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What we do not know

|. What is the nature of the mass of hadrons?
Quarks account for only 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!?
2. Which are the relevant degrees of freedom?

At high energy, phenomena can be described in terms of quarks and gluons; at low energy, we observed baryons and mesons: what are the real degrees
of freedom, and how does the transition from small to large distances occur?

3. What is the origin of confinement?
Are quarks confined within colorless objects? Can we prove and explain it?
4. Do quark configurations beyond qqq and qqg-bar exist?

The theory of strong interactions does not prohibit hadronic states with different quark configurations (5q, gg, 2qg). Can we find evidence of the
existence of such states?

Perturbative Transition Non- Perturbative

L
arge distance

Effective
degrees
of

High energy Asymptotic
Small distance freedom

Mesons
&

freedom Baryons
(models)

Studying the spectrum of hadrons is a fundamental step to understanding the characteristics of constituents and forces
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What we know

Observed mesons and baryons well described by Ist principles QCD

mesons

o9

baryons

Quarks are confined inside colorless hadrons

they combine to 'neutralize’ color force

My (Z set)

My (Q set)

Science 21 Nov 2008:
Vol. 322, Issue 5905, pp. 1224-1227
DOI: 10.1126/science.l 163233
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with fully controlled uncertainties.

Ab Initio Determination of
Light Hadron Masses

S. Diirr,* Z. Fodor,? J. Frison,* C. Hoelbling,?** R. Hoffmann,? S. D. Katz,*>
S. Krieg,” T. Kurth,? L. Lellouch,® T. Lippert,®> K. K. Szabo,? G. Vulvert®

More than 99% of the mass of the visible universe is made up of protons and neutrons. Both
particles are much heavier than their quark and gluon constituents, and the Standard Model o
particle physics should explain this difference. We present a full ab initio calculation of the

masses of protons, neutrons, and other light hadrons, using lattice quantum chromodynamics.
Pion masses down to 190 mega—electron volts are used to extrapolate to the physical point,

with lattice sizes of approximately four times the inverse pion mass. Three lattice spacings are
used for a continuum extrapolation. Our results completely agree with experimental
' observations and represent a quantitative confirmation of this aspect of the Standard Model
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What we know (light q)

Constituent Quark Model

* Quark-antiquark pairs with total spin S=0,| and orbital angular momentum L « ?
S=§,+S,
P=(-1) ¥ C= (-1) L¥s

Not all the JPC combinations are allowed:
24+ Q- Qe 2 3 3+ 34 3

J= L+S

N
(&)

0++ O+- 0-+ 0__

|++ |+- |_+ I--

mass (GeV/c?)
N
o

JPC: 0+

= (MKn,n’)
= (P.K*,w, D)
= (b,K,hyshy)

* Great success in describing the lower mass states

Consider light

quarks:
u,d,s

qgMesons

Sinaania

The L = 0 boxes include
2 nonets each and all others
include 4 nonets each

C akff
;w/////’//// b,K,hh

' lsi Threshold positions &

shown for the —_—
molecular states

p.K*,0,0
: / T.Knn'

(qq angular momentum)

. but, a number of predicted states is not experimentally observed and assighments are uncertain

ob
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The gluons and the hadron spectrum

* Understanding gluonic excitations of mesons and the origin of Meson spectrum
confinement

ggMesons

* At high energy experimental evidence is found in jet production ‘ ’

S||0g3Nn|H
splugiH

The L = 0 boxes include

* At lower energies the hadron spectrum carries information about 2 nonets each and allothers
the gluons that bind quarks

D

regular meson

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

S3|N23|0 UOSON—UOSSW

©Ce

tetraquarks

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

Threshold positions are
shown forthe
molecular states

Not-allowed JPC = 0-,0*, |-+, 2% .

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

(qg angular momentum)

h)’bl"id mesons the spectrum of mesonic states
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Light q spectrum from lattice QCD

Standard
mesons-

]

1t 0++ 1t+ 9tt 3++ qtt 3+—

®\‘ P Pion mass = 700 MeV

0-t 1772773 4 27tg4 Tt
J.Dudek et al Phys.Rev.D82 (2010) 034508 ].Dudek et al., Phys. Rev. D84, 074023 (201 I)

hooo

m, = 524 MeV m, = 444 MeV my = 396 MeV
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J.Dudek et al Phys.Rev.D82 (2010) 034508 |.Dudek et al., Phys. Rev. D84, 074023 (201 1)
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Light q spectrum from lattice QCD

; 3g . .
I P g in blue: overlap with JPC=|-* operator

J=1 3 . .
B (oxr x DFL,)" " Dy interpreted as qqg-bar in S-wave +
B (mr x DI iy, Jg'e-e=1"-in P-wave

1-+ ot 2t~

— Standard * Interpretation in term of CQM
mesons- . — Exotics 1 | + Gluon field
[m Qb 1+ g g gt 3e = | * Dependence on Lattice size
CJqg D : :
pi 700 Mev | 225 - * Dependence on pion mass
ion mass = eV | @wuc : .

