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Outline

 Hadron spectroscopy: open problems in the
meson and baryon spectrum

* Hadron spectroscopy in photoproduction...

reactions
— With real photons: CLAS6

* Some selected results

— With virtual photons: CLAS12

* On-going data taking, recently started
* New results awaited soon

 Summary and conclusions
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Hadron spectroscopy: a tool to understand QCH“_JE“a

 The dynamics of the QCD confinement are responsible for most of the mass c;f
o,

hadrons: dominant manifestation of strong force
— Only 1% due to quark masses

e How to understand these effects?

— Perturbative QCD effects still largely unknown
* Study of the phenomenology of hadrons and their spectrum

— Identify the relevant degrees of freedom
— Understand the role of gluons and the origin of confinement
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Meson vs baryon spectroscopy

Meson spectroscopy

— Light quark spectroscopy (u,d,s)

* Probes the strong force at large
distances (confinement)

* Sensitive to chiral symmetry breaking
and vacuum condensate

— Non perturbative regime
— Heavy quark spectroscopy (b, c, t)

* Probes the strong force at small
distances

* Perturbative approaches can be applied

* The spectrum can be described by non-
relativistic quark models
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Baryon spectroscopy

— SU(6)x0O(3) symmetry, fundamental for
the development of QCD

e Multiplet structure — starting point
for non-relativistic Quark Models

* Microscopic structure — colored
quarks
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LQCD expectations for the meson spectrum °|°§?
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Remarkable agreement of LQCD calculation with the expected meson spectrum

the lightest exotic of the spectrum now expected at 1600 MeV (1-*) and 2 GeV (0*1) &




LQCD expectations for N* and A excitations
m_= 396 MeV

N(1860)5/2*
N(1900)3/2*
N(1880)1/2*

N(1675)5/2-
N(1700)3/2-
N(1520)3/2-
N(1650)1/2-
N(1535)1/2-

expectatlons

New observed states fit with LQCD predictions (many of them with larger masses)
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No parity doubling foreseen
Some problems still unsolved!
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Hybrid baryons

¢ q3G ObjeCtS J.J. Dudek and R.G. Edwards,
— Same quantum numbers of g3 PR D85 (2012) 054016
ordinary baryons N~
— More extended LQCD | i+ 3+ 5+ 7+
] 2 2 2 2
* Lowest mass hybrid: expected N* ! = ==
state at ~2.2 GeV, JP = }4* Z DD
— A cluster of several sta’fjes( iPn th/e sarge os5f AED ‘;E —
mass region is expected (J©=7%"an | == =
3/2+) ‘% I %l = hybrid
E‘ o0} states
e Study of transition form factors as a 1 3GeV
function of Q7 to disentangle N
hybrids/conventional baryons | N
production Ve
— Similar to what is done for the ror

characterization of the Roper
resonance



HADRON SPECTROSCOPY IN
PHOTOPRODUCTION
REACTIONS



Hadron spectroscopy with e.m. probes

cI

* The electromagnetic interaction is weaker than
the strong one and can be calculated
perturbatively with high precision (based on
well-known QED)

— Scattering: one-photon exchange approximation

qp=v1'rtual photon
momentum

« Meson photoproduction: high probability of spin-1 meson-pi | "
from photons

7t (K)N:
Need spin-flip | = H X Y X
) (K) - ,
for exotic

quantum
number ey - s g e
produced hybrids produced hybrids
are not expected to be exotic can be exotic

« Ss coupling to the photon relatively large (beam spin vector)
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CLAS @ 6 GeV:
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Photoproduction experiments at JLAB today

High intensity real and virtual photon beams

Able to measure exclusively the production reactions and the decays of thea

emitted particles
Requirements:

— Good acceptance, momentum resolution, particle id capabilities

Hall-D - GlueX Detector
GlueX Detector

barrel
calorimeter

target (ECAL
(LH2)

lead-glass detector

(FCAL)

time-of
-flight

(TOF) ~—~_

ups tream

vero
(LUPV)

o ey

Good hermeticity
Uniform acceptance
Limited resolution
Limited pID

Hall-B - CLAS12 Detector

Good resolution
Good pID
Resonable hermeticity

closﬁ

NON-Uniform acceptance 11



CLAS12 and The Forward Tagger =%

The CLAS12 detector

2y

FT-Cal: PbWO, calorimeter
FT-Hodo: scintillator tiles

FT-Tracker: MicroMegas




FT: low Q? quasi-real photoproductio

Forward Tagger E . cattered | 0.5 - 4.5 GeV
e’ % CLAS12 [ 2.5 - 4.5°
e //Qgé ; 0" 360"
v 6.5 - 10.5 GeV
Q* 0.01 - 0.3 GeV* (< Q% > 0.1 GeV?)
W 3.6 - 4.5 GeV

small angles
— High energy photons: 6.5-10.5 GeV
— To be accomplished by a “Forward

