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* The mass of the universe is mainly due to hadrons (nucleons forming nuclei)

* Quark masses only accounts for a small fraction of the nucleon mass: 99% is
generated by dynamics of QCD confinement

nucleon
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Why hadron spectroscopy

* Quantitative understanding of quark and gluon confinement
* Revealing the nature of the mass of the hadrons

X See the QCD degrees of freedom at work

* Validate lattice-QCD predictions

Perturbative Transition Non- Perturbative

Asymptotic Low energy
freedom Large distance Confinement

Effective
degrees
of
freedom
(models)

High energy
Small distance
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X, P’

- weaker than strong interactions

- therefore calculable perturbatively _q™q, = Q2 = photon virtuality q,=virtual photon N, N N ete.

- based on the well-known QED s = CM total energy momentum
t = momentum transfer

The scattering is normally analyzed in term of
the One-Photon-Exchange approximation (OPE)

e Direct Y, - qqq system coupling

Baryon e Establish the excitation spectrum
Spectl"oscopy * Access to strong interaction dynamics (Q? evolution of
resonance form factors)
JLab today!
Meson ® qq system — easier to study
SPECtI’OSCOpy * Access to gluonic degrees of freedom

* towards a quantitative understanding
of quark and gluon confinement

JLab tomorrow!
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Constituent Quark Model

Consider light
quarks:
u,d,s

* Quark-antiquark pairs with total spin S=0, | _
and orbital angular momentum L qgMesons

cinaania

The L = 0 boxes include
— L +S 2 nonets each and all others
J - include 4 nonets each

sl
évl'\‘é S=5*5,
S

P=(-1) C=(-1) b

Not all the J°© combinations are allowed:
0** 0" 0* O I*F 1™ |- |-2%" 2% 27 2~ 3% 3% 37 3~ ...

* SU(3) flavor symmetry
— nonet (8@ |) of degenerate states

: . akff
JFe=0* = (1,K;n,Nn’) S5H . B / b K h h

- = (p,K¥Ww,d
(p’ M ) Threshold positions &

T+ ’ shown forthe
| = (bl,K|,h|,h| ) molecular states

p,K*,0,0

_ TKnn'

* Great success in describing the lower mass states 23405 (9q angular momentum)

* A number of predicted states is not experimentally observed and assighments are uncertain
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* Understanding gluonic excitations of mesons
and the origin of confinement

* At high energy experimental evidence is
found in jet production

* At lower energies the hadron spectrum
carries information about the gluons that
bind quarks

o
o

* Can we find hints of the glue in the meson
spectrum/?

Search for non-standard
states with explicit gluonic
degrees of freedom

o
o

T
=
L)
S
2
©
S

Not-allowed |’¢ = 0—,0%, |-*, 2" ..

Unambiguous experimental signature for the
presence of gluonic degrees of freedom in

hybrid mesons the spectrum of mesonic states

qggMesons

B T EEE—

s||ogan|9
spluqfH

The L = 0 boxes include
2 nonets each and all others

include 4 nonets each regular meson

S3|N23|0 UOSS —UOSIN

N =G
(O

Threshold positions are
shown forthe
molecular states

(qq_angular momentum)
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Flux tube model Normal meson:  Hybrid meson:

: > ) flux tube in flux tube in
* Gluonic field confined in a tube between q and anti-q ground state excited state
* Linear Regge trajectories m=0 . m=| s
* Hybrid mesons as transverse oscillation of the tube CP=(¢1) o CP=(-1) . .
* Flux-tube breaking give rise to meson decay 9 9\e "\. Lightest multiplet
q per (0.1,2)%,(0,1,2)",
|- 1**
Bag model

* Quarks confined inside a cavity
* Full relativistic

= Lightest multiplet
* Gluonic excitation: gluonic field modes by boundary conditions (01,21~

CQM + constituent gluon
* qq + massive transverse quasi-gluon (J,"5<g)
* Gluon adds in relative S-wave to a qq pair is S-wave or P-wave

qq in S-wave + Lightest multiplet qq in P-wave + Lightest multiplet
JeH8<8=1-in S-wave (0,1,2)™,1* |Bas BRSNS 07,(17)%,(27)%,37,0,0, 17,2

| +-

* Repulsive 3-body force selects J,"s<8=

qq in S-wave + Lightest multiplet qg in P-wave + Lightest multiplet
. =+
J¢PECe=1*- in P-wave (0,1,2)*,1- PR RN EVETT o (1+)%,27)2,3%, (0,1,2)*
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Lattice QCD calculations