— * _
0 F17—2 3 4~ 27t4 | E59ag9” |

o

= = T

UKQCD %6
MILC 97
MILC 03
CSSM 05
SESAM 99
UKQCD 06
MILC 03
LATHAD 10

O

mass (17) [GeV]

1.5
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mass (1) [GeV]

m, = 702 MeV | m, = 524 MeV | m, = 444 MeV | m, = 396 MeV 1
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Light q spectrum from lattice QCD

Dudek, Edwards, Guo, and Thomas, PRD 88, 094505 (2013)

negative parity I positive parity [ exotic
T 1 Lattice-QCD predictions
for the lowest hybrid

states

-] i _'
-
a ;; ‘ : j; . | 0+ ~2.0 GeV
I - 1 | |-+ ~1.6 GeV

Hybrid mesons and
glueballs mass range:

|.4 GeV - 3.0 GeV

This mass range is
accessible in current
- experiments
£ | (CLASI2 and GLUEX
oo [ soscalar I | @)Lab)

qq pair .
1sovector

tht@St ] ++

hybr,ds QCD inspired (f;;?)‘:"z‘g'i‘i"_ r m.- = 391 MeV )

picture mass = 1.0-1.5 GeV 243 % 128
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NPQCD in action

A side note: invariant mass spectrum of (3TT) system measured at:

CLAS6 COMPASS
3<106

- |
L a,(1260) |

M(rt7t ") (GeV/c?) a,(1320)
5 z 5 2

—
~

[Entries: 510486 |

PRELIMINARY ..... ........... N

<
N

~
A
Q
S~
>
s
Vg
~—
~
0]
~—
a
O
>
88

7,(1670)

S
bo

'

| l ; l ; l : — | 1 1 1 1 L 1 1 | | I L 1 1 1
.8 1.0 1.2 14 1.6 1.82 2.0 2.2 ) . 2 2.
4ot — -
M(mtrtn™) (GeV/c?) m,, [GeV/cz_

YPp 2 (n)TTTTTT p = (p)TTITTT
E, =5 GeV En= 191 GeV
Despite the significant difference in beam energy, the two spectra are similar showing the
resonances dominate the spectrum below 2 GeV (low energy — non-pQCD)
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Quasi-real photoproduction with CLAS|2
(Low Q2 electron scattering)

Forward Tagger

e’ %
/ / .
™ v
- q
<

% Electron scattering at “0” degrees (2.5° - 4.5°)
» low Q2 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=103> cm-2s-!)

% Multiparticle hadronic states detected in CLASI2
» High resolution and excellent PID (kaon identification)

Complementary to Hall-D GLUEX

The MesonEx experiment M.Battaglieri - INFN



Bringing Q2 into the game

D.Dean, this workshop
Scientific vignettes for the 22 GeV upgrade

How does QCD generate hadrons? Are there pure exotic states? Can we harness threshold charmonium . ;
10¢ production to probe proton/gluon P.ROSSI, this worksh OP
! N(1440)1/2* - properties?
1
- v " : P = ; —3 || Bound 3 Quark Structure of N*s and Emergence of Mass
= i . G — A
3 Wl . (virtual J /) ; I
§ ¥ = L 102 . .
8 t t o E Continuum Schwinger Method
‘s t J | st . N(1440)1/2* , | |
< t i | « the solution of the QCD equations of motion
A i 1 L ¥ ﬂ» 3* b [ GlueX Uy Phase- 8 for /g fields reveals existence of dressed
L ¢ , ,f —o— GlueX Jhy 17 GeV S N a/g with momentum-dependent masses.
' ' ++ === ekt b
Q? (Gev?) b A 28 e o SLACdh © 10 Y
L. PRPEN IPRSPS SPEPI T r r S5UII U SRR A | o Y
* Q2 evolution of the y,pN* electrocouplings . 5 1 1 B 1B “ E:_SGCVW 17 Q Y
could offer an insight into hadron mass Direct (photon) F_)mbe_ of the . . . 8 v
generation and the emergence of the N* Z. = J/Ym coupling without Exclusive charmonium production near * v % 0.4
structure from QCD rescattering effects provides threshold probes gluon/mass properties of <> 1 * O
«  Simulations indicate JLab22 is the only unique complementary data to proton (mass radius, gravitational form 1l f = 0.3} LY Dldisad
foreseeable facility to extend these constrain interpretation of e e factors, D-term, anomalous contribution to ) 0.2! LY
measurements up to 30 GeV2 and down to data. proton mass), however R UL L E_ ' "‘*..
a/n=0.15 where non-and perturbative . mina factorization 0 10 20 30 x 0.1} Dressed
QCD coexist. ittt ite el zztle) Q2 (GeV?) S "' quarks -
= assuming two-gluon exchange = 0ot PO —
JSHEereon Lol e « Q2 evolution of the y,pN* electrocouplings 0 1 i é ” 3 4
e