* Quasi real photons: linearly polarized
— Polarization: 70%-10%, measured event by event A *"“p“
* High luminosity: N, ~ 5x10%, L~ 10°> cm™s™ on 5 cm LH, target
— Thin targets can be used &



The CLAS12 hadron spectroscopy program

oduction of hyperons with CLASI2

Meson spectroscopy with photons in CLASI2

Exp-l2-008 v Strange Exparlnont”
Exp-| 1-005 “MesanEx"™
Stud}.r the meson spectrum in the |-3 GeV mass range to identify gluonic excitation of
mesons (hybrids) and ather quark configuration beyond the CQM

Search for missing excited hyperon states

#* Excited cascades = Cruantum numibers and producticn

= Hyperoe specrngm bess knew wet * ) o
il S dynamics duterminaticn

?gﬁ;;f t';',";;,g‘" i e Pl ko e o = # Hybrid mesens and Exotles # Hybrids with hidden strangeness and strangeenia

* [ crons wacrien

PR R = Search for ybrids looking at many * Irtermediate mass of 3 cuarks linkes long to short distance
#* (I phatsproducton differant firnl saes D potential

i e = Charged and neutrd-rich decay mades * Gond rexalution and kaen |d required

= Qo amber ooty ks YR RATY R T 'YF‘*F‘*"-'I'PJP#”-‘I’P"F1K"----

KD KR
% Sealar mesans

« Poorly know |, and a, mesons in the mass range |-2 Qe

* Theorencal indications of uncomenticnal configuratans {gaqg or g
syp—=pimyp—~plk..

Reguirements

. F‘.l cay a.r!.:l producton of exclusive rlencti-nns. Requirements
differant final states (charged/neutral)
+ [ or requirements: good acceptance
ion, particle Id 1) High intensity 6-10 Gey
phaton beam
LHCb Pentaquark with ¢
Exp-12-12-001a "Pentaguan™

# Trangitian form factar of the eta’ meson Mear threshold [psl photoproduction and -
» badeonic light-bylighe (HLBL) coneribution t the muon pentaquarks with CLASI2

anamalaws rragriets marmant A,
Search for LHCh Pentaquark
| e .J..pH

Nucleon resonances studies with CLASI2
EED-—!E 007 "W* and E!Fl | 3-04- | 0Ba Y

Study the baryon speccrum to map the Q2 evolution of excived
states in an unexp damain

* Dalitz decayy of 1] menoen, 1] = ¥ #F -

o produced inep - epn

» 0.5% wasnckal urcerimies (deregardieg highar order
iffact)

# Photocoupling extraction

¥ hingle and multi pions Xsec
# Extended lonemutic corerige in thi
unexplored CF reglon beoweer 3-00 Gev
* Precize and shundne daes for many
firal ctaten

= Miagping tha MN® rarmiticn form
fastezer te pin dovwn the wdirking
dynamicy

« Phanomenclogical models wo

: arkilring e dik, and Py far ful
* Hyperon sfactropreduction imarprecnen

Wl Lofahond mralyii thar
* Mamural mxseeaion o engle and mutn K :ﬂM::hELASd*h MR

* Studsed in gl {CLASE)

* Dhetectar requirements: high luminasity, leptan
rper capability, larpe angle acceptance

u P PR E— Labar model and beyan Requirements
T sl ialan oy d accaptance, energy 1} 47T dete
Bt beam srdngy ! B

uration via PYWA




New data with CLAS12: first performances‘:'fj‘g'ﬁ
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IMESON SPECTROSCOPY IN
PHOTOPRODUCTION REACTIONS:
EXPERIMENTAL RESULTS FROM CLAS



The K K¢ system: yp — pK K¢ -

CLAS Collaboration, PRC97, 025203 (2018)

e . o
"

Physics case: search for a scalar glueball in its kaonic decay

* KK system: JPC = (even)**

* light scalar sector: several candidates, too many states for the nonet
- £,(600), f,(980), f,(1370), f,(1500), f,(1700), ...

