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Outline:

* Establishing N* states
* |dentifying the effective degrees of freedom
* Search for hybrid Baryons

* Outlook & conclusions
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Historical Markers

1952: First glimpse of the A(1232) in mp scattering shows internal
structure of the proton. pat

1964: Baryon resonances essential in establishing the quark model and
the color degrees of freedom.

1989: Broad effort to address the missing baryon puzzle.

2010: First successful attempt to predict the nucleon spectrum in LQCD.

2015: Understanding of the baryon spectrum is needed to quantify the
transition from QGP to the confined phase in the early universe.
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What Do We Want to Learn ?

Understand the effective degrees of freedom underlying the N* spectrum and the forces.

cam CQM+flux tubes Quark-diquark Baryon-meson
clustering system

e Avigorous experimental program is worldwide underway with the aim to:
— search for undiscovered states in meson photoproduction at CLAS, CBELSA,
GRAAL, MAMI, LEPS
— confirm or dismiss weaker candidates (*, **, ***)
— characterize the N* and A spectrum systematics.

 Measure the strength of resonance excitations versus distance scale in meson
electro-production at JLab, to reveal the underlying degrees of freedom in the Q2
evolution of the transition amplitudes.
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Evidence for New N* in KY Final State
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Study these states in electroproduction and extend to higher masses
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Studying Baryons in y*p > KA/Z ?

Photoproduction
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> Strangeness electroproduction is a fertile ground in studying S=0 baryon states with masses above 1.6 GeV.
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Hybrid Baryons: Baryons with Explicit Gluonic Degrees of Freedom

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

* Hybrid mesons | ggg> states may have exotic quantum numbers JP¢ not available to pure
| qg> states —_— 07,1% 17, ...GlueX, MesonEx, COMPASS, PANDA ....

* Hybrid baryons |qqgg> have the same quantum numbers J? as |qqQ> =—>
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, PRDS85, 054016 (2012).
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Hybrid Baryons in LQCD

J.J. Dudek and R.G. Edwards, PRD85, 054016 (2012) N* A*
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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.
* A, (Ay;) and S, show different Q? evolution. Can we do it?
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Electrocouplings of the ‘Roper’ in 2002

o [T N(1440)1/2*
_F =~ ["la°M>
7 L
s A1/2 41 LCM
0 4°G> In 2002 Roper amplitude A,
measurements were more
: - consistent with hybrid state
—50 3 nrC o o .
' 1M bhut data were limited with
: large uncertainties.
L rCQM
—100

0 0.5 1 1.5 2
Q® (GeV/c)?

Lowest mass hybrid baryon should be JP=1/2* (same as Roper)

e
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Separating q3g from g3 States?

Precise CLAS results on electrocouplings clarified nature of the Roper
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* A, and S, , amplitudes at high Q? indicate 1 radial g* excitation
* Significant meson-baryon coupling at small Q2

For hybrid “Roper”, A,,,(Q?) drops off faster with Q*>and S, ,(Q?) ~ 0.
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Hybrid Baryon Signatures

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
Nt or KY final states.

*A drop of the transverse helicity amplitudes A, ,(Q?) and A, ,(Q?) faster than for
ordinary three quark states, because of extra glue-component in valence structure.
*A suppressed longitudinal amplitude S, ,(Q?) in comparison with transverse electro-

excitation amplitude (JP=1/2%).

We focused on:

ep — epntm
ep —, eK'A, e K0

The study will include other single meson channels.
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Analysis Tools for Electromagnetic Excitation of Baryons

Single Meson Analysis
* Unitary Isobar Model & Fixed-t Dispersion Relations approaches

* Regge-and Resonance Model (Gent Group)

Double Meson Analysis
e J-M Reaction Model

Multi-channel Analysis
e Bonn-Gatchina multi-channel PWA

e Argonne-Osaka dynamically coupled-channel model

* JPAC Analysis Tools for high mass states using Regge & Veneziano Approach
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CLAS12

Forward Detector (FD)
- TORUS magnet

Central Detector (CD)
- SOLENOID magnet

Beamline
- Cryo Target
- Moller polarimeter
- Shielding
- Photon Tagger
Upgrade to the baseline

- Central Neutron Detector

- MicroMegas

- Forward Tagger
- RICH detector

- Polarized target

Equipment
| overview ]
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CLAS12 Forward Tagger Hall B