could offer an insight into hadron mass
generation and the emergence of the N*

* Q2 evolution is a key-tool to understand meson structure structure from QCD

% CLASI2 MesonEx will demonstrate the technique + Simulations indicate JLab22 is the only
F ok foreseeable facility to extend these

% Future JLab at 20+ GeV will fully exploit it

measurements up to 30 GeV?
Jefgpson Lab
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The Forward Tagger
and CLASI2

FT-Hodo: Scintillator tiles ~ FT=Trek: MicroMegas
electron angles and polarization plane

veto for photons R e
EdinburghU+JMU+NSU+Jlab acidy ioU+]la

FT-Cal: PbWO, calorimeter

electron energy/momentum

Photon energy (V=E-E')

Polarization &-! =| + Vv2/2EP’

INFN-GE, INFN-RM2, INFN-TO, JLab

The MesonEx experiment
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CLAS12 FT performance

Detector performance assessed on different data set after calibrations based on beam data:
- Energy calibration based on ° 2-photon decay
- Timing calibration based on events with e-y events with e- detected in CLASI2 forward detector

* Full Forward Tagger installed in CLASI2 in Timing calibration exceed specifications (300 ps)
July 2017 Energy resolution ~ 3%@2GeYV still 1% higher than specs due to SICCAS crystal properties but

improved significantly in accuracy and stability thanks to updates to the calibration procedure
* Commissioned with cosmic ray data in July-

November 2017 to study: Elastic e-
* Response of individual detectors , 50000
* Efficiency and energy calibration | |
* Relative timing . OLD: 0~0.0055 GeV2 | T
* On-beam commissioning during CLASI2 0~4:4 MeV : \
engineering run in January 2018

Missing Mass Squared of €', p, n* and

-2.391e+05 £ 2.901e+03
-6.129e+06 £ 4.613e+04

20000/

eI 10000/
1000 1500 2000 2500 E

: : . E (MeV) T |
* Physics running since February 2018: %5 04 03 0z 01 0 o0

e [0.2-10.6 GeV on LH2 from in Missing Mass Squared of €', p, ©* and
2018/2019 Improvements in ZZﬁE ’ E “oz
7.5 GeV on LH2 in Fall 2018 energy calibration 70005 NEW: 6~0.0033 GeV?2 | ocomou s
1 i 6000~ 23230404 + ?J:Ja:?og
* 10.2-10.5 GeV on LD2 in 2019 and 2020 have sizable effect 5000 e
: | in missing mass 4000 | |

Sl resolution from 3000

. 2000
different final states :

R.De Vita
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RGK (7.5)

UNIVERSITY

Difference Between 'Missing' e' Energy and Detected e' Energy VS Detected e' Energy in FT

FT Electron Corrections

— hel d e VS elE
> i = | Entries 104105
s 03— = | Mean x 4.468
@ T aw Mean y 0.03025
. o . = | Std D 0.8671
Geraint Clash < 024 SdDevy 01297
University of York o4t s 50
’ — L [ | - "
C u S e 40
Missing Mass Squared of €', p, * and 7 RG K (7 5 ) OF— U e " - "
- — | | J L ]
= hmiss_all_corrected ‘ Wl — o = 30
25000 — Entries 2851051 : — .
C Mean 0.06345 =
L Std Dev 0.204 C
B %2/ ndf 1852/ 45 —
20000+ po 1.324e+04 + 1.1126+02 -
B pi -0.001049 + 0.000014 -
" p2 0.001743 + 0.000019 —
B p3 8387 +27.3
15000 — p4 ~1.503e+05 + 2.532+03
C p5 1.572e+06 + 6.337e+04
10000/
5000
$:T 1 1 ‘[ 1 1 1 1 —1 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1
5 -04 -03 -0.2 1 0 0.1 0.2 |9|\'/§(e' o np&.a)t[GengS

.
013 Use two pion exclusive

Missing Mass of e', n* and

Sigma £ 1000 =l clectroproduction to check

Std Dev 0.2456

il F T calibration and
corrections

800

Mean 0.9287 +0.0007
Sigma 0.06675 + 0.00126

Mean+3 sigma °®°

400

200

llll[llllllll[llllll

ILLlLl__I_I I llll ll MW"{W“

0.2 0.4L L 10.6 T 10.81 [ 1 TR 11.2l : 1_4 I1 ﬁM(;';Jit [GleV/Cz?