* no study yet in photoproduction reactions

 CLAS6 g12 data set:
— E,=(2.7-3) &&(3.1-5.1) GeV

— 4r detected in CLAS, p reconstructed by
missing mass

) (GeVic)
s o o o

M(r;,

Invariant mass M(r;},x;) (GeVic)

— High correlation between K. pairs £A1270) 5,

E 1
E T
S 4 it i
= o ++\ f,(1500)
B00 +
.I.

e Selectionin tranges

— Low t: resonance production in t-channel

— Wider t range for s-channel production 17
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It| < 1.0 GeV?

150
100

50

ﬁ f,(1500)

e by by o by by L 1
1 1.2 1.4 1.6 1.8 2 22

K2 KS Invariant Mass (GaVic)

Clean signal of f,(1500) for |t
indication for |t|>1 GeV?

* t-channel process
* Good glueball candidate??

Low acceptance at fw/bw angle: no PW
analysis possible

Angular analysis of Gottfried-Jackson
distributions, comparison with simulations

* S-wave dominance, small D-wave contribution

above 1550 MeV

The K K¢ system: yp — pK K¢

It] > 1.0 GeV?

-t i,
2[:'0;— J[JFJ[H

o 150

50—

g

f
HO

+H'.|.'h- +++

e
F g, ot

1 1.2

<1GeV? no

1 1 1 1
14 16 18 2 23
K¢ Kg Invariant Mass (GeV/c)
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Morm const 0.0836 + 00108

S0 fraction 0.0025 +0.0300

| D0 Fraction = 0.097541

CLAS Collaboration, PRC97, 025203 (2018)



The KK system: yp — pKKin® 5

CLAS Collaboration, PRC93, 065202 (2016)

- -

Physics case: superimposition of several axial/scalar states in the
1.3-1.5 GeV mass range with decay in KKx

 JP = (odd)* or JP = (even)

e n-like pseudoscalars 07*: all of them decay to KKn, K*K, a,(980)xr ;

- axial states 1**:
* £,(1285): not seen in K*K
* f,(1420): favored candidate as hybrid qqg, or 4q state, or K*K molecule
» other: f,(1510), isovector a,(1420)...

* CLASG6 glla data set: T
— E,=(3-3.8) GeV : n'(958)

— p, K%, ¥ detected in CLAS, K° from
missing mass

— Kaon identification by TOF i
— Study of the prt*nn and pn'ny _ I

e
£(1285)

.
[=1
[=]
[=]
[=]
|

30000[—

Number of Events
T

channels on the same sample R X B R W R NN
MM(y.p) (GeV)
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The KK=n system: yp — pKoK*n¥

1000__'"|""1 T T T T B :'-'1 -------- T T |-'1-|----:
= E (a) E 2 1000~ (b) =
5 300:_ _: E SODE— —f
g 1 . :
z 200 ROK+ - . z 200:_ KoK 1t* -
C TRP n I YP—P n
- - B v R S R T SR Y - T B I S - N A ¥
MM(y.p) (GeV) MM(yp) (GeV)
S o8
* No evidence found for higher mass 1n(1405),
n(1470), f,(1420), f,(1510) 102l w=2sscey
* First observation in photoproduction at ~1280 [
MeV, studied in T m 1 "
— M=(1281.0+0.8) MeV o .,
3 wa== T
— I'=(18.4+1.4) MeV £ e -
* More compatible with f,(1285) than 1(1295) 3 -
— Differential cross sections: flatter trend as B B
-1 -05 0 0.5 1

compared to n‘(958)
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Search for “new” strangeonia with CLAS12: yp — p¢n€|95

|PbW04 I

K/1r separation up to
p=2.6 GeV/c

3 4
Pk, (Gev/c)

PbWo04

Production cross section: 10 nb
CLAS12 acceptance: ~10%

Good /K separation power required for
momenta up to 2.6 GeV/c

Simulation: good background rejecti.‘b

™
" |

Expected yield 80d run
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S[,wct ator Proton
£ u

Search for “new” strangeonia with CLAS12: c|oS#
YP—=>pom

* Smoking gun decay modes for ss states: a -

v, - d

’ 0+
3P0 Secalar Meson Exchange f i
nen o .