FT designed to detect electrons and photons at small angles

0 =25°—=45°

FT-Cal: calorimeter to measure electron energy/momentum
FT-Hodo: scintillation hodoscope to veto photons &

backsplash
FT-Trk: micro-mega detector to measure electron angles,

polarization plane

calorimeter

tracker

hodoscope
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The Experiment

Scattered electrons will be detected:
* in the Forward Tagger for angles from 2.5° to 4.5°
* in the Forward Detector of CLAS12 for scattering angles greater than about 6°
Charged hadrons will be measured in the full range from 6° to 130° 5 L, 9 .
W<3GeV Q2range of interest: 0.05 - 2 GeV? Q= AE,onEesin B = U<5
FT allows to probe the crucial Q2 range where hybrid baryons may be identified due to their fast dropping Al/z(QZ)
amplitude and the suppression of the scalar Sl/Z(QZ) amplitude.
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Kinematical Coverage: Full Q2 Range

Single electron geometrical detection efficiency E = 6.6 GeV

Q*vsW ep —>e KA [ hawi | C
& ‘B ° Ee =6.6 GeV
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W. Gev Ee = 8.8 GeV provides enough statistics for 2.5 < W < 3 GeV
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Event Simulation

1. ep—>epntm

2. ep — eK'Y

E;‘) - o ‘o’
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Event Simulation in CLAS12
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* Development of a realistic event generator using the best presently available models.
* Simulation of quasi-data events.
e Selection of trigger conditions:
scattered electron (FT or CLAS12) + at least 1 hadron in CLAS12.
*  Events reconstruction to determine final resolutions and efficiencies.
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Event Simulation in CLAS12

Results forep —>epn*tm

¢ vs. 0 angular acceptance for final hadrons .
Exclusivity cuts
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Event Simulation in CLAS12

¢ vs.B angular acceptance for final Results for e p—> eK*Y
particles
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Minimum measurable Q2

Ee = 8.8 GeV 0.1 GeV?
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Ee = 6.6 GeV 10 %
Ee = 8.8 GeV 8%
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Quasi — Data Analysis

A hypothetical hybrid baryon contribution added at the amplitude level to the best presently available model RPR-2011:
M;=2.2GeV T1;=0.25GeV JP=1/2*(JP=3/2")

The reaction cross section has been calculated with and without the hybrid baryon resonance contribution to
determine:

1. Minimum beam time needed to obtain statistical uncertainty for cross sections comparable with CLAS
photoproduction data.
> 100 days of beam time (50 days at 6.6 GeV & 50 days at 8.8 GeV)

2. The Legendre moments of the unseparated and polarization interference components of the cross section.
> Search for distinctive structures due to the added resonance.

3. The statistical sensitivity to hybrid baryons electrocouplings.
> Minimum electrocoupling values with 100 days of beam time.

4, The capability of extracting the added resonance parameters from expected data.
> Blind analysis of quasi-data.
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Simulation of Model + Hybrid Contributions
ep —> eK'Y
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The extraction of the unseparated cross section do, and the interference cross sections do,; and do; rely
on a fit of the azimuthal dependence of the differential cross section at fixed bins of: W, Q?, cos 6*.

-
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Statistics and Binning Requirements

Samples of yp -> K*A cross section used
in BnGa analysis that discovered new

baryon states in the W range 1.85 — 2.2

GeV mass region.
Statistical precision ranges from 2% -

7%.

Similar statistics needed to:

* Separate structure functions in ¢
* Find new excited baryon states

* Map Q? dependence of amplitudes
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Total KA data in 50+50 days:
518.4x10° events
Number of bins: 960x103
<N> = 540 evts/bin
o,/N =4.3%
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Extraction of Legendre Moments

+ First Lezendre Moments Black curves RPR 2011 model
€p ek A & Blue points RPR 2011 + Resonance
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Significant structures appear in most of the Legendre moments at the value of
W = 2.2 GeV, corresponding to the mass of the added hybrid baryon
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Statistical Sensitivity of Resonance Electrocouplings
ep—>epntm
JLab - Moskow (JM) model

ep —>e K'Y
Regge + Resonance (RPR-2011) Gent model

Fixing the resonance parameters: M

es = 2.2GeV, ', =0.25GeV, S, =0
and varying A, 5, — > Minimum values for hybrid baryons electrocouplings