I s, in blue: overlap with
B (o x D3 D, JPC=1-* operator

J=

L (o x VL) i, interpreted as

[ - = qq in S-wave +
= EI JeP8“&=1*"in P-wave

| * Interpretation in
pror e ‘ -_ term of CQM +
| Gluon field

=y * Dependence on

g7 P - Lattice size
qe7 D '

. CJqeq F !
@\‘ P Pion mass = 700 MeV | @mwc | : Dependence on
- 7qqg? . plon mass

Standard

1+- 0++ 1+t 9t 3++ qtt 3+—

0t1 2 "3 "4 27tg

J.Dudek et al Phys.Rev.D82 (2010) 034508 J.Dudek et al., Phys. Rev. D84, 074023 (201 1)

UKQCD 9%
MILC 97
MILC 03
CSSM 05
SESAM 99
UKQCD 06
MILC 03
LATHAD 10

mass (1) [GeV]

v v b b b b b P b v e b v ey
025 05 075 1 125 15 1.75 225 25
mass (1) [GeV]
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negative parity positive parity Exotics

=F & Lattice-QCD predictions
, Spkeww® for the lowest hybrid
+—
! states

0" ~ 2.0 GeV
|-+ ~1.6 GeV

Hybrid mesons and
My = 396 MeV glueballs mass range:

isoscalar wmem
e 1.4 GeV - 3.0 GeV

isovector
YM glueball

This mass range is accessible in photoproduction experiments with a beam
energy in the range 5 GeV < E <|2 GeV

Perfectly matched to JLabl2 energy!
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Jefferson Lab (yesterday)

Recirculation
Arcs

E ~ 6 GeV

max

" ““FEL Faciliy 1 ax ~ 200 pA
0.4-GeV Linac Duty Factor ~ 100%

r 0.4-GeV Linac O E/ E ~ 2.5 10-°
““Hellum R N7

‘:'-Refrlgeraror Beam P ~ 80%

EY ~ 008-507 Gev

45-MeV Injector

~ Extraction
Elements

End
Stations
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Jefferson Lab at 12 GeV

‘GlueX Detector

20 cryomodules

cryomodules

Enhance

equipmen tin Beam Power: | MW
existing halls Beam Current: 90 pyA
Max Pass energy: 2.2 GeV
Max Enery Hall A-C: 10.9 GeV
Max Energy Hall D: 12 GeV

M.Battaglieri - INFN GE
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Meson spectroscopy with photons at JLab-12 GeV

e Determination of JPC of meson states requires PWA
e Decay and production of exclusive reactions
e Good acceptance, energy resolution, particle identification

Hall-D - GlueX Detector . Go.od hermeticity
* Uniform acceptance

¢ Limited resolution
GlueX Detector S« Limited plD

barrel
calorimeter

Hall-B - CLASI2 Detector

Region 3

ki

I ] Region 2 I

11 Region 1 .-

time-of
-flight
target (BCAL) ({TOF)

(LH2)
upstream

veto

sk,

Solenoid

Cerenkov
counter

wire tracking L GOOd resolution
chambers ~ GOOCI PID

superconducting

magnet * Reasonable hermeticity
* Un-uniform acceptance
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% Photoproduction: exotic |°© are more likely produced by S=1 probe

excite
the

glue

N
produced hybrids produced hybrids
are not expected to be exotic can be exotic

Need spin-flip for exotic quantum number No spin-flip for exotic quantum number

: ; é 2 > A.Afanasev and P. Page et al. PRAS7 1998 6771
% Linear polarization acts like a filter to disentangle the [t EEREELEHIEIES

production mechanisms and suppress bg vyp—> X"n

‘\ regular mesons @ Ey = 5GeV
\_—  x=a

Exotic meson @ EY = 8GeV
X =n,(1600)

% Production rate for exotics is expected comparable as
for regular mesons

=
=
=
o
2
w
@z
£
=

% Few data (so far) but expected similar production rate
as regular mesons

—t [GeV/c]
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Meson spectroscopy with photons at JLab-12GeV