— m¢: identification of C = -1 s§ candidates Photon

off-mass-shell p. ¢, w meson

— Small branching fraction to non-strange
final states

Acceptance evaluation of yp— p¢ (1850)— pn g —->pK*(K'), .Yy
CLAS12+FT (lab emission angle distribution) Be

— Good acceptance for neutrals, sizeably increased by FT calorimeter: overall - ’
acceptance > 10%

- 10t 02, K*ACCEPTANCE
0% 0.175 E o 3 ¢
|%"'?‘ * Expected cross
1074} 012 £ section for ;
B 0.1 F \ <
10 b 0.075 E strangeonia 2
005 E production:
) 8 B Rl d 0(10 nb) 3
0 0

cosO(K*) " cos0 5



Counts per 5 MeV/c?
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37wt system study in CLAS

M rr ) (GeVic')

Icﬂ

e\*v

F &N

Entrigs: 510486

.\

14 16 18 20
M{x*rtn-) (GEVIc)

0 12

2.2

Purpose: confirmation of the signal
(hybrid?) observed by COMPASS in 37w

First study on CLAS-g12 data set

Several resonances observed
No confirmation for the hybrid 17*

in (pmt) P-wave

A. Tsaris, FSU, 2016
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The 3w system analysis: projections for CLASlf QS

PWA analysis simulation: to what
extent the detector acceptance and
resolution distort the reaction
mechanisms?

Events generated using a realistic
differential cross section, filtered
through the full reconstruction chain,
and fitting them with a set of partial
waves in bins of kinematic variables
(m, t)

Benchmark reaction:
TP — TR p
— sum of 8 isobar channels, inS, P, D
wave + exotic signal

— CLAS12 acceptance projected and
fitted

— The results are stable against
acceptance distortions

— PWA is feasible in CLAS12!

‘ Black = generated blue/red = fit t=0.2 GeV? (0.5 GeV?)

‘ a,— p 7 (D-wave)

a, — p 7 (S-wave)

a, — p 7 (D-wave)
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BARYON SPECTROSCOPY IN
PHOTOPRODUCTION REACTIONS:
EXPERIMENTAL RESULTS FROM CLAS



The updated spectrum of baryon resonances

 No new baryon resonances in PDG until
2010, all based on N scattering or
photoproduction only

 Now all new photoproduction
reactions results are included

* Complex multichannel models for PWA
analyses exploited (Bonn-Gatchina, ...)

CLAS Collaboration, PLB750 (2015) 53

o
o

predictions

e
o

PWA fit

o
o

clog‘ﬁ

\ W =1.640 - 1.660 GeV

ur*_t’ Mt

il Il
I I 1

W =1.640 - 1.660 GeV

1 1 1
-0.5 0 o 0.5
cos(® )

— SAID ST14

— JiBo 2014

— BnGa 2014

Particle Data BnGa Particle Data
Group 2010 analyses Group 2012
N(1860)5/2+ * o
N(1875)3/2— bl o
N(1880)1/2+ b b
N(1895)1/2— b o
N(1900)3/2+ * o e
N(2060)5/2— e b
N(2150)3/2- b b
A(1940)3/2— * * >
I W= 1.90:) -1.940 GleV / \ l N 2.14l0 -2.200 Gle\." /
- — /_’wlp \\ o \ /
L N \/\ /11“\+ ? *\/Q N A L.
'y 'v*’ii ’,&&“ R V;’,{; Study of Helicity
Lo Tf tel /ey ;J__\J ,\+¢ .
= Yol Y Asymmetry E in
: YP— TN

Many quality new data: finer;’--

binning, tighter constraints :
for PWA afalysis




Search for parity doublets

High mass mesons and baryons are
often observed in parity doublets
with the same spin, opposite parities
and about the same mass

— Chiral symmetry is restored in highly
excited resonances?