OO
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Photoproduction of hyperons with CLAS12 The MesonEx Ph)’SiCS Pl’ogl'am

Exp-12-008 “Very Strange Experiment”

Meson spectroscopy with photons in CLASI12

Exp-11-005 “MesonEx”

* Excited cascades * Quantum numbers and production Study the meson spectrum in the -3 GeV mass range to identify gluonic excitation of
* Hyperon spectrum less know wrg N* dynamics determination mesons (hybrids) and other quark configuration beyond the CQM
* How quark masse change the effective
degrees of freedom in hadron spectra ¢ Parity and polarisation measurement of =-(1820)
* =(1530), =(1820) * ()" cross section
o KK T, KPK*Kop

Search for missing excited hyperon states

* Hybrid mesons and Exotics * Hybrids with hidden strangeness and strangeonia
* () photopreduction * Search for hybrids looking at many * Intermediate mass of s quarks links long to short distance

* 3 s quarks systemPoorly know different final states QCD potential

* Quantum number poorly known ¢ Charged and neutral-rich decay modes * Good resolution and kaon Id required

o KHK*KO, K*K*KOK- YP—P3TMYpP—pPNT,... eyp—2pdbmyp—pdnyp—p2Km,..
* Scalar mesons

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

Light M eson Deca)’ ¢ Theoretical indications of unconventional configurations (gqqq or gg)
Py » eyp—p2myp—p2K..
Exp-12-06-108b “LMD

Transition Form Factor of the eta' Meson with CLAS

e reactions,

LHCDb Pentaquark with CLASI|2

Exp-12-12-001a “Pentaquark”

Near threshold }/psi photoproduction and study of LHCb
pentaquarks with CLASI12

Nucleon resonances studies with CLASI2

Exp-12-009 “N*”’ and Exp-12-06-108a “KY”

Study the baryon spectrum to map the Q2 evolution of excited
states in an unexplored domain

* Transition form factor of the eta’ meson o
* hadronic light-by-light (HLBL) contribution to the muon * Radiative decays °
anomalous magnetif moment a,p * Access to the gam
e e T e ¥
- 0.5% sratitical acertanties (disregarding higher order * Competition with Search for LHCb Pentaquark * Single and multi pions Xsec Photocoupling extraction
effects) experiments m— y . ‘ * Extended kinematic coverage in the

1 N+p— Pc— J/Yv+p P unexplored Q? region between 5-10 GeV
* Precise and abundant data for many
final states

* Mapping the NN* transition form
factors to pin down the underlying
dynamics

* Phenomenological models to

J/p —ete

S J/p — ptp
SRudedin gl SiGlsh) * Hyperon electroproduction interpretation
* Detector requirements: high luminosity, lepton ’ ’ . — J /4 7 | 35 oy « Natural extension to single and multi K te\g:'cll ;S;‘blci:s::g Zr;:;ysis procedure
trigger capability, large angle acceptance 1) 4T — e final states
¢ External photon pair production background . Untagged mode 48 500 70 220

suppressed by exploiting the | mm vertex Tagged mode 20

600 28 880 R . ¢
resolution e s e s St

I 98 events/day for narrow P(4450) | ) 41-[ detector
gl pentaquark state at nominal CLAS12

Photon beam &Zhey hominostty 2) High intensity 10 G¢
electron beam

* Isobar model and beyond Requirements

* Detector requirements: good acceptance, energy
resolution, particle Id

|) 41T detector

2) High intensity 10 GeV
electron beam

* |dentification of exotic configuration via PWA
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Resonance detection

Two main experimental approaches to identifying and studying a hadron resonance

(a) resonance: X decay (b) isobar: R__decay

Decay
: : X(27)— £.(1275)n £.(1275) = nn
* Easier and straightforward

* Independent on production
mechanisms

* Dalitz plot for 3-body decays
* Isobar Model for higher

multiplicity
Production
*Requires parametrisation of !
production vertex PLon chm Photown B’eam
. 38 . uark sptns X uark sptns
*exclusive (or semi-inclusive) anti-aligned alreadyy aligned
final state Jre = 1, 1++ Jpe = o+, 1+, 2+

* sensitive to the internal
structure (nature)

ob]_ 16 The MesonEx experiment M.Battaglieri - INFN



From data to the spectrum

‘resonance’ is defined by the pole in the first Riemann sheet of the complex amplitude
... not every bump is a resonance and not every resonance is a bump!

* A hadron resonance can be observed by studying the invariant mass spectrum of
its decay product.