Photon beam requirement With a 12 GeV electron beam
* High luminosity only few choices
% Tagger (initial photon energy) is required to add 'production’
information to decay - Bremsstrahlung (Hall-D)
* Linear polarization is useful to simplify the PWA and - Low Q2 electroproduction (Ha||-B)

essential to isolate the nature of the t-channel exchange

The Hall-B real photon tagger

Focal Plane,

384 Front
Counters
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Meson spectroscopy with photons at JLab-12GeV

e

Coherent tagged Bremsstrahlung in Hall D x—%eveiectrons

&= A
- Incoherent & coherent
B spectrum
Performance i
I 40%

(05 B 095) Epeam — 6 < Eg <1l GeV N polarization
(I0MeV resolution) P | in peak

Photon Flux ~ 107 - 108 g/s v B
30cm LH target = L~ 103! em™%s”! - [ collimated

Linear pol ~ 50% - 15% (collective)

photons
out

Data for PERP 1.3GeV
Qalculaﬁon :

diamond
crystal

Well established technique: =*f \ A 4
Hall-B polarized photon beam = stz ssar——mt0——s0

Photon Enerav (MeWVl

" electrons in
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Hall D Forward Drift Chamber g Hall D Central Drift Chamber

(Jlab) '4 (Carnegie Mellon)
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e’

; Forward Tagger 0.5 - 4.5 GeV

LA 0 2545
e g, 0° - 360°
_— 6.5 - 10.5 GeV

/ Q* ] 0.01-03GeV” (< Q%> 0.1 GeV?)
N 3.6 - 4.5 GeV

% Electron scattering at “0” degrees (2.5° - 4.5°)
low Q? virtual photon & real photon

% Photon tagged by detecting the scattered electron at low angles
High energy photons 6.5 <E < 10.5 GeV

% Quasi-real photons are linearly polarized
Polarization ~ 70% - 10% (measured event-by-event)

% High Luminosity (unique opportunity to run thin gas target!)
Equivalent photon flux N, ~ 5 10° on 5cm H, (L=10° cms')

% Multiparticle hadronic states detected in CLASI?2
High resolution and excellent PID (kaon identification)

Complementary to Hall-D (GLUEX)
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The Forward Tagger for CLAS|2

Scintillation
Hodoscope

\\
ke ¥
\

&X\D implementation

FT-Cal: PbWO, calorimeter FT-Hodo: Scintillator tiles  FT=-Trck: MicroMegas detectors

electron energy/momentum veto for photons electron angles and polarization plane
Photon energy (V=E-E') Edinburgh+JMU+NSU Saclay + Ohio

Polarization €' = | + VZ/2EF’
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FT design, prototyping and construction

Motherboard

Cooling Pipes

Thermal Shield
Preamplifier

Support Rails

22 W @

i

EEELEEEEEEEEEFFEE R EE R

LED Calibration System
and Support

2340)
4 (D) 1313040
J 030403 0b0FOED 403
/ ETeD20- 020+ 0r 30+ X
‘
) Crystal Supports

RN BT
|

:
%
/i

b
i
7

! ?u.g.’u.u.n 0050
.nz {g.g?u.u.a?u.gz
3030050+ 0
04031030

LNF-BTF Protol 6 Test

ro/i Energy Resolution
N7/ A% 4

7

1000

Energy (MeV)

spectroscopy at JLab M.Battaglieri - INFN GE




Reference reaction
YP 2 (h) w1

X Possible evidence of exotic meson TT(1600) in
TTp = p TI'TU 11" (E852-Brookhaven)

* Not confirmed in a re-analysis of a higher
statistic sample
* Now confirmed by Compass

* Simple final state with low bg

- -
o N
o O

)
,(1600);

Events/40 MeV

I—)
)
"}'{"+'{'+++ H&. ++

1.2 14 16 1.8 : 1.2 14 16 1.8
M(t*r*r) (GeV) M(r*n*n) (GeV)

S
Events/40 MeV

171" P-wavepn (M- m-m")

A high wave
A low wave

-
n

A high wave
A low wave

~
>
(]
O
(V]
N
Q1.0
o
=
X
v
e
c
]
>
Q

ADRYT 171

1.6 1.8 . 1.4 1.6 1.8 2.0

M[3n] GeV/c? M[3r] GeV/c?