— A* spectrum:

A(1910)1/2* A(1920)3/2°
A(1900)1/2° A(1940)3/2°
A905)5/2¢  A(1950)7/2% (¥*%*%)
A(1930)5/2° AQR200)7/27 (¥)

— Evidence for A(2200) 7/2- (*) from

coupled-channel analysis

(Bn-Ga on CLAS+CBELSA /TAPS data)
* m=2180 MeV

* Mass, width and decay modes disprove
chiral symmetry restoration
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Q2 evolution of the transition form factor‘:l‘?ga

CLAS Collaboration, PRC 80, 055203 (2009)

° EIECtrOprOd uction can be CLAS Collaboration, PRC 86, 035203 (2012)
used to explore hadron Electro-couplings of “Roper” N(1440)1/2* clo3p
structure at different o Jexery

n N ) . () +
wavelengths (Q?) > 60 j 7 e ® nm!
S i/ = pTUtTt
r?o 40 - ," .
. Z 20 N
 Hybrid model 2ol E '.
predictions: P E . R
— Steeper drop in the 40 A prty] T ¢ =
transverse helicity -60 i .
H I AR R AR R N P
amplitude A, ), 80 s 4
— Suppressed longitudinal Q" (GeV")

amplitude S, ,

* Hybrid model inconsistent with experimental
results

— Internal consistency of Nt and Nt data

Q
LI B o

— nrQM fails to reproduce low Q? behaviour ‘
— A/, changes sign and has large magnitude 40

— N(1440)1/2*: interplay of the g3 core (first radial
excitation) and the outer meson-baryon cloud
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New strange baryons at CLAS  cloes#
* Study of = and excited states in yp—K*K*X, K*K*rX

— gllarun: CLAS Collaboration, PRC 76, 205208 (2007)
* clean signals for £(1320) and Z(1530), 10:1 ratio ¢ ;
2 2500f
— g12 run: 2 zo0o;-
* total production = cross section (3.5-5.4 GeV). S
10007 M2:1.6378 + 0.0009
r | :122::%;105+00011
— Only Z(1530) significant soof i
. ;MMW*“ MWX
— Upper limits for = excitations production: e PRI F T S e W A 1
= MM(K*K™) (GeV/c?
» =(1630): 0.78 nb (er)eevey.
» Z(1690):0.97 nb _
» £(1820): 1.09 nb O 610V
=30 \’X‘ M:1.5392 = 0.0014
yp — = KTK™* s o5l r-0.015 « 0.005
J. Goetz, UCLA, 2016 Total cross section E - N:-71= 26
D O 20 . 2MNdf: 30.0/ 31.0
Ed e L et
: b ﬂtH
']_ 11 Ll .|"'|- iF‘H:ﬁ:l:l_:l:l_l_L
: - i i i 15 155 15 165 1.7 175 1.8 135 1.9 1.95
R M%) (GeV/cd)



CLAS12: the “Very strange baryon” program

Goals: high statistics
measurements of (- and =

excitations in photoproduction

reactions

— Strange quarks multiple
production from the sea

— Helicity asymmetries

— X polarization

— N*, Y* excitations properties
— Excited cascades and €2

Equipment: CLAS12 + Forward
Tagger

Reactions of interest:
- vp— K'Kp
— vp — K*AnY
— vp— K'KE, & — A

W 2 R

=(1530)

=(1820)

00—

4
clasy®

> Forward Q-

Detected
particles

K'KK°
K'K'KK-
K"K
KK

KKKp

Measured
Decays

o

[1]

=-(1530)

=-(1820)A

Overall
Efficiency

~3.9%
~0.5%
~9.3%

~7.4%

~0.63%

Rate/hr

~3.6
0.5
~440

~140

~6

Total
Detected

~7k
~1k r
~0.9M

~270K

~12K

projections for 80 beam days @ half field
30
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Summary and conclusions -
Still many open problems in light hadron spectroscopy
— Mesons: e
* the scalar/pseudoscalar/axial sector
* radial excitations with open/hidden strangeness
* existence of exotics, ... S
— Baryons: l
* N* and A* missing resonances i
e parity doublets 2 : v
* (very) strange baryons excitations Eglh,

* Baryonic hybrids and exotics
* transition form factors, ...

At JLAB: high intensity, linearly polarized real (by brehmsstrahlung, Hall D) ax :",:;“‘{j.r-
virtual (by low Q2 electron scattering, Hall B) photon beams o

CLAS12: excellent PID and momentum resolution = high performance detector

Abundant and high quality data expected to perform solid PW analyses =
robust analysis framework (tested on older data by CLAS)

First class quality data and results expected soon!
2t
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