* In real life, resonances do not always appear so clearly in a mass spectrum because they

are not isolated 0 }\./(()ass (cl;fv)

* A resonance has specific quantum numbers with defined decay angular momentum
* Each partial wave only includes the corresponding resonances

* Goal: extract the intensity of the different angular waves as a function of the
invariant mass of the final state particles
Partial VWave Ana')’SiS (PWA) * Measure events for the process of interest
* Build a model that describes the process
* Fit the model to the data

17 The MesonEx experiment M.Battaglieri - INFN




Pw A with C L As I 2 Black = generated blue/red = fit t=0.2 GeV? (0.5 GeV*

YP— NTHTHTT

* The process is described as sum of 8 isobar channels:
az — p 11 (D-wave)
ai — p 1 (S-wave)
ai — p 1t(D-wave)
e — p 1 (P-wave) e i -
e — p 1t (F-wave) |
e — fo T(S-wave)
e — fo Tt (D-wave)

, — f, m(S-wave)

-
1 2

~3% 1.'[1 — p 1t (P-wave) (exotic) | 1= (x; xztig-wave) ‘
* Amplitudes calculated by A.Szczepaniak and PGuo ,
e CLAS|2 acceptance projected and fitted .
* PWA is stable against CLAS12 acceptance/ resolution el | | -
distortion ' Y 7 -

D.Glazier
on 18 The MesonEx experiment M.Battaglieri - INFN




CLAS|2 data analysis Strategy

* Moments of the angular distributions

can be used as an intermediate step
toward a full PWA

interference

YP P |

1.2 14

do
M(TT'TT) spectrum below 1.5 GeV: () (B M) = = [ a0 2oy, ()

* P-wave: p meson * Fit of amplitudes with moments
» D-wave:1,(1270) lead to the first observation of z |
« S-wave: 0, f;(980) and f,(1320) the f0(980) using CLAS6 data =

0.8 1
M__(GeV)

nn

(.
=
&)
~
=]
=
N
=
=
h—1
<
L=
'

Pseudo Data from Amplitudes Generated Fit result

(L,M) = (1,0): HO = 0.3578;

,) s .- - : (L,M) = (1,1): HO = 0.0000 ;
11"(11)=11'(11)+2\/ZR0(P‘“D§“*). x, gy - ztmrg?; :g= -g.gggg;
1 () D) _ VIERe(P™ DY) 4 53 Re(SEH POO* T R R LI I (L,M) = (2,2): HO = -0.1680 ;
H'(11) = = [i\/_R( PO D) — V15 Re(P DY) + 5v3 Re(SL ) P )] . - R il (U = (20} HO= 0,153
' IRy , , LAs - fenemdt DT T (L,M) = (3,1): HO = 0.0000
”( )()) s (2() — ? [(l] (4 )lz - 5|1)( y )Iz + l()“)(”'z] . .y e = ] = - ol (L,M)=(3,2): Ho= _0.1400;
o o e PO s e o T | _ (L,M) = (3,3): HO = 0.0000 ;

= [ IPSY12 4+ 5|DSP 2 + 7v5 Re(SSH D )] . oL L N, - L i (L,M) = (4,0): HO = -0.0762 ;
Ao e B (L,M) = (4,1): HO = 0.0000 ;

HO(21) = H'(21) + -\F[{o(l)ﬁ“l).g'”‘) . S AR - R (L,M) = (4,2): HO = -0.0602 ;
) 7 = - . =i (L,M) = (4,3): HO = 0.0000 ;

= [7\/F, R(‘(.S'((,+)D(l+)') +7V3 R(‘(P(SHPI(H') + SRO(D((,HD(IH')] . - I : (L,M) = (4,4): HO= 0.0000;

=0.358 +/- 0.008

= -0.0007 +/- 0.0007
=-0.0624 +/- 0.0005
= -0.0005 +/- 0.0005
=-0.169 +/- 0.0009
=-0.153 +/- 0.005

=-0.0002 +/- 0.0003
=-0.140 +/- 0.001

= 0.0003 +/- 0.0006
=-0.0765 +/- 0.0007
=0.0002 +/- 0.0003
=-0.0605 +/- 0.0004
=-0.0001 +/- 0.0004
=0.0001 +/- 0.0005

Y PN U R R U R R R N
I°I°I°I°I°I°I°I°I°l°l°

PEARARARERBRERWWWWNNN- -
L PR R R R R PR A U R R R

IIlIIIIIIIIIIII
clo

||

o

I
PWNL2OWN=_2ON=_O=O

H'(21) = —
35

1 08 06 04 02 0 02 04 06 08 1

coso
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Fall2018 RGA dataset

2 photons & lelectrons in FT

2ns time difference between detected particle

Sum of photons momentum between 5.5 and 10.5 GeV

Virtual photon energy between 3 and 9 GeV
Q2 between 0 and -0.5 GeV

L.Biondo

EDIlllllIIIlIIllIIIIlIIIIIIIIII

&

L B L R e e e e e B e — —— Fit components for missmass

P — pr’ Gui®

-t (Fall?2018 - skim?2)

The boxed sector highlightg\\the

SLAC/GlueX corresponder@ﬁi\gion.
phiw

Entries 74840
Mean -0.02083
Std Dev 1.747

Ll

s
"y
mEmEee
L L ,

2.1% Norm.
uUncert.