Clear evidence of non-exotic 27" state ay(1320
No-evidence of exotic |-* state TT,(1600)

Relevance of baryon resonance background
PWA in CLAS is feasible!

Another example is Yp = pTT"T1™
(R. De Vita talk yesterday)
and Yp = pK*K™ (S.Lombardo)
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YP— NT T+ Tr
* The process is described as sum of 8
isobar channels:

as — p 1 (D-wave)
ar — p T (S-wave)
a; — p 11 (D-wave) :
T2 — p 11 (P-wave) R S W S :
M2 — p 0 (F-wave) SIS
T2 — fo T1(S-wave) 1l |
T2 — f2 11 (D-wave) ‘
1 — p T (P-wave) (exotic)

* Amplitudes calculated by A.Szczepaniak

n1— p n (P-wave
and PGuo (exotii:) ) 3 All waves

e CLASI|?2 acceptance projected and fitted . "

* PWA is stable against CLASI2
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Black = generated blue/red = fit t=0.2 GeV? (0.5 GeV?)

1T 12 14 18 18 22
3t Invariant Mass [Gevic®)

acceptance/ resolution distortion

PWA in CLASI2 is feasible!




* The unprecedented statistic and data quality requires an adequate analysis
* PWA is on the boundary between experiment and theory
* We need to develop a strong analysis framework

* Beyond Isobar-Model

*Exploit the high statistics and
coupled-channel analysis

accuracy of new data set
PWA in s and t bins + polarization
observables (++ beams)

*Analyze existing photoproduction data:
T, N, n’, TITT, TN, TTN’, WTT ...
*Include baryon vertex in the amplitude description

NTT, NN, Nn’, NTrTT, NTTn, NTTR, NOWITT .. * Effective Lagrangians can be used
now to provide a microscopic

interpretation

*Use Regge theory to parametrize amplitude properties:
analiticity, unitarity, FSI
*Use a combination of :
*Regge Born with low partial wave removed
*Explicit resonance parametrization in low waves
*FESR to constrain parametrized waves

The ultimate test: Desiderata from LQCD:
LQCD predictions calculation of ‘observables’ obtained within Regge theory
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How to develop a strong analysis framework!?

* Implementing reliable amplitudes Prepare the framework

* Check amplitudes with existing data for future experiments

* Developing common tools and procedures: Establish shared

* Common PWA framework across different experiments (eg AmpTools) procedures and test:
* Wider data access and distribution to claim a discovery
* Computing: fitting procedures, GPUs, etc. of new physics

*Learning & teaching

* Promote exchanges between experimentalists and theorists Promote a two-ways
* “HS data analysis for dummies” and “HS theory revealed” communication
* Workshops and schools to share expertise and establish common rules EXP-THE

International Workshop on

S NS T T O ———_ U = W3 . I 7. -5 " 2
ECT* European Centre for T ATy o\ T . Jefferson Lab Advanced Study Institute NEW PARTIAL WAVE ANALYSIS ATH OS 2 D 1 3
BENY SUrpeEnOeniRor Fhedtotcal oo keRRAE Fliikics EXTRACTING PHYSICS FROM 198 TOOLS FOR NEXT GENERATION May 21 - 24 + Koster Seson

HADRON SPECTROSCOPY
O PEOPLE @ ECT O REACHING ECT* O INFORMATION FOR VISITORS PRECISION EXPERIMENTS:
Techniques of Ampli eAuahgzs

YB -XPERIMENTS

i WD A ‘ r— . LA o™ 22 | New Partial-Wav s Tools for Next
** ** HASPECT week - Genova - November 27 - 30, 2012 W o y'“'w}: g Al ! g : Generation Hadron e TN

LG T o 3
* m** Participants Marco Battaglieri, Andrea Celentano, Raffaella De Vita, Stuart Fegan, Sal Lombardo, \ﬁnoenlURG' VIRGIN IA, uUs. A
kK
L.

