °of i { . NEIGSO; 5/2% (Fis) ok | Kok
3 3 [ N(1685 *
AF 38 21261 3 ¢ | 21e9r t , , a2 NQ700) | 3/2- (D) | %% | w4
N(I710) | 172+ (Pr1) | w#s | k=
cosB NE1720) 3/2% (Pua) ok ok [k ok
K N(1860) 5‘/'2' ok
: : + N(ss) | 372 -
c,c_Better Fit Results with N(1900)3/27! N(1sg0) | 172" .
X z /
N(1895) | 1/2- .
1F --o9 F —§ 9 Q & N(1900) | 3/2 (Pia) | =x | sis>
[ ° 3] *}9 [ o ) /’§‘99~oo N(1990) [ 7727 (F:) - -
[ /§ s [ FT e ) N(2000) | 5/2¢ (Fis) | %% .
or - - N{2080) | Dyy -
i r [ 42690} | 51 .
[ ° | [ \y{}/{.\.\ N(2040) | 3/2+ *
1 L % ¢ 2126 [ r i 2212 N(2060) | 5/2 -
L L L L L N(2100) | 1/2* (Pi1) * *
N(2120) | 3/2 ox
N(2190) | 7/27 (Gir) | woww | wokown
N(2200)- | Dis .
N(2220) | 9/2* (Eg) | % %4k | ok wn
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First Measurements of Target Asymmetry T in vp — pw

¢ FROST — BnGa-PWA (2017) P. Roy ef al. (CLAS-FROST), paper under review
0.5 : E,: 1250 MeV : E,: 1350 MeV : E,: 1450 MeV Targots
N EEEPUE= S e - gl
_F"‘A [ ase®' AN - K
05§ ’ ] :
A ® ﬁ
0.5 E,:1550 MeV [ E;1650MeV | E,;:1750 MeV Sl =7 ©)
. Pa
0 fie e N~ W e W 7
o T TSR /
0.5 3 3 Recoil P
'—
0.5 E,: 1850 MeV £ E,: 1950 MeV 3 EY: 2050 MeV
o *‘ﬁv&?\‘\/_ RENFER AN
st ° [ ete L o = og[l — X §;cos(2¢)
-~ 1 - +Acos(a)(—;Hsin(2¢) + doF)
0.5f E,;: 2150 MeV [ E:2250MeV | E.: 2350 MeV :
] ;\‘ = E LB —Asm(a)(—.T + §;Pcos(2¢))
LI = e as 53 ?Y‘V*H + LS54 ¢ —Az(—61G81n(2¢) + 5@E)]
el S I B 3o (0;) : degree of beam pol.
4 05 0 06 050 05 050 05 1 A : degree of target pol.
cos Oy,
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Scattering Amplitudes in vp — pr™ 7~ and vp — pw
~p — prta~ reaction: Roberts and Oed, PRC 71, 055201 (2015)

@ 8 independent helicity amplitudes after parity invariance operation.

@ Need 15 carefully selected observables at each kinematic bin for fully
determining the helicity amplitudes.

@ A complete measurement will require certain single, double and triple
polarization observables in addition to the differential cross section.

vp — pw reaction: Pichowsky et al., PRC 53 (1996)
@ 12 independent helicity amplitudes after parity invariance.

@ 8§ single spin, 51 double spin, 123 triple spin and 108 quadrupole spin (7, p, pl,
vector and tensor pol. of w) observables after parity conservation.

@ Need 23 carefully selected observables for determining the helicity amplitudes.

@ A complete experiment doesn’t seem plausible, but it is useful to extract
experimental observables to extract useful dynamical information.

Priyashree Roy Polarization Observables in Vector Meson Photoproduction  19/19
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Multiplets in the 2"¢ excitation band of N*

V. Crede and W. Roberts, Rept.Prog.Phys. 76 (2013)

SU(6) (flavor 4 spin), O(3) : orthogonal group of rotations
6R6%6=>56g5@® 70y @700 B 204

56 =10" @ 8% (4 =2(3)+ 1)

0=10298* 082 a1

20=8>@1*

Why is 20plet inconsistent with the static quark-diquark picture?

The static diquark: 6 ® 6 = 21 & 15

The symmetry of diquark requires it to be 21 since the color Wis antisymmetric.
The static diquark +the third quark: 21 ® 6 = 56 & 70, i.e. no 20plet!

Only two NN *states with 1-star rating have been assigned to the 20plet.