0.8

lllll

i’

0.6

0.4
~ ¢ GlueX 8.4<E <9.0 GeV

¢ SLAC E =10 GeV

0...I...I...I...I...I...I...I...I..E:I...

0 02 04 06 0.8 1 12 14 16 18 2 ] phi, here plotted for all the weighted

events. More analysis are needed for the
- SLAC and GlueX comparison -t [(GeVIC)Z] 700 800 900 1000 1100 1200 1300 1400 1500 extraction of the physical quantity.
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f2(1270)

2000+

- A -~
0 005 0.1 0.15 02 025 0.3 035 04 045 05 Q’" . 0 0.05 GeV?2 0.1

Gcevzicz  Exclusive Missing Mass Squared

0

Use standard CLASI2 PID (FT based start time)
* PIT'TT exclusive reaction

All -t

<Q%>=0.07 GeV?/c2

* Egeam = 10.6 GeV — 6<E,<10 GeV

* Trigger/Torus Field/Detector — Low acceptance for Mm < |.1GeV

* Need to account for N*/A in Moments Fits, but contributions do not
look too strong
* Complementary cuts select baryons for further studies

D.Glazier
on 21 The MesonEx experiment M.Battaglieri - INFN




-
D.Glazier

* Use standard CLASI2 PID (FT based start time)
* PTT'TT exclusive reaction

o -t <-2GeV

* 6<Ey<10 GeV

* Trigger/Torus Field/Detector — Low acceptance for M < |.3GeV

* Need to include N*/A + 211 contributions in the analysis

Fit MissingMass to identify neutron

Fit components for MissMass 15 (1670)

22(1320)

21(1260)

14 16 1.8 2 2.2
M(TT*T*TT)

8 08 09 09 1 105 11 115 12
MissMassGe

The MesonEx experiment M.Battaglieri - INFN



Missing Mass Squared MM(pK+) V MM(pK-)
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GeV

AT

» Need to account
for hyperons in
Moments Fits

$(1020)

14 16 18 2 22 24 26 28 3 32

L GeV
12 14 16 1.8 22 24 26 28 .
ey M(pK)

)

D.Glazier
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Black - Experiment

DECay Angles Red - Simulation

K*K" Moments of Angular
Distribution

Matthew Nicol
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R.Wishart
* Fall 2018 RGA dataset (inbending and outbending)

* Q2 between 0.07 and 0.3 GeV

e e-in FT, hadrons in FD o Vr\]/e Yvant ’Fo extract the moments are calculated as fit parameters of
the intensity:

(2252) (352 s

EVenIs ¢ { U.Uuo )

X D/-\I/;k,/\(quJaQGJao)D/iT)(ngFaeHF)O)? (1)

:l; |
I .'l ||
- |l.
it
"’"’i .
il
I ‘.‘!L |||
g
. gl |
Sy R *e [ |

et I i
0 wa U [ IS A l'f‘l'hrup_-ll_uh_._‘_, illl" H‘. e T
0.7 0.75 0.8 0.85 0.9 095 1 105 1.1 1.15 1.2 : 08 09 1 112 13 . Pelll !||,LL- i,
KKPiMissMass KKPimesonKmPimass . L *

KKr invariant mass
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Y*+p = J/Y + p
J/y - e+e-

JpacPhoto:
With s-channel P(4450)
And pomeron exchange

AR

©

reaction_kinematics * ptr = new reaction_kinematics(3.0969160);//Jpsi mass

clasli2-elSpectro I 5

// Two different pentaquarks

// masses and widths from 2015 LHCb paper [2]

auto P_c4450 =new baryon_resonance(ptr, 3, -1, 4.45, 0.040, "P_{c}(4450)");
P_c4450->set_params({0.01, .7071}); // 2% branching fraction

®

-

O LN WA O DN

N R L L L L

auto P_c4380 = new baryon_resonance(ptr, 5, +1, 4.38, 0.205, "P_{c}(4380)");