Jean-Marc Laget, Adam Szczepaniak, Andrea Vassallo

20 1 1 CO nfe rences, WO rkShOpS Remote connection Dave Ireland M‘Y w'- 2012

Agenda DRAFT Inesday, June 13", 2012

A litude Analysis in Had, s t Tuesday, November 27
mplitude Analysis In Hadron ectrosco - . 5
HOME P Y P 24 e e Vincent and Andrea meeting for eta-pi channel e analysis of precision experiments at BESIHI,
Poster Program Talks Rep . . . JLAB@12 GeV, and PANDA@FAIR, Thomas
* o Sal and Marco meeting for moments analysis . B s %
EC( al Accelerator Facility [JLab) is organizing a =
Wednesday, November 28 ced course covering Techniques of Amplitude 2 = il June 20-22, 2012

. Analysis, aimed at postaoctoral researchers 4 7 -
¢ Morning and advanced doctoral students in B CarnoQ"- Italy

nuciear and particie physics. e, gl vovge.ninit~athos12

MEETINGS Organizers:
Decrosar Tramma Proarar
TALENT

LOGIN C. Hanhart (Institut fuer Kernphysik Forschungszentrum Jdlicl : © —— LECTURERS:
! bk Chung INFN

JOoBS M. Pennington (Jefferson Laboratory) ° "_s Jome! Dudek L
. ces: Saslion Kubk:

AuroraScience E. Santopinto (INFN, Genova) — * Afte ety Lo
s Ariimo Pokano

Brion Meocows.
ASSOCIATES AN === ) | -
U. Wiedner (Ruhr University) - - * 15:00-16:00 Focused discussions: Andrea V. Elena and Adam Vo Pebes ™ Jefferdon Lab
LINKS - « 16:00 - 17:00 Focused discussions: Jean-Marc , Elena, Andrea V. and Vincent on Regge theory MchostPerringfon .
Ronakd Workman

A. Szczepaniak (Indiana University) * 10:00 Beginning of the meetin

Sponsors

INDIANA UNIVERSITY

Secretary in charge: Ines Campo Thursday, November 28

a ARD AREA * Mori
B[O D Morning
* 9:00 - 10:30 Individual meetings pr—. Y \
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HASPECT: Act locally but think globally!

G IObaI Strategy: Hadron Spectroscopy Portal HOME EXPERIMENTS ANALYSIS THEORY MESONS LINKS

*Creation of twin and parallel centers for both analysis fgisgonlap.... F-“R@“S“C NP S
and theory development
*Collaboration and exchanges: personnel, short visits, ...

TWO PIONS PARAMETRIZATION

2 . 5 5 . ? Commaris Description
* C O o rd I n atl O n V| a J La— b Pys I C S An a Iys I S C e nte r T The =+ amplitude depends on Fwo variables, the invariant mass squared ~ and the scattering angle in the center of mass ¢ . Final states
*Creation of a “Hadron spectrum” working group o0k e e

ions (s, 8) do not depend on the isospin projection. The angular

~(2)
I (
i e isospin functi :
=1 ence is rized vi ave ex| ion:
- : Is.0) = (2x) S (2 + 1) Py(cos 0)F " (s).
G |aS OW ( n : factor 2 comes from Bose symmetry between the two = and the sum runs on even (odd) / for even (odd) isospin / . For 7' 7 there
dlnbU rgh factor o ul um is also restricted to angular momentum of given parity by conjugaison charge. In term of phase shift 4 ,
( [y pow
” \ asticity 7/ and bre omentum 15 = 3v/& M5 e have for each wave:

B iji \ ‘.:“is efined to stal : a res:".:} - V'Mathieu
HCb COMPASS f' * @ . :
North ‘ v
Qcean HAE,':E%T @ © North Pa

Ph)’SICJ:_i\l?TiI)’SIS i Af poces .
llcd | XCommon funding plans:

Center
' Gg-.ﬁa  European-FP7 (EU calls and
' - ~ local): HPH, Synergy grants

" Indian Ocean
South Pacific , d * * DOE-Topical -collaboration

Ocean South Atlantic

. L proposals
i‘}ﬁé \ * Helmholtz Virtual-Institutes

4
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* Recent LQCD results renew interest in Meson Spectroscopy

* Comprehensive meson spectroscopy program at JLab (Gluex & CLASI2)

X Full angular coverage for multi-particle final states with Gluex in Hall-D

* Exotics and strangeness-rich mesons search with CLASI2 detector exploiting
excellent resolution and particle ID

% Bremsstrahlung and Low Q? electron scattering to produce a high intensity,
linear polarized, real (Hall-D) and quasi-real (Hall-B) photon beam

* New analysis framework: global effort to provide a robust analysis framework
(PWA, amplitudes, FSI, ...)