Priyashree Roy Polarization Observables in Vector Meson Photoproduction  19/19



Introdu
Data Analysis and R

Light Baryon Spectroscopy

Naming light baryons: Symbol (Mass in MeV/c?) J*
The ground state of light © Baryon with 0 s quark: N if I =1/2, Aif I =3/2.
baryons can be grouped in ¢ With 1 s quark: Aif I =0, D if I = 1.

multiplets.
. ° With 2 s quarks: =. Ithas I = 1/2.
e B ith JP =1
ina;ioél:te‘fl 2 @ With 3 s quarks: Q. It has I = 0.
@ Baryons with J = %* Baryon octet Baryon decuplet
n p

in a decuplet. dy — & o &

All of them have been experi-
mentally observed.

Priyashree Roy Polarization Observables in Vector Meson Photoproduction  19/19
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The Unbinned Maximum Likelihood Method (MLM)

@ The ¢, asymmetry was manifested as modulations.

Data integrated over all kinematic bins.

=)
N, (=,+) — N, (=,—) T 05F
E.g. Asymmetry, A = —— S — e Pp : 0.537 + 0.008
& Y ¥ No(=H)+No(=7) Eoas- T;:(-OAO‘;Q +0.017
< f F: -0.033 + 0.010
0.4
0.35i

<

0.25

0.

N

0.1

&

5 6
Plap (rad)

oduction
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The Unbinned Maximum Likelihood Method (MLM)

@ The ¢, asymmetry was manifested as modulations.

@ Polarization observables were extracted by fitting the modulations using
unbinned MLM. Advantage: no loss of information due to binning.

N otal
(npoll - npolZ)
—InL = — E w; In(P event;) ), A= S E———
=1 ( ( ) ) (npoll + npolQ)

(1 + A), forpoll,

where P (event;) =
( ) { (1 — A), for pol2 (orthogonal to poll).

NI= D=

Priyashree Roy Polarization Observables in Vector Meson Photoproduction  19/19
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The Unbinned Maximum Likelihood Method (MLM)

@ The ¢, asymmetry was manifested as modulations.

@ Polarization observables were extracted by fitting the modulations using
unbinned MLM. Advantage: no loss of information due to binning.

Notal
—InL = — Z w; In (P (event;) ), A =
i=1

(npoll - npolZ)
(npoll + npolQ) ’
(1 + A), forpoll,

where P (event;) =
( ) { (1 — A), for pol2 (orthogonal to poll).

NI= D=

@ A was a function of the polarization observable. Minimizing —In L gave the
most likely value of the observable.
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27 W/ (®,0) =1 — 2 cos2® — P, 2] cos20 + P, % cos2(d — W)

(A. I Titov and B. Kampfer, Phys. Rev. C 78, 038201 (2008))
%y =3 = 2ply + pho

_ % EZ = 3n = Pty Pol. SDMEs: B. Vernarsky (CMU), PhD dissertation
—1%h =55 = —pt
U : angle between p w production plane ® : azimuthal angle of normal to the w
and photon polarization plane in the decay plane in helicity frame, quanti-
overall CM frame. zation axis in the direction opposite the

recoling proton in the w rest frame.
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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)
P, P,

0.4 0.4

- > -

* e
-
P, 0 A/i‘:‘»i AN ™ A had P, 0kt he | D AR
e S P Gt AT L
.

0.4 -1.0< cos(6_) <-0.8 [ -0.8¢ cos(6,) <-0.6] -0.6< cos(6) <-0.4F -0.4< cos(e, ) <-0.2-0.2¢ cos(e, ) <-0.0 -1.0¢ cos(8,) <-0.8 -0.8¢ cos(, ) <-0.6-0.6< cos(6, ) <-0.4F-0.4< cos(e, ) <-0.2[-0.2¢ cos(s, ) <-0.0

-0.4
% ety
0 ~ ﬁ” ke 3 0 -
Xj \ej '
0 2 cus(on,) <0.2 cos(6_) <0.4 |0.4< cos(6 ) <0.6 [0.6< cos(s ) <0.8 [0.8< cos(s ) <1.0 2 0.0¢ cnl(O“,) <0.2 £0.2¢< cas(6 ) <0.4 [0.4< cc k) <0.6 [0.6< cos(d ) <0.8 {0.8<cos( )<1.0
0.4

-202-202-202-202-202¢ '0"'-202-202-202-202-202¢
n* ot

FROST g9b (lin. pol. beam) Solid curves : Fourier fit (n < 3

Target's
pol. direction

3-dim. phase space: (E,, ¢, cost,)

I=Ty[1 + Acos(a)Py + Asin(a)Py] Yo O
A : degree of target pol.

a

‘W. Roberts and T. Oed, PRC 71, 055201 (2005)

Photoproduction 1
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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

W =1.55 GeV

0.3
03 T
w=170 GgV N W =1.75GeV W =1.80 GeV
» . .
5 s o
-0.3 "
0.3 T
W =1.90 GeV W =210 GeV W =230 GeV
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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