Fact O rlse 2 p ho t On Ve r t lce S P_c4380->set_params({0.01, .7071}); // 2% branching fractionfl
auto jpsi=particle(443,model(new VectorSDMEDecay({},{11,-11})));

) N % 1 ChANNEL auto jpac_amp = AmpliEude(); . L )
virtual photon flux e JPAC photoproduction R —— S
+ form factor

L L L 1 L ! 1
42 W4.3 X X 4.6 -08 -06 -04 -02 0 02 04 06 08 1

A 0,pGammaStarDecay,new TwoBody_stu{0.1, 0.9, 0.5,0,0}};
// Best fit values from [1]

am 1it udes auto alpha =new linear_trajectory(+1, 0.941, 0.364, "pomeron"); //fixed target experiment

. . . . . mesonex( ebeamkE , prod);
// Create amplitude with kinematics and trajectory
auto background = new pomeron_exchange(ptr, alpha, false, "Background"); writer(new LundWriter{Form("ep_Jpsi.dat",(int)ebeamE)});

e // normalization and t-slope initGenerator();
background->set_params({0.379, 0.12});
// SUM for(int i1=0;i<nEvents;i++)
amplitude_sum sum5q(ptr, {background, P_c4450}, "5q Sum"); nextEvent();

scattered e-

Z(3900) in CLAS24

Z,-J/y m+

A AT A = AN TP
| 1200 i

9 Z, = :
\W 32 B ik =
q T4 poo i -

e
00 i 1 . 0
0 i “ - 20

Pion N In 50 days: e ki - R ki

s b . - -y -w - eXChange
WA AR TR t st 210k events
'_‘ch.lt"l!i.h...cl.."'

kil

Leptons u to
Most e- < 1deg P P

And < 12 GeV

I S

o 3 e T L ST AR
a(yp —2Zn) [ab]

Forward
production

EL SPECTRO

AR SN AAAR TN AR r R AN

TENE T DR & Al ST LA STV

| s - : Decay pions have lower momentum
D GIaZier D.Glazier e B R % 00 %% 0 e y Similar angular range
L]

S22 200000

DT
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afh Kby

A(i)DAPT

AI for DAta PreservaTion

Synthetic vs data (no detector unfolding)

e These results did not
correct for detector
effects (no unfolding)

photon

beam
\/’
experlmental
data

o
CLAS dctcctor

* Despite CLAS distortions
(mainly acceptance), GAN
is able to mimic the data
set

Yield

—

*' -

I Yield 1 0 |
P, (GeV)

Yield

pz (GeV)

ivenll @l ooio =

MLEG

Yield

-3

Yield

vertex level
events -

Real
Detector

A

ML Event Generator GAN scheme

detector level
events -

l:"_/'

a-,\

JI\I

0 100
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200 300 0.0 0.5 1.0 1.5

(GeV?)
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Presented to PAC48 in the RG-A jeopardy review

S u m m a y a n d o u t I o o k 5 MesonEX and VeryStrange Physics (E12-11-005 and E12-11-005A) on these states that no facilty

photoproduction in looking for mi
background has a strong Q? dependence, and
Understanding quark and gluon confinement in QCD is one of the outstanding issues in physic s (S = —1) are very well known. However, there is remarkably little precis 3
end, hadron spectroscopy is a powerful tool to investigate how the QCD partons manifest themsel e With a full statistics dataset, CLAS RG-A is poised to make major contributions to the spectroscopy of
the strong interaction at the energy scale of the nucleon mass (GeV). The first experiment (E12-11-0 excited hyperons. This is particularly timely in the new era of precision Lattice QCD calculations.
or MesonEx) aims to study the meson spectrum, searching for exotic states, with precise determinatior
masses and properties with a high statistics and high resolution experiment. The CLAS12 5.3 Assessment and Future Plans
eter augmented by the Forward Tagger (FT) allows for electron scattering at very low Q2 (102
i a high photon flux and a high degree of linear polarization, complementary to

* M eson EX I S a com P re h ens ive meson S P ectrosco P)' P I"Og Fam : ._ : ~:.._p€;£tt e b o e e prial i | 32 o o o dt O ) Gk

5.1 Introduction

baryons photo-produced in the LHs target. The data will be used to search for structures (e.g. w — #*77°) and a sizable acceptance of CLAS12 in the large mass region where
states with the possibility to measure their quantum numbers, as well as the mesons are expected. The addition the two-charged-prong trigger for the RG-A data taking (not included in
d = doublets. Th . ¢l also provide the stati the original proposal) granted a benchmark reactions such as (pr*7~) and (pk*K =) with evidence

10.