Dedicated detectors and high intensity photon beams at
JLab-12 are under construction, ready to run in a near future!
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*Studies at large W (~100GeV) show a smooth transition between Q?=0 and Q?= 0

Tested in CLAS
ep~pPYYYYX

VMD + GVMD + Dir --------~
Total ry

f.(980
"“( f () 1270) a1(980)
f

i ﬁ

¥, \
V] f

2.50 x2! 0%@

350 x2%s ®° BLemrv o o oo

. M__(GeV) . M_, (GeV)
Well known technique used in hep ep= p () ep= p TN’ (e)
Q2<W2
COMPASS <l GeV2 <Q2 ~ 10" GeV2 Bright meson peaks show up
ZEUS: ~ 107 —0.02 GeV2 <Q2> ~5 10 GeV?2 The technique works!
HI: <2 GeV?
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Exp-11-005 “MesonEx”

Study the meson spectrum in the |-3 GeV mass range to identify gluonic
excitation of mesons (hybrids) and other quark configuration beyond the CQM

* Hybrid mesons and Exotics * Hybrids with hidden strangeness and strangeonia

* Search for hybrids looking at many * Intermediate mass of s quarks links long to short distance
different final states QCD potential
* Charged and neutral-rich decay modes * Good resolution and kaon Id required

*YP—P3TMYpP—=pNT,.. *YP?pTyYyp—=pbnyp—p2KT,..

* Scalar mesons

o Poorly know f, and a; mesons in the mass range 1-2 GeV

* Theoretical indications of unconventional configurations (qqqq or gg)
*Yp—p2mLyp — p2K,...

* Decay and production of exclusive reactions,

different final states (charged/neutral) Requirements
* Detector requirements: good acceptance, energy 1) High intensity 6-10 GeV photon beam
resolution, particle Id 2) 4T detector

* |dentification of exotic configuration via PWA
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* Extensive and systematic investigation of CLAS|2 capabilities

Expected results Expected yield 80d run

Red = half-field

Y p — p Res(M=1480, [=130 MeV) ¥y, Blue = full-field
- podm— pKH(K)YY | |

* Unusual BR in ¢11 (OZI suppressed)

* JPC=]- g ~ 10nb

* Tetra-quarks or hybrid

* CLASI2 acceptance ~ 10% ° o, (even

* Analysis in progress:
YP?PTH
* A.Celentano (Genova) PhD Thesis
* Amplitudes provided by V.Mathieu (ECT*) and A.Szczepaniak (IU&|Lab)

* Preliminary analysis on CLAS6 data to fix parameters
* Full projection on CLASI2 and PWA

YpP = PTIN, Yp = PTIW,Yp = pTIP,Yp = pNP,Yp —* pkkTr, yp = pkktrt, yp = pkkw
* Theoretical support: A.Szczepaniak,V.Mathieu, E.Santopinto (INFN-GE), A.Vassallo (GE)
e S.Fegan (INFN-GE),A. Filippi (INFN-TO), S.Hughes (Edinburgh), S. Lewis (Glasgow),
S.Lombardo (lU),A.Rizzo (RomaTV), L.Zana (Edinburgh)
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Jefferson Lab (now)

Recirculation
Arcs

E ~ 6 GeV

max

" ““FEL Faciliy 1 ax ~ 200 pA
0.4-GeV Linac Duty Factor ~ 100%

45-MeV Injector

r 0.4-GeV Linac O E/ E ~ 2.5 10-°
““Hellum R N7

‘:'-Refrlgeraror Beam P ~ 80%

EY ~ 008-507 Gev

~ Extraction
Elements
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Jefferson Lab at 12 GeV

add Hall D
(and beam
line)

Upgrade magnet
and power
supplies

20 cryomodules

cryomodules

Enhance

equipmen tin Beam Power: | MW
existing halls Beam Current: 90 pyA
Max Pass energy: 2.2 GeV
Max Enery Hall A-C: 10.9 GeV
Max Energy Hall D: 12 GeV

FT

2

CLASI
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