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Critical QCD Questions Addressed c]qN

P
What is the nature of the mass of hadrons?
Quarks accounts only for a small fraction of the mass of the proton (m,=1.7-3.3 MeV, m=4.1-5.8 MeV): what leads
to the ~GeV mass??
What are the relevant degrees of freedom?
At high energy, phenomena can be described in terms of quark and gluons; at low energy, we observed baryons and
meson: what are the real degrees of freedom and how the transition from small to large distances occurs??
What is the origin of confinement?
Are quarks confined within colorless objects? Can we prove and explain it?
Do quark configuration beyond qqq and qq exist?

The theory of strong interactions does not prohibit hadronic states with different quark configurations (4q, gg, 2qg).
Can we find evidence of the existence of such states?

<<0.1fm 0.1-1fm >1fm
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Quarks and Gluons Effective Degrees of Freedom Mesons & Baryons
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Critical QCD Questions Addressed Chgoa

* How do massless quarks acquire mass?

' | ! [ ! [

Bupidscadisitonolimassiis Effective quark mass depends on its momentum
e __ geffect of gluon cloud 7
S numerical simulations | g g
2 5L of unquenched lattice QCD |\/|:|\/|(p) Mo=Mym
| A (Bowman et al.) _
- 0.3 — m = 0 (Chiral limit) q q q
— =30 MeV
3 — m=70Mev . (= —— +
So0.21 Dyson-Swinger equation | dressed bare quark dressing kernel
= (Bhagwat et al.)
i quark
0.1— mass composition
i <2% Higgs mechanism
%% 3 ' 2 L >98%  non-perturbative strong interaction

P [GeV]

—> Measure the Q? dependence of electrocoupling amplitudes

CLAS Collaboration Meeting - June 2024 - Annalisa D’Angelo 3



Baryon Spectroscopy Chgoa

* The light N* spectrum: what is the role of glue?

“Nucleons are the stuff of which our world is made.

As such they must be at the center of any discussion
of why the world we actually experience has the
character it does.”

Nathan Isgur, NStar2000, Newport News, Virginia

Derek B. Leinweber — University of Adelaide

- Search for new baryon states
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N* Program Overview dgg'a

The N* program is one of the key physics foundations of CLAS and CLAS12

Detectors have been designed to measure cross sections and spin observables
over a broad kinematic range for exclusive reaction channels:

N, wN, N, 7N, n'N, N, KY, K*Y, KY*

- N* parameters do not depend on how they decay

- Different final states have different hadronic decay parameters and different
backgrounds

' - Agreement offers model-independent support for findings
CLAS12@JLAB

* The program goal is to probe the spectrum of N* states and their

N* degrees of freedom??
Structure

- Probe the underlying degrees of freedom of the nucleon through
studies of photoproduction and the Q2 evolution of the electro-
production amplitudes.
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Excited Nucleon Structure

Nucleon structure is more complex than what can be described

accounting for quark degrees of freedom only

structure well described by adding an external

- Low QZ: .
(@ <5Geyz) Meson cloud to inner quark core
-High Q2: quark core dominates; transition from

(@2>5Ge?) confinement to pQCD regime

3q core + meson cloud 3q core pQCD

low Q2 == high Q2

* Calculations of form factors and electrocoupling amplitudes are sensitive to
the underlying quark mass distribution

Gu* N->A(1232)3/2

=8 Magnetic FF

quark core

.. dominance

Substantial
contributions
from M-B
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CLAS Collaboration Meeting - June 2024 - Annalisa D’Angelo 6



Roper - 1st nucleon radial excitation? dgg.a

80 + V.B., C. Roberts, Rev.Mod.Phys. 91 (2019) no.1, 011003
- N(1440)1/2 Ay
60L - LF RQM: I. Aznauryan, V.B. arXiv:1603.06692
DSE: J. Segovia, C.D. Roberts et al., PRC94 (2016) 042201
EFT: T. Bauer, S. Scherer, L. Tiator, PRC90 (2014) 015201
40 -
I =» Non-quark contributions are significant
20 at Q2 < 2.0 GeV2. The behavior at Q2< 0.5
0: can be modeled in EFT.
I =>» The 1%t radial excitation of the g3 core
-20 emerges as the probe penetrates the MB
I cloud
-40
“Nature” of the Roper - is consistent with the
-60 1%t radial excitation of its quark core surrounded
L by a meson-baryon “cloud”.

Q” (GeVY)
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Hybrid Hadrons: Hadrons with Explicit Gluonic Degrees of Freaﬂg.a

Hybrid hadrons with dominant gluonic contributions are predicted to exist by QCD.

Experimentally:

* Hybrid mesons | qqg> states may have exotic quantum numbers JP¢ not available to pure
|qg> states GlueX, MesonEx, COMPASS, PANDA ...

* Hybrid baryons |gqgg> have the same quantum numbers JP as | gqg> electroproduction
with CLAS12 (Hall B).

Theoretical predictions:
<> MIT bag model - T. Barnes and F. Close, Phys. Lett. 123B, 89 (1983).
<> QCD Sum Rule - L. Kisslinger and Z. Li, Phys. Rev. D 51, R5986 (1995).
<> Flux Tube model - S. Capstick and P. R. Page, Phys. Rev. C 66, 065204 (2002).
<> LQCD - J.J. Dudek and R.G. Edwards, PRD85, 054016 (2012).
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Hybrid Baryons in LQCD dgg.a

J.J. Dudek and R.G. Edwards, PRD85, 054016 (2012) N* A*

1+ s+ s+ o7+ o1+ 3+ st o7+ |
2 2 2 2 : 2 2 2 2
a0l : [0 ] regular states
clustered O = 0 I 8 -
1
in mass { L] @ ! -
25— 3 — I
[—"w [ 1 [—m — .
> —e— [ s—1 : [} > c [ ] -
S S — | o | hybrid states
E 20f !
LQCD |
1.3GeV Q : The nucleon
15 ‘L E — -_ mass is shifted
— i i ~300 MeV to
1o} E Z_/ higher masses

Hybrid states have same JP values as qqq baryons. How to identify them?
* Overpopulation of N 1/2* and N 3/2* states compared to QM projections.
* Ay (As;) and Sy, show different Q2 evolution.

4
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Separating q3g from g3 states ?

o

CLAS results on electrocouplings clarified nature of the Roper.
Will CLAS12 data be able to identify gluonic contributions ?
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For hybrid “Roper”, A;,,(Q?) drops off faster with Q%and S;/,(Q?) ~ 0.
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Hybrid Baryon Signatures dgg-a

Based on available knowledge, the signatures for hybrid baryons consist of:

e Extra resonances with JP=1/2* and JP=3/2*, with masses > 1.8 GeV and decays into Nrtit or KY final
states.

A drop of the transverse helicity amplitudes A;/,(Q?) and Az,(Q?) faster than for ordinary three quark
states, because of extra glue-component in valence structure.

oA suppressed longitudinal amplitude S, ,(Q?) in comparison with transverse electro-excitation
amplitude (JP=1/2%).

The RG-K proposal focused on: e p — e K*A, e K*X0

The study also includes other single meson channels (rtp, np, KY...) and rrp.
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CLAS12 - RG-K N* Program chgﬁ

Measure exclusive electroproduction of Nir, Nn, Nmtrr, KY final states from unpolarized proton target
with longitudinally polarized electron beam

E,=6.6,7.5 88 Q2=0.05-6GeV2, W -> 3.0 GeV, cos 6,," = [-1:1]

E12-16-010 A Search for Hybrid Baryons in Hall B with CLAS12

E12-16-010A N* Studies Via KY Electroproduction at 6.6 and 8.8 GeV By Dan Carman

1. Study higher-lying N* states:
yhig ying 3. Probe quark dressing effects and di-

 confirm signals of new baryon states observed in yp - KY quark correlations in N* structure:
* explore full regime of “missing” quark model states * important aspect of N* structure and
2. Understand active degrees of freedom that account for N* structure vs. electrocoupling amplitudes
distance scale: * provide insight into emergence of
* explore dynamical structure of N* states from low to high Q2 — meson- hadron mass vs. Q?
baryon cloud to quark degrees of freedom * N* states of different structure allow
« search for predicted qqqg hybrid baryons study of different qq correlations

CLAS Collaboration Meeting - June 2024 - Annalisa D’Angelo 12



Run Group K Production

Fall 2018 e

<>
cIos‘é
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CLAS Collaboration Meeting - June 2024 - Annalisa D’Angelo 13




KY Reaction Models

<>
clasg

* A model that describes the KY data is necessary to extract the g ,pN* T e By Dan Carman
electrocouplings from the existing lower Q2 CLAS data and the higher Q2 gsﬁffe%ﬁNBA —Y\ o

CLAS12 data

* No single channel (isobar type) model has yet been shown to adequately
describe the KY electroproduction data in the resonance region

Single Channel:

* Unitary Isobar Model and Fixed-t Dispersion
relation approaches (Kaon-MAID)

* Regge + Resonance model (Ghent)
* Isobar models (T. Mart, O. Maxwell, P. BydZovsky)

But there has been some recent progress!

D.S. Carman, K. Joo, V.. Mokeev, FBS 61, 29 (2020) M.

Y.-F. Wang et al, arXiv:2404.17444, (2024)

* Cross sections of resonance r of mass M,, width I',,,(M,), and spin J,:

BACKGROUND : K”

& ) p Y
: BANY
' "high—energy"” )
! region .‘ perturbative

Cross
secti

resonance

; QCD
region

Multi-Channel:

Non-Resonant Amplitudes

W

Resonant Amplitudes
Bonn-Gatchina multi-channel PWA

Julich-Bonn-GWU coupled-channel framework
Argonne-Osaka dynamically coupled-channel model
Dubna-Mainz-Taipei dynamical model

M=)"1

Mai, Eur. Phys. J. A59, 286 (2023)

M

: M
+ Z e
B

N B

* The EM decay widths (N*—> Ny) at W=M, are given by:

2 2
Q%) 2My
FL MT 2 :2q77r( S 2\12
§ o M2y (W)TET(M,) g, V(M Q) T (2Jr+1)Mr| 1/2(Q7)]
orr(W: @ >:q_2 2 (2JT+1)(M2—W2)2+M2r§t(W)? T (M. O _ 6.(@%)  2My A (022 4 | Aa o (O2)]2
vy N*, A* T T o fy( T‘?Q >_ T (2Jr+1)Mr(| 1/2(Q )l _'_‘ 3/2(Q )| )
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KY Events selection: electron in the FD(CLAS)/FT Ch&ﬁ

9000 1?/ndf 22.10/20
FD P1 4475. 3 . .
g 5% of data P2 1114 Exclusive Kinematics
8000 ) P3 02135601 |
g CO"GCtEd N e -0.1850E+05 | *I° entries 102342
- PS5 1488. amp_A 3200.1
7000 2018. P6 0.1653E+05 FT /\(1115) mean_/: 1123
" sigma_/ 0.036
[ i 2(1193) arip_i 25002
6000 |- T8
par0 -4293.1
[ parl 8787.9)
5000 - par2 -3662.3
4000 -
3000 -
2000 - .
e & 22 g \ .
1000 |- = = el < ke
[ g = SE = MM(eK), GeV
0 [ o o1l | I By N | P I A M I
: = B L iE E 1 Preliminary results obtained with
16Gev<W<3Gev  MM(EK)KF  couriey of D. carman data collected in 2018

ple,e’K*)X Epeor = 7.546 GeV
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Pseudoscalar Meson Electroproduction Formalism CIQ;‘E

doy,

pTeTaTE - K Z SaSB [Rga + ER'ga + C-}-(CR?,% cos ® +SR§% sin CI)) G. Kndchlein, D. Drechsel, L. Tiator, Z. Phys. A 352, 327 (1995)
K

a,p
By Dan Carman
+ e(“RE%. cos 2® +°RP%. sin 2®) + he_ (RY%, cos ® +°R5%, sin ®) + hcoRTT,] y

TABLE I.  Polarization observables in pseudoscalar meson electroproduction. A star denotes a response function which
does not vanish but is identical to another response function via a relation in App. A.

Response functions

Target Recoil Target + Recoil

B - - - - z' y' 2 R T T T4 Z 2 7 R(QZ,W,COS HKc'm')

a - T Y 2 - - - T Y z T Yy =z T Yy z

T [ Rl o RY o 0 |R| 0 RET 0 R:: 0 s+ 0 Ri® 0 R

L |Re| 0 |RY| 0 0« 0 B* 0 Rf* 0 s 0 s 0 =  CIAS/CLAS12KY Program

e ¢ ¢ RO epz'e epi'e

b iy | (Z,A fo 00 . 0,,0 R 0'10 A « Differential cross sections
‘7L 0 R 0 R R o Rl 0 x 0 s« 0 x 0 x 0

“TT |“Ry 0 x 0 0 X 0 x 0 * 0 * 0 X 0 x - 0,007 O, O
TT 0 CRfr 0 CRfy SR?'ITQ 0 CRiz 0+ 0 x 0 x 0 x 0 * KY recoil polarization
‘v’ 0 R¥, 0 °R%, RS o |R:Y| o x 0 % 0 x 0 x 0 o
oty Rl o PR o 0 . 0 CRE5 0« 0 s 0 CRIL 0« * KY transferred polarization
T 0 R%, 0 R |REM| o |REA| 0o o« 0 x 0 s 0 x 0
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KY Polarization Formalism Chgoa

RG-K Fall 2018 pass1 data (xy',Z') ¢-integrated (x,y,2) By Dan Carman
0 P?, 0 PY 0
P* = recoil polarization PO Ki(RY® 4 cRY© PO| 1\ /e(1+ K (REQ cosf5™ + RYO 4 RZ9 sin gom)
Py 0 || PO 0
P’ = transferred polarization Py | Kiv1—€@R5, | Py 1\/e(1— e Kr(REP cos 0™ — RY7, + Ry 9, sin 03™)
Pl 0

ep > e’KY P V1= EK(—REL sin 0™ + R&, cos 05™)

[ 301
Entrigs 3574219
Ma

an| 1198
RMS 0.9094E-01

nnnnnn

nnnnnn

D.S. Carman, A. D’Angelo, L. Lanza V. Mokeev
(CLAS Collaboration)

“Beam-Recoil Transferred Polarization in K+Y
Electroproduction in the Nucleon Resonance
Region with CLAS12”

Phys. Rev. C 105, 065201 (2022)

Y hadron reaction plane

CLASI2 @ 6.5GeV  MM(e'K*) (GeV)

= ———— = vya, PPy cos HfF
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<]
Beam-Recoil Transferred Polarization in K*Y Electroproduction ClQS°§

The independent analysis consists of the direct exploitation of By Lucilla Lanza
equatlon N+ o N_ P 7)/ HRF . Q?[0.3, 0.4] GeV? :(1) -
Fo— — Y gool ENtries 25165 1.120
N—+— _I_ N— VY aA b Y COS p . h.licaih: -1.0 ] '1_‘ ﬂ :; 45:::;
. ) . . cos 8)°[0.2, 0.6 L ‘_] pa ) 1.198
The events in each kinematic bin of Q2, W and cos ¥ were ey s —— (I 'Lrﬂf | e izeerass

| p*n ' -
divided into 5 cos 95" bins for each beam helicity... w0 : fe s =
B .,.,a““j .”.”]u n.,ﬁ‘m m ,....b.= n..v_m Z:: _I.lJ 111
o 100 —“JJJ LLL'U"‘_r\-“_ -
MM(eK)

... and the number of A events was extracted
using a fit of the MM(eK*) spectrum
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| 3
Beam-Recoil Transferred Polarization in K*Y Electroproduction CIQS°§
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CLAS12 Beam-Recoil A Transferred Polarization CIQ;‘E
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Model Year Type Fit Data N* States
Kaon-MAID 2000 | Isobar none 1/2,3/2
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D.S. Carman et al. (CLAS12), PRC 105, 065201 (2022)
Development of reaction models in progress:
* T. Mart
* M. Doring, M. Mai
* P. BydZovsky, D. Skoupil

c.m.
cos O

By Dan Carman
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CLAS12 Beam-Recoil X° Transferred Polarization CIQ;‘E
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CLAS12 L/T from Transferred Polarization

cIos‘é
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Fit function:

B.A. Raue and D.S. Carman, PRC 71, 065209 (2005)
D.S. Carman et al. (CLAS), PRC 79, 065205 (2009)

2 3
Rym = ap + a1x + axx” + azx

By J. Landwersiek, FIU

400
Rasm limg_] 30 s i
w0{ W:1.6-1.7 GeV s0] W:1.7-1.8 GeV : W: 1.8-1.9 GeV 001 W:1.9-2.0 GeV e ey
R limit 00
300 20
150 50
50 200
200
200
100 150
150
150
N o 56 100
; ° ° ’
] 0 il 0 0
g -100 -0.75 -050 -0.25 000 025 050 075 100 -100 -0.75 -0.50 -025 000 025 050 075 100 -100 -0.75 -050 -0.25 000 025 050 075 100 -100 -0.75 -0.50 -0.25 000 025 050 075 1
o 20 Rarm it 200 Raum »0 R R
W:2.0-2.1 GeV W:2.1-2.2 GeV W:2.2-2.4 GeV W: 2.4-2.6 GeV
250 0 200
200
2200 200 150
150
150 150
100
100
100 100
50
50 5 i 50
S e % 0 0
-100 -0.75 -0.50 -025 000 025 050 075 100 -100 -0.75 -0.50 -0.25 000 025 050 075 100 -100 -0.75 -0.50 -0.25 000 025 050 075 100 -100 -075 -0.50 -0.25 000 025 050 075 1
Ccos ch,m, cos GKc,m,
2 2 2 2
Q%< 1GeV Q*=1-2GeV Q*=2-3GeV
Mohring 2003 T = T T T JE T T T T =
3.0 8 — Raue/Carman 2005 = 1E E
@® —— Ambrozewicz 2007 1 x ) 3
2.5 |A&— camanrGK 2022 \{ BS3 = -
& 20F & 3 = 4
< E \ 3 3 E
D 15 F o oeM E E 3
o 1.0 E ? E E E
1 TE E E E
& 05 F =k : 3
0.0 ;—I =13 | T 2 { =
E JE Coman 2005 E Mohring 2003
_0 5 ey JE @® —— Ambrozewicz 2007 | |- ‘Coman 2005
~E 1 1 I 1 JE ] | | ® — carman 2000 ; . @ — Carman 2009
16 1.8 20 22 24 26 18 20 22 24 26 18 20 22 24 2.6
W (GeV) W (GeV) W (GeV)

CLAS Collaboration Meeting - June 2024 - Annalisa D’Angelo




K*Y Induced Polarization CLAS12 |o3%N
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s Vy = 1 or Vy = —0.256,04 = 0.732

x and z components still not
fully compatible with 0
as expected from
&kearv

The analysis will be improved
once the Spring 2024 data will
be available for analysis

By Lucilla Lanza
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A(1520) Clng

VaV

kFWD pFWD
Other channels could be exploited as o a |- - [
final states for possible new resonances.. | = < 2|2 S
—_ Lo — on e
ep » eK*A(1520) > eKT* K™ p S = ol S LLE/
g A< <

The existence of several non-strange N* “\_,/\\M_,____,.

resonances with significant (~5%) ;
branching ratios into the KtA(1520) &=t b Lb .

0.90 1.00 110 120 130 14 150 1.60 170

[
T

MM(eK)[GeV/ 2]

decay channel has been predicted f
— S. Barrow et al., CLAS Coll., Phys.Rev.C64:044601,2001 A(1520) arises as a
—> Simon Chapstick and W. Roberts, Phys. Rev. D 58 074011 separate structure
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A(1520) cloSH

' |Enlries 26171976
kCTRL pFWD |

KFWD pFWD

1.00 1.10 1.20 1.30 1.40 1.50 1.60 1.70
MM(eK)[GeV/ 2]

MM(epk)[GeV/ c?]
MMEepK)[GeV/ ]
e e ] o e
oW - o o ~
= =] =] = =]

e
%]
o

1.00 110 1.20 130 140 1.50 1.60 0.10 1.00 1.10 1.20 1.30 1.40 1.50 1.60

MM(eK)[GeV/ ] MMEK)[GeV/ ]

| Five structures: A(1116), ¥°(1193), ¥(1385), A(1405), A(1520)
By Lucilla Lanza ep — eK+*A(1520) > eK+ K™p
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A(1520)

<>
clasy

MM(epk)[GeV/ c?]

x103 6.5 GeV full dataset
o~ 1ot events i It is possible to isolate
. // \-\.,gjussian integral [ i A(1520) also in events with
C - X2/ ndf 8.601 .
e T ] an electron detected in the FT
't Fall18+Spr24
: : - ad, statistics 5x
Z‘l].‘lﬂl 1.45 : II.SU L 1.55 I M;“( 'Z:)[ﬁcﬂ Vel 1.65 1.70‘ — I1.75 = 7 . 5 G eV d ata Set
0.60 T T T . - =
0.60 — £ oo
0.55 T e e - 600
u.soé— 050  amBNCEEER ST R —
nasp 0.45 PRI T LT 200
0.40 100
0.40 L .
0-35 1.35 1.40 145 1.50 1.55 1.60 140 S MM pnin 5 .
Eep[Gev/ )

MM(eK)[GeV/ c?]

ep » eKTA(1520) > eKT K™p

By Lucilla Lanza
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Unique Opportunity of Nn Final States

<>
clasy

compared to Nn final states

n is isospin singlet (I = 0) = “isospin filter” (Nn final states access only | = 1/2

nucleon resonances)

Complements Nrt studies in a coupled-channel approach

Key Idea: Nn final states provide a cleaner probe of nucleon resonances

Particle | J¥ [ Overall | Ny | Nw | Nq
N(1440) | 1/2* FFFK FFHE | KKK
N(1520) | 3/2~ kKKK sokskok | kokokk | skokokok
N(1535) | 1/2~ KKKk sokokok | kekoksk | skokskok
N(1650) | 1/2- sokkk | skokokk | kokokk | skokkok
N(1675) | 5/2~ sokkk | kkokk | kokkk |k
N(1680) | 5/2* KKKk *kkk | kkkk |k
N(1700) | 3/2~ KAk *ok | ko *
N(1710) | 1/27 FHFK FHRFR | RFRE | FRF
N(1720) | 3/2F pEoTo FHRRE | KFKF ¥
N(1860) 5/2+ *k * 2% g
N(1875) | 3/2~ Hoxk *x | kx %
N(1880) | 1/2" kK *ok *
N(1895) | 1/2~ *kkk KooKk o

Fxkok
Kk
*x

*

Existence is certain.

Existence is very likely.

Evidence of existence is fair.
Evidence of existence is poor.

Fraction I'; /T for Decay
Particle Jp Modes
N Nn

N(1440) 1/2* 55-75 % <1%
N(1520) 3/2- 55-65% 0.07-0.09 %
N(1675) 5/2 38-42 % <1%
N(1680) 5/2* 60-70 % <1%
N(1700) 3/2 7-17 % 1-2%
N(1710) 1/2* 5-20 % 10-50%
N(1720) 3/2¢ 8-14 % 1-5%
N(1875) 3/2 3-11% 3-16%
N(1880) 1/2* 3-31% 1-55%
N(1895) 1/2 2-18% 15-45%
N(1900) 3/2¢ 1-20% 2-14%
N(2060) 5/2 7-12% 2-38%
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n Electroproduction Kinematics CIQ;‘E

* Keyldea: The n electroproduction reaction is studied in the center-of-mass frame, with key kinematic variables
W, Q?, cos(6%*), and ¢*.
*  Center-of-mass frame: resonance is at rest

W =+/s=|P} + P

target
2 _ 2 _ 1% H
Q = —q = _(Pe,beam o Pe’,scattered
cos 0™
qb*
By lzzy lllari

Scattering plane Reaction plane
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Beam Spin Asymmetry (A,;) in n Electroproduction CIQ&E

Key ldea: First ever measurement of the beam spin asymmetry in exclusive n
electroproduction in a previously unexplored kinematic region (1.6 < W < 2.2 GeV).

Longitudinally polarized electron beam on unpolarized stationary proton target
Complements existing cross section and polarization observable measurements
Polarized cross sections: o* = o7 + €0y, + V2€(1 4 €)orr cos ¢ + eopp cos 2¢™

Beam Spin Asymmetry A : + he/26(1 — €)ooy sin ¢*
1 ot —0~
b O o .
Sin @* Moment:
1 N+ - N_ d) Sil’lqb* . ”
el Yo — Ay — A sing
B NT+ N 1+ A?}}S]qb* cos ¢* + Ag}s’jw* cos 2¢*

Q

ASL”(}(b sin ¢*

N* = n signal yield for (x1) helicity

d fe By lzzy Illari
P, = beam polarization (= 0.8517)
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Event Selection and n Identification CIQg°E

Key Idea: n mesons are identified using the missing mass technique in the ep - e'p'X reaction (e and p in the FD)
Reconstruct the missing mass squared (MM?) of the undetected particle X
n signal appears as a peak around MM?2 = 0.3 GeV?
Apply analysis cuts:
* W< 2GeV (nucleon resonance region)
* 0.15GeV? < MM? < 0.45 GeV? (n peak region)
Implement standard RGK fiducial cuts and cuts developed for analysis

. proton in FD
Protonin FD 10° 2
e =T € - Entries  8.123483¢+07
20k E t © ool— oosenn
i n ven C
: Selection -
151 0 1 C
) i w/p C
2 |
S I 6o~
° | =
10~ [
i— 20—
ol b b b 05 — 'o.‘zs‘ Y T a— 'o.és' ———
0.0 0.2 0.4 0.6 0.8 1.0

) w7
. , , ,
Missing Mass? of X [GeV?] Missing Mass? of X [Gev?] By lzzy Illari
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Signal Extraction and Background Fit CIQ&E

Key Idea: Extracting the n signal yield requires fitting the missing mass squared distribution with a combination of

signal and background fits.
& & pol3 as “benchmark”

Helicity = 1, Model: Gaus+Pol2 Helicity = 1, Model: Gaus+Pol3 Helicity = 1, Model: Gaus+Pol4
PP —— — S — SR —yTE—— PP ——
§ 3000= Entries 201869 %’ shad Entries 201869 % 3000~ Eniries 201869
3 r Mean 0311 3 o Mean 0311 3 r Mean 0311
© L ‘o at, Std Dev_0.06086 © C * Sy, Std Dev _0.06086 © C AL Std Dev_0.06086
L ’ L 4 PN L
o Ny < -
£ T WPV, )
2000 — 2000

2000—

|"X?/NDF = 93.950/80 = 1.174

P0:3.939+02 + 1.768+01

P1:3.085¢-01 + 0.000e+00
.70

%?/NDF = 119.643/ 81 = 1.477 [
P0:4.771e+02 % 1.161e+01 1500 —
P1:3.085€-01  0.0000+00 E

P2:2.700e-02 + 0.000e+00

C T/ /NDF = 119.643 /82 = 1.459
1500~ PO:4.7710402 + 25600401 1500
r P1:3.085e-01 + 0.000e+00

P2:2.700e-02 + 0.000e+00

T T T T T [ TTTT T

3 403 £ L
P3:2.6026+03 +5.211e+00 1000

1000~ & 1 =
000~ P3: 26926403 + 2.2830+02 000 P4:-2.7842+03 +1.631e+01 N
[ KINEMATIC BINS Pd: 2.7848+03 1 1.5656:03 [ KINEMATIC BINS P5:3.687+03 +4.754e+01 [ KINEMATIC BINS
W < [1.685, 1.710) GeV P5:3.687e+03 + 2.515¢+03 | W [1.685, 1.710) GeV P6:0.000e+00 + 3.401e-310 [ W &[1.685, 1.710) GeV P7:1.461e+06 + 3.295¢+03
500 500 o+  [180,246) deg 500 o < [180,246) deg

| ¢* =[180,246) deg

TTT

of

P I
022 024 026 028 03 032

M Lo, P P VAT (AT IO Loy
036 038 04 042 022 024 026 028 03 032 034 036 038 04 042
MM [GeV?] MM [GeV?]

I I
022 024 026 028 03 032 034

LT Ly
034 036 038 04 042
MM [GeV?]

Signal: Fitted using a Gaussian function

Background: Fitted using polynomial functions of various orders (pol2, pol3, pol4)
pol3 chosen as the "benchmark" fits, balancing bias and variance

Systematic uncertainty analysis is preliminary

— Dominant source considered is the yield extraction procedure, estimated by comparing different background
fits (pol2, pol3, pol4) By lzzy lllari
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Representative Fit to Beam Spin Asymmetry ChéoE

Key Idea: The BSA is extracted by fitting the asymmetry as a function of ¢* with a sine function.

Data are binned over W and ¢*, integrated over Q% and cos6*

0.25

BSA Calculated from n SIGNAL vs ¢*

BSA Calculated from 1 SIGNAL vs ¢*

0.25

® DATAPOLT [POL1: ¢ shifted 10 deg| KINEMATIC BINS @  Statistical Uncertainty Fit Results KINEMATIC BINS
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I 0.2|-4 Data:PoL3 PoLs: o shifted +5ag W e [1.685, 1.710) GeV. — 0.2 Systematic Uncertainty x*2/ndf=7.081/7=1.012 W e [1.685, 1.710) GeV
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Ay -~ ATy sin ¢ By lzzy lllari

ALU

CLAS Collaboration Meeting - June 2024 - Annalisa D’Angelo 32



o 4>
Sine Moment of the Beam Spin Asymmetry (A, ,5"**)clQS§

Key Idea: The sine moment of the asymmetry, A 5"¢", is extracted to study the dependence on the center-of-mass

energy W.

Data binned over W and ¢*,
integrated over Q? and cosb*

Error bars represent statistical
uncertainties

Grey histograms around zero line
indicate systematic uncertainties

Red lines: selected nucleon
resonances

Blue lines: selected meson
production thresholds

Vertical lines suggest interesting
physics at specific W values but
do not definitively explain the
observed behavior

Binned over W and ¢ *,
Integrated over Q2 and cos 0 *

+
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0.000

o AT +++ _l_+ i 4
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W Data
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Q2 Dependence of the Sine Moment (A 5"¢7) ChéoE

*  Key Idea: Binning the data over Q2 allows for investigating the dependence of A ,5"®* on the four-momentum
transfer squared.
Binned over W, Q% and ¢ *, Integrated over cos*
0. 300 < Q? < 0.521 GeV? 0. 521 < Q%2 <0.896 GeV2 0. 896 < Q2 < 1.850 GeV? 1. 850 < Q? < 5.671 GeV?

T 1 T h ! ! T ! I N !
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t ol Bmhm W T gille o | ieE B I |
S 000 (T} 1 T RV T " 1 1 1 | ] 1 | 1
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By lzzy lllari
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Full Kinematic Dependence of the Sine Moment C|Og°E

Key Idea: A comprehensive study of the sine moment's dependence on the kinematic phase space. Limited by Fall 2018 statistics

Increasing Q2
Binned over W, ¢ *, Q?, and cos 6 *
0.300 = Q? < 0.521 GeV? 0.521 =< Q? < 0.896 GeV? 0.896 = Q2 < 1.850 GeV? 1.850 = Q% < 5.671 GeV?
T T T 2y

I | KRANT

) 00 1.1 ; iy ;
ek e SN AN i T v 1P | W
I 4 Data I | ]

s | EVLE By a R i 1
ol boad ot L LR Ly el t%% I TE |
e M.H% T | %'}JM*% N AN

- S AN |

3
88 5
[

il *Hﬁfifl THLEE et LT R

X4 Statistics is
available from
Spring 2024
data

|
—=y
|
—
| —2

Increasing cos6’

Asin®
—
haas
, -
- 1

0.5=<cosf” <1.0 0.0=cos8" <0.5 -0.5=cosf” <0.0 -1.0=<cosf* <-0.5

] | ‘ I J
L ] R b T
by | e I I
(3:: i i ' ’ N T il *+‘*4T' §+ Hul i
| | I L ]
el E | i L I+T 1A J r i | | ‘
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Comparison with Theoretical Models: An Example Chéﬁ

Key Idea: The beam spin asymmetry data has the potential to constrain and improve
theoretical models of n electroproduction.

: *
 Data binned over W, ¢*, and Q2 Data: 1.685 GeV = W < 1.710, 0.300 GeV2? = Q2 < 0.521 GeV?, Integrated over cos®*
and integrated over cosO* nMAID2023: W = 1.6975 GeV, Q? = 0.4105 GeV?, Integrated over various ©*

L . JBW: W = 1.6975 GeV, Q2 = 0.4105 GeV?, ©* = 105 deg
* Jilich-Bonn-Washington (JBW)

* EtaMAID

*  |llustrative example of the
potential for this data to
constrain and improve
theoretical models

*  Limitations in the models (small
Nn datasets, lack of polarization
observables) prevent definitive
conclusions at this stage o151

I Sys. Unc.
—— Asing * Fit to Data —_—
[ — nMAID

4 Data+Stat. Unc.
- JBW Fit 3

0.10 1

0.05 A

 Pp=85.17%

o
o
[

~0.05 N\

1Nt =N-

PoN* +N-
/

—0.10 A

ALy

¢ " [deg]
By lzzy lllari
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indi <45
Summary of Key Findings and Impact C|OS°£

* Key Idea: The beam spin asymmetry measurements in n electroproduction offer valuable data for
theoretical models and could be provide new insights into nucleon resonances.

. Findings: Binned over W and ¢ *,
*  Consistently negative A ,*"*" values across the W !;ntegrated over Q and cos6*
range 0.050 1 : L
*  Dip-like structure near N(1710) 0.025 g
*  Cusp-like behavior near N(1895) 0.000 i
. Impact: i

sing *
ALU

—0.025 -
*  Expands kinematic reach in n electroproduction +—+
-0.050

BSA measurements 1 +.++ ‘['- |
. Provides new data to evaluate and constrain -0.075 +

theoretical models

. Next Steps and Path to Publication: o001 + bt EEEE::.CU:::::Y
o Perform Fast MC simulations to determine 01256 1 1.8 lo 2.0 1 2.2
acceptances W/[GeV]
o Prepare a CLAS12 Analysis Note /Amu /
o Explore collaborations with Eta-MAID and JBW N(1650); - @ Threshold 7 Threshold

1- 1
N(1710)}* N(1895)% N(2100)%+

By lzzy lllari
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Summary and Outlook dggoa

Summarizing:

* The study of N* states is one of the crucial topics of the CLAS and CLAS12 physics programs:

-CLAS has produced a huge amount of data up to Q? < 5 GeV?
-CLAS12 was designed to extend these studies for 0.05 < Q? < 12 GeV?
* The first results of the CLAS12 N* program have been obtained with the analysis of KY polarization transfer data and np
A, asymmetries from the RGK Fall 2018 Run

-The RGK available dataset is 5x larger than the analyzed one
-Only 10% of expected full statistics has been analyzed.
* On going analyses:
-First paper on KY electroproduction has been published on PRC
-Other analyses based on the existing RG-K data are in progress (wmp, KY, np, DVCS, %)
-All analysis channels will benefit from Spring 2024 collected data in the short time

And in the future...

*  Future work with these data is expected to face up he most challenging problems of the Standard Model on the nature of
hadron mass, confinement, and the emergence of N* states from quarks and gluons

Stay tuned for further updates...

CLAS Collaboration Meeting - June 2024 - Annalisa D’Angelo 38