mass splitting of gro :
ted states. Some selected results are shown in

necessary for measuring, for the first time as a function of ic variables, the beam polarizati ’ of the fo, fa, p, and 6

running in Hall-B at JLab complementary to GLUEX

5.2 Science Update

In the last 10 significant progress has occurred in the understanding of the meson spectrum. What
s t al, the most notable are the activities in amplitude analysis, s
Center (JPAC). JPAC is providing new tool ract robust physics information
t . For example, the theoretical analysis reported in Ref. [Rod+19] permitted the iden-
L 4 4 seemingly diffe i 7'= seen in the COMPASS data [Agh+18] single » . '
— n a D SK0]. Complementary to these studies, Figure 10: Meson spectra based on 10% of the outbending torus polarity Fall 2018 data set. Lef
otential to understand the microscopic structure of hybrids by measuring the co invariant mass in the reaction ep — ¢nx 'z, Center: ~ invariant mass in the reac
. JPAC has constructed observabk tive to the presence of mes ith exotic /prtn-. Right: pr— invariant mass in the reaction ep — pK+7~
a ¢ MesonEx with sufficient statistics [Mat+19]. A comprehensive
nding of meson production dynamics is needed to pin down the properties of new resonances. In Both the MesonEx and VeryStrang: iments . 9
g7 0 O O particular, the mechanisms dominating ordinary meson production must be identified first. Studies of sin- of statistics. For the MesonEx program, PW; i all signals
gle meson production have been in shown in Refs. [MFS15; Nys+18; Mat+20] and provide predictions fc below the dominant resonances. For the ange e e statisti
(un)polarized cross sections at CLASI2. Calculations in the double-Regge limit, the main background to state cascades and s ed as much statistics as
exotic resonances, are ongoing at JPAC [JPA]. we can get. For the existing RG-A data using the beam charge of about 250 mC, we expect about 300
nother topic of high interest concerns the lightest scalar meson multiplet [PR20; Bri+17; Wil+19]. (1820)s using the upper limit of cross section from the CLAS g12 results [Goel8] and consistent with

The heavier iso-scalar scalars are poorly understood. In the PDG, three fy states are reported below 2 GeV. the lts. Considering the lower cross section and the lower virtual photon flux at finite Q?,
This is one more than the quark model expectations, suggesting a contribution from a glueball [Gia+ the electroproduction part of the VeryStrange proposal can only be studied accumulating the full assigned
KZ07]. However, the existence of three different states is not compelling, as they do not appear together in statistics. We want to stress that this measurement would be the first of its kind, suggesting a contribution
the same reaction. Data from MesonEx in 7x and KK photoproduction can solve the controversy. The last from a glueball [Gia+05; KZ07].

few years have seen new studies to best represent amplitudes with multi-body final states. This is crucial

L] L] L] L] L]
when resonances in different channels interfere [Pil+18; Mik+20], and in the context of Meson] s needed 6 S
to properly take into account the contamination from baryon resonances [Pau+18]. ummary
] As far as the strangeness sector is concerned, very few new data were published since the original prop The RG-A science program is broad and rich
and the study of the spectrum of very-s

Collaboration on =~ 7%

CLAS results on the =

hadronic physics. We have demonstrated that
specifications. We have also optimized and designed a smart trigger to run successfully all 13 experiments

i X . y fo . . 20) Ve
. 3 ; © - ) ; s
s e (= ‘ ’ simultaneously. The data calibration, processing, and analysis of the 50% of RG-A data that is already on
report a bump around 1620 MeV (although not statistical cant). ge physics : ° SO :
- ! X : ! d ’ e tape is in an advanced stage and preparation of the first publications is underway.
is still of high interest with a unique opportunity of providing results in unexplored territories: any res ! ! _ o
] of Z electroproduction would be new, whether detailed differential cross sections or the total cross secti To fully realize the goals of the RG-A science program, the ful of the approved beam time is
will be measured. The Q? dependence can provide us with new valuable and complementary information

required, allowing the significant extension in Q2 promised by the CLAS12 12-GeV upgrade, as well as the
potential for science discovery

* Experience in PWA gained with CLAS6 (angular moments , ,
analysis, ML/Al approach) will be valuable for CLAS|2 data analysis % MesonEx and jeopardy process in PAC48
*~50% of RG-A still to go will take advantage
of L3 trigger, meson-spectroscopy

optimisation, and hopefully hi-lumy ops

* MesonEx analysis tools developed and tested on available data
(Pass| RGA-), supported by |JPAC

* Current PASSI| data suffer from reduced tracking efficiency

High-performance detectors, high
(multi-particle final states) and missing CD information 1gh=p » NI

intensity e/y beams,
* Waiting for PASS2 (baryons in CD and increased statistics) to strong analysis framework are the

extract MesonEx physics out of data ingredients to make JLab a leading
facility in modern hadron spectroscopy
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