1 (do  —do )2
2 d. — mod mod+res
e x /d.p.=—— E

Ndp Wc050¢(d0 mod +dG

mod +res
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To be compared with N(1440)1/2*
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Resonance Parameters Extraction: Resonance Mass

Bonn-Gatchina Analysis Example ep ——> epww
+ - .
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Blind Extraction: JP=1/2* + JP=3/2*

Two hybrid baryon resonances with JP =1/2* and JP =3/2* were inserted in theep —> e K'A Gent
RPR2011 reaction amplitude and quasi-data were generated ——>do 4

A blind analysis has been then attempted trying to extract the resonances JP spin-parities and

7 unknown parameters: M, ! I A !
IVlresz rres2 A1/22 A3/22

(doth - daq.d. )2

(daq.d,) / Nev

N

Searching the minimum of the quantity: x°/d.p.= L E

d.p. W,cosH*,qb

do,, were calculated using the Gent RPR2011 amplitudes including two resonances
JP=1/2*and JP=3/2*, whose parameters values were scanned in the range:

3 2 — 2
20 < W <25GeV  -0.05<A,,<+0.05 GeV? ata fixed Q" = 0.5 GeV

0.1 <T<04GeV  -0.05<A,,<+0.05GeV-1/2 512=0
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Blind Extraction: JP=1/2* + JP=3/2*

Two hybrid baryon resonances with JP =1/2* and JP =3/2* were inserted in theep —> e K'A Gent
RPR2011 reaction amplitude and quasi-data were generated ——>do 4

A blind analysis has been then attempted trying to extract the resonances JP spin-parities and

7 unknown parameters: M, ! I A !
IVlresz rres2 A1/22 A3/22

Iterative procedure:

The algorithm calculates the x? value over a 7-dim parameters coarse grid, covering the full range

The combination of parameters corresponding to the minimum x? value is found

X% value is calculated over a finer 7-dim parameters grid, around the minimum

* The procedure is repeated three times.
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Blind Extraction: JP=1/2* + JP=3/2*

Two hybrid baryon resonances with JP =1/2* and JP =3/2* were inserted intheep —> e K'A Gent
RPR2011 reaction amplitude and quasi-data were generated ——>do 4

Typical 3-dim map of x? as a function of the two resonance masses,
evolving in time for increasing A, ,, (A;,,) strength.

. 2
7,p > AK O =0562GeVZ,A =10,A  =10,S=0,E, =66GeV,M =21,M =22A, =10
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Blind Extraction: JP=1/2* + JP=3/2*

e K*A Gent

Two hybrid baryon resonances with JP =1/2* and JP =3/2* were inserted in theep —>
RPR2011 reaction amplitude and quasi-data were generated ——>do 4

A blind analysis has been then attempted trying to extract the resonances JP spin-parities and
7 unknown parameters: M, ! I A ;!

Hybrid Baryons parameters are well reconstructed. Mresz rresz A1/22 A3/22
© BlindResonance Parameters  Extracted Resonance Parameters
M. ! =2.30 GeV M. ! =2.32 GeV
Mot =0.30 GeV Mot =0.30 GeV
A, 1=0.020 GeV1/2 A,,1=0.019 GeV1/2
M, .2 = 2.45 GeV M, .2 = 2.45 GeV
[es? = 0.35 GeV [es? =0.31 GeV
A, %=-0.015 GeV-1/2 A,,%2=-0.014 GeV-1/2
A;/,2=0.04 GeV1/2 A;/,2=0.038 GeV1/2
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Summary

 We presented a program to search for new states of baryonic matter: hybrid baryons.
* Complementing the international program to search for hybrid mesons.

e |dentification of hybrid baryons will verify fundamental expectations of strong QCD on
the role of glue.

* Search for these states in exclusive channels will cover the kinematical range Q2 > 0.05
GeV?, W< 3 GeV.

e We have demonstrated for two major electroproduction channels prt*t and K*Y that,
with 100 days beam time with CLAS12, we have the statistical sensitivity to find new
excited states and determine their electrocouplings.

e The experiment has been approved with A- rating and has been assigned 100 PAC days

e Amplitude analysis will be developed with the theoretical support groups to establish the
existence and properties of new resonances in the 1.8 GeV < M < 3.0 GeV mass region